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ABSTRACT

Thermodynamic modeling of the Mg-Al-Sb system
Thevika Thangarajah

Thermodynamic modeling of the Mg-Al-Sb system is carried out as a part of
thermodynamic database construction for Mg-Al based alloys. This system was modeled
by combining the thermodynamic descriptions of the constituent binaries Mg-Al, Al-Sb,
and Mg-Sb. The Mg-Al system has been already studied thoroughly and its database is
readily available. Hence, only Al-Sb and Mg-Sb were modeled in the present work
considering all availabie experimental phase diagrams and thermodynamic data in the
literature. Liquid phases in both systems were described by the Redlich-Kister
polynomial model. High temperature modification of the Mg3zSb, compound in the Mg-
Sb system was described by the sublattice model.

The constructed database provides a basis to understand the alloys in the Mg-Al-
Sb system. It was used to calculate and predict thermodynamic properties, binary phase
diagrams of Al-Sb and Mg-Sb, and liquidus projections of the ternary Mg-Al-Sb. The
calculated phase diagrams, the thermodynamic properties such as enthalpy, entropy, and
Gibbs free energy of mixing, and activity of liquid Al-Sb and Mg-Sb alloys were found to
be in good agreement with the experimental data reported in the literature. Moreover,
isothermal sections, vertical sections, and phase assemblage diagrams were calculated for
the Mg-Al-Sb ternary system, and the invariant reaction points were predicted. The
predicted critical points in the Mg-Al-Sb system were 6 ternary eutectics, 2 ternary
peritectics, one saddle point and 4 plait points. Mg-Al-Sb ternary phase diagram was

modeled for the first time in this work.
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CHAPTER 1

INTRODUCTION

1.1 THE IMPORTANCE OF THERMODYNAMIC MODELING

Phase diagrams are the primary visualizing tools in materials science. They represent the
state of a material as a function of temperature, pressure, and concentrations of the
constituent components and allow one to predict and interpret the change in composition
of a material from phase to phase. Hence, phase diagrams play an important role in alloy
design, development, processing, and understanding. However, experimental
determination of phase diagrams is a time-consuming and expensive task. This becomes
more pronounced as the number of components increases. In a multi-component system,
the calculation of phase diagrams reduces the effort required to determine the equilibrium
conditions.

The foundation for the calculation of phase diagrams was laid by J. W. Gibbs
more than a century ago [1]. Since then many researchers continued working in this field
and developed solution models, numerical methods, and computer software to permit a
quantitative application of thermodynamic principles to phase diagram analysis. Now, for
a great many systems, it is possible to perform a simultaneous critical evaluation of

available phase diagram measurements and of available thermodynamic data (enthalpy,



entropy, Gibbs free energy, activity, etc.) with a view to obtain optimized equations for
the Gibbs free energies for each phase which best represent all data [2]. These equations
are consistent with the thermodynamic principles and with theories of solution behavior.
Hence, one set of self-consistent equations is enough to describe all the thermodynamic
properties and the phase diagram of a multi-component system. Moreover, these sets of
self-consistent equations allow both more accurate interpolation and extrapolation of data
and calculation of meta-stable phase boundaries. As the present research is a part of an

analysis of a multi-component alloy system, it is focused on thermodynamic modeling.

1.2 THE IMPORTANCE OF Mg-Al-Sb SYSTEM

The current need for higher fuel efficient vehicles increases the demand for magnesium
alloys due to their light weight and good specific mechanical properties. However, the
use of magnesium alloys has been limited due to their poor creep resistance. Hence, new
magnesium alloys are needed to meet the automobile and aerospace requirements for
elevated temperature strength.

Approximately 90% of all magnesium cast products are being made out of the
standard magnesium die-casting alloy AZ91 (Mg- 9.2 Al- 0.88 Zn- 0.34 Mn) [3]. This
magnesium alloy has excellent castability and in its high purity form (AZ91E) shows
good corrosion resistance. However, it suffers from low creep resistance at temperatures
in excess of 393 K which makes it unsuitable for many of the components in automobile

engines [3].



Plastic deformation at higher temperature is known as creep. Creep takes different
forms such as: logarithmic creep (up to 0.3Ty), high temperature creep (around 0.6Ty),
and diffusional creep (above 0.9Ty). For components used in automotive or aerospace
applications, the most important type of creep is high temperature creep. It is found that,
in the specific case of magnesium and its alloys, grain boundary sliding makes the major
contribution to creep strain [4-6].

The resistance to grain boundary sliding can be improved by producing thermally
stable grain boundary phases. It is found that small amount of Sb additions to AZ91
based alloys significantly increases the yield strength and creep resistance at elevated
temperature up to 473 K [7]. Moreover, the work of Guangyin et al. [7] indicated, as
shown in Figure 1.1, that the addition of Sb causes the formation of some rod-shaped
Mg Sb, precipitates with hexagonal D5, structure which strengthen both matrix and grain

boundaries effectively.

|
N
|

Figure 1.1: TEM micrograph of creep specimen of Mg-
9A41-0.8Zn-0.2Mn-0.358b for 50h at 473 K and 50MPa [7]



Figure 1.1 shows that, even after 50 hours of creep at 473 K and 50MPa, fine
precipitates of Mgs;Sb, were observed in the alloy Mg-9A1-0.8Zn-0.2Mn-0.35Sb. Hence
these precipitates are thermally stable. Moreover, it can be observed from Figure 1.2 that
addition of Sb increases the creep resistant significantly. Therefore, studying Mg-Al-Sb

system is important for understanding and developing creep resistance magnesium alloys

in this system.
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Figure 1.2: Creep curves of the alloys containing Sb tested at 473K, and 50MPa [7].

