provided by Directory of Open Access Journals

THERMAL DESCRIPTION OF
HYPOEUTECTIC AI-Si-Cu ALLOYS
USING SILICON EQUIVALENCY

Djurdjevic B. Mile, Nemak Europe GmbH,
Frankfurt, Germany

FIELD: Chemical Technology, Materials Science
ARTICLE TYPE: Original Scientific Paper

Abstract:

The modeling of casting processes has remained a topic of active in-
terest for several decades, and availability of humerous software packa-
ges on the market is a good indication of the interest that the casting indu-
stry has in this field. Most of the data used in these software packages are
read or estimated from the binary or multi-component phase diagrams.
Unfortunately, except for binary diagrams, many of ternary or higher order
phase diagrams are still not accurate enough. Having in mind that most of
the aluminum binary systems are very well established, it has been tried to
transfer a multi-component system into one well known Al-Xi pseudo bi-
nary system (in this case the Al-Si phase diagram was chosen as a refe-
rence system). The new Silicon Equivalency (Sigg) algorithm expresses
the amounts of major and minor alloying elements in the aluminum melts
through an “equivalent” amount of silicon. Such a system could be used to
calculate several thermo-physical and solidification characteristics of multi
component as cast aluminum alloys. This lends the model the ability to
make predictions of solidification characteristics of cast parts, where coo-
ling rates are slow and the solidification process has to be known in great
detail in order to avoid problems in the casting. This work demonstrates
how the Sigq algorithm can be used to calculate characteristic solidification
temperatures of the multi-component hypoeutectic Al-Si-Cu alloys as well
as their latent heats. SA statistical analysis of the results obtained for a wi-
de range of alloy chemical compositions shows a very good correlation
with the experimental data and the Sigq calculations.

Key words: (regular): Al-Si-Cu Alloys, Silicon Equivalency, Binary Phase
Diagrams, Liquidus Temperature, Eutectic Temperatures.
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Introduction

he modeling and control of casting processes has remained a topic
of active interest for several decades, and the availability of numer-
ous software packages (Magma[l], Thermo-Calc[2], Fact-Sage[3], Pro-
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Cast[4], Calphad[5], Pandat[6], WinCast[7] etc.) on the market are a good ind-
ication 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 b-
inary or multi-component phase diagrams but unfortunately; except for binary
diagrams, many of ternary or higher order phase diagrams are still not accur-
ate enough for this purpose. Keeping in mind that most aluminum binary
systems are very well established, the transferring of a multi-component
system into a well known Al-Xi “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 multi component al-
uminum alloys in either cast or melt treated conditions. In order to calculate
the various thermo-physical and metallurgical parameters of solidifying alum-
inum casting alloys, the characteristic solidification temperatures of the alloy
must be known with the highest possible degree of accuracy. Unfortunately,
few equations are reported in the literature that relates the compositions of
many commercially important hypoeutectic aluminume-silicon-copper series of
alloys to their liquidus [8,9,10] and eutectic [11] temperatures.

The cast hypoeutectic aluminum-silicon-copper alloys are widely used in
many automotive components. These alloys are characterized by their low
density, light weight, relative low melting temperatures, negligible gas solubi-
lity (with the exception of hydrogen) excellent castability, good corrosion resi-
stance, electrical and thermal conductivity and good machinability. The major
alloying elements; silicon, copper and magnesium, are primarily responsible
for defining the aluminum alloy microstructure. Silicon is added to improve
castability, fluidity, as well as to reduce shrinkage and to give superior mec-
hanical properties. The presence of copper improves tensile strength at the
expense of a reduction in ductility and corrosion resistance. Magnesium is
purposely added into aluminum alloys to increase their hardness and
strength after heat treatment. Manganese controls the intermetallic form of
iron phase, leading to improve ductility, strength at high temperature and ca-
sting soundness. Iron is a major impurity element in this type of aluminum al-
loys. Its higher content decreases the ductility, castability and machinability of
aluminum alloys. Minor alloying elements such as Sr, Na, B, Ti and Sb are
intentionally added into aluminum melt to improve structural and mechanical
properties of cast parts. All these major and minor alloying elements have a
significant impact on the solidification path of particular aluminum alloys.

