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Abstract

The liquidus and solidus temperatures, the initial temperature of the solidification of binary
eutectics, and the partition ratios of the solid solution at the Al corner of the ternary eutectic-
type Al-Si-Cu alloy system were calculated using the thermodynamically based ESTPHAD
method. It is shown that these data can be calculated from the liquidus and solidus data of
the two binary equilibrium phase diagrams (first estimation), the binary phase diagram
and the eutectic valleys in the ternary system (second estimation), as well as the binary
phase diagram, the eutectic valleys, and one (third estimation) and more (fourth estimation)
liquidus and solidus temperatures of the ternary equilibrium phase diagram with varying
precisions. A database calculated with Thermo-Calc software (version 4.1.0.4995), was used
for the calculations.

Keywords: liquidus and solidus temperature; partition ratio; binary and ternary eutectic-type
equilibrium phase diagram; Al-Cu-Si alloy system

1. Introduction

For researchers of materials science and engineering, one of the most important types
of information is knowing which phases are present in a material system at given values of
state variables (temperature, pressure, concentrations) and whether they deal with metallic
alloys, ceramics, salts, polymers, or organic compounds. This information is provided by
the so-called equilibrium phase diagram (EPD).

The equilibrium of phases in thermodynamic terms is when it is true for all the
constituents of each phase that the chemical potentials (i, partial molar free energies) are
equal. Equilibrium can refer to the total mass of phases or only to the interface of the
phases; the diagrams constructed based on the latter are the restricted equilibrium phase
diagrams [1,2].

In an EPD, the areas (binary EPDs) or volume parts (ternary, quaternary, etc., EPDs) in
which different phases are located are separated by lines (binary EPDs) and two-dimensional
or multi-dimensional surfaces (ternary, quaternary, etc., EPDs). Crossing lines or surfaces, the
number of phases increases or decreases by one because of a phase transition. These phase
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transformations are extremely important in various industrial technologies (e.g., mould and
continuous casting, heat treatment).

The experimental determination of EPDs began in the second half of the 19th century,
when the necessary technical conditions (e.g., thermocouples for temperature measurement,
sample preparation technologies for microstructure analysis, and suitable light microscopes)
were required. The real boom was brought about by the development of differential thermal
analysis (DTA, DSC) and the widespread adoption of the X-ray diffraction technique.

2. Calculation of the EPD

Based on the EPDs, the concentration of the phases in equilibrium with each other,
the proportion of mass of the phases, and the temperature of the beginning and end of the
phase transformation can be determined.

As long as EPDs were only used to determine transformation temperatures in technol-
ogy design (e.g., liquidus temperature in casting practice, o<y start and end temperatures
of transformation in the heat treatment of steels), it was sufficient to determine the necessary
data from graphically existing EPDs. However, the data determined in this way were not
too accurate, and the reading error could easily have been as high as +10 K, which could
have made the design of the technology uncertain. Therefore, the development of the theory
of phase transformation processes (e.g., solidification and solid phase transformations) has
necessitated the computation of data.

Until the introduction of the Calculation of Phase Diagram (CALPHAD) calculation
model [3] and the software based on it (Thermo-Calc, FactSage), EPDs were only available
as diagrams created from the processing of measurement results. In the solidification and
solid phase transformation calculations, the lines representing the starting and ending
temperatures of the transformation (liquidus, solidus, major, minor) as a function of
concentration were approximated with straight lines (binary EPDs [4,5]) and surfaces
(ternary, quaternary EPDs) with planes or polynomials. The regression functions for
calculating the liquidus temperature and the partition ratio are a simple polynomial without
any thermodynamic background in the case of aluminium alloys [6-9], steels [10-12],
ceramics [13], and salts [14].

2.1. The CALPHAD Method

The basis of the CALPHAD method is that the free energy functions G of the phases
occurring in the measured phase diagram are constructed as a function of temperature and
concentrations [15-18]. In the case of a binary system, for a solid (s) and liquid (1) solution
in equilibrium with each other

G= GAXA+GBXB+XAXBQ+RT(XAITZXA+XBli’lXB) (1)

Some data of the functions are known from measurements (e.g., the free energy
functions of pure constituents or compounds), but not the (2 describing the interaction of
the elements. By deriving the G functions, the partial free energy functions of the phases in
equilibrium can be given by deriving the G functions:

uly = Gl 4+ RTInXY + X500 and u$, = G5 + RT InX3, + X50° @)

and
uh = Gh + RTInX% + X!, 0F and p§y = G§ + RT InX§ + X5, 3)
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According to the Gibbs condition mentioned above, the partial molar free energies
must be equal:
GY + RTInX, + X500 = G5 + RTInX5 4+ X50° (4)

and
GL + RTInX3+ X, Q' = Gy + RTInX5+X50° (5)

In the case of systems with three or more components, the equations are, of course,
significantly more complicated.

GL, G5, Gk, G5 . are known at a given temperature. The temperature-dependent
can be determined by iteration using the EPD data obtained from the measurement. The
knowledge of these can be used to calculate the concentration of the phases (e.g., liquid and
solid) that maintain equilibrium with each other at a given temperature. It follows from
the above that the CALPHAD method also leads to reliable results only if the EPD based
on the measurements is known. During the simulation of a transformation process, the
concentration of phases in equilibrium is determined in each step with a CHALPHAD-type
software. Thus, the authors of some of the most recent works have utilised the CALPHAD
calculation of thermodynamic data for simulating macrosegregation [19,20], microsegre-
gation [21], the mushy zone [22], and solid phase transformation [23]. Several authors
have found that this method is not very efficient, as it is especially time-consuming for
three- or multi-component alloys, where the time required for CALPHAD-type calculations
is lengthy, and the concentrations of each finite element must be recalculated multiple
times within a single time step [20,23-25]. Two methods have been developed to solve the
problem. The first step in both methods is to create a temperature-concentration map using
CALPHAD-type software. In the case of the mapping method [26-28], the temperature cor-
responding to the two (binary system) or four (ternary system) closest concentrations to the
given concentration is searched, and then between them, the temperature corresponding
to the given concentration is determined. In the case of the other method, a polynomial
is created through regression; however, these polynomials do not have a thermodynamic
basis [6,7,29,30].

2.2. The ESTHAD Method

In the two earlier papers, we showed the use of the ESTPHAD method in the case of
S5i-Ge isomorphous and Al-Si [31], Al-Mg eutectic-type binary, and Ag-Au-Pd isomorphous
ternary [32] EPDs. Most of the practically used ternary aluminium alloys are eutectic-type
(e.g., Al-Mg-5i, Al-Mg-Cu, Al-Mg-Zn, Al-Cu-Mg, Al-Mn-Si, Al-Mn-Fe). In this paper, the
usability of the ESTPHAD method is demonstrated in the Al corner of the Al-Si-Cu eutectic
type TEPD.

The basis of the ESTHAD method is the same as that of CALPHAD, with the
difference that the effect between the elements is not taken into account when writing
free energy functions, because the aim is not to give functions that can be used to
directly calculate the concentration of the phases holding equilibrium with each other,
but “only” to determine the form of the equations of the curves (binary system) or
surfaces (ternary, quaternary systems) that give the starting and ending temperature of
the transformation at given concentration(s).

The details of the construction of the equations used in the case of the ternary Ag-Au-
Pd system are shown in [32]. In this paper, we present the equations used to calculate the
liquidus (T1) and solidus temperatures (Ts), the start temperature of solidification of the
binary eutectics (Tpg), the slopes of the liquidus (M), and the partition ratios (k) in the case
of the Al-Si-Cu eutectic-type ternary equilibrium phase system.
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The aim of the paper—in addition to showing the calculation of the liquidus and
solidus surfaces at the Al corner of the Al-5i-Cu ternary equilibrium phase diagram with
the Estphad system—is to show that it is possible to obtain information of limited accuracy
about the liquidus and solidus temperature of the ternary system, as well as about the
partition ratios, even if only the binary systems that make up the ternary system and certain
elements of the ternary system are known (e.g., eutectic valleys data, some liquidus and
solidus temperature data). A further aim was to show how the accuracy of the calculation
depends on the amount of data in the available liquidus and solidus temperatures of the
ternary system.

2.2.1. The Liquidus (T1) and Solidus (Ts) Temperatures

The thermodynamic derivation of the T}, and T5 functions was presented in [32].