Where alloyl: Mg-941-0.8Zn-0.2Mn, alloy2: Mg-941-0.8Zn-0.2Mn-0.15Sb, alloy3:
Mg-9A41-0.8Zn-0.2Mn-0.35Sb, and alloy4: Mg-941-0.8Zn-0.2Mn-0.7Sb



1.3 AN INTRODUCTION TO THE CONSTITUENT BINARIES IN Mg-Al-Sb

SYSTEM
The Constituent binaries in the Mg-Al-Sb system are: Mg-Al, Al-Sb, and Mg-Sb. The
following sections describe the different phases present in each binary and give a brief

summary about the previous work on these binary systems.

1.3.1 Al-Sb binary system

1600
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o 1400 - 1335K
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Figure 1.3: Calculated Al-Sb phase diagram [8]
Figure 1.3 shows the Al-Sb binary phase diagram. It is a simple phase diagram with two

eutectic points and an intermediate line compound AlISb. There is no evidence found in

the literature for mutual solubility between Al and Sb. The different phases in this system



are: Al-fce, Sb-rhombo, AlSb, and liquid. There are three invariant reactions in this

system. These reactions are described by equations 1.1, 1.2, and 1.3.

Eutectic reaction on Al-rich side: L. — Al-fcc + AISb (1.1)
Eutectic reaction on Sb-rich side: L. — AISb + Sb-rhombo (1.2)
Congruent melting reaction at Xs, = 0.5: L. — AlSb. (1.3)

It can be observed from Figure 1.3 that the intermediate compound AISb shows a
higher melting point than that of pure constituents Al and Sb. This is one of the
interesting features which drives this research on Mg-Al-Sb.

The latest assessment of Al-Sb system was carried out by Yamaguchi ef al. [9],
they used an associated solution model to describe the liquid phase. Yamaguchi et al. [8],
Coughanowr et al. [10], and Zajaczkowski and Botor [11] also studied this system and
calculated the phase diagram and thermodynamic properties. Among these works
Coughanowr et al. [10], did only a thermodynamic assessment using the Lukas

optimization program.

1.3.2 Mg-Sb binary system

Figure 1.4 shows the Mg-Sb binary phase diagram. Different phases in the Mg-Sb system
are: liquid, Mg-hcp, Sb-rhombo, and the intermediate compound MgsSb,. The
intermediate compound has two crystalline modifications. They are: 0-Mg3Sb, and f-

Mg3Sb,. As can be seen from Figure 1.4, these crystalline modifications show very



narrow solubility ranges. Hence, in the present research, the low temperature
modification a-Mg3Sb; is treated as a stoichiometric compound. However, for the high
temperature modification B-MgsSb,, it is necessary to apply a model that allows a
variable composition. Otherwise, invariant reactions on the right- and left- hand sides of
the B-Mg3Sb, will occur at the same temperature. Hence, in the present research, the B-
Mg;Sb; is treated as a non-stoichiometric compound with a narrow range of composition
towards the Mg-rich side. In this case, there is no evidence available on the types of
defects which make the deviation from stoichiometry. Furthermore, it is assumed that
there is no solubility between Mg and Sb in this system. Although this system looks
simple, it is extremely difficult to get the optimized model parameters due to the unusual
liquidus shape of the B-Mg3Sb;.

Weight Percent Antimony
9 20 40 50 60 70 80 90 100

E D M W | 1 1. £, i 5 H
1300 i . sorlrery yebr — by r PRy

1245259

1
1300 P —

Temperature %

500 Frerrrrrrry - S S — : e
o 10 20 30 40 50 60 70 80 50 100

Mg Atomic Percent Antimony Sb

Figure 1.4: Calculated Mg-Sb phase diagram [12]
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There are two eutectic points observed. The eutectic reactions are described by equations

1.4, and 1.5.
Eutectic reaction on Mg-rich side: L — Mg-hcp + a-Mg3Sb, (1.4)
Eutectic reaction on Sb-rich side: L — Sb-rhombo + a-Mg3;Sb, (1.5)

The Mg-Sb system was previously assessed by Nayeb-Hashemi and Clark [12],
and Jonsson and Agren [13]. Among these two assessments, the latter used a computer

operated method developed by Jansson [14] to obtain the thermodynamic descriptions.