The Al-Si phase diagram is the base component system for this series
of alloys. This is a binary eutectic type phase diagram with limited alumi-
num and silicon solubility. The solubility of silicon in the aluminum melt re-
aches a maximum of 1.6wt% at the 577°C eutectic temperature. The maxi-
mum solubility of aluminum in silicon at the eutectic temperature is still qu-
estionable, and according to some literature data is approx. 0.015% [12].
The concentration of silicon, which corresponds to the eutectic reaction, is
still not accurately defined or accepted among researchers, despite the
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fact that this diagram has often been investigated. In the available literatu-
re the following values for eutectic concentration of silicon were found:
11.9wt.%[13], 12.3wt.% [14] and 12.6wt.% [12]. In this work the value of
12.3 wt% 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 purpose of this paper is to develop a general method for the calcula-
tion of the characteristic solidification temperatures (liquidus temperature, Al-
Si and Al-Si-Cu eutectic temperatures) of multi-component hypoeutectic alu-
minum-silicon copper alloys, based on their known chemical compositions.
The accuracy of the developed algorithms will be determined by comparing
the calculated values of the characteristic solidification temperatures with the
measured values obtained using the thermal analysis technique. In addition,
the various software packages will be used to calculate characteristic solidifi-
cation temperatures and the obtained results will be compared with the calcu-
lated temperatures determined using the SIEQ procedure. The applicability of
the equivalency algorithm to calculate some other thermo-physical properties
(latent heat) of aluminum alloys will be also briefly discussed in this paper.

Development of the Silicon
Equivalent (Sigg) Algorithm

The liquidus and solidus temperatures of the Al-Si phase diagram
decrease uniformly with the increase in the amount of silicon and reach
the minimum at the eutectic composition (12.3wt.%). The same behavior
can be observed in the liquidus and solidus lines in most binary eutectic
types of aluminum alloys as presented in Fig. 1] 15].
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Figure 1 - Al-Xi binary phase diagram [15]
Slika 1 - Al-Xi binarni fazni dijagram [15]
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Mathematically, the liquidus line of any eutectic binary Al-Xi phase
diagrams from Fig. 1 can be accurately expressed by the second order
polynomial as follows:

TN o=A-B Xi-C-Xi (1)
where:

TAX 4 is the liquidus temperature of the binary Al-Xi system, °C

Xi is the amount of the alloying element in wt.%.

A is the melting point of pure aluminum: 660.452°C.

B, C, are polynomial coefficients.

Therefore, the liquidus line for the AI-Si binary system can be ex-
pressed respectively as follows:

TA'S ,=660.452 - 6.11-Si - 0.057-SP (2)

The visual analysis of two liquidus lines of the binary systems, Al-Si
and Al-Xi as presented in Fig. 2, shows that the “equivalent effect” on the
liquidus temperature of the aluminum alloy can be obtained by using “eg-
uivalent” concentrations of Si and Xi alloying elements.
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Figure 2 - Superimposed liquidus lines of Al-Si and Al-X; binary systems
Slika 2 - Superponirane likvidus linije za Al-Si i Al-Xi binarne sisteme

This means that the influence of any alloying element in the alumi-
num melt on its liquidus temperature can be expressed as the effect of
an “equivalent amount” of silicon (wt%). The isothermal concentration dif-
ference between the Si and Xi alloying elements can be mathematically
expressed as follows:

SiXIEQ’ @T = CONSTANT = Sl(Wt%) - Xl(VVt%) (3)
Silicon as a major alloying element for hypoeutectic Al-Si-Cu 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-Cu family
of alloys (e.g. fluidity, latent heat and shrinkage).Taking into considera-
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tion the whole temperature range between the melting temperature of pu-
re aluminum and the eutectic temperature of an observed binary alloy,
the following relationship can be established between SiX'EQ and the con-
centration of the alloying element Xi:

Si¥eq = a0 + b Xi + o Xi? @)
where:

Six'_EQ is the silicon equivalent for any alloying element expressed in wt. %

ag", by, ¢, polynomial coefficients for a considered alloying element

Xi the concentration of alloying elements in wt%

Figs. 3a and 3b summarize the effect of some major, minor and other ele-
ments, such as impurities, grain refiners, silicon modifiers, etc. on the SiX'EQ.