Il ! ! ! I ! Il

Ty (XSz" XCu) =T/ [FAlSi (XSi) + Faicu (XCu> + AFyisicy (XSi' XCu) + 1} (6)
2 3

I I ! I I I I I

Fasi (X5i> = Asi(1,0)Xg; + Aysi(2,0) (Xsl‘) + Aysi(3,0) (XSi) + ?)
I I ! I ! 1 \? 4l 1\3

Faicu (XCu) = Apicu(0, 1) Xy + Auycy(0,2) (XCu) + Apicu(0,3) (XCu) + (8

2 2
! Iyl I I I e I ! I
AF pisicu (XSi/ XCu) = Apsicu (1, 1) X5 Xy + Aursicu(1,2) Xs; (XCu) + Aprsicu(2,1) (Xsi) Xew + )

Ts(X5:, Xeu) = Tar/ [Fusi(Xg:) + Fajcu (Xey) + AFysicy (X5, Xey) +1] (10)

where
2 3
Fpsi(Xgi) = Asi(1,0)Xg; + Alysi(2,0)(X5)" + Alysi(3,0)(Xg)"+ (11)
2 3
Fzs‘llCu(Xéu) = f‘llCu(Ofl) %u + AiUCu(O/ 2)( %u) + AillCu (0’3)(X%u) +... (12)
2 2
AFysicu (X5, X2u) = Asicy (L 1) X5 X, + Aysic (L,2) X5 (X&) + Aysicy (2, 1) (X5)” Xg,+ (13)

2.2.2. The Beginning Temperature of the Solidification of the Binary Eutectics (TgEg)

If the concentration of the alloy is greater than the maximum solubility of the solid
solution, the solidification of the solid solution is followed by the solidification of a binary
and then a ternary eutectic. The solidification of the binary eutectic lasts from the starting
temperature of Tgg to the temperature of the ternary eutectic (T7g). Two types of binary
eutectic solidified depending on the concentrations: «+5i or a+Al,Cu.

In this case, the partition ratios (and, thus, tie lines) are known for both experi-
mentally determined and calculated TEPD with CHALPHAD-type software. Tie lines
form the surface of the beginning of the solidification of binary eutectics. According
to the theory, tie lines meet at the corner point only if the solidified phase is a pure
element (pure Cu or Si). In this case, the slope of the tie lines (Mpg) can be defined,
which is equal to XlSi/XlCu or X lCu/XlSl«. Knowing these, the Tpr(Mpg) function can
be determined. Substituting the XlSi/Xéu or Xéu/XlSi value of the alloy or into the
function gives the initial temperature of the solidification of the binary eutectic. If the
tie lines do not meet at the corner point, the average slope can be determined:

M = (X g/ Xy + X5/ Xy )/2 o MBS = (X / X + XE, /X5 )/2 depending
on the type of eutectics. If X,lsl-/XlCu ~ X3,/ X¢, the error will be acceptable.
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2.2.3. The Slopes of the Liquidus Surface

The slopes of the liquid surface can be calculated as a partial derivative of the function

of liquidus temperature (Ty, (Xéi, Xéu) )

T a(1+F/1415i(X[S[)+AFlquSiC1L(Xéi,xéu))
Al

Si 1
MSsicu (X XE, = const) = oL _ s _ TaSihsica Xsi Xeu = const) |
AlSiCu Sir “ACu aXl- (l—l—Fl (Xl Xl ))2 (l—l—Fl (Xl Xl ))2
Si AlSiCu \**Si’ “*Cu AlSiCu \**Si’ “*Cu
A(1+F, e, (X5 ) +DF gic (X5 XE)
| - T (1+Fyc (XC )axl wisicu (Xsi,Xtu) TAZSAISC (Xl const,XlCu)
M3isicu (XlSi = const, XlCu) = ale = e 2 = E—— (15)
Cu (1 + FAISlCu (XSz’ X )) (1 + FAZSzCu (XSz’ XCu))

2.2.4. The Partition Ratios (k’;il SiCu and kéllls’c”)

If we calculate the constants of the equations from data obtained using CALPHAD,
then the approximation method employed in the previous article is not necessary to
calculate partition ratios, because the concentrations of liquidus and solids are known to be
in equilibrium. For equation derivation, see [31,32].

kIS (X, XE, ) = Ikl (X4 ) + MnkgfSic (x4, XL, ) (16)
KAlsiCu (XlSi, chu) = exp (lnkglilsi( ) + AlnkAlSzCu(Xz”XCu)) 17)
kS (X4, XE, ) = InkIC (XL, ) + AlmkgSe (X, X, ) (18)
kéiSiCu (XlSi' XlCu) =exp (lnkéLSi (XlCu> + AlnkéLSiCH (XlSi' Xéu)) (19)
where
3
! I !
kg (XISZ) = Blysi(0,0) + Blys;(1,0) (X51> + Blysi(2,0) (X51> + Baisi(3,0) (X Sz‘> + (20)
1 2 3
I ! z
Inkg " (Xéu) Biaicu(0,0) + Blyyc, (1,0) (X Cu) + Blycu(2,0) (X Cu) + Blycu(3,0) (X Cu) (21)
and

AlnkAlSzCu (X.lSz’ XlCu) BAlSzCu (0 1) (Xl ) OXlCu + Bf‘llSiCu (O’ 2) (Xl ‘)O (XICM)2+ (22)
Bluisicu(0,3) (XISl) (Xéu) ++Blysic (1. 1) X5;Xe,, + Biysicu(21) (XISz) Xtu + Blysicu(1,2)Xs; (XICu> +
AlnkAlSicu (X’Sl,xl@) = Clisic (0,1)(Xl )Oxgi +Cligin (0,2)(X1Cu)O<XISi)2

(23)
1 1 1 1 1
Chisicu(0,3) (XCu> (Xl&) ++Clsicu (L D X5 Xty + Clarsicu(21) (XSi) Xeu + Casicu(1,2)Xs; (XCu>
3. Calculation of the Constants
3.1. Calculation of the Constants of Liquidus and Solidus Functions
A database from a CALPHAD-type calculation was used to calculate the constants.
Using the Thermo-Calc software (version 4.1.0.4995), the equilibrium concentrations of the
liquid and solid phases of Si and Cu were calculated at 14 isotherms as the Cu concentration
changed in 0.001 mol fraction steps. The mol fraction was changed to wt% because it is
used in practice.
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3.1.1. First Estimation (Only the Al-Si and Al-Cu BEPD Are Known)
Calculation of the leqlSi (Xlsl-), FIZL\ICu (X’Cu) and F5q.(X%;), FSc, (XE,,) maps:

Ta Ta
Flusi(Xsi) = 5=~ —land Fy;(Xy) = 7o~ — 1 (24)
Z( l) TfAISi(Xéi) o Thsi (X3)
and
Tay Tay
lecxlc X¢ = "5~ —land F};c,(X¢,) = 7w — 1 (25)
! ( M) TzlﬁllCu (XICM) ! ! TISLUCu (XSCu)

Used these two maps, the constant of the ch\lSi (Xlsl.), PA,Cu (Xéu) and F5q;(X%;),

F5;c, (XE,) functions was calculate by regression. The determined constants can be seen in
Table 1 (liquidus), Table 2 (solidus), Table 3 (liquidus), Table 4 (solidus), Table 5 (liquidus)
and Table 6 (solidus), (first row: Al-Si, first column: Al-Cu BEPD).

The liquidus and the solidus temperatures are

T = Tar/ (Flysi (Xl&) +Faicu (Xéu> +1) (26)

and
Ts = Tar/ (Fosi(X5;) + Fayeu(Xey) +1) (27)

3.1.2. Second Estimation (The BEPDs and the Binary Eutectic Valleys Are Known)

In some cases, in addition to the BEPDs, only data of the binary eutectic valleys are
known. In this case, from this data the PIZL{IESL;EL{ (Xé’f“t, Xéi”t) and legﬁéu (X;f ut, Xsc'zut)
functions were calculated:

Fl,eut Xl,eut Xl,eut o TA
AlSiCu Si 7“*Cu - Tl,eut (Xl,eut Xl,eut)
AlSiCu\“*si  *“*Cu

I I I I Leut Leut ~leut
—1= Fys; (XSi) + Faicu (XCu) +AF Jisicu (Xs:'m X&) ) (28)
and then

Leut Leut ~sleut\ __ pleut Leut ~;1eut 1 1 1 1
AF jisicu (XSi Xy )_FAlSiCu (XSi Xu )_FAlSi <X5i> — Faicu (XCu) (29)

T
s,eut s,eut s,eut’\ __ A 1 S S S S s,eut s, eut s,eut
FAlSiCu (X Si 7 XCu ) - Tlseut (Xlsgut Xs,eut) 1= FAlSi( Sz') + FAlCu( Cu) + AFAlSiCu (XSi / XCu ) (30)
AlSiCu\“*si 7“*Cu
and then
seut s,eut seut\ __ pseut s,eut s,eut) s S\ _ s S
AF fisicu (XSz' Xy ) = Flisicu (XSi X ) Flsi(Xsi) = Faicu(Xzu) — B1)
Leut Leut ~1eut s, eut s,eut ~s,eut
From the AF )¢, (XSi , XEy ) and AF7 ., (XSZ- X ) data sets the constants of the
AP (Xé’f“t, Xéi”t) and AFel . (X;f " Xé’fl”t) functions were calculated by regression

(Tables 1 and 2).

Table 1. Liquidus temperature calculated from BEPDs and the eutectic valleys. Second estimation.

Thicusi (Xlsl')0 (Xlsi)l (Xlsi)z (XlSi)3

(Xb,)’ 0 0.006259277 9.09114E-05 2.84167E-06 Binary Al-Si
(xL,)" 0.002928252 0.000146803 —2.54818E-06

(XE,)” —5.17929E-06 5.40796E-06

xt)’ 1.23057E-06 —7.59466E-08

Binary Al-Cu
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Table 2. Solidus temperature calculated from BEPDs and the eutectic valleys. Second estimation.