1.3.3 Mg-Al binary system
950 v ! T T v T T T
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2
[
M
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<
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Figure 1.5: Calculated Mg-Al phase diagram [15]



Figure 1.5 shows the Mg-Al binary phase diagram. This system has two terminal solid
solutions. They are Mg-Hcp and Al-Fcc at the Mg end and Al end respectively. This
binary system has two line compounds, Al3)Mga3 and Al140Mgse and a non-stoichiometric
compound Gamma (y). The line compound Al3Mgy; is stable only in the temperature
range of 523 K to 683 K. There are four invariant reactions and they are described by

equation 1.6 — 1.10.

Eutectic reaction on Mg-rich side: L — Mg-Hcp + ¢ (1.6)
Congruent melting reaction at X1 =0.463, T=737K: L — vy (1.7
Eutectic reaction between y and Alj4oMggo: L — v + Aljs0Mgso (1.8)
Congruent melting reaction X; = 0.611, T =725 K: L — Alj40Mgso (1.9)
Eutectic reaction on Al-rich side: L — Alj40Mggo + Fec-Al (1.10)

This system was thermodynamically modeled by several authors [16-21] and
experimentally studied for new thermodynamic data by Moser et al. [22]. Moreover,
Czeppe et al. [23], and Liang et al. [24] performed experimental investigation in the
central part of the Mg-Al phase diagram. In addition to the experimental investigation,
Liang et al. [24] carried out thermodynamic calculations too.

The COST 507 project, which aimed at generating a thermochemic database for
light metal alloys, was carried out by Ansara et al. [15]. In establishing the database for
the Mg-Al system, they used the experimental investigation results from Liang ef al. [24]
and this database is found to be the most recent and reliable one for Mg-Al system.

Hence, the present research used this database for the Mg-Al binary system.



CHAPTER 2

DATA ANALYSIS

The accuracy of the thermodynamic model of a system depends on the reliability of the
data used in the thermodynamic model parameters optimization. Hence, it is important to
select reliable experimental data from the literature for this purpose. The foll(;wing
sections analyze the previous research work on Al-Sb, Mg-Sb, Mg-Al, and Mg-Al-Sb
systems, show how reliable data are extracted from a pool of available data and derive the

aim of the present research.
2.1 Al-Sb BINARY SYSTEM

2.1.1 Phase diagram data

Coughanowr et al. [10] reviewed the previous work on the Al-Sb system and carried out
an assessment of thermodynamic properties and phase diagram data using the Lukas
optimization program. They used Redich-Kister and associated solution models
separately and compared the optimized results. It can be observed from Figures 2.1 and

2.2 that, the two models gave slightly different liquidus and eutectic temperatures.
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Figure 2.1: Assessed Al-Sb phase diagram by Redlich-Kister model [10]
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Later Yamaguchi et al. [8] measured the heat content of the Al-Sb alloys using
drop calorimetry in a temperature range of 800 K-1450 K and in a concentration range of
0.05 < Xgp < 0.95. They determined the Al-Sb phase diagram from the heat content-
temperature-composition relationships. Moreover, they measured heat and entropy of
formation of AISb using a twin solution calorimeter and an adiabatic calorimeter,
respectively, and calculated the Al-Sb system using the Redlich-Kister polynomial
equation. As shown in Figure 2.3, their calculated phase diagram was found to be in good
agreement with their experimental work as well as with other experimental data reported
in the literature. Especially, the liquidus line of the Al-rich side agrees with Guertler and
Bergmann [25] and the Sb-rich side agrees with Linnebach and Benz [26]. Hence, the

present work adopts the liquidus points reported in Yamaguchi et al. [8].
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Figure 2.3: Al-Sb phase diagram [8]
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Zajaczkowski and Botor [11] also studied the Al-Sb system using vapor pressure
measurements and calculated the system using a regular associate solution model and
determined the Al-Sb phase diagram. The invariant points reported in Yamaguchi et al.
[8] and Zajaczkowski and Botor [11] showed slight difference in temperature and
composition. Lichter and Sommelet [27] measured the high temperature heat content and

heat of fusion of the AlISb, and determined the melting point of AISb as 1330+ 5 K.

2.1.2 Thermodynamic data

The Al-Sb system is found to be less investigated with regard to experimental
determination of its thermodynamic properties. There are only scarce literature data
available on the enthalpy and Gibbs free energy of the liquid phase of this system.
Yamaguchi et al. [8] derived the integral molar quantities of the liquid Al-Sb alloys from
the heat content for the Al-Sb system and the heat and entropy of formation of the AISb
compound which were obtained by calorimetric measurements. They conducted their
experiments using different mole fractions of Sb in the range of 0.05 < Xgp < 0.95 within
the temperature range 800 K to 1450 K. Figure 2.4 shows their reported results on the

entropy and enthalpy of mixing of liquid Al-Sb alloys at 1350 K.
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Al-Sb system at 1350 K [8]

Previously Girard et al. [28] measured the enthalpy of mixing for liquid Al-Sb
alloys in the temperature range of 968 K-1227 K by drop calorimetric method using a
calvet micro calorimeter. However, they did not cover the complete composition range,
and they reported the enthalpy of liquid Al-Sb in the composition ranges of 0 < X, < 0.2
and 0.7 < Xgp < 1.0. On the Al-rich side, the reported enthalpy of mixing values of Girard
et al. [28] showed very big deviation from those of Yamaguchi et al. [8]. On the other
hand, their values show fairly good agreement on the Sb-rich side. Another work by
Batalin ef al. [29] on the enthalpy of mixing of liquid Al-Sb alloys show complete

disagreement with other authors’ results. The Gibbs free energy of mixing and the
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entropy of mixing values for liquid Al-Sb alloys were only reported by Yamaguchi er al.

