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Abstract

Thermodynamic modeling of the Mg—Al-Sb system is carried out for the first time in this work. Among the constituent binaries in this
system, only the Al-Sb and Mg-Sb are re-optimized. Liquid phases are described by the Redlich—Kister polynomial model, whereas the
high temperature modification of M&h, compound in the Mg—Sb system is described by the sublattice model. The constructed database is
used to calculate and predict thermodynamic properties, binary phase diagrams of Al-Sb and Mg—Sh, and liquidus projections of the ternar
Mg—Al-Sb. The calculated phase diagrams and the thermodynamic properties such as enthalpy, entropy, Gibbs free energy of mixing, an
activities are found to be in good agreement with the experimental data from the literature. The established Mg—Al-Sb database predicted
closed ternary liquid miscibility gap, six ternary eutectics, two ternary peritectics, four saddle points and a critical point.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction in the specific case of magnesium and its alloys, grain
boundary sliding makes the major contribution to creep
The current need for higher fuel-efficient vehicles strain 2—4. The resistance to grain boundary sliding can
increases the demand for magnesium alloys due to their lightbe improved by producing thermally stable grain boundary
weight and good specific mechanical properties. However, phase. It is found that a small amount of Sb additions to
the use of magnesium alloys has been limited due to their AZ91 based alloys significantly increases the yield strength
poor creep resistance. Hence, new magnesium alloys areand creep resistance at elevated temperature up to 473 K
needed to meet the automobile and aerospace requirementb]. Moreover, the work of Guangyin et al5] indicated
for elevated temperature strength. that the addition of Sb causes the formation of some
Approximately 90% of all magnesium cast products are rod-shaped precipitates of M8l» with hexagonal D5
being made out of the standard magnesium die-casting alloystructure which strengthen both matrix and grain boundaries
AZ91 (Mg-9.2Al-0.88Zn-0.34Mn) 1. This magnesium  effectively. They also observed fine precipitates of:8lp
alloy has excellent castability and in its high purity form in the alloy Mg—9AI-0.8Zn-0.2Mn-0.35Sh, even after 50 h
(AZ91E) shows good corrosion resistance. However, it of creep at 473 K and 50 MPa. Hence these precipitates
suffers from low creep resistance at temperatures in excessare thermally stable. Therefore, studying the Mg—Al-Sb
of 393 K which makes it unsuitable for many of the system isimportant for understanding and developing creep
components in automabile enginds [For componentsused  resistant magnesium alloys in this system.
in automotive or aerospace applications, the most important The constituent binaries in the Mg—Al-Sb system are:
type of creep is high temperature creep. It is found that, Mg—Al, Al-Sb, and Mg—Sb. The Al-Sb system exhibits
a simple phase diagram with two eutectic points and an
~ *Corresponding author. Tel.: +1 514 848 2424x3146; fax: +1 514 848 intermediate line compound AISb. There is no evidence in
3175, T T the literature for mutual solubility between Al and Sb. The
E-mail address: mmedraj@encs.concordia.ca (M. Medra). different phases in this system are: Al-fcc, Sh-rhombo, AlSb,
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and liquid. There are three invariant reactions in this system: model to describe the liquid phase. Coughanowr etldl,. [
one on the Al-rich side, L— Al-fcc + AISb, another on have reviewed the previous works on the Al-Sb system and
Sb-rich side, L - AISb + Sb-rhombo, and the third at carried out an assessment on thermodynamic properties and
Xsp = 0.5, L — AISb. phase diagram data using the Lukas optimization program.
Different phases in the Mg-Sb system are: liquid, Mg- They used the Redlich—Kister and associated solution model
hcp, Sb-rhombo, and intermediate compound;Blg. The separately and compared the optimized results. The two
intermediate compound has two crystalline modifications. models showed a slight difference in the temperatures of
The low temperature modification;Mg;Shy, is treated as  the Al-rich eutectic line and of the congruent melting
a stoichiometric compound. But the high temperature mod- of AlSb. Later Yamaguchi et al.1fl] measured the heat
ification B-Mg;Shy is a non-stoichiometric compound with  content of Al-Sb alloys using a drop calorimeter in a
a narrow range of composition towards the Mg-rich side. In temperature range 800—1450 K and in a concentration range
this case, there is no evidence available on the types of de-0.05 < Xgp < 0.95, and determined the Al-Sb phase
fects which make the deviation from stoichiometry. Further- diagram from the heat content-temperature—composition
more, it is assumed that there is no solubility between Mg relationships. Moreover, they measured the heat and entropy
and Sb in this system. Due to the unusual liquidus shape ofof formation of AISb using a twin solution calorimeter
the B-Mg3Shy, it is extremely difficult to get the optimized and an adiabatic calorimeter respectively and calculated the
model parameters. There are two eutectic points observedAl-Sb system using the Redlich—Kister polynomial model.
One is on the Mg-rich side, and occurs according tesL Their calculated phase diagram was found to be in good
Mg-hcp+ a-Mg,Shy. The second eutectic is on the Sb-rich  agreement with their experimental work as well as with other
side, and occurs according to+ Sb-rhomber-a-Mg;Shy. experimental data reported in the literature. Especially, the
The Mg-Al system has two terminal solid solutions, liquidus line of the Al-rich side agrees with Guertler and
namely Mg-hcp and Al-fcc. This binary system has two Bergmann §] and the Sb-rich side agrees with Linnebach
line compounds, AbMgo3 and AhsoMgse, and a non-  and Benz12].
stoichiometric compound Gamngg). The line compound Among the available optimized model parameters for
AlzpMga3is stable only in the temperature range 523-683 K. the Al-Sb system Yamaguchi et a@] used the associated
There are four invariant reactions in this system: eutectic solution model to describe the liquid phase. As the present
reactions on the Mg-rich side,+& Mg-hcp+ y, betweery research is a part of a multicomponent database for Mg
and Ah4oMggg, L — y+Al140Mgggand on the Al-rich side,  alloys that describes the liquid by the Redlich—Kister
L — Al140Mgso + fcc-Al. The congruent melting reactions  polynomial model, their parameters cannot be used in
are atXa) = 0.463,T = 737 K: L — y and atXy = 0.611, conjunction with other subsystems. Another work by
T =725K: L — Al140Mgge. Yamaguchi et al.11] provided the parameters for the liquid
The Mg-Al-Sb ternary has not been investigated Al-Sb by the Redlich—Kister polynomial model. However,
completely. Guertler and Bergma®, 7], and Loofs-Rassow  they used too many parameters (12 parameters) to describe
[8] carried out microscopical and thermal examinations the liquid phase. As a simpler model was found to provide
on the Al-Sb-Mg system. Guertler and Bergmar] [ the clearest insight into the basic properties of the system