Their effect has been expressed in the polynomial form according to Eq. (4).
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Figure 3 a - The effect of major alloying elements on the _SiXiEQ for hypoeutectic alloys
Slika 3 a - Uticaj glavnih legirajucih elemenata na SiXIEQ za hipoteticke legure

1

0.8
0,6
0.4
0,2

0

Siflya, W%

-0,2
-0,4

-0,6

-0,8

& ]

0 0,2 0.4 06 08 1
Minor alloying elements, wt.%

Figure 3 b - The effect of minor alloying elements on the S_iXiEQ for hypoeutectic alloys.
Slika 3 b - Uticaj minornih legirajucih elemenata na SiX'EQ za hipoteticke legure
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Manganese Mn has the strongest effect on the Si¥z, (Fig 3a). The
effect of other major alloying elements decreases in the following order
Fe, Ni, Cu, Zn, Ca and Mg, respectively. This order corresponds to the
slope value (AT/AXIi) of the liquidus line for a particular binary Al-Xi phase
diagram. The effect of some other elements on the value of the Si"zq has
been presented in Fig. 3b. It is interesting to notice the similar effect of
grain refiners (Ti and B), silicon modifiers (Sr and Sb) and low melting
points elements (Bi and Pb) on the increase or decrease of the SiX'EQ va-
lue.The Sigq for alloying elements as well as for some impurity elements
can be determined as a sum of individual contributors (XSi*'z) plus the
effect of silicon itself, and can be expressed as follows:

SiEQ =Si+ ZSiXiEQ (5)

The characteristic solidification temperatures for multi component
Al-Si-Cu series of alloys can be calculated using the following equations:

TASS-CUE ) = 660.452 — 6.11 - Sigg — 0.057 - Sigg” (6)
TAS ¢ = 660.452 — ((6.11 - Sigg + 0.057 - Sigo?) - 12.3/Si )
TASHe = Tijg - (6.11 - Siq — 0.057 - Sieg”) - 12.3/Si ®

Using the Sigg method some other thermo-physical properties such
as fraction solid and latent heat [16] can also be calculated.

Literature Review of Equations for the
Calculation of Characteristic Solidification
Temperatures for Al- Alloys

In the available literature a number of published equations are found for
calculation of the liquidus temperature from the known chemical composition
of the iron base melts. Unfortunately, there are only two published equations
for calculation of the liquidus temperature, related to multi-component alumi-
num alloys. These equations are shown below and later will be compared
with the newly developed equations based on the Sigq algorithm. The best
known equation for calculating the liquidus temperature of aluminum alloys
(Tug), based on their known chemical compositions, was developed by
Drossel [8] using the multiple regression analysis of the experimental data:

TLo= 661 —4.97 Si—0.15 (Si)° — 6.13 Cu—17.4 Mg + 2.72 Zn + 5.08CuMg
©)

157

Djurdjevic, M., Thermal description of hypoeutectic Al-Si-Cu alloys using silicon equivalency, pp.152-168



VOJNOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2012, Vol. LX, No. 1

Unfortunately, equation (9) is valid only for the following ranges of
chemical compositions (expressed in wit%); therefore, its applicability is limited:

Si<9.30; Cu<2.50; Mg <£0.60; Fe <1.15; Mn <0.40; Zn < 0.63; Ni< 0.43;Ti <0.05

The next equation for predicting T, g of aluminum alloys, for Al-Si-Cu
systems, has been developed by Vijayaraghavan at al. [9]. Using the da-
ta from the ternary aluminume-silicon-copper phase diagram and applying
the multiple regressions analysis, the following mathematical relation has
been obtained:

Tuo = 664 —6.9 Si— 2.5 Cu (10)

Equation 10, based on Al, Si and Cu concentrations only, fails to acco-
unt for the potentially important influence of other components (for example
Mg, Mn, Fe, Zn and Ti); therefore, a substantial error may be involved. This
is evident from the fact that the equation’s constant (664 C) is considerably
higher than the known melting point of pure aluminum (660.452°C).