Tucusi (x5)° (o) oG5)*

(x%,)" 0 0.062168995  0.000768388  Binary AL-Si
(X%, 0.027873196  0.001484473

(X%,) 3.59926E-05  —0.000763994

(x%,)° —0.000128955

Binary Al-Cu

The liquidus and solidus temperatures of the TEPD are

I ! I I Leut l,
T = Tar/ (F s (XSi) +Fiicu (XCu) + AFLigic, (Xsfutf Xci,ut) +1) (32)
and
T, = Tor/ (Flyusi(X35) + e (Xe,)+ DF e, (X3, X261) +1) (33)

3.1.3. Third and Fourth Estimations, if the BEPDs, the Binary Eutectic Valleys and Some
Data Are Known on the Liquidus and Solidus Surfaces of the TEPD

In most cases, the TEPD are shown on the perpendicular projection with isotherms. In
this case

In addition to the BEPDs, the data of the binary eutectic valleys and some liquidus and
solidus temperatures (third estimation only one isotherm, fourth estimation 14 isotherms)
are known. In this case, from this data the FIZAISiCu (XlSi' XlCu> and leSiCu (Xgi, XSCM) func-
tions were calculated:

T
! Iyl A I I I I ! Il
Fyisicu (X Sir XCu) = 7 (XD XL) I= Fys; (XSi) + Fyicu (XCu) + AF yisicu (XSi/ Xw) (34)
AlSiCu si’ “*Cu
and then
AFL . (X’-Xl ):Fl ‘ (Xl-Xl )—F’ .(Xl.)—Pl (Xl ) (35)
AlSiCu Sir “*Cu AlSiCu Sir “*Cu AlSi Si AlCu Cu
T
eut _ A _
Flisicu Cu) = s (X5, X)) 1= Fy5:(X3;) + Fycu (Xey) + AFy5ic, (X5, XE0) (36)
AlSiCu si’ “*Cu
and then
AFSAlSiCu(X;i’ XSCu) = FzsfllSiCu(X.SSi’ XSCu) - FIS‘}lSi(XEi) - FZZCH( ?:'u) (37)

From the AFi‘USiCu (Xéi, chu) and AFqc,, (X;i, Xéu) data sets, the constants of

the AF, js:c, (XlSi, Xéu) and AFg;c, (X§,, X&) functions were calculated by regression
(Third estimation: Table 3. liquidus, Table 4. solidus, fourth estimation: Table 5.
liquidus, Table 6, solidus).

Table 3. Liquidus temperature calculated from BEPDs, eutectic valleys and one (830 K) isotherm.
Third estimation.

0 1 2 3

Thicusi (X5;) (X5;) (X5;) (X5;)

xL) 0 0.006259277 9.09114E-05 2.84167E-06 Binary Al-Si
L) 0.002928252 5.5654E-05 5.9301E-06

(xh,)’ _5.17929E-06  5.22492E-06

(xL 14)3 1.23057E-06

Binary Al-Cu
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Table 4. Solidus temperature calculated from BEPDs, eutectic valleys and one (830 K) isotherm.
Third estimation.

Thucusi 5" (X5’ (5"

(x%,)° 0 0.062168995  0.000768388  Binary AL-Si
(x5! 0.027873196  0.003036506  —0.001081166

(X%, 3.59926E-05  —0.000898423

(x5, —0.000128955

Binary Al-Cu

Table 5. Liquidus temperature calculated from BEPDs, eutectic valleys and all isotherms. Fourth estimation.

/) 0 1 Py 3
Taucusi (Xé«,-) (XlSi) (XlSi) (Xls )
(X ’Cu)o 0 0.006259277  9.09114E-05  2.84167E-06  Binary Al-Cu
(Xeu) 0002928252 6.1245B-05  5.76923E-06
(XlCu)Z —5.17929E-06  4.92776E-06
133 :
(Xcu) 1.23057E-06

Binary Al-Si

Table 6. Solidus temperature calculated from BEPDs, eutectic valleys and all isotherms. Fourth estimation.

Thucusi (xz)° x3)" (xg,)*

(x5,)° 0 0.062168995 0.000768388  Binary Al-Si
(x5! 0.027873196 0.002143483  —0.000655231

(X5, 3.59926E-05 —0.000687929

(x%,)° —0.000128955

Binary Al-Cu

The liquidus and solidus temperatures of the TEPD are

I Leut
Te = Tar/ (F ys; (XISI) + Faicy <X1Cu) + AFysicy (Xsffutf Xc'iut) +1) (38)

and
Ty = Tar/ (Fiusi( X&) + Fiucu(Xeu) +AFusic (X5, X&) +1) (39)

3.1.4. Calculation of Constants of the Beginning Temperature Function (Tpr(MgE)) of
Solidification of Binary Eutectics

As mentioned in Section 2.2.2, two different binary eutectics solidify when the con-
centration of the alloy is greater than the maximum solubility of the solid solution. The
tie lines at the solidification of the binary eutectics are known both from calculation or
measuring. Determined that the slope of the tie lines versus temperature can be obtained a
function with which the beginning temperature of the solidification of binary eutectics can
be calculated. The details of the calculation are presented in the Section 4.

3.2. Calculation of the Constants of Liquidus Slopes

The M % sic, and M%‘S i, liquidus slopes are the partition derivative of the T, (XZSZ., X lCu)
function. Since the constants of the denominator of the functions are known, only the con-
stants of the derivative of the numerator are shown below:
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1
Si Iyl — _ ol 1oyl ) — Al ! !
SAsicu (XSi' Xew = CO”“) = ;Tlsl,FAzsl‘Cu (XSi,XCu) = Aysi(1,0) + 2455;(2,0) (XSi) +

40)
2 2 1 (

I I I

3Asi(3,0) (XISz> + Al sica LDXE, 4+ AL i, (L2) (X)) + 24 0, (2, 1) (X)) XE, +

c loxl Qi Loxl ) — Al I 1!
S alsicu <X5i' Xew = CO”St) = XTCuFAlsl'cM (XSi,XCu) = Aicu(0,1) +2A4¢,(0,2) (X, ) +

I 2 I 1 \1 2
3A%1c4(0,3)(XE,)" + Asicy (LD XG; +2A% 1510, (1,2)X(X o)+ Alysic, (2 1) (X5) ™+

(41)

The constants of the S%Sic“ (Xlsl., XlCu = const) and S%‘Sic“ (Xéi, XlCu = const) func-
tions are in Tables 7 and 8 (fourth estimation of T}). The first row of these Tables shows the
constants in the case of BEPDs.

Table 7. The constants of the derivative of the numerator of S%‘S iCu (XlSi' Xéu = const) function
calculated from BEPDs and the eutectic valleys. Fourth estimation of the liquidus temperatures.

C 0 1 2
SA,;SiCu (Xéu) (XlCu) (Xéu)
(x%,)’ 0.002928252 2 x —5.17929E-06 3 x 1.23057E-06  Binary Al-Cu
(x5! 5.5654E-05 2 x 5.22492E-06
1,2 R
(Xsi) 5.9301E-06

Table 8. The constants of the derivative of the numerator of SISJISiCu (XlSi, XICu = const) function
calculated from all data. Fourth estimation of the liquidus temperatures.

Si 0 1 2
Sasicu (X§;) (X§;) (X§;)
(xL,)’ 0.006259277 2 x 9.09114E-05 3 x 2.84167E-06  Binary Al-Si
(x5, 5.5654E-05 2 x 5.9301E-06
1 \2 .
(X 5.22492E-06

3.3. Calculation of the Constants of Partition Ratios Functions

As it was mentioned in Section 3.1. the equilibrium Si and Cu concentrations were
calculated by Thermo-Calc, so the ks; and k¢, were calculable directly from the XlSi, Xg;
and XlCu, X¢,, concentration pairs:

ksi = Xgi/xéi' keu = XSCM/XlCu and Xi’i = XlSikSi' XSCu = XlCukCu (42)

3.3.1. First Estimation
Similarly to the liquidus and solidus temperature, only the Al-Si and Al-Cu BEPD data were
used to determine the partition ratios map. The Bixl g and B%lc“ constants of the lnk?ilSi (XlSi)

and InkAlC (Xéu) functions were determined by regression (InkAX" first row in Table 9, Ink!!

u

first row in Table 10, lnk‘é,lf” first row in Table 11 and lnkg‘ilS  first row in Table 12).

Table 9. lnlei calculated from BEPDs and eutectic valleys. Second estimation.

! 0 1 2 3

Inkg; (Xéi) (Xlsl-) (XlSi) (XlSi)

X —Z. . . inar -5i
( éu)o 2.288892406 0.01197891 0.00032586 Binary Al-Si
(Xéu)l 0.005118707 0.000448357 —2.20231E-06

2
(Xcu) 0.00035785
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Table 10. lnkéu calculated from BEPDs and eutectic valleys. Second estimation.