performed thermal analysis on the quasi-binary Al=Siyp. [13], this system is re-optimized with the aim of finding
For the Mg—AI-Sb system, neither ternary compound nor fewer model parameters to describe this system.
thermodynamic data were reported in the literature. Zajaczkowski and Botor14] also studied the Al-Sb

system using vapor pressure measurements, calculated the
system using a regular associate solution model, and
determined the Al-Sb phase diagram. The invariant points
The accuracy of the thermodynamic model of a system "€Ported in Yamaguchi et al1l] and Zajaczkowski and
depends on the reliability of the data used in the Botor [14] showed slight differences in temperature and

thermodynamic model parameters’ optimization. Hence, it COMPosition. From the above mentioned data analysis,
is important to select reliable experimental data from the e Present work adopts the liquidus points reported in

literature for this purpose. The following sections analyze Yamaguchi et al.11]. Further, Lichter and Sommelet |
the previous research work on Al-Sb, Mg—Sb, Mg—Al, and measured the high temperature heat content and heat of

Mg—Al-Sb systems, show how reliable data are extracted fusion of AISb, and determined the melting point of AISb
from a pool of available data and derive the aim of the 25 1330+ 5 K. The results obtained in the current research

present research. are compared with their findings.

2. Dataanalysis

2.1. Al-Sbbinary system 2.1.2. Thermodynamic data
The Al-Sb system is found to be less investigated with
2.1.1. Phase diagramdata regard to experimental determination of its thermodynamic

The latest assessment of the Al-Sb system was carriedproperties. There are only scarce literature data available on
out by Yamaguchi et al9; they used an associated solution the enthalpy and Gibbs free energy of the liquid phase of
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this system. Yamaguchi et alL]] derived the integral molar  and Moser 25] investigated dilute solutions of Mg in the
guantities of the liquid Al-Sb alloys from the heat content Mg-Sb system using an emf technique and calculated part
for the Al-Sb system and the heat and entropy of formation of the liquidus in the Sh-rich side of the Mg—Sb phase
of the AISb compound which were obtained by calorimetric diagram. Rao and PatiPf] also reported liquidus points
measurements. They conducted their experiments usingfor the Sb-rich side. Their reported values are found to be
different mole fractions of Sb in the ranged8 < Xgp < in good agreement with Zabdyr and Mos@5][. For this
0.95 within the temperature range 800-1450 K. Previously system, only Jénsson and Agré#] provided the optimized
Girard et al. L6] measured the enthalpy of mixing values model parameters. They used an associated solution model
for the liquid Al-Sb alloys in the temperature range to describe the liquid phase. Since the present research uses
968-1227 K by a drop calorimeter method using a Calvet the Redlich—Kister polynomial model to describe the liquid
micro calorimeter. However, they did not cover the complete phase in Mg base alloys, the parameters2#f tannot be
composition range, and they reported the enthalpy of liquid used and the Mg—Sb system was re-optimized.