[8] at 1350 K. Figure 2.5 shows their reported Gibbs free energy of mixing at 1350 K.
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Figure 2.5: Comparison between calculated and
experimental values of Gibbs free energy of mixing of
the Al-Sb system at 1350 K [8]

There are very few measurements reported in the literature on the thermodynamic
activities of Al and Sb in liquid Al-Sb alloys. Zajaczkowski and Botor [11] determined
the thermodynamic activity of Al and Sb by measuring the vapor pressure of Sb in liquid
Al-Sb alloys in the composition range of 0.0264 < Xg, < 0.9858 and in the temperature
range of 950 K to 1461 K. Predel and Schallner [30] also studied the thermodynamic

activities of Al and Sb in liquid Al-Sb alloys. The reported activity data of Al-Sb system

by Zajaczkowski and Botor [11] are shown in Figure 2.6.
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From the above thermodynamic data analysis, the present work considers the
thermodynamic properties reported by Yamaguchi ef al. [8] and Zajaczkowski and Botor

[11] in the thermodynamic model parameters optimization.

2.2 Mg-Sb BINARY SYSTEM

2.2.1 Phase diagram data

The work on Mg-Sb phase diagram development was first started in 1906 by Grube [32],

when he determined the liquidus temperature across the whole concentration range.
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However, the reported liquidus values were found to be unreliable and it was re-
determined later in 1934 by Grube himself and Bornhak [33] using thermal analysis.
Moreover, Jones and Powel [34] performed thermal analysis on Mg-rich side, in the
composition range of 0 < Xgp < 0.014, and determined the liquidus line. Later on, Hansen
and Anderko [35] also reported the liquidus points of Mg-Sb system for the complete
composition range. Figure 2.7 shows the experimental phase diagram of Mg-Sb by

Hansen and Anderko [35].
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Figure 2.7: Experimental Mg-Sb phase diagram [35]
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Since the work of Hansen and Anderko [35] is more recent than the other works,
the present research considers their results for the liquidus points in this system. Zabdyr
and Moser [36] investigated the dilute solutions of Mg in Mg-Sb system using an emf
technique and calculated part of the liquidus in the Sb-rich side of Mg-Sb phase diagram.
Rao and Patil [37] also reported liquidus points for the Sb-rich side. Their reported values
are found to be in good agreement with Zabdyr and Moser [36].

The melting point of B-Mg3Sb, phase was re-determined by Bolshakov et al. [38]
using differential thermal analysis (DTA) measurements. They reported the melting point
of B-Mg3Sb, as 1518 + 5 K. This value is 17 K higher than that of both Grube and
Bornhak [33], and Hansen and Anderko [35]. Bolshakov er al. [38] reported the
transformation temperature of the a-Mg3Sb; to B-Mg3Sb; as 1198 + 5 K. The upper limit
of this value is in accord with the value reported by Grube and Bornhak [33].

Only Jones and Powel [34] reported a very small solubility of Sb in Mg. Hence,

the present work is carried out by assuming no mutual solubility between Mg and Sb.

2.2.2 Thermodynamic data

The thermodynamic properties of Mg in liquid Mg-Sb alloys such as activities, relative
partial molar free energies, entropies and enthalpies were determined by Rao and Patil
[37] using emf measurements. They determined these thermodynamic properties in the
temperature range of 980 K to 1250 K and in the composition range of 0.4 < Xg, < 1.0.

Figures 2.8 and 2.9 show these thermodynamic properties.
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Another emf measurement on the Mg-Sb system was carried out by Egan [39] at
1123 K in the composition range of 0.1 < Xgp < 0.9. From the emf measurement, he
determined the relative partial molar energy of Mg in liquid Mg-Sb alloys at 1123 K. The
thermodynamic properties which were reported by both Rao and Patil [37] and Egan [39]
are found to be in fair agreement. Also, Eremenko and Lukashenko [40] conducted an
emf measurement in the temperature range of 673 K to 823 K. However, their values are
found to be scattered. Vetter and Kubaschewski [41] measured the vapor pressure of Mg
over liquid Mg-Sb alloys at the temperatures of 1133 K and 1193 K in the composition
range of 0 < Xg, < 0.66. They measured the vapor pressure using a carrier gas
entrainment method, and obtained the equilibrium pressure by extrapolation to zero flow
rate. Their vapor pressure measurements are found to be unreliable beyond the
composition of Xgp, > 0.3, as they have neglected the Sb content in the vapor. Hence, the
present work considers the reported thermodynamic properties of Vetter and
Kubaschewski [41] in the composition range of 0 < Xgp < 0.3 and that of Rao and Patil
[37] in the composition range of 0.3 < Xgp < 1.0. These values are shown in Table 2.1.