The available literature provides two equations developed by Modolfo
[10] and Gruzleski [11] that can be used to calculate the aluminum-silicon
eutectic growth temperature of the Al-Si-Cu series of aluminum alloys.
These equations are based on the effect of the chemical composition of
the melt on the depression of the aluminum-silicon eutectic temperature.
The effect of each particular element has been derived using literature da-
ta and the authors’ own experimental data. The equations read as follows:

TAS = 577—(12.5/ Si) * (4.43 Mg + 1. 43 Fe + 1.93 Cu + 1.7 Zn + 3.0 Mn +4.0 Ni)
11)

TAS .= 660.452 — (6.11 Si + 0.057 Si?) (12.6/Si) — (3.4 Cu + 1.34 Fe + 6.3
Mg + 1218.9Sr — 32965 Sr* — 4.293 Sh + 186.3 Sb” — 495.5 Sb?),  (12)

— all the element amounts are given in weight percentages.

In the literature there are no equations for calculating the Al-Si-Cu eutec-
tic temperature or the solidus temperature for the Al-Si series of alloys.

Experimental Procedure Materials

Twelve synthetic hypoeutectic Al-Si-Cu compositions were made by
melting a charge of Al-5wt.% Si, Al-7wt.% Si, Al-9wt.% Si and Al-11 wt.%
Si base alloys and adding 1, 2 and 4 wt.% Cu. The chemical compositi-
ons of the resulting alloys, as determined using Optical Emission Spec-
troscopy, are shown in Tab. 1.
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Table 1 - Chemical compositions th-%) of the experimental synthetic aluminum alloys
and their characteristic Tpq and TSI temperatures measured using the Thermal Analysis
(note that only major alloying elements are summarized).

Tabela 1 - Hemijski sastavi (u tezinskim procentima) za eksperimentalne sinteticke legure
aluminijuma i njihove karakteristicne legure Ty and TSt merene koriscenjem termijske
analize (samo glavni legirajuci elementi su ovde prikazani)

Alloy Si Cu Fe Mg | Mn | Zn | Tug | TV | T

AISi5Cul | 485 | 1.03 | 0.14 | 0.27 |0.01| 0.01 | 626.6 | 572.4 | 543.6

AISi5Cu2 | 5.01 | 206 | 0.13 | 0.25 |0.01| 0.01 | 622.8 | 569.2 534.5

AISi5Cu4 | 4.89 | 385 | 0.13 | 0.26 [0.01| 0.01 | 618.3 | 562.4 | 5125

AISi7Cul | 7.13 | 0.96 | 0.14 | 0.28 [0.01| 0.01 | 613.3 | 573.1 | 526.0

AISi7Cu2 | 7.05 | 1.98 | 0.13 | 0.28 [0.01| 0.01 | 610.0 | 569.1 | 508.0
AISi7Cu4 | 6.75 | 438 | 0.14 | 0.28 | 0.01| 0.01 | 604.6 | 569.3 | 509.6
AISi9Cul | 9.16 | 1.05 | 0.14 | 0.27 |0.01| 0.01 | 597.3 | 572.4 | 516.3
AISiI9Cu2 | 9.02 | 2.44 | 0.12 | 0.27 [0.01| 0.01 | 589.9 | 570.2 | 506.5
AISi9Cu4 | 945 | 438 | 0.14 | 0.27 |0.01 | 0.01 | 584.4 | 566.4 | 502.8

AlSi11Cul | 10.84 | 0.94 | 0.14 | 0.27 | 0.01| 0.01 | 579.4 | 5745 509.3

AlSi11Cu2 | 1092 | 195 | 0.14 | 0.26 | 0.01| 0.01 | 576.7 | 573.2 501.6

AlSi1l1Cu4 | 10.55| 4.36 | 0.13 | 0.27 | 0.01| 0.01 | 567.7 NA NA

Melting Procedure

The alloys were melted in a reverberatory furnace. During proces-
sing, the melt was covered with a protective nitrogen gas atmosphere to
prevent hydrogen and oxygen contamination. No grain refining agents
were added to the melt. The ingots used were pre-modified with Sr.