Ink g5 xL,)" L)’ xL,)”
(x5’ —2280465486  —2.25824E-05  0.000453888  Binary Al-Cu
(x5! 0.043426906 0.0002552 2.50114E-06
(xL)? —0.002892515

Table 11. lnklsl. calculated from BEPDs, eutectic valleys and all isotherms. Fourth estimation.

AISiC 0 1 > 3
k™" (Xs) o) o) o)
(xL)° —2288892406  0.01197891 0.00032586 Binary Al-Si
(chu)l 0.005118707 0.000448357 —2.20231E-06
2
(Xu) 000035785

Table 12. lnleu calculated from BEPDs, eutectic valleys and all isotherms. Fourth estimation.

Ik, (X, *e,)' (X6’
(xL)° ~2.280465486  —2.25824E-05  0.000453888  Binary Al-Cu
(xL)' 0.022447756 ~  —6438E-05  2.63906E-05
(xL? —0.001012122

3.3.2. Second Estimation

The partition coefficients were determined from the BEPDs partition ratios and the
concentration pairs of the eutectic valleys.

This calculation version is interesting because, in the case of graphical TEPD, only
these tie lines are known in TEPD:s.

AlSiC Leut ~sI, eut Jeut Leut AlSiC Leut ~71, eut __ ,eut Leut
RISICH (Xt XM ) = XY/ XE and RAISICH (XM, X ) = X1/ XE (43)

Si u Cu
lnkzéilSiCu (Xls,ieut, Xé;ut) _ lnkginSi (XZSZ) + Alnkéilsl'Cu (Xls,ieut, Xéeuut) (44)
Alnkisicu (Xls,ieut’ Xé;ut) — InkAISiCu (Xls,ieut’ Xézut) — Inkdisi (Xlsl) (45)
and
lnkéllSzCu (Xls,fut’ Xé;ut) _ lnkéLSi (XlCu> + AlnkéLSiCu (Xlsfut/ Xéiut) (46)
AlkAISIC (ke Xl ) = kIS (i, X — kIS (xL) @)

The constants of AlnkfslilSiC” (Xls’f”t, Xélf”t) and Alnk[ClLSiC” (Xls’f”t D¢ e”t) function

Cu
were determined by regression, and are in Table 9 (Ink&/5*) and in Table 10 (InkZ25iC"),

3.3.3. Third Estimation

In this case, the tie lines are known in the BEPDs, the eutectic valleys and between the
liquidus and solidus surfaces (isotherms).

j 1 j 1
K4ISIC Xk, X, ) = X5/ Xbjand KAISC Xk, XE, ) = X8,/ XL, (48)

u

kIS (X, XE, ) = InklS (XL) + MnkgfSicn (x4, XL, ) (49)
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Ankg/SiC (xk;, XL, ) = InkglSC (X, XE, ) — kgl (x4, (50)
and
kIS (X4, XE, ) = kLS (XL, ) + AtnkdSe (X, X, ) (51)
Ak (X, XE, ) = InkgSe (X, XL, ) — kel (X;) (52)

Cu

The constants of Alnk?ilSiC” (Xls’f”t, x4 and Alnk[ClLSiC” (Xé’f“t, Xélf ”t> function
were determined by regression, and are in Tables 11 and 12.

4. Results

4.1. Liquidus and Solidus Isotherms
4.1.1. First Estimation

Knowing the liquidus and solidus functions of BEPDs, the liquidus and solidus isotherms
of the Al-S5i-Cu TEPD were calculated, assuming that the interaction effect of the Si and Cu in the
liquid and solid phases are negligible, i.e., AF};s.c, (XlSi, Xéu) = 0and AF g, (X3, XZ,,) =0.
The calculated liquidus and the solidus of the Al-Si and Al-Cu BEPDs are shown
in Figures 1a and 2a, respectively. Figures 1b and 2b show the difference (DELTA T) between
the results of Thermo-Calc and ESTPHAD calculations. Using the two BEPD functions, the
liquidus (Equation (27)) and solidus (Equation (28)) temperatures of the TEPD can be calculated.
The calculated liquidus and solidus isotherms in the Al corner are shown in Figures 3a and 4a.
Figures 3b and 4b show the temperature difference (DELTA T) between the Thermo-Calc and
the ESTPHAD calculations along the isotherms as a function of Cu concentration.

Al-Cu BEPD
= = AlCu lig ThermoCalc * AlCu lig ESTPHAD
- = AlCu sol ThermoCalc = AlCu sol ESTPHAD
940
- a
920 \“‘“‘ -
iy,
= 900 ~ lig
g |\ M
2 880 \ "
g-’aau a+lig \\m
820 \
800
0 5 10 15 20 25 30 35
Al Cu, wt% Cu
Delta T vs. Cu concentration
« DELTATlig - DELTATsol
. 05 .
: 0 PN B ki, &
5 ' AN
= .05

0 5 10 15 20 25 30 35
Al Cu, wt% Cu

Figure 1. (a): the liquidus (red line) and solidus (blue line) of Al-Cu BEPD calculated by Thermo-Calc
(solid line) and ESTPHAD (markers). (b): the difference (DELTA T) between the two calculations.
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Al-Si BEPD

- = AlSi lig ThermoCalc
= = AISi sol ThermoCalc

* ALSi liq ESTPHAD
* AlSi sol ESTPHAD

940 .
- R
920 ]
o \ B =) lig
£ 90 <
£ 880 a+lig ™~
& \ ]
840 l |
0123 45 61789 10MN12713
Al Si, wt% Si
Delta T vs. Si concentration
* DELTATliq - DELTAT sol
= ' ’\ b
2 'Y
= 005
0123 4567891011213
Al Si, wt% Si

Figure 2. (a): liquidus (red line) and the solidus (blue line) of Al-Si BEPD calculated by Thermo-Calc
(solid line) and ESTPHAD (markers). (b): the difference (DELTA T) between the two calculations.

. Liquidus isotherms calculated from BEPDs
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* 890K
* 880K
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* 860K
* 850K
* 840K
* 830K
* 820K
* 810K
* 800K

Figure 3. (a): first estimation of liquidus isotherms. (b): temperature difference (DELTA T) between
the Thermo-Calc and the ESTPHAD calculations along the isotherms.
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Solidus isotherms calculated from BEPDs
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---9280
= Recalc 928.0
-~ -9200

% Recalc 9200

© Recalc 9100
- - -900.0
- Recalc 900.0
890.0
+ Recalc 890.0
- - - 08800
4 Recalc 880.0
-~ ~8700
= Recale 870.0
860.0
+  Recalc 860.0
-~ -8500
= Recalc 850.0
- - -840.0
= Recalc 840.0
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---8200
* Recalc 820.0
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DELTAT K
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isotherms

* 928K
© 920K
* 910K
* 900K
* 890K
* 880K
* 870K
* 860K
* 850K
® 840K
* 830K
* 820K
* 810K
= 800K

Figure 4. (a): first estimation of solidus isotherms. (b): temperature difference (DELTA T) between
the Thermo-Calc and the ESTPHAD calculations along the isotherms.
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4.1.2.

Second Estimation

of the Cu concentration.

Liquidus isotherms from BEPDs and the eutectic ~, 7

14

12

10

Figure 5. (a): second estimation of liquidus isotherms. (b): temperature difference (DELTA T) between

valleys
. a
A Si
N
+“$ -‘-h
\: “40 “-
- T \‘\,
zﬂ -'.x_. \\
‘2;‘ ‘+ . -Q_\- !\ “‘-.,v_.: \ ™ \
SO\ AN ——
\‘.‘ \\‘ X"&Q‘: ) _-;\ h | Alzcu 1
X, N ‘q* ‘\\iﬁ&% % -:-kﬂ = ‘\\
xx)‘x ‘\'L %ﬁ\‘uﬁ -\-‘1 " h htc
NN R L
1

0 5 0 1%

Cu,

20
wt%

25

30 35

= Recalc 928.0
9200

% Recale 920.0
---9100

® Recalc 910.0
-==-9000

- Recalc 9000
890.0

+ Recalc 890.0
- - -880.0

4 Recalc 880.0
---8700

. =
Recalc 870.0 '_.‘|_5

860.0
+ Recalc 860.0 5

=1

- - - 850.0 =)
- Recalc 850.0

- - -B8400
Recalc 840.0

830.0
* Recalc 830.0

- - -8200
* Recalc 820.0

---810.0
Recalc 810.0

800.0
Recalc 800.0

05

In many cases, only data from BEPDs and the concentration pairs of eutectic valleys
are known. In these cases, the data of the eutectic valleys can also be used to calculate the
liquidus (Equation (33)) and solidus (Equation (34)) temperatures more accurately than
the first estimation. The calculated liquidus and solidus isotherms in the Al corner are
shown in Figures 5a and 6a. Figures 5b and 6b show the temperature difference (DELTA T)
between the Thermo-Calc and the ESTPHAD calculations along the isotherms as a function

DELTAT along the liquidus

isotherms

b

2

0 10 20 30 40
Cu, wt%

the Thermo-Calc and the ESTPHAD calculations along the isotherms.