In addition, Eckert et al. [42] measured the thermodynamic activity of Mg in
liquid Mg-Sb alloys at 1123 K across the whole concentration range using the emf
technique. Their reported values are found to be in accord with Rao and Patil [37] and
Vetter and Kubaschewski [41]. Hence, the present work considers their reported activity
values too. Furthermore, Zabdyr and Moser [36] also employed an emf technique and
reported activity coefficients of Mg in its dilute solution with Sb and mentioned that their

results were in good agreement with previously reported data.
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Table 2.1: Relative integral molar properties, AG™, AS™, and AH" of liquid Mg-Sb alloys
[37, 417

AGM at 1073 K ASMat 1073 K AHY at 1073 K
Xsh (J/ mole-atom) (J/ mole-atom-K) (J/ mole-atom)
0.100* -14616 -6.930 22092
0.140% -19866 9.072 -29400
0.170* 21504 -10.458 -32739
0.200* 26712 -11.298 -38808
0.295* 35742 -13.860 -50610
0.489 39396 -7.392 -47334
0.602 32214 1.344 -30765
0.606 -31962 1.512 -30345
0.656 -28602 3.108 25284
0.681 26838 3.570 23016
0.795 -18312 4.074 -13923
0.866 -12684 3.318 9114
0.942 -6006 1.764 -4095
0.996 -462 0.168 273

* Data of Vetter and Kubaschewski [41]

Among available thermodynamic data on Mg3;Sb,, much information are on the
low temperature modification a-Mgs;Sb,. Rao and Patil [37] obtained the heat of
formation, and entropy of formation of the a-Mg3;Sb; relative to pure liquid components
in the temperature range of 980 K to 2000 K. The reported values are -365 + 3 kJ/mol
and -132 % 4 J/mol.K, respectively. They also obtained these values relative to pure solid
components at 900 K and reported them as -299 + 3 kJ/mol and -59.5 £ 5 J/molK,
respectively. Furthermore, the heat of formation of a-MgsSb, relative to pure solid
component was also determined by several other authors [40, 43-46]. Hultgren er al. [45]
also reported the entropy of formation of a-Mg3Sb; as -91 + 52 J/mol K. However, there
is no such information available for B-Mgs;Sb, except the information on the heat capacity

reported by Barin et al. [46] as ¢, = 160.7 J/mol.K.
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2.2.3 Crystal structure data

Ganguli et al. [47] reported a single crystal investigation on a-Mg3;Sb,. They reported that
the a-Mg3Sbh, is a classical example of a Zintl phase and was first studied by Zintl

himself. Figure 2.10 shows the [100] view of the a-Mg3Sb; structure

Figure 2.10: [100] view of the structure of a-Mgs3Sb, with the unit cell outlined [47]

The crystal structures and lattice parameters of a-MgsSb, and B-Mg;Sb, are

summarized in Table 2.2.
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Table 2.2: Crystal structure and lattice parameter of Mgs3Sb; [12]

Approx.i mate | poarson Space | Proto Lattice parameter, nm
Phase composition(a) symbol | group | type

(at.% Sb) p a c
B-Mg;Sb, 40 cl 80 la3 BMn,03 - -
a-Mg3;Sb, 40 hP 5 P3m Lay03 0.45822 0.72436

(a) From the phase diagram

It can be seen from Table 2.2 that the lattice parameters for B-Mg3Sb, are not available.

2.3 Mg-Al BINARY SYSTEM

2.3.1 Phase diagram data

Saunders [19] reviewed the work on the Mg-Al system prior to 1989 and found that there
is no doubt in the existence of two intermediate compounds such as B (AljsoMgsgo) and .
Moreover he was certain that p phase has a narrow range of homogeneity which is
centered at Xy = 0.385 and the y phase has extensive solubility. However, he found that
the central part of the Mg-Al phase diagram in the composition range of 0.4 < Xy < 0.6
needs to be further investigated. Hence, he carried out a thermodynamic assessment on
Mg-Al system based on the results of Schuermann and Geissler [48]. Saunders [19]
modeled the v phase which has a-Mn structure by a sublattice model with 4 sublattices.

His calculated Al-Mg phase diagram is shown in Figure 2.11.

23




800 ! ' ' .

708 -

699

S -

40 -

TEMPERATURE-CELSIUS

’ T

T T
% B.c g.4 2.6 8.8 1.8
MOLE-FRACTION MG

Figure 2.11: Calculated Al-Mg phase diagram [19]

The calculated Al-Mg phase diagram of Saunders [19] showed good agreement
with the reported experimental literature data. As it can be seen from Figure 2.11,
Saunders [19] predicted two other compounds € and { between B and y. This was
contradictory with Murray [16] who predicted only one compound R (Al;pMgz3) between
B and y. Hence, Goel er al [49] studied the Mg-Al system by diffusion couple
investigation and concluded that there is an R phase in Mg-Al system and it is only stable
in the temperature range of 305 + 5 to 405 + 5 °C.