Al-Sb in the composition ranges & Xsp, < 0.2 and The melting point of thef-Mg;Sky phase was re-
0.7 < Xsp < 1.0. On the Al-rich side, the reported enthalpy determined by Bolshakov et al27] using differential

of mixing values of Girard et al.1f6] showed very big thermal analysis (DTA) measurements as 1%18 K. This
deviation from those of Yamaguchi et al]]. On the other value is 17 K higher than that of both Grube and Bornhak
hand, their values show fairly good agreement on the Sb-rich[20], and Hansen and Anderk@3]. Bolshakov et al. 27

side. Another work by Batalin et al1}] on the enthalpy of  reported the transformation temperature ofdhklg;Shy to
mixing of liquid Al-Sb alloy measurement shows complete 5-Mg;Shy as 1198t 5 K. The upper limit of this value is in
disagreement with other authors’ measurements. The Gibbsaccord with the value reported by Grube and Borntk. [

free energy of mixing and the entropy of mixing values On the other hand, only Jones and Powgll][reported a

for liquid Al-Sb alloys were only reported by Yamaguchi very small solubility of Sb in Mg. Hence, the present work
et al. [11] at 1350 K. There are very few measurements is carried out by assuming no mutual solubility between Mg
reported in the literature on the thermodynamic activities of and Sh.

Al and Sb in liquid Al-Sb alloys. Zajaczkowski and Botor

[14] determined the thermodynamic activity of Aland Sb by 22 2. Thermodynamic data

measuring the vapor pressure of Sb in liquid Al-Sb alloysin = e thermodynamic properties of Mg in liquid Mg—Sh

the composition range.0264 < Xsp < 0.9858 and in the 410y such as activities, relative partial molar free energies,
temperature range 950-1461 K. Predel and Schalllr [  gnyropies and enthalpies were determined by Rao and
also studied the thermodynamic activities of Al and Sb in pg4j| [26] using emf measurements. They determined
liquid Al-Sb alloys. From the above thermodynamic data these thermodynamic properties in the temperature range
analysis, it can be seen that the thermodynamic propertiesggq_1250 K and in the composition rangé & Xsp < 1.0.
reported by Yamaguchi et allf] and Zajaczkowski and  Apother emf measurementon the Mg—Sb system was carried
Botor [14] are the more recent and reliable values. Hence, ;¢ by Egan 2§] at 1123 K in the composition rangeld<
the present work considers their data in the thermodynamic .~ 0.9, From the emf measurement, he determined the
model parameter optimization. relative partial molar energy of Mg in liquid Mg—Sb alloys at
1123 K. The thermodynamic properties which were reported

2.2. Mg-Sb binary system by both Rao and Patil2| and Egan 28] are found to be
in fair agreement. Also, Eremenko and Lukashenkf] [
2.2.1. Phase diagramdata conducted an emf measurement in the temperature range

The work on Mg—Sb phase diagram development was 673—-823 K. However, their values are found to be scattered.
first started in 1906 by Grubd §], when he determined the  Vetter and KubaschewskB{] measured the vapor pressure
liquidus temperature across the whole concentration range.of Mg over liquid Mg—Sb alloys at 1133 and 1193 K in the
However, the reported liquidus values were found to be composition range 0< Xsp < 0.66. They measured the
unreliable and they were re-determined later in 1934 by vapor pressure using a carrier gas entrainment method, and
Grube himself and Bornhak2()] using thermal analysis.  obtained the equilibrium pressure by extrapolation to zero
Moreover, Jones and Powell]] performed thermal analysis  flow rate. Their vapor pressure measurements are found to
on the Mg-rich side, in the composition range<0 Xsp < be unreliable beyond the compositionXd, > 0.3, as they
0.014, and determined the liquidus line. Later on, Hansen neglected the Sb content in the vapor. Hence, the present
and Anderko 22] reported the liquidus points of Mg—Sb  work considers the reported thermodynamic properties of
system for the complete composition range. Also, this Vetter and Kubaschewsk3(] in the composition range
system was assessed by Nayeb-Hashemi and @8klkand 0 < Xsp < 0.3 and that of Rao and PatiR§] in the
Jonsson and Agrer2f]. composition range .8 < Xsp < 1.0. In addition, Eckert