Thermal Analysis (TA) Procedure

The samples with the masses of approximately 300g + 10g were po-
ured into stainless steel cups. Two specially designed supersensitive K
type thermocouples were inserted into the melt and the temperatures
between 750 — 400°C were recorded. The data for TA was collected
using a high-speed National Instruments Data Acquisition system linked
to a personal computer. Each TA trial was repeated three times. Conse-
guently, 36 samples were gathered in total.
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Results and discussion

Numerical solidification models have become an important tool for
increasing quality and reducing the production costs of cast parts. These
numerical models offer a greater potential for improving product quality
and leading to a better understanding of the physics of solidification. Wit-
hout accurate input data the predictions of models are meaningless. Pre-
sentl, there is a lack of accurate thermo-physical properties data for most
of the Al-Si series of aluminum alloys. Therefore, the purpose of this pa-
per was to develop a mathematical/analytical model for calculating a cha-
racteristic solidification temperature for hypo Al-Si-Cu alloys based on
their chemical compositions.

In order to statistically evaluate the accuracy of equations (6-11), ad-
ditional twelve alloys (see Table 2) have been chosen from the literature
[11, 17-22]. The main purpose for taking into consideration all 24 alloys
(12 alloys from the literature and 12 alloys from the current experiments)
was to statistically prove the reliability of the newly developed silicon equ-
ivalency concept and to check the accuracy of the newly developed equ-
ations (6-8) over a wide chemical range. All calculated liquidus tempera-
tures are compared with the measured ones, and the corresponding sta-
tistical parameters of this data are presented in Table 3.

Table 2 - Chemical compositions (wt.%) of Al-Si-Cu alloys and their characteristic Tiig
and TA'S'NUC, e temperatures measured using the Thermal Analysis

Tabela 2 - Hemijski sastavi (u tezinskim procentima) za Al-Si-Cu legure i njihove
karakteristicne temperature Tyq i TS\ \uc merene koriscenjem termijske analize

Lit Si Cu Fe Mg Mn Zn Tuo TASIE | TASIC
[17] | 6.823 [ 1.562 | 0.10 | 0.458 | © 0.01 | 613.6 | 572.3 NA
[17] | 7.034 [ 2.325 ] 0.08 | 0503 | 0 0.01 | 610.8 | 571.6 NA
[17] | 7.362 [3.693 [ 0.10 | 0491 | © 0.02 | 606.7 | 568.0 NA
[18] | 5.10 [ 291 [ 030 | 0.27 | 0.05 | 0.03 | 622.8 | 567.2 NA
[18] | 5.75 3 0.31 [ 0.30 | 0.05 | 0.04 | 615.7 NA NA
[19] 12 3.39 | 020 | 155 | 0.01 | 0.03 | 565.7 NA NA
[20] | 6.05 [ 2.99 0 0.27 0 0.03 | 614 NA NA
[21] 7 0.003 [ 0.05 | 0.35 [ 0.01 | 0.02 [ 612.8 NA NA
[22] 9.2 001 | 026 | 1.28 | 0.06 | 006 | 592 | 576.0 NA
[22] 9.3 26 [ 052 ] 059 | 011 | 051 | 585 | 566.0 492.0
[11] 5.9 33 [021] 001 | 002 0.07 | 616 | 563.8 520.0
[11] | 5.01 14 | 022 | 052 | 002] 002 | 622 | 570.0 540.0

Table 3 summarizes the following statistical parameters: multiple re-
gression correlation coefficients — R?, standard deviation - o, average va-
lues, minimum and maximum differences between the calculated and the
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measured temperatures. Table 3 shows that all three equations used to
calculate the liquidus temperature of the Al-Si-Cu series of aluminum al-
loys according to the R? criteria show acceptable predictions. The statisti-
cal analysis reveals that the application of equations (9) and (10) for the
calculation of liquidus temperature results in a higher standard deviation,
and more scatter in the predictions compared to the proposed model
equation (6).

Table 3 - Regression coefficients, standard deviations and average values of the liquidus
temperature calculated using the Silicon Equivalency Method and the method developed
by other authors.