As there was new thermodynamic data available for this system, Chartrand and

Pelton [21] decided to re-optimize this system in order to obtain more complete and
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precise results. They used a modified quasichemical model for the liquid phase. In their
thermodynamic modeling, they assumed that the compound P has a hypothetical
stoichiometry of AlssMgys. The optimized Al-Mg phase diagram by Chartrand and Pelton

[21]is given in Figure 2.12.
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Figure 2.12: Optimized Al-Mg phase diagram [21]

Chartrand and Pelton [21] concluded that the principle difference between their
optimization and those of Saunders [19] and Zuo and Chang [20] was that these authors
included { phase in their analysis. Here it can be noted that, the location of & phase
predicted by Saunders [19] is equivalent to the R phase in Figure 2.12.

Until now, there is no doubt regarding the existence of two intermediate phases: 3

(Alj40Mgso) and y (Al;2Mg;7) in the Mg-Al phase diagram. But the existence of other
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phases; stable or metastable in nature suggested by experimental observations were still
doubtful. Hence, recently Czeppe ef al. [23] presented a work to verify the temperature
and concentration ranges of the B, y, and ¢ phases, thermal stability of these phases, and
possible appearance of other phases in the central part of the Mg-Al phase diagram. They
studied the Mg-Al phase diagram in the composition range of 0.48 < X < 0.61 by

Differential Scanning Calorimetry (DSC).

2.3.2 Thermodynamic data
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Figure 2.13: Calculated heat of mixing for the liquid phase in the Al-Mg
system [19]
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Figure 2.13 shows the calculated heat of mixing of liquid Al-Mg by Saunders

[19]. He observed that his calculated values of the heat of mixing of liquid Al-Mg were in

broad agreement with previous calorimetric measurements. On the other hand the

calculated enthalpy of mixing values for liquid Al-Mg by Chartrand and Pelton [21] is

shown in Figure 2.14
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Figure 2.14: Calculated enthalpy of mixing of Al-Mg liquid alloys at 948 K [21]
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It can be observed that the calculated enthalpy values for liquid Al-Mg alloys of

Chartrand and Pelton [21] are higher than those of Saunders [19]. It is because of their

different selection of experimental data for the optimization. Chartrand and Pelton [21]
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used the experimental data which were obtained by three different calorimetric methods
in order to minimize systematic error.

Though extensive thermodynamic data were available in the literature for, liquid
Mg-Al alloys, results from various techniques were not in agreement. Hence, in 1998
Moser et al. [22] carried out a multi technique research on Mg-Al alloys to determine the
consistent thermodynamic data among participating laboratories for the liquid phase and
to use those results with the selected information from various references for optimization
and, ultimately, for phase diagram calculations. They reported new thermodynamic data
for liquid Mg-Al alloys from emf, vapor pressures, and calorimetric studies and then
optimized their results together with the thermodynamic information reported in the
literature using the Redlich-Kister model. Figure 2.15 shows the experimental and

calculated integral enthalpies in liquid Al-Mg alloys by Moser et al. [22].
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During the vapor pressure studies, they assumed that the gas consists solely of
magnesium vapor. It can be observed from Figures 2.13 and 2.15 that the calculated
values for enthalpy of mixing of Al-Mg liquid alloys by Moser et al. [22] and Saunders
[19] are similar with the minimum value of -3000 J/mol (approximately) being achieved

around Xy = 0.5.

2.4 Mg-Al-Sb TERNARY SYSTEM

The Mg-Al-Sb ternary has not been investigated completely. Guertler and Bergman [25,
50], and Loofs-Rassow [51] carried out microscopical and thermal examination on the
Al-Sb-Mg system. Guertler and Bergman [50] performed thermal analysis on the

quasibinary Al-Mg3Sb; and their reported quasibinary is shown in Figure 2.16.
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Figure 2.16: Quasibinary system: Al-MgsSb; [50]
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Moreover they reported an approximate picture of primary phase distribution in Al-Sb-

Mg ternary system (Figure 2.17).

Weight %

Figure 2.17: An approximate picture of primary phase distribution in
Al-Sh-Mg system [50]

Guertler and Bergman [50] reported that in the quasibinary Al-MgsSb,, the liquid
miscibility gap extends from 9% to 98% Mg;Sb,. Loofs-Rassow [51] reported that the
binary Al-AISb, Al-Mg;Sb,, and AlSb-Mg;Sb, exhibit binary or quasibinary eutectics.
They also found that Al-AlSb and AlSb-Mgs;Sb, are completely miscible in the liquid
state while Al-Mg;Sb, shows a miscibility gap. Later, the existence of this miscibility gap
was supported by the experimental work of Guertler and Bergman [50].

For the Mg-Al-Sb system, neither ternary compound nor thermodynamic data

were reported in the literature.
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2.5 THE AIMS OF THIS WORK

The significance of studying Mg-Al-Sb system stems from the importance of Sb addition

to Mg based alloys to improve their creep resistance. Hence, the current research is aimed

at establishing the equilibria in the Mg-Al-Sb system through:

Thermodynamic modeling of the different phases in the Al-Sb and Mg-Sb
systems.

Calculation of the phase diagrams and the thermodynamic properties of the Al-Sb
and Mg-Sb systems and comparison of the results with the experimental data
reported in the literature.