Since the work of Nayeb-Hashemi and Cla2i][lis more et al. [31]] measured the thermodynamic activity of Mg
recent than the other works, the present research considergn liquid Mg-Sb alloys at 1123 K across the whole
their results for the liquidus points in this system. Zabdyr concentration range using the emf technique. Their reported
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Table 1
Crystal structure and lattice parameters ofd84, [23]
Phase Approximate compositid(at.% Shb) Pearson symbol Space group Proto type Lattice parameter (nm)
a c
B-Mg3Shy 40 cl 80 la3 BMny03 - -
a-Mg3Shy 40 hP5 Bm LayO3 0.45822 0.72436

@ From the phase diagram.

values are found to be in accord with Rao and Pa&],[ from 9% to 98% mole fraction of Mgblp. Loofs-Rassow
and Vetter and Kubaschewsk&(). Hence, the present work  [8] reported that the binary Al-AISb, Al-Mglp, and
considers their reported activity values too. Furthermore, AISb—MgsShy exhibit binary or quasi-binary eutectics. They
Zabdyr and MoserZ5] also employed an emftechnique and also found that AI-AISb and AlSb—M@ly are completely
reported activity coefficients of Mg in its dilute solutionwith  miscible in the liquid state while Al-MgSh, shows a
Sb, and mentioned that their results were in good agreemenmmiscibility gap. Later, the existence of this miscibility gap
with previously reported data. was supported by the experimental work of Guertler and
Among available thermodynamic data on jp, Bergman 7.
much information is on the low temperature modification
a-Mg;Shp. The heat of formation ofi-Mg;Shy relative to )
pure solid component was determined by several authors3: Thermodynamic models
[26,29,32—-35. However, there is no such information
available forg-Mg;Shy except the information on the heat 3.1. Unary phase
capacity reported by Barin et aBf ascp = 160.7 J/mol K.
The Gibbs free energy of the pure elementwith a
2.2.3. Crystal structure data certain structureg, at 298.15 K is described in terms of
Ganguli et al. B6] reported a single crystal investigation temperature as in EqL):
on «-Mg3Shy. They reported thalie-l\/lg;;.sz is a.classicall 0GH(T) =a-+bT +cTINT +dT2+eT3+ fT1
example of a Zintl phase and was first studied by Zintl !
himself. The crystal structures and lattice parameters of +gT +h7° 1)

a-Mg3Shy andp-MgsShy are summarized ifiable 1 where a, b, ..., h are coefficients and the values are

2.3, The Mg-Al system assigned from the SGTE databadd||

This system was thermodynamically modeled by several 3-2- Disordered solution phase

authors B7-43 and experimentally studied for new

thermodynamic data by Moser et 3. Moreover, Czeppe The molar Gibbs free energy of the liquid phase in the

et al. 44}, and Liang et al. 45] performed an experimental ~Al-Sb and Mg-Sb systems is described using Ej. (

investigation in the central part of the Mg—Al phase diagram. Gliauid _ x. 0gLiquid | . OgLiquid

In addition to the experimental investigation, Liang et al. ! b o

[45] carried out thermodynamic calculations too. + RT[Xi In(Xj) + Xj In(Xj)1+ exgliquid ()
The COST 507 project, which aimed at generating a hereX: andX. tth le fracti f i

thermochemical database for light metal alloys, was carried V€r€2i andzA; represent the mole fraction of components

out by Ansara et al.4g]. In establishing the database for ! _and ! respectlv_ely. The first two terms on the right-hand

the Mg—Al system, they used the experimental investigation side of the equation represent the Gibbs free energy of the

results from Liang et al.45], and this database is found to mec'hanicalimixture of the compqngnts; the third term is
b the st recent and rlble one for he g system 1 451 DD o €1y of g ane e et o
The liquid phase in this database is constructed using theRedlich Kister polvnomial equation ag)iln EQ).(
Redlich—Kister polynomial model; the pure elements have B poly q ' &)-
no added lattice stability values and the database is available._ _ . . m Liquid
Therefore, the present research used this database for the G = XiX; Z[n'-i,quu' (Xi = X"l ()
Mg—Al binary system. n=0

and

2.4. Mg-Al-Sb system nLi'-ijqUid =an+b, T (n=0,...,m) 4)

Guertler and Bergman7] reported that in the quasi- wherea, andb, are model parameters to be optimized using
binary Al-MgsShkp, the liquid miscibility gap extends experimental data.
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3.3. Soichiometric compound phase According to Hari Kumar et al.g0] the atoms with
the same coordination number can be combined and be
AISb is the only stoichiometric compound in the Al-Sb considered as one sublattice. Hence, the sublattices of Sbl
system. In the Mg-Sb system, the present work considersand Sb2 are combined and considered as sublattice | with
the low temperature modification of the intermediate phase, the mole fraction of 0.4. The Mg sublattice is named
«-Mg;Shy, as a line compound. The Gibbs free energy of as sublattice 1l. Since the nature of the defects in the
these compounds is described using Bj. ( B-Mg5Shy is not known, the present study assumes that
the substitutional atoms of Mg on Sb sites and Sb on
G’ = Xi OG?1+ X OG(JPZ + AGq ®) Mg sites are the only defects. Hence, the species in the
and sublattices | and Il are Mg and Sb. During the model
AGi —a4bT (©) parameter optimization of th&-Mg3Sky, it was not possible
to get the reported homogeneity range of this phase with
whereg denotes the phase in questign,and¢, denote the  two sublattices. Hence,/6th mole of the Mg sublattice is
reference structure of elementsnd j, respectively,OGf’1 assumed to have defects. It is an arbitrary guess, and the