Tabela 3 - Regresioni koeficijenti, standardna odstupanjaiprosecne vrednosti likvidus
temperature racunate koriscenjem silicon ekvivalentnog metoda i metoda razvijenih od
drugih autora

Statistical Tuo TAISI TAISICY _
Data
Equation # (6) (9) (10) (7) (8)
R’ 0.98 0.95 0.97 0.88 0.77
Standard 281 3.89 3.33 1.39 7.26
Deviations
Average Value -1.75 5.75 -2.40 -1.07 -0.09
Minimum -5.63 -1.96 -8.49 -2.96 -14.03
Maximum 2.08 12.33 2.73 2.77 10.62

Equation (9) developed by Drossel is less accurate than the other
two equations, (6) and (10). One of the reasons for this is the fact that
this equation is valid only for the following ranges of chemical alloy com-
positions (expressed in weight percent): Si < 9.30; Cu < 2.50; Mg< 0.60;
Fe <1.15; Mn <0.40; Zn <0.63; Ni £0.43; Ti <0.05

Therefore, the applicability is limited to alloys that have chemical
compositions falling outside of the above mentioned ranges. Vijayaragha-
van's equation (10), which shows statistically better results than Dros-
sel's equation (9), is limited because it applies only to those alloys for
which Tyq can be estimated using only Al, Si and Cu concentrations as
independent variables. It fails to account for the potentially important in-
fluence of other components (e.g. Mg, Mn, Fe, Zn and Ti). Therefore, a
substantial error is created in its estimate of the liquidus temperature in
those cases where the components mentioned above have a considera-
ble influence. This is evident from the fact that the equation’s constant
(664°C) is considerably higher than the known melting point of pure alu-
minum (660.452°C). Figs. 4, 5 and 6 depict a plot of the characteristic so-
lidification temperatures for each of the aluminum alloys presented in Ta-
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ble 1 and Table 2 versus their experimentally determined counterparts
using equations (6), (7) and (8). The experimental temperatures have
been measured using the Thermal Analysis technique.
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Figure 4 - Calculated versus measured liquidus temperature using equation (6)
Slika 4 - I1zracunate u odnosu na merene likvidus temperature koriscenjem jednacine (6)
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Figure 5 - Calculated versus measured Al-Si eutectic nucleation temperature using
equation (7)
Slika 5 - 1zracunate vrednosti u odnosu na merene Al-Si eutekticke temperature
nukleacije koriscenjm jednacine (7)

The cooling curves and their first derivative have been used to deter-
mine the values of the characteristic liquidus temperatures for each parti-
cular chemical composition of alloys as presented in Table 1. For the sa-
me chemical composition the value of liquidus temperatures have been
calculated using the Sigg method. Factsage, Thermocalc and Pandat
software packages have been used also to calculate the liquidus tempe-
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rature. Fig. 7 shows the comparison between the measured values of the
liquidus temperature and the calculated ones obtained by applying vario-
us software packages. This Fig. 7 shows very good agreement between
all applied calculating procedures.
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Figure 6 - Calculated versus measured Al-Si-Cu eutectic nucleation temperature using
equation (8)
Slika 6 - Racunate vrednosti prema merenim Al-Si-Cu eutektickim temperaturama
nukleacije koriscenjem jednacine (8)
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Figure 7 - Calculated versus measured liquidus temperature obtained using various
analytical approaches.
Slika 7 - Racunate vrednosti prema merenim likvidus temperaturama dobijene
korscenjem razlicitin analitickih pristupa
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The accuracy of the calculated liquidus temperature in the proposed
model equation (6) is dependent solely on the accuracy of the coeffici-
ents, by means of which a corresponding alloy content is converted into
an equivalent silicon weight percent. However, these coefficients are de-
rived from the liquidus lines in the respective binary systems, and their
reliability is closely related to the accuracy with which the liquidus curves
are experimentally determined and numerically fitted. Therefore, some
inaccuracy is also observed by applying this method. In order to exclude
this source of error, a re-examination of the liquidus lines on the silicon
rich side of the respective binary systems or even better for the ternary
Al-Si-Xi system would be necessary. Another advantage of a new Sigg
method can be recognized in its application to calculate both eutectic
temperatures in the Al-Si series of alloys. Potentially, a similar approach
could be used to develop an equation for the calculation of the solidus
temperature of aluminum multi component alloys.