Construction of a database for the Mg-Al-Sb ternary alloy system by combining
the databases of the constituent binaries Mg-Al, Al-Sb, and Mg-Sb, where, the
database of Mg-Al is obtained from the COST 507 project [15].

Estimation of the Mg-Al-Sb ternary phase diagram from the constructed database
for this system.

Identification of the critical points in the Mg-Al-Sb ternary system.

Calculation of isothermal sections and identification of the primary crystallization
fields.

Application of the current understanding of the phase equilibria in Mg-Al-Sb

system to explain the experimental observations of some alloys in this system.
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CHAPTER 3

THERMODYNAMIC MODELING

Thermodynamic modeling of an alloy system is a process of finding Gibbs free energy
equations for different phases in terms of temperature and compositions of the
constituents of the alloy system. Different thermodynamic models are needed to represent
different phases such as liquid, solid solution, and stoichiometric compound. However,
the fundamental equation for different thermodynamic models is the Gibbs free energy
equation of a system established by J. W. Gibbs and it is given in equation 3.1.
G=H-TS 3.1
Where, G is the Gibbs free energy, H is the enthalpy, T is the absolute temperature, and S

is the entropy.

3.1 THEORY

The main use of thermodynamics in physical metallurgy is to allow the prediction of
whether an alloy is in equilibrium [52]. In considering phase transformations we are
always concerned with changes towards equilibrium. The reason why a transformation
occurs at all is because the initial state of the alloy is unstable relative to the final state.

The relative stability of a system at constant temperature and pressure is determined by
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its Gibbs free energy (G) given by the equation 3.1. where enthalpy is a measure of the
heat content of the system and is given by the equation 3.2.

H=U+PV (3.2)
where, U is the internal energy of the system, P is the pressure, and V is the volume. It
can be seen from equation 3.2 that, at constant pressure, the heat absorbed or evolved is
given by the change in H (i.e. AH). In solid and liquid phases the change in term PV (i.e.
PAV) is very small compared to AU, that is

AH = AU (3.3)
The other term in the expression for the G in equation 3.1 is entropy (S), which is a
measure of the randomness of the system.

A system is said to be in equilibrium when it is in the most stable state, that is,
when it shows no desire to change. An important result of the classical thermodynamics
is that at constant temperature and pressure, a closed system (fixed mass and
composition) will be in stable equilibrium if it has the lowest possible value of the Gibbs
free energy. That is in mathematical terms

dG=0 (3.4)

and this can be explained by Figure 3.1.
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Figure 3.1: A schematic variation of Gibbs free energy with the arrangement of atoms

It can be seen from Figure 3.1 that, when the atomic arrangement (configuration)
is A or B or C, dG = 0. When the configuration is A or C, the system is with minimum
Gibbs free energy. However, when the configuration is B, the system is with maximum
Gibbs free energy. Among these three critical configurations, the system is with lowest
Gibbs free energy when the configuration is C. Hence from the results of thermodynamic
laws, C is the stable equilibrium configuration. Configuration B is called a metastable

equilibrium state.
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For multi-component solution phases, Gibbs free energy is expressed by the

equation 3.5.

G,=G) +G" +GX

m mix mix

(3.5)

Where, G° is the contribution from the mechanical mixing of pure components, G is

mix

the ideal mixing contribution, and G} is the excess Gibbs free energy contribution due

mix

to the interactions between the components. To expand the individual terms in equation

3.5, let us consider a binary system with components A and B
G? =X,GY +X;G} (3.6)
Gl =HE TS
=0 - RT (Xa InX4 + Xp InXp)
=- RT (Xa InX, + X InXp) 3.7
A mixing is said to be ideal when there is no change in bond energy or volume upon
mixing. This means that in ideal mixing the enthalpy of mixing is zero which leads to the

term in equation 3.7. However, real solutions deviate from the ideal behavior and an

excess term must be added, this term can take the form of equation 3.8.

GCX

mix =% an X o X3 (3.8)
Where, X, X are the compositions of the components A and B respectively, and o, is

a parameter which, under the assumptions of regular solution theory can be expressed by

the equation 3.9.

Oap =2, D A% Xa X3 3.9)

i20 j20

Where the q'), are empirical coefficients which may be temperature independent.
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3.2 THE GIBBS FREE ENERGY EQUATIONS OF DIFFENET PHASES IN

BINARIES Al-Sb AND Mg-Sb

3.2.1 Unary phase

The Gibbs free energy of the pure element, i, with a certain structure, ¢, referred to the
enthalpy of its standard state, H; , at 298.15K is described in terms of temperature as in

equation 3.10
°G¢(T)=a+bT+CTInT+dT* +eT* +fT~' +gT’ +hT" (3.10)
where a, b,...., h are coefficients and the values are assigned from the SGTE database

[53].

3.2.2 Disordered solution phase

The molar Gibbs free energy of the liquid phase in the Al-Sb and Mg-Sb systems is
described using equation 3.11.