and °G?2 represent the Gibbs free energy of componénts remaining ¥6th mole is assumed without defects. In other
andj in their standard states, respectivelyG ; represents words, the Mg sublattice is divided into two sublattices.
the Gibbs free energy of formation of the stoichiometric 1heY are:

compounda andb are the model parameters to be optimized (1) syplattice Il with the mole fraction of 0.5 and with the
using experimental data. species Mg and Sb;

_— . (2) sublattice Il with the mole fraction of 0.1 and with only
3.4. Non-stoichiometric phase Main i
ginit.

In the Mg-Sb system, the present work considers As the sublattice Il is with pure Mg atoms, there is no
B-Mg,Shy as a non-stoichiometric compound. However, mixing in this sublattice and the Gibbs free energy per mole
there is no information available about the types of defects of formula units can be written as in Eq)(
and the solubility range oB-Mg;Skp. The only available | Il 0~Mg,Shy | Il 0~MgaShy
information on this phase in the literature shows a very ©m = YMg¥Mg CmgMg:mg T YMgYsb Cmgishmg
narrow solubility towards the Mg-rich side from the line of +yk yll 0GMgsShy I Il 0~MgzShy

o : YspymMg G Mg T YsbYsh G
stoichiometry. The crystallographic data gfMg;Shy are Sb7Mg 2EM9'M9 Sb7Sb SbSb‘Sng
not available. However, according t@J the prototype of | | I I
this phase is known to bg-Mn,03. Crystal structure data +RT 104> iy +05 " yl'iny,

of B-Mn,03 are given irTable 2 =Mg =Mg

Il Il 0] MgsShy
+ YmgYsb LmgMg.shivg @)
Table 2 and
Crystal structure data gf-Mn,Og3 [48] <h sb
Atom Atomic position X Y z 0.4 | +05 1 +0.1 - _q 8
(Wyckoff position) i%/l: Y Z Y Mg ®)
=Mg i=Mg
m; 22(1 g:gg 2'25 8:;: whereyy, Yug: Yig are the site fractions of Mg in lattice |,
o] 48e 0.385  0.145  0.380 I, and Il respectively,
Space group number: 206. y5,, Yo, are the site fractions of Sb in lattice | and II
respectively,
According to the prototype off-Mgs;Shy the crystal ~ 0GMIsS OGMosS  OGMdsSk:  OGMasSt, and

. . - . Mg:Mg:Mg’ Mg:SbMg’ SbMg:Mg’ ShShMg’

structqre analys_ls of this Compound is carried out by 0| Mg5Sby are the parameters to be optimized using ex-
replacing Mn with Sb and O with Mg, and the crystal Mg-Mg’tStf"égt
structure of8-Mg;Shy is generated by PowderCell software perimental data.
[49]. A detailed look at the3-Mg;Sky crystal structure is
shown inFig. 1(a), (b) and (c). 4. Resultsand discussion

From Fig. 1(a), (b) and (c) together with the Wyckoff
position of Sh1, Sb2, and Mg atoms, the following can be 4.1. Al-Sb binary system

deduced.
Sb1 Sh2 Mg The selected experimental phase diagram, enthalpy of
The coordination number 12 12 15 mixing, entropy of mixing, Gibbs free energy of mixing and
Wyckoff position 8b 24d 48e activities of liquid Al-Sb alloys data, which were discussed

Mole fraction 0.1 0.3 0.6 in Section 2.1 were used to optimize the thermodynamic
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(b)

Fig. 1. Neighboring atoms around (a) Sb1, (b) Sb2, and (c) Mg.

model parameters of the liquid and AISb phases. The
optimization is done using the computer program WinPhaD
Pro. B1]. The optimized model parameter values are given
in Table 3

Table 3
The optimized model parameters for the liquid and AISb phases
Phase Term a (kJ/mol atom) b (J/mol atom K)
Liquid Lo —13.328 —5.103
Ly 10.748 0.337
AISb AG+ —40.636 15.847

The reference structure of the Gibbs free energy of the
formation of AISb is considered as Al-fcc and Sb-rhombo.
In order to maintain the consistency with other systems
modeled by our group, no lattice stability values are added
to the pure components Al-fcc and Sb-rhombo. From the
optimized model parameters, the phase diagram of Al-Sb
and the thermodynamic properties of Al-Sb system are
calculated.