Solidus isotherm calculated from binary EPDs and

16
14
12

1
0.8
0.6
0.4

Si, wt%

Figure 6. (a): second estimation of solidus isotherms. (b): temperature difference (DELTA T) between

eutectic valeys
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15 >

01

Cu, wt%

the Thermo-Calc and the ESTPHAD calculations along the isotherms.

4.1.3. Third and Fourth Estimation

In the case of measured TEBD diagrams, some measured liquidus and solidus temperatures,
or some isotherms, on the surface of the liquidus and solidus are known. In the case of Thermo-
Calc calculations, some isotherms on both surfaces are also known. The amount of data affects
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the accuracy of the calculation. To examine the impact of data number, calculations were made
using the data of the BEPDs, the eutectic valleys and the 1, 2, 3, 4, 5, and 14 (all) isotherms.
The temperature, the number of isotherms, and the number of data used in the calculations
are shown in Table 13. The calculation was made with Equations (39) and (40). The calculated
liquidus and solidus isotherms, using the data of BEPDs, the eutectic valleys, and one isotherm
(850 K), are shown in Figures 7a and 8a (third estimation) and when all data of 14 isotherms
were used in Figures 9a and 10a (fourth estimation). The temperature difference (DELTA T)
between the Thermo-Calc and the ESTPHAD calculations along the isotherms is shown in
Figures 7b and 8b (third estimation), Figures 9b and 10b (fourth estimation) in the case of
liquidus and solidus, respectively.

Liquidus isotherms calculated from BEPD, eutectic

i -~ -9280
" valleys and one (830 K) isotherm T
9200 .
a * Rasloszan DELTAT along the liquidus
12 N [ o Recalc 100 y isotherms * :ig&
W, -~ - 9000 . .
0. 1_;‘\ - s;g.aulc‘iﬂﬂ.ﬂ 14 b :910K
o 5;5“.}‘ 8900 12 . :gg :
38 4 RecalcB800 s= ] * 880K
= -~ -8700 — 870K
=3 x gzg:-:]lc o = 08 ° 860K
© Recacasnn & 0.6 * 850K
~ - -8500 04 * 84D K
A - Recalc 850.0 - * 830K
- - - 840D
Recalc 840.0 02 ° 80k
9 8300 0 « 810K
Recalc 830.0 0 10 20 30 40 800K
-~ -8200
0 . Recla]ll: 8200 Cu, wt%
0 5 10 15 20 25 30 35 Recalc §10.0
Cu, wt% S0

Figure 7. (a): third estimation of liquidus isotherms calculated with one (830 K) isotherm. (b): temperature
difference (DELTA T) between the Thermo-Calc and the ESTPHAD calculations along the isotherms.

Solidus isotherms calculated from BEPD, eutectic

valleys and one (830 K) isotherm om0
= Recalc 928.0
9200
18 a 1. Feal: 201 DELTAT along the
16 ALSSi ABSI e 0 isotherms
- 1\ +ALCu - 9000 A . 928K
R - Recalc 9000 bl .ok
4 — 8900 35 < 90K
AR 3 +  Recalc 890.0 v
2 12 x\+§ =] &y \‘\\ _;_gzgflcuau.u - 3 | :89[”(
El - . R "L Recse o700 =2 e
- W i * RecdcBill o 9 © 870K
& \ b % 8600 =
08 \ -t \ S - Al © Recalc8600 = 15 Zﬁﬁ,."]ﬁ
\\\‘ ALUMINIM » ~ Al,Cu| ~- B0l
06 NN SN | peemer - sk
LS Y S L ~ - — -840, n .
0h A \_\\ b, h S T Recalc 840.0 0.5 | e 0K
: oy N L S NS 8300 .
)\ -._‘\\\\\ ‘+,Q‘ "'__ w | " \ Recalc 830.0 0 g:]?]‘:(
0.2 NS S o S \\ - - - 8200 01 2 3 4 5
NN S ] e ..
0 Recalc B10.0 Cu, wte
o 1 2 3 4 5 ¢80
CU. wt% Recalc 800.0

Figure 8. (a): third estimation of solidus isotherms calculated with one (830 K) isotherm. (b): temperature
difference (DELTA T) between the Thermo-Calc and the ESTPHAD calculations along the isotherms.
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Table 13. Number and the data of the isotherms in the calculation.

Third and Fourth Estimation Second Estimation First Estimation

Number of isotherms

Temperature, K 14 7 5 4 3 2 1
928 X X X X X X
920 X
910 X X
900 X X
890 X X X
880 X X
870 X X X
860 X
850 X X X
840 X X
830 X X X X X
820 X
810 X X X X
800 X
Sum data of isotherm 722 349 254 194 74 75 63
Eut. valley data 10 10 10 10 10 10 10 10
Al-Cu data 123 123 123 123 123 123 123 123 123
Al-Si data 83 83 83 83 83 83 83 83 83
Sum 938 565 470 410 354 291 279 216 206
DELTA T*, K liq 0.083 0.088 0.087 0.09 0.12 0.126 0.128 0.79 8.96
DELTA T*, K sol 0.147 015 0175 018 022 023 0.23 0.35 0.94

DELTA T*,yer the difference between all the data calculated by ESTPHAD and ThermoCalc.

Liquidus isotherms calculated from all data - --92s0

14 = 9R§E:%lc928.ﬂ
. a | 7 fealcm DELTAT along the liquidus
12 = e Recale 9100 i
N 5 _* Recaloom o3 isotherms ok
0 t," . - Recalc 900.0 . b * 920K
T 890.0 :
RN + Recalc 890.0 025 -~ & A
e -t : o 900K
o B M e \ &+ Recalc 880.0 0.2 . ° 890K
E SN \\‘\ ---gvn_ul oy = 'A r * 880K
R % Recalc 870 = e
=0 NN R L Rk \_\ 8600 = 015 | ik
6 ] : I\ + Recalc8600 &5 * 60K
- \1\‘ o R : \ — 850.0 0] ® 850K
\ * ~ N T— - .
5 R Y A - Recalc 8500 > o 840K
b L ALMINDM f = NN e T e -
\ % [ % = % "\ Rec: 0.05 * 830K
g 5] ™, s ) ecalc 840.0 3
M SR G T 8300 ° B20K
R N N [ W Ak Recalc 830.0 0 . * 810K
2 v W oy e, < T - --8200 800K
N \ \ Lo OOURN | e Recacano 0 10 20 30 &
% e o N - - - 8100 9
0 kLt Recalc 810.0 Cu, wt
8000
0 5 10 15 20 25 30 35 Recalc 800.0

Cu, wt%

Figure 9. (a): fourth estimation of liquidus isotherms calculated with all isotherms. (b): temperature
difference (DELTA T) between the Thermo-Calc and the ESTPHAD calculations along the isotherms.
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Solidus isotherms from all data - - -9280
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Figure 10. (a): fourth estimation of solidus isotherms calculated with all isotherms. (b): temperature
difference (DELTA T) between the Thermo-Calc and the ESTPHAD calculations along the isotherms.

In the ternary diagrams and the tables DELTA T and DELTA Si, Cu mean the
absolute values!!

4.2. The Beginning Temperature of the Solidification of Binary Eutectics

The surface of the solidification of the two eutectics is separated by the valley (tie line)
of the ternary eutectic, above which the Al+Si eutectic and below the Al+Al,Cu eutectic
solidify. The calculation of the slope must be chosen so that at zero concentration (BEPD),
its value is not infinite, but zero. Therefore, values were calculated above the ternary
eutectic valley X lCu / X{Si and below it XlSi / XICM (Table 14). The values of the X¢., / X5; and
X3,/ X, were calculated too, which were practically the same as the values of X lCu/ Xlsl-
and Xls:‘ / chu. Consequently, the tie lines meet at the corner point. Using these data, the
constants of two Tge(Mrp) functions were determined by regression as follows:

Above the ternary eutectic valley:

Tpe = 1.9097Mpg® — 19.944Mp + 850.08 (53)
Below the ternary eutectic valley:

T = 3787.4Mpr® — 663.43Mpr? — 126.27MgE + 820.46 (54)

Table 14. The slope of the tie lines of binary eutectics.

Mgg T, K
X lCu /X151
0 850
0.519474 840
1.128312 830
1.868701 819
2.780053 809
3.904228 801
5.245714 798.5
1
XISi/XCu
0.19 798.5
0.142 800
0.068 810
0 820
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At the simulation of the solidification the Xg;(Xc,) functions of the binary eutectic
valleys are interesting, so these were calculated:

Xsi(Xcy) = —0.0006X¢,,> — 0.2422X, + 12.563 at o« + Si binary eutectic (55)

Xsi(Xcy) = —0.0025X 0y — 0.8534Xcy + 31.082 at « + AlL,Cu binary eutectic  (56)

The tie lines calculated by the ESTPAD and Thermo-Calc, and the comparison of the
results of calculations is shown in Figure 11.
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Figure 11. (a): calculated tie lines by Thermo-Calc and ESTPHAD. (b): comparison of the tie lines
calculated by Thermo-Calc and ESTPHAD.