Application of the Sigg procedure:
calculation of the latent heat

The latent heat of solidification is a thermo physical property of the
material. During the solidification process, every substance releases a cer-
tain amount of heat that characterizes this substance. By definition, the la-
tent heat is the energy required to solidify 1kg of a liquid, expressed in J/g
or J/mol. The mathematical modeling and simulation of the process of soli-
dification of metals and alloys is inaccurate without the knowledge of this
property. Therefore, there is always a necessity to show the value of the
latent heat of any alloy in advance. For pure metal a good data library is
available to obtain the value of latent heat [23, 24]. Unfortunately, there is
no easy way to get the value for the latent heat of solidification of multi-
component alloys that solidify in a given temperature range (mushy zone),
either using measuring techniques or calculating procedures. For all alloys
which solidify in a given temperature range, the evolution of the latent heat
begins at the liquidus temperature. The release of the latent heat continu-
es until the alloy reaches its solidus temperature. In the mushy zone (the
region between the liquidus and the solidus temperature), the substance is
neither in a totally liquid phase nor in a totally solid phase, but is a mixture
containing a fractional amount of both liquid and solid.

Several models of the latent heat release have already been propo-
sed for modeling casting solidification. These models include the linear
and quadratic releases of the latent heat between the liquidus and soli-
dus temperatures, as well as the use of the Lever Rule and Scheil’'s equ-
ation [25]. Each of these models assumes that the amount of the latent
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heat released is proportional to the increase of the fraction solid in the
casting. The latent heat of solidification of any alloy depends on its che-
mistry and the microstructure developed during the solidification process.
The solidification path of these alloys was observed and the correspon-
ding latent heat released during solidification was measured using a Dif-
ferential Scanning Calorimeter (DSC).

Applying the method of silicon equivalency, the multi-component
aluminum alloys can be considered as pseudo binary Al-Sigq alloys. In
this case the solidification path of these alloys can be described through
a formation of a primary U-Al solid solution and through the precipitation
of the Al-Si eutectic (secondary aluminum and primary silicon). Applying
the Sigg method, the multi-component aluminum alloys are transferred
into a recognized Al-Sigq pseudo binary system. Using the Lever Rule,
the amount of primary a—aluminum can be calculated, assuming that the
precipitated a-aluminum solid solution has the same value for the latent
heat of solidification as pure aluminum. Applying the same principle, the
amount of secondary aluminum present in the remaining eutectic as well
as the amount of primary silicon can be calculated. For non-equilibrium
solidification conditions the Scheil's equation could be applied to
calculate the amount of fraction solid of primary and eutectic phases.

When the latent heat has been released under the equilibrium
condition, the latent heat of solidification can be calculated as follows:

LA|-Si — f(x-A| L + f(x A|
HEAT of SOLIDIFICATION — PRIMARY HEAT of PURE Al ~ SECONDARY
L + % L i (11)
HEAT of PURE Al E HEAT of PURE Si

The solidification path of 12 Al alloys from Table 1 and their corre-
sponding latent heats released during the solidification process have been
also experimentally determined and measured using a Differential Scan-
ning Calorimeter (DSC) apparatus. The latent heat of solidification has
been measured taking into consideration the area between the DSC curve
and the base line. This area is proportional to the latent heat energy relea-
sed during solidification. For the same chemical composition, the value of
the latent heat has also been calculated using the novel Sigg method pro-
posed in this work. Fig. 8 shows the comparison between the measured
values of the latent heat of solidification and the calculated ones obtained
by applying the novel algorithm for the calculation of the latent heat.

The results presented in Fig. 8 show a close agreement between the
calculated and the experimental values for the latent heat. The high stan-
dard correlation (R*= 0.9) confirms that it is possible to estimate the latent
heat of the solidification of the series of Al alloys that solidified under equili-
brium conditions using the novel method based on the Sigq algorithm.
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Figure 8 - Comparison between the measured and calculated values of the latent heat for
the Al alloys taken from Table 1

Slika 8 - Poredjenje izmedju merenih i proracunatih vrednosti za latentnu toplotu za
legure aluminijuma preuzetih iz tabele 1