4.1.1. Phasediagram
The calculated phase diagram in relation to experimental
data from the literature is shown ifig. 2 Excellent

29
1600
¢ Yamaguchi et al. [11]
15001 & Guertler and Bergmann [7]
< Predel and Schallner [18]
401 This work
< Liquid
1300 s
1200
5 %
£ 1100
‘§ Liquid + AISb
Q
g 1000 AISb + Liquid
&
900
800
AlSb + Sb-Rhombo
700 Al-Fcc + AISb
600
500 T T 1 Y R E—
00 01 02 03 04 05 06 07 08 09 10
Al . Sb
Mole Fraction Sb

Fig. 2. Calculated Al-Sb phase diagram with experimental data from the

agreement between the calculated phase diagram anditerature.

measured liquidus points can be observed in this figure.
It can be seen fronTable 3that only two Redlich—Kister
terms (Lp and Ly) were used to describe the liquid phase. A

Predel and Schallnei§]. The activity of Sb in liquid AlI-Sb

comparison between the current results and other works onalloys shows negative deviation from ideal behavior in the

this system is presentediable 4

4.1.2. Thermodynamic properties

As shown inFig. 3(a), the calculated activities of Al
and Sb in liquid Al-Sb alloys at 1350 K are in fair
agreement with Zajaczkowski and Botdd] and Predel and
Schallner 18]. The calculated activity of Al shows slight
positive deviation from the ideal behavior in the Al-rich
side. Zajaczkowski and Botot{] reported that this was the
case in many other works too. In the Al-rich side, it can be
observed that our calculated activity of Al lies in between
Zajaczkowski and Botorl[4] and Predel and Schallnet{.
However, the calculated values of Al in the Sb-rich side
agree well with both Zajaczkowski and Botoi4] and

whole range of composition. The calculated activity values
of Sb from this work closely match with Zajaczkowski and
Botor [14].

The calculated enthalpy of mixing of liquid Al-Sb alloys
at 1350 K inFig. 3b) shows fairly good agreement with
Yamaguchi et al. 11]. On the other hand the results of the
current research agree with the enthalpy values reported by
Batalin et al. L7] in the Al-rich side and deviate from those
at the Sb-rich side.

The calculated entropy of mixing and Gibbs free energy
of mixing of liquid Al-Sb alloys at 1350 K are shown in
Fig. 3(c) and (d), respectively. As discussedection 2.1.2
the work of Yamaguchi et al1f] is the only experimental
data available for Gibbs free energy and entropy of mixing
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Table 4
Comparison between different works (calculations) on the equilibria in the Al-Sb system
Reaction Temp. Comp. Solution model Reference
(K) (Xsp)
L = (Al) + AISb 931 - Redlich—Kister polynomial 10
928 - Associated solution 10
932 0.004 Redlich—Kister polynomial 11
930.4 0.00476 Associated solution 14
930 0.004 Associated solution 9l
931.3 0.0034 Redlich—Kister polynomial This work
L = (Sb + AlSb 897 - Redlich—Kister polynomial 10
897 - Associated solution 10
901 0.983 Redlich—Kister polynomial 11
898.3 0.9833 Associated solution model 147
899 0.984 Associated solution model 9l
893 0.974 Redlich—Kister polynomial model This work
L = AISb 1331 0.5 Redlich—Kister polynomial model 1q
1333 0.5 Associated solution model 19
1335 0.5 Redlich—Kister polynomial model 11
1336.4 0.5 Associated solution model 14
1332 ~0.5 Associated solution model 9
1328.4 0.5 Redlich—Kister polynomial model This work

of Al-Sb liquid. The results of the current work are in very 4.2. Mg-Sb binary system
good agreement with their results. It can be observed from

Fig. 3(c) that, in the neighborhoods ofD < Xsp < 0.3 The selected experimental data of the phase diagram,
and 055 < Xsp < 0.75, the calculated entropy of mixing  enthalpy of mixing, entropy of mixing, Gibbs free energy
of liquid Al-Sb shows some deviation from the values of of mixing and activities of components Mg and Sb in liquid
Yamaguchi et al. 11]. Fig. 3(d) shows that, throughout the  Mg-Sb alloys, which were discussed $ection 2.2 were
whole composition range, the calculated Gibbs free energyysed to optimize the thermodynamic model parameters for
of mixing of Al-Sb liquid agrees with the experimentalwork the liquid,a-Mg3Shy, andg-Mg, Sk, phases. The optimized
of Yamaguchi et al.11]. model parameters for the liquid;Mg;Shy, f-Mg;Shy are