4.3. The Liquidus Slopes
During the simulation of solidification, it is often necessary to calculate the slopes
of the liquidus surface. Tables 7 and 8 contain the constants of the numerators
i 1 R C l R : Si
S%Sic“ (XSZ., Xey = const) and S%7si-, (XSi, Xe, = const) of the slope functions (M/¢;c,
and M%‘Sicu) calculated from the fourth estimation of liquidus temperature used all

isotherms. Figure 12a,b shows the values of the slope functions M%Sicu and MSI;SiCu
as a function of Cu and Si concentration along the given isotherm, respectively.
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Figure 12. (a): 0Ty /0Xg; vs. Cu concentration. (b): 977 /9X¢,, vs. Si concentration.

https://doi.org/10.3390 /met16010080


https://doi.org/10.3390/met16010080

Metals 2026, 16, 80 18 of 31

4.4. Recalculation of the Solidus Isotherm from the Liquidus Isotherms Using the Partition Ratios

The aim of this recalculation was to determine those alloy concentrations in which
we can obtain an acceptable solidus concentration using Equation (43). During the
recalculation, the solidus concentrations were recalculated from the fourth estimated
liquidus concentrations using the partition ratios along the liquidus isotherms. To
compare the isotherms calculated by Equation (34) and the recalculated isotherms,
the DELTA Cu and DELTA Si were determined (see Figure 13). Using recalculated
concentrations, recalculated isotherms were constructed (Figures 14a, 15a and 16a).
To study the change in DELTA Cu and DELTA Si along the isotherms, the DELTA Si
versus DELTA Cu is shown in Figures 14b, 15b and 16b.

A

Si, DELTA Cu

wt
%

Recalc T, ——\ |«— CalcT,

DELTA Si

v

Cu, wt%

Figure 13. Method of the determination of DELTA Cu and DELTA Si.
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Figure 14. (a): recalculated solidus isotherms used the calculated partition ratios from BEPD. (b): DELTA
Si concentration versus DELTA Cu concentration along the isotherms.
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Figure 15. (a): recalculated solidus isotherms used the calculated partition ratios from BEPD and
the binary eutectic valleys. (b): DELTA Si concentration versus DELTA Cu concentration along
the isotherms.
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Figure 16. (a): recalculated solidus isotherms used the calculated partition ratios from BEPD,
the binary eutectic valleys, and all isotherms. (b): DELTA Si concentration versus DELTA Cu
concentration along the isotherms.

4.4.1. First Estimation

The partition ratios of the TEPD were estimated based on the partition ratios of the BEPDs.
The concentration of the solidus isotherms was recalculated using these two partition ratios
from the concentration of the liquidus isotherms along the isotherms. The solidus isotherms
using the recalculated concentration are compared with the solidus isotherms calculated by the
fourth estimation (Figure 14).

4.4.2. Second Estimation

The partition ratios of the TEPD were calculated using the partition ratios of the
BEPDs and the partition ratios calculated from the tie lines of binary eutectic valleys. The
concentration of the solidus isotherms was recalculated with these two partition ratios from
the concentration of liquidus isotherms along the isotherms. The solidus isotherms using
the recalculated concentration are compared with the solidus isotherms calculated by the
fourth estimation (Figure 15).
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4.4.3. Third Estimation

Using the partition ratios of the BEPDs, as well as the partition ratios of binary
eutectic valleys and the calculated partition ratios derived from the data of all isotherms,
the partition ratios were determined. The concentration of the solidus isotherms was
recalculated with these two partition ratios from the concentration of liquidus isotherms.
The recalculated solidus isotherms are compared with the calculated solidus isotherms
calculated by the fourth estimation (Figure 16).

5. Discussion
5.1. Calculation of Liquidus and Solidus of BEPD

The ESTPHAD calculation approximates the results of Thermo-Calc with 0.5 K
(liquidus) and 0.1 K (solidus) in the case of Al-Cu BEPD, while with £0.005 K (liquidus)
and 0.05 K (solidus) in the case of Al-Si BEPD (Figure 1b (Al-Cu) and Figure 2b (Al-S5i)).

5.2. Calculation of Liquidus and Solidus of TEPD
5.2.1. First Estimation

The constants of the Ty and T, functions were calculated based on only the data
from the BEPS (Equations (27) and (28)). Along the liquidus isotherms (Figure 3a),
DELTA T is continuously changing between two Ty, as a function of Cu concentration
(Figure 3b). For isotherms starting at Al-Si BEPD (X¢, = 0) and ending at Al-Cu BEPD
(Xsi = 0) (between 928 K and 850 K), the DELTA Ty, is determined by the BEPDs
data, which are very small (see Section 5.1). Under 850 K DELTA Ty, is at the Al-Cu
BEPD. At the first isotherm (928 K), DELTA Tiax and DELTA T,yer are near the same,
0.82 K and 0.73 K, and higher than at the second isotherm (920 K), 0.27 K and 0.17 K. As
the temperature decreases, DELTA Tpax and DELTA Tayer increase. DELTA Tpax and
DELTA Taver under 910 K and 900 K are smaller by 1 K, and then in the concentration
range under these isotherms, the first estimation is suitable for solidification simulation.
Naturally, DELTA Tmay is higher than DELTA Taver (Appendix A, Figure 17).

DELTA T,y vs. liquidus isotherm

W Fourtest. M Thirdest. ™ Secondest. ™ First est. WFourtest. WThirdest. M Secondest. W Firstest.
_________ 2 T T 3 8 1T 1T 01 170
, b
_________ 1 I — e e BN B B |
__________ 15 4111111

928 920 910 900 890 880 870 860 850 840 830 820 810 800

928 920 910 900 890 880 870 8460 850 840 830 820 810 800

Temperature, K Temperature, K

Figure 17. The liquidus temperature difference between the Thermo-Calc and ESTPHAD calculations
at four different estimations as a function of the isotherm temperatures. (a): average, (b): maximum.
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Along the solidus isotherms (Figure 4a), DELTA T is continuously changing between
two DELTA Ty, as a function of Cu concentration (Figure 4b). Like the liquidus isotherms,
for isotherms starting at Al-Si BEPD (Xcy = 0) and ending at Al-Cu BEPD (Xg; = 0) (between
928 K and 850 K), the DELTA Ty, is determined by the BEPDs data, which are very small
(see Section 5.1). From 840 K to 820 K, the isotherms start from the Al+Si binary eutectic valley
and end at the Al-Cu BEPD, while at 810 K and 800 K, the isotherms are between the two
binary valleys. At the first isotherm (928 K), DELTA Tpax and DELTA Tayer are near the same,
0.7 Kand 0.66 K, and higher than at the second isotherm (920 K), 0.06 K and 0.02 K. As the
temperature decreases, DELTA Tpax and DELTA Tayer increase from 0.06 K to 4.31 K and from
0.02 K to 4.23 K, respectively. DELTA Tmax and DELTA Tayer remain smaller than 1 K until
840 K and 830 K, respectively (Appendix B, Figure 18).

DELTA T, vs. solidus isotherm
m Second est. First est. M Fourth est. W Third est. ™ Second est. First est.

— g 2

b

175

15

928 920 910 900 890 880 870 860 850 840 830 820 810 800
Temperature, K Temperature, K

928 920 910 900 890 880 870 860 850 840 830 820 810 800

Figure 18. The solidus temperature difference between the Thermo-Calc and ESTPHAD calculations
at four different estimations as a function of the isotherm temperatures. (a): average, (b): maximum.

5.2.2. Second Estimation

The constants of the T} and T, functions were calculated based on the data of the
BEPDs and the data of the two binary eutectic valleys. Along the liquidus isotherms
(Figure 5a), as in the first estimation, the DELTA T changes between two T,y as a function
of Cu concentration (Figure 5b). The difference between the second and first estimations is
that all isotherms begin at Al-Si BEPDs or the Al+Si eutectic valley and end at the Al-Cu
BEPD or the Al+Al,Cu eutectic valley, for which the DELTA T is very small. At the first
isotherm (928 K), DELTA Tmax and DELTA Tayer are near the same in the two types of
estimations, 0.83 K and 0.78 K, and higher than at the second isotherm (920 K), 0.42 K
and 0.29 K. The DELTA Tax and DELTA T,yer continuously increase with decreasing
temperature; the DELTA Tnax is less than ~1 K to 900 K, but it does not exceed 2 K,
while DELTA T,yer remains less than ~1 K throughout the entire range of the isotherms.
(Appendix A, Figure 17).