Conclusions

A novel Sigg method has been used to calculate the liquidus tempe-
ratures of hypo multi-component aluminum-silicon alloys. The calculation
procedures presented in this paper are more accurate than those found
in the literature. Experiments have been carried out to observe the effect
of chemistry of the series of Al alloys (Si=5,7,9and 11 wt% and Cu=1, 2
and 4 wt. %) and the cooling rate (6°C/min) on the amount of the relea-
sed latent heat during solidification. In this paper a novel method has
been developed to rapidly calculate the latent heat of the solidification of
the series of Al alloys. The model is based on the assumption that the la-
tent heat of the alloy is released at the rate proportional to the formation
of fraction solid during solidification. Multi-component aluminum alloys
have been analyzed as pseudo binary by applying the already developed
method of silicon equivalency. The results of these calculations were fo-
und to be fairly accurate in comparison to the measured values. It was
noted that there is still a need for a possibility for improvement of the ac-
curacy of the calculated latent heat values by including the effect of inter-
action among elements from the aluminum melt. According to the measu-
red and calculated latent heat values for the Al-Si-Cu series of aluminum
alloys, the latent heat of solidification is strongly dependent on the Si
content and only slightly dependent on the Cu content.
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IZBACUI}IAVANJE KARAKTERIS]’ICNIH TEMPERATURA
OCVRSCAVANJA PODEUTEKTICKIH Al-Si-Cu LEGURA
PRIMENOM SILICIJUM EKVIVALENTA

OBLAST: hemijske tehnologije, materijali
VRSTA CLANKA: originalni nauéni rad

Rezime:

Modeliranje procesa livenja tema je koja je poslednjih nekoliko de-
setina godina neprestano prisutna u livarstvu i zajedno sa brojnim soft-
verskim paketima, koji se sve ¢eSc¢e primenjuju u dnevnoj livackoj praksi,
dobar su pokazatelj koliki interes livacka industrija ima danas u njihovoj
primeni. Vecina ulaznih podataka koji se koriste u ovim modelima/softve-
rima najc¢eSce je izvedena iz analize odgovarajucih dvojnih, trojnih i viSe-
komponentnih dijagrama stanja. Nazalost, osim za binarne sisteme tac-
nost ovih podataka, nije potvrdena kod trokomponentnih i viSekompo-
nentnih sistema. Imajucéi u vidu da su binarni sistemi aluminijuma prili¢no
detaljno i ta¢no ispitani, napravljen je pokuSaj da se bilo koji podeutekti¢-
ki viSekomponentni sistem aluminijuma prevede u Al-Si ekvivalentni bi-
narni sistem (u konkretnom sluc¢aju Al-Si binarni sistem je izabran kao
ekvivalentni). Pri tome je uveden novi pojam, silicijum ekvivalent (Sigg),
koji izrazava uticaj bilo kog legiraju¢eg elementa prisutnog u leguri alu-
minijuma kroz ekvivalentnu koli¢inu silicijuma. Novouspostavljeni algori-
tam primenjuje se za izracunavanje karakteristicnih temperatura ocvrs-
Cavanja viSekomponentnih rastopa aluminijuma, kao i nekih njihovih ter-
mo-fizikih osobina (npr. latentne toplote topljenja). Ovaj rad je potvrdio
da se Sigq algoritam moze Koristiti za izracunavanje karakteristicnih tem-
peratura ocvrsdéavanja kod visekomponentnih podeutektickih Al-Si-Cu le-
gura, kao i njihovih latentnih toplota topljenja. Statisticka analiza dobije-
nih rezultata izracunatih primenom metode Sigg | izmerenih karakteristic-
nih temperatura o¢vrSéavanja visekomponentnih legura aluminijuma po-
kazala je veoma visoku korelaciju, ¢ak i za slucaj kada su glavni legiraju-
¢i elementi (Si i Cu) varirali njihove sastave u dosta Sirokim opsezima.

Klju€ne redi: Al-Si-Cu legure, silicijum ekvivalent, Binarni dijagrami sta-
nja, Likvidus temperature, Eutekticke temperature

Datum prijema ¢€lanka: 24. 10. 2011.
Datum dostavljanja ispravki rukopisa: 06. 11. 2011.
Datum konacnog prihvatanja ¢lanka za objavljivanje: 07. 11. 2011.
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