The calculated enthalpy and entropy of formation of the given inTable 6
compound AISb are compared with the reported literature

data inTable 5
Table 6

The optimized parameters for the liquiesMg3Shyp, and-Mg3Shy

Phase Term a (J/mol atom) b (J/mol atom K)
Table 5
Calculated enthalpy and entropy of formation of AISb with the reported  Liquid Lo —172 660.521 44.865
data from the literature L1 —157 139.842 123.000
Temperature (K) AH¢ (kJ/moFf)  AS; (J/mol*K)  Reference L2 29 500.000 10.637
L3 127 386.016 —98.780
298 —96.60 —51.60 P Cal. a-MgsSh, AGj —98 006.025 48.795
298 —73.49 —36.13 [LO] Cal.
298 —84.00 [L4] Cal. B-Mg3Sh,  G(Mg:Mg:Mg) 65 000.000
208 —82.00+ 2.51 [15] Exp. G(MgZSbZMg) —37 429.535 —2.010
298 _81.27 _4213 This work G(Sb:Sh:Mg) 39651.000 —9.048
L(Mg:Mg, Sb:Mg)  —150 000.000 60.000

mol* = mole of formula units; Cal. denotes calculated values by associated
solution model; Exp. denotes experimental value by drop calorimetry.

The reference structure of the Gibbs free energy

of formation of «-Mg;Shky is considered as Mg-hcp
Table 5shows that the calculated enthalpy and entropy and Sb-rhombo. No lattice stability values are added
of formation of AISb in the present research is in good to the pure components Mg-hcp and Sb-rhombo. From
agreement with the calculated and experimental resultsthe optimized model parameters, the phase diagram and
reported in the literature. the thermodynamic properties of the Mg-Sb system
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Fig. 3. Calculated (a) activities, (b) enthalpy of mixing, (c) entropy of mixing, (d) Gibbs free energy of mixing of liquid Al-Sb alloys at 1350 Kan tela
experimental data from the literature.

are calculated. Moreover, the obtained database can beMg in liquid Mg-Sb alloys at 1073 K is in fairly good
combined with other binaries and used to interpolate and agreement with the experimental data of Rao and P24l [
extrapolate the thermodynamic properties as well as to and Eckert et al.31].

calculate meta-stable phase boundaries. The calculated entropy of mixing of liquid Mg—Sb alloys

at 1073 K,Fig. 5(b), shows very good agreement with the
experimental data of Rao and Pafif]. It can be observed
from Fig. 5(b) that, in the composition rangeX< Xsp <
0.4, the liquid Mg—Sb alloys show minimuiha-ve) entropy,
and in the range.@ < Xsp < 0.85 they show maximum
(+ve) entropy. That is, within the composition rang& G<
Xsp < 0.4, the liquid is relatively ordered and in the range
0.7 < Xsp < 0.85 it is highly disordered.

4.2.2. Thermodynamic properties The calculated enthalpy of mixing and Gibbs free energy

The calculated thermodynamic properties are in good of mixing of liquid Mg—Sb at 1073 K are shown Fig. 5(c)
agreement with the experimental data reported in the and (d), respectively. They also show good agreement with
literature. As shown irFig. 5a), the calculated activity of  the experimental data from the literature.

4.2.1. Phasediagram

The calculated phase diagram is showRiig. 4. It shows
a fair agreement with the experimental data of Grub}, [
Grube and Bornhak2[0], Hansen and Anderko2p], and
Rao and Patil26]. A comparison between the results of the
critical points obtained in the current research is given in
Table 7
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Fig. 4. Calculated Mg—Sb phase diagram with experimental data from the literature.
Table 7 Table 8
Comparison between different works (calculations) on the equilibria in the Calculated enthalpy and entropy of formation @fMg3Shy with the
Mg-Sb system reported data from the literature
Reaction Temperature  Composition  Reference Temperature (K) AH¢ (kJ/mol*)  ASt (J/mol* K) Reference
K X
() (Xsp) 900 —299+ 3 5945 [26] Exp. 1
L = (Mg) + a-Mg3Sh, 902 0.026 24 773 —235+6 —-15+10 [29 Exp. 1
902 0.1 ROl 923 —285 B2 Exp. 2
902 0.1 p2] 800 —320+ 40 —91+52 [34] Cal.
902 0.1 p9 298 —300 35 Cal.
L = (Sb +a-MggSh, 852 0.848 24 mol* = mole of formula units; Exp. 1 denotes the experimental values
852 0.86 p0] by emf measurements; Exp. 2 denotes the experimental value by high
852 0.86 p2) temperature calorimetric measurements; Cal. denotes calculated values.
852 ~0.87 R9
854 0.9 This work of Mg—Al, Al-Sb, and Mg-Sh. The database is used to cal-