In the case of solidus isotherms (Figure 6a), the DELTA Tpax and DELTA Tayer vary
similarly to that of liquidus isotherms (Figure 6b). The DELTA Tmax and DELTA Tayer
continuously increase with decreasing temperature. DELTA Ty is less than 1 K until
820 K, and DELTA Tyer until 810 K. At the ternary eutectic point, those are 2.1 K and 1.6 K
(Appendix B, Figure 18).
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5.2.3. Third and Fourth Estimations

The constants of the T} and T, functions were calculated based on the data of the
BEPDs, the data of the two binary eutectic valleys, and some isotherms (from 1 to 14). From
this calculation, two of them (the third estimation, calculated with only 830 K isotherm
(Figure 7a, liquidus, Figure 8a, solidus), and the fourth estimation, with 14 isotherms
(Figure 9a, liquidus, Figure 10a, solidus) will be presented in detail. The aim of this part of
the work is to study the effect of the number of data that came from the data of the liquidus
and solidus surfaces (from the isotherms). In Table 13, the used isotherms and the number
of data used in the calculations are shown. In the case of the third and fourth estimation,
the total number of the used data is 279 and 938, respectively.

In the case of the liquidus, the form of the function of DELTA T as a function of the Cu
concentration is similar to that of the second estimation in both cases (Figures 7b and 9b).
In the case of the third estimation, the DELTA Tmax and DELTA Ta,yer are less than those in
the case of the second estimation. Considering the 14 isotherms, DELTA Tmax and DELTA
Taver are less than 0.49 K and 0.44 K, respectively, except at the first isotherm, where those
are 0.82 K and 0.77 K, respectively (Appendix A, Figure 17).

In the case of the solidus temperature, used only 1 isotherm, the DELTA Tmax and
DELTA Tayer are less than 1 K, except near the ternary eutectic point (810 K and 800 K),
where those are 1.94 K and 1,65 K, respectively (Figure 7b). Used all 14 isotherms for
the calculation DELTA Tmax and DELTA Tayer, less than 0.63 and 0.34 K, respectively
(Appendix B, Figure 18).

The beginning temperature of solidification for binary eutectics can be calculated, as
binary eutectic valleys are known in this case.

The error in the calculation can also be characterised by the difference between all the
data calculated by ESTPHAD and Thermo-Calc (DELTA T*aver in Table 13).

Figure 19a,b show Delta T*aver (DELTA T*aver is the average of one type of estimation)
as a function of data number in the case of liquidus and solidus temperature. It can be
clearly seen that the DELTA T*aver drastically decreases with an increase in the number of
data used for estimation (see the number of data in Table 13).

DELTA T*aver vs. used data number, solidus
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Figure 19. The temperature difference between the Thermo-Calc and ESTPAD as a function of data
number. (a): liquidus, (b): solidus.

5.3. Calculation of the Beginning Temperature (Tgg) of Solidification of Binary Eutectics

Figure 11a shows the comparison of the ESTPHAD and Thermo-Calc calculations.
The Surface 1 and Surface 2 show the beginning temperature of solidification for «+5i
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and a+Al,Cu binary eutectics, respectively. In Figure 11b, the calculated results of
the ESTPHAD and Thermo-Calc are compared. It can be seen that the fit is acceptable
(R?~1). This fact proves that the assumption that the tie lines intersect each other at the
origin was correct.

5.4. Liquidus Slopes

Figure 12 shows the calculated two liquidus slopes along the isotherms. The absolute
value of the 9T} /0Xg; continuously increases (Figure 12a), while the absolute value of
0Ty /90X, decreases (Figure 12b) with the increase in Cu and Si concentration, respectively.
Both values increase as the temperature decreases.

5.5. Some Examples

In Figure 11a, four compositions are selected to show the capability of the ESTPHAD
method. The solidification processes in the case of the selected alloys are as follows:

Example 1

Tp—Ts: lig—a

Example 2

T, —Tgg: liq—>oc

Tpg—T1g: lig— (a+5i) (Surface 1)

Trg: lig—=(ax+Si+Al,Cu)

Example 3

T —Tgg: liq—>oc

Tgg—TtE: lig—=(x+Al,Cu) (Surface 2)

Trg: liq—>oc+Si+A12Cu

Example 4

Tr,—TrE: hq—)cx

Trg: hq—>(0c+Sl+A12Cu)

Table 15 shows the calculated results.

Table 15. The calculated liquidus, solidus, binary and ternary eutectic temperatures, liquidus slopes,
and partition ratios.

Ccy, Cs;i, Ty, Ts, TgE, TtE, Slope 1, Slope 2, K ke
wit% wit% K K K K K/wt% Si  K/wt% Cu Cu Si
Example 1 3 0.6 921.8 8353 - - —6.01 —2.72 0.10 0.10
Example 2 10 7 856.6 - 8254 7985 —7.75 —3.62 0.12 0.12
Example 3 25 3 830.4 - 8023 7985 —9.18 —4.42 0.15 0.15
Example4 1848 3.54 852.6 - - 798.5 —8.25 —3.86 0.13 0.13

5.6. Recalculation of the Solidus Isotherm from the Liquidus Isotherms Using the Partition Ratios

The error of the calculation of the partition ratios can be characterised by the maximum
DELTA Cumax, DELTA Simax, and average DELTA Cuayer, DELTA Siayer. Both methods are
used below. The values of the partition ratios are used in the simulation of solidification; in
practice, those are less interesting. The important data are the starting and ending temperatures
of solidification. The simulation results can be validated by comparing them with the measured
concentration distribution. Therefore, the minimum concentration reliably measurable with the
microprobe is used as a measure of usability, which is approximately 0.1 wt%. Thus, in the case
of different estimates, this value is used when evaluating them.

The results of the four estimations are in Appendix A, and they are compared in
Figures 20 and 21.
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Figure 20. The maximum difference between the calculated and recalculated concentrations
at three different estimations as a function of the isotherm temperatures (a) DELTA Cumax,

(b) DELTA Simax.
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Figure 21. The average difference between the calculated and recalculated concentrations at three different
estimations as a function of the isotherm temperatures. (a) DELTA Cuavyer, (b) DELTA Siayer,

5.6.1. First Estimation

The partition ratios were calculated from the data of the two BEPDs. The results of
the recalculated solidus isotherms are in Figure 14a. The isotherm start from one BEPD
(e.g., Al-Cu), both types of DELTA Cu and DELTA Si along the isotherms continuously
increase to a maximum (DELTA Cupax and DELTA Sipax), then decrease to the other
BEPD (Al-Si) (Figure 14b). In the case when the isotherm is not between two BEPS,
the value of DELTA Cumax and DELTA Simax increases significantly, at 800 K are
0.78 wt% and 0.36 wt%. At 870 K, the DELTA Cumax and DELTA Simax are 0.103 wt%
and 0.068 wt%. Thus, for alloys whose concentration is between the pour Al melting
temperature (933 K) and the 870 K liquidus isotherm, the first estimation can be used in
the simulation. Since the DELTA Cuaver and DELTA Si,yer are less than the maximum
at 860 K (0.086 wt% and 0.0631 wt%), considering the average, the limit is 860 K
(Figure 16).
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5.6.2. Second Estimation

The partition ratios were calculated from the data of the two BEPDs and the binary
eutectics valleys. The results of the recalculated solidus isotherms are in Figure 15a. Along
the isotherms, DELTA Cu and DELTA Si change similarly to the first estimation, but those
are a little bit higher as in the case of the first estimation until 860 K (Figure 15b). The
explanation for this is that, considering the data of binary eutectic valleys, somewhat
worsens the precision of the calculation in the case of isotherms close to the Al corner, while
the accuracy increases significantly near the ternary eutectic point.

Considering the average condition, the limit is achieved across the entire concentration
range (Figure 16).

5.6.3. Third Estimation

This type of recalculation was not investigated.

5.6.4. Fourth Estimation

The partition ratios were calculated from the data of the two BEPDs, the binary
eutectics valleys and all 14 isotherms. The results of the recalculated solidus isotherms are
in Figure 16a. Along the isotherms calculated by partition ratios, DELTA Cu and DELTA
Si change, a little confusing, but the DELTA Cumax and DELTA Sipax are smaller as in the
case of the second estimation (Figure 16b).

DELTA Cu and DELTA Si are less than 0.1 wt% for both conditions in the entire
concentration range.

6. Summary

In the previous two articles [31,32], we presented the principle of the Estimation
of Phase Diagram (ESTPHAD) calculation method for binary and ternary equilibrium
phase diagrams. The usability of the method was demonstrated in the case of binary
and ternary isomorphic and binary eutectic equilibrium phase diagrams. In this article,
we describe the calculation procedure of the liquidus, solidus, initial temperature
of the solidification of the binary eutectic, and the partition ratios in the case of the
Al-Si-Cu eutectic ternary equilibrium phase diagrams. For the calculations, a database
created with the Thermo-Calc software was used. Using four types of estimations,
it has been shown that the error of each approximation. Based on the magnitude
of the errors, the concentration range of the alloys has been determined, where the
maximum and average error are less than 1 K for temperatures and less than 0.1 wt%
for concentrations.