culate polythermal projections of liquidus surfaces.
A two-dimensional representation of the ternary liquidus
The calculated enthalpy and entropy of formation of the Surface |s obta_ined asan orthogonal projection upon the base
compouncdx-Mg;Sh, are compared with the data reported COMPOSition triangle with components Mg, Al, and Sb and
in the literature inTable 8 shown inFig. 6. There is a closed ternary liquid miscibility
It can be observed fronTable 8 that the calculated ~ 9@p in the composition rangedD48 < Xsp < 0.375.
enthalpy value in the present research is higher than the ~The characteristic points in the Mg—Al-Sb ternary phase
experimental values reported in the literature. This may be diagram are
due to the assumption that the low temperature modification (1) 6 ternary eutectics:{EEy, Es, Es, Es, and E;

a-Mg;Shy is a stoichiometric compound. (2) 4 saddle points: §S, Sz, and ;
(3) 2 ternary quasi-peritectic pointsi,Rand B;
4.3. Mg-Al-Sb ternary system (4) 1 critical point.

Table 9 shows the estimated characteristic points and

For the first time the Mg—Al-Sb system is thermodynam- expected reactions at those points.
ically modeled. A database was constructed for this sys- The obtained thermodynamic database for the Mg—Al-Sb
tem by combining the binary thermodynamic descriptions system is used to predict the pseudo-binary diagram of
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Fig. 5. Calculated (a) activity of Mg, (b) entropy of mixing, (c) enthalpy of mixing, (d) Gibbs free energy of mixing of liquid Mg—Sb alloys at 1073 K in
relation to experimental data from the literature.

Table 9
Calculated characteristic points and reactions
Critical Xsp XMg Temperature Reaction
point (K)
E; 0.902 0.093 852.6 l«> AISb + Sb+ «-Mg3Shy
E, 0.063 0.930 898.8 l«> -Mg3Shy + (Mg)
Ej3 0.1E-7 0.690 708.9 k> (MQ) + «-Mg3Shy + ¥
Eq 0.1E-7 0.424 721.8 k> ¥ + a-Mg3Shy + Al140Mdgg
Es 0.1E-7 0.362 723.4 k> a-Mg3Shy + (Al) + Al140Mggg
Eg 0.003 0.002 930.2 l«> AISb + (Al) + a-Mg3Shy
St 0.430 0.398 1136.9 k> a-Mg3Shy + AlSb
S 0.292 0.472 1164.0 L1 + a-Mg3Shy
S3 0.037 0.950 901.0 &> Mg3Shy + (Mg)
Sy 0.278 0.121 1226.0 AL1 + AISb
Py 0.075 0.040 1133.23 A1 + «-Mg3Shy + AISb
P> 0.017 0.959 897.38 A1 + @-Mg3Shy + (Mg)
Critical point 0.100 0.506 1383.70 L1+
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Fig. 6. Projection of the liquidus surface of the Mg—Al-Sb system onto a ternary composition triangle.
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Fig. 7. (a) Calculated AlISb—MgBb, pseudo-binary phase diagrams. (b) Calculated Als$ty isopleth.
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AlSb—-MgsShy, and the isopleth diagram of Al-M&h.
These diagrams are shown kig. 7 and will be compared
with the reported experimental observations from the
literature [7,8].

Both Fig. 7(a) and (b) do not show a liquid miscibility
gap; this is supported by the experimental work of Loofs-
Rassow §]. Moreover, Loofs-Rassow8] and Guertler and
Bergman 7] reported that there is a liquid miscibility gap in

[2] E.F. Emley, Principles of Magnesium Technology, Pergamon Press,
London, 1966, p. 879.

[3] G.V. Raynor, The Physical Metallurgy of Magnesium and Its Alloys,
Pergamon Press, London, 1959, p. 386.

[4] C.S. Robers, Magnesium and Its Alloys, John Weily and Sons Inc.,
New York, 1960, p. 101.

[5] Y. Guangyin, S. Yangshan, D. Wenjiang, Scr. Mater. 43 (2000)
1009-1013.

[6] W. Guertler, A. Bergmann, Z. Metallkunde 25 (1933) 81-84.

[7] W. Guertler, A. Bergmann, Z. Metallkunde 25 (1933) 111-116.

the binary AI-MgSky. This experimental observation was
also reproduced in the isopleth Al-Mgty calculated from
the current thermodynamic model and showig. 7(c).

[8] E. Loofs-Rassow, Hauszeitschrift, V.A.W. Erftwerk A.G., Aluminium
3(1931) 20-32.

[9] K. Yamaguchi, K.
439-446.
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