The partition ratios of Al-5i-Cu TEPD were calculated with three different estimations
at the Al corner, where solidification begins with an Al solid solution. Using these partition
ratios, the solidus concentrations were recalculated from the liquidus concentrations along
the isotherms. Maximum and average errors were determined along the isotherms. As-
suming that an error of 0.1 wt% Cu and Si % in the recalculated concentration (compared
with the concentration of calculated solidus isotherms) is sufficient not only for practice
but also for solidification simulations

It was found that,

(i) In a limited alloying concentration range, around the Al corner (bounded by
an isotherm), the liquidus and solidus temperatures of the solid solution of the Al-Si-Cu
ternary alloy can be calculated based on the liquidus and solidus of the binary Al-5i and
Al-Cu EPD with an accuracy of 1K (first estimation). The concentration range bounded
by an isotherm on the solidus surface is much smaller than the concentration range on

https://doi.org/10.3390 /met16010080


https://doi.org/10.3390/met16010080

Metals 2026, 16, 80

26 of 31

the liquidus surface bounded by the same isotherm. This estimation procedure can be
used in cases of another TEPD, too, where only the two BEEPDs are known.

If only the two partition ratios are known from measured or calculated BEPD,
the first estimation can be used in a relatively narrow concentration range, near the
Al corner.

(ii) In many cases, binary eutectic valleys are known to enclose the solid solution in
addition to BEPDs, and by using the temperature-concentration data of those, the liquidus
and solidus temperatures of the solid solution can be calculated with an accuracy of 2 K
in the concentration range enclosed by the eutectic valleys (second estimation). Knowing
the eutectic valleys on the liquidus and the solidus surfaces, the beginning temperature of
solidification for binary eutectics can also be calculated. These results are already acceptable
for practical purposes.

The second estimation can be used in a smaller concentration range than the first estimation
near the Al corner, using the maximum error condition. Considering the average condition, the
limit is achieved in the entire concentration range.

(iii) Knowing data on the liquidus and solidus surfaces, the accuracy drastically
increases (less than 1 K) (third estimation). By using a large amount of data (~1000) (fourth
estimation), the accuracy can be further increased (AT*aver liquidus: 0.083 K, solidus:
0.147 K), and the calculated temperatures are suitable for simulations.

The fourth estimation for partition ratios can be used across the entire concentration
range, considering both maximum and average conditions; the limit is achieved throughout
the entire concentration range. It is worth noting that the correct partition ratios are only
known from the calculated TEPD.

However, it should be noted that the error of the result of ESTPHAD (the difference
between the measured or calculated by Thermo-Calc values and the calculated values of
ESTPHAD) strongly depends on the accuracy of the measuring or the Thermo-Calc calculation.

Key benefits of the ESTPHAD Method:

(i) The equations used to calculate the liquidus and solidus temperatures and the partition
quotients are developed on a thermodynamic basis, against other approximation procedures;

(ii) The constants of the equations can be calculated directly from the measured results
of the liquidus and solidus temperatures or from the data obtained by digitising graphically
known diagrams, even with EXCEL, and no other software is required;

(iii) The constants of the equations can be calculated from results calculated by a
Calphad-type software;

(iv) The use of equations speeds up the simulation of solidification by several orders
of magnitude with the same accuracy as the Calphad-type software.
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Appendix A

Table A1l. The liquidus temperature difference between the Thermo-Calc and ESTPHAD calculations
at four different estimations as a function of the isotherm temperatures. a: average, b: maximum.

a DELTA Tayer vs. Liquidus Isotherm
T, K Fourth est. Third est. Second est. First est.
928 0.75 0.75 0.78 0.73
920 0.17 0.17 0.29 0.07
910 0.12 0.14 0.48 0.32
900 0.06 0.08 0.65 0.92
890 0.07 0.08 0.83 1.77
880 0.09 0.09 0.99 2.81
870 0.08 0.08 1.09 4.02
860 0.05 0.07 1.13 5.41
850 0.06 0.08 1.08 6.97
840 0.05 0.1 0.69 10.14
830 0.06 0.05 0.88 13.95
820 0.08 0.08 0.74 15.94
810 0.04 0.21 0.31 19.27
800 0.13 0.44 0.45 22.18
b DELTA Tmax vs. liquidus isotherm
T, K Fourth est. Third est. Second est. First est.
928 0.82 0.82 0.83 0.82
920 0.27 0.27 0.42 0.27
910 0.16 0.19 0.72 0.51
900 0.09 0.14 1.04 1.42
890 0.19 0.19 1.34 2.69
880 0.18 0.18 1.61 4.28
870 0.14 0.13 1.82 6.18
860 0.1 0.13 1.95 8.37
850 0.19 0.19 1.98 10.8
840 0.25 0.2 1.87 13.49
830 0.25 0.14 1.6 16.4
820 0.35 0.36 1.15 19.51
810 0.14 0.33 0.48 22.71
800 0.18 0.49 0.59 24.73
Appendix B

Table A2. The solidus temperature difference between the Thermo-Calc and ESTPHAD calculations
at four different estimations as a function of the isotherm temperatures. a: average, b: maximum.

a DELTA Tayer vs. Solidus Isotherm
T, K Fourth est. Third est. Second est. First est.
928 0.67 0.67 0.67 0.66
920 0.05 0.06 0.04 0.02
910 0.03 0.07 0.02 0.07
900 0.02 0.06 0.07 0.18
890 0.05 0.06 0.14 0.29
880 0.09 0.06 0.21 0.39
870 0.1 0.08 0.26 0.45
860 0.1 0.09 0.27 0.44
850 0.1 0.11 0.26 0.40
840 0.16 0.09 0.17 0.61
830 0.12 0.08 0.22 0.5
820 0.18 0.11 0.4 1.27
810 0.17 0.59 0.8 2.66
800 0.34 1.65 1.6 4.23
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Table A2. Cont.

b DELTA Tiax vs. solidus isotherm
T, K Fourth est. Third est. Second est. First est.
928 0.71 0.71 0.7 0.7
920 0.06 0.06 0.06 0.058
910 0.06 0.08 0.06 0.13
900 0.04 0.09 0.11 0.29
890 0.1 0.1 0.2 0.46
880 0.16 0.12 0.29 0.62
870 0.2 0.15 0.35 0.75
860 0.22 0.19 0.39 0.83
850 0.23 0.23 0.42 0.84
840 0.2 0.23 0.46 0.8
830 0.25 0.16 0.56 1.15
820 0.27 0.22 0.83 1.96
810 0.36 0.97 1.56 3.01
800 0.63 1.94 2.1 431
Appendix C

Table A3. The maximum difference between the calculated and recalculated concentrations
at three different estimations as a function of the isotherm temperatures. a. DELTA Cumax,
b: DELTA Simax.

a DELTA Cupmax, wt%
T, K Fourth est. Second est. First est.
928 0.0028 0.004 0.0017
920 0.0069 0.0129 0.0011
910 0.0013 0.0293 0.0100
900 0.0188 0.0487 0.0237
890 0.0227 0.0690 0.043
880 0.0236 0.0893 0.07
870 0.0288 0.1103 0.103
860 0.0493 0.1336 0.147
850 0.0713 0.1582 0.2
840 0.0878 0.1786 0.27
830 0.0936 0.1870 0.35
820 0.1438 0.1736 0.45
810 0.0548 0.1278 0.59
800 0.047 0.04 0.78
b DELTA Simax, Wt%

T, K Fourth est. Second est. First est.
928 0.0002 0.0039 0.0005
920 0.0003 0.0166 0.0023
910 0.0007 0.0441 0.0073
900 0.0012 0.0776 0.0163
890 0.0017 0.1135 0.029
880 0.0022 0.1465 0.046
870 0.0027 0.1729 0.068
860 0.003 0.19 0.095
850 0.0031 0.1926 0.12
840 0.0029 0.1808 0.17
830 0.0024 0.1526 0.21
820 0.0030 0.1076 0.26
810 0.0033 0.0461 0.31
800 0.0044 0.08 0.36
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Appendix D

Table A4. The absolute average difference between the calculated and recalculated concentrations
at three different estimations as a function of the isotherm temperatures. a. DELTA Cuaver,
b: DELTA Siayer.

a DELTA Cuayer, wt%

T, K Fourth est. Second est. First est.
928 0.002 0.0027 0.0012
920 0.0041 0.0077 0.0006
910 0.008 0.0181 0.0054
900 0.0115 0.0303 0.0144
890 0.014 0.044 0.0265
880 0.0167 0.058 0.0414
870 0.021 0.0716 0.0609
860 0.0247 0.0821 0.086
850 0.026 0.0869 0.1178
840 0.0235 0.0519 0.17
830 0.0428 0.0804 0.2851
820 0.0472 0.0976 0.4015
810 0.0295 0.087 0.57
800 0.0244 0.032 0.7757
T,K DELTA Siayer, Wt%

b Fourth est. Second est. First est.
928 0.0002 0.0024 0.0004
920 0.0002 0.01 0.0014
910 0.0004 0.0282 0.0048
900 0.0007 0.0497 0.0104
890 0.0009 0.0731 0.0191
880 0.001 0.0934 0.0305
870 0.0012 0.1086 0.0451
860 0.0013 0.1152 0.0631
850 0.0014 0.1096 0.0845
840 0.0018 0.0883 0.1289
830 0.0012 0.0927 0.1799
820 0.002 0.0672 0.2133
810 0.0019 0.0283 0.2704
800 0.0024 0.0438 0.3265
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