Gheit =X, 'GHM 1 X OGHM 4 RT[X, In(X,) +X; In(X )]+ G (3.11)
where X; and X; represent the mole fraction of components i and j, respectively. The first
two terms on the right-hand side of the equation represent the Gibbs free energy of the
mechanical mixture of the components; the third term is the ideal Gibbs free energy of
mixing; and the last term refers to the excess Gibbs free energy in the form of Redlich-

Kister polynomial equation, as in equation 3.12.

36



ex GLiquid =Xi Xj Z[ﬂ L%lfl]‘lld (Xn _Xj)n] (312)
n=0

and "LY% =a_ +b, T(n=0,......... ,m) (3.13)

where, a, and b, are model parameters to be optimized using experimental data.
3.2.3 Stoichimetric compound phase

AlSb is the only stoichiometric compound in the Al-Sb system. In the Mg-Sb system, the
present work considers that the low temperature modification of the intermediate phase,
a-Mg3Sh,, as a line compound. The Gibbs free energy of these compounds is described

using the equation 3.14.

G*=X; °G? +X, °G¥ +AG; (3.14)
and AG;=a+bT (3.15)
where ¢ denotes the phase in question, ¢,and ¢, denote the reference structure of
elements i and j, respectively, ‘G" and °G! represent the Gibbs free energy of

components i and j in their standard states, respectively, AG; represents the Gibbs free

energy of formation of the stoichiometric compound, a and b are the model parameters to

be optimized using experimental data.
3.2.4 Non-stoichiometric phase

In Mg-Sb system, the present work considers B-MgsiSb, as a non-stoichiometric

compound. However, there is no information available about the types of defects and the
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solubility range of P-Mgs;Sb,. The only available information on this phase in the
literature shows a very narrow solubility towards Mg-rich side from the line of
stoichiometry. As was mentioned earlier, the crystallographic data of B-MgsSb; is not
available. However, according to [12] the prototype of this phase is known to be -
Mn,Os. In order to have an idea about the possible sublattices, a crystal structure analysis
is done on B-Mg3Sb, by assuming the lattice parameters of 3-MgsSb; as that of -Mn,O;.

Crystal structure data of B-Mn,Oj3 are given in the Table 3.1.

Table 3.1: Crystal structure data of f-MnyO3 [54]

Atom Atomic position

(Wyckoff position) X Y Z
Mnl 8b 0.25 0.25 0.25
Mn2 24d 0.97 0 0.25
0O 48e 0.385 0.145 0.380

Space group number: 206

Lattice parameter: a = 0.9408 nm

The following crystal structure analysis of B-Mg3Sb, assumes Sb on the Mn sites
and Mg on the O sites. With these data the crystal structure of B-Mg;Sb, is generated by

Powder Cell software [55]. Figure 3.2 and 3.3 show different views of the p-Mg;Sb;

crystal.
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More detailed look at B-Mg3sSh, crystal structure is shown in Figure 3.4 (a), (b), and (¢)
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Figure 3.4: Neighboring atoms around Sbi, Sb2, and Mg

40



From Figures 3.4 (a), (b), and (c) together with the Wyckoff position of Sbl, Sb2,

and Mg atoms, the following can be deduced.

Sb1 Sb2 Mg
The coordination number 6 6 4
Wyckoff position 8b 24d 48e

0.1 03 06
\_ﬂ_—/ 0.6

0.4

Mole fraction

According to Harikumar et al. [56] the atoms with the same coordination number can
be combined and be considered as one sublattice. Hence, the sublattices of Sbl and Sb2
are combined and considered as sublattice I with the mole fraction of 0.4. The Mg
sublattice is named as sublattice II. Sine the nature of the defects in the B-Mg3Sb; is not
known, the present study assumes that the substitutional atoms of Mg on Sb sites and Sb
on Mg sites as the only defects. Hence, the species in the sublattice I and II are Mg and
Sb. During the model parameter optimization of the B-Mg3Sb,, it was not possible to get
the reported homogeneity range of this phase with two sublattices. Hence, 5/6 ® mole of
the Mg sublattice is assumed to have defects. It is purely an arbitrary guess, and the
remaining 1/6 ™ mole is without defects. In other words, the Mg sublattice is divided into
two sublattices. They are:

(1) sublattice II with the mole fraction of 0.5 and with the species Mg and Sb.

(2) Sublattice IIT with the mole fraction of 0.1 and with only Mg in it.
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As the sublattice III is with pure Mg atoms, there is no mixing in this sublattice and the

Gibbs free energy per mole of formula units can be written as in equation 3.16.

0~ Mg,Sb 2 3
Gm :Yi/[g yg{g GMgzlsngMg + Y%\/Ig ygb OGxéasstl))Mg + Yéb yg[g OGISVlngN?gb;/Ig +yISb ygb OGISVIIJgngIjIg +
Sb Sb
RT(0.4 Y y{lny{ +0.5 > yi'lny! )+ Vi, ¥5 "Lt somg (3.16)
i=Mg i=Mg
Sb Sb
and 0.4 >y +0.5 D y/'+ 0.lyy, =1 (3.17)
i=Mg i=Mg

where, yfwg > yf,lg , ygg are the site fractions of Mg in lattice I and II respectively,

Y& Ye, are the site fractions of Sb in lattice I and II respectively,
0 ~ Mg,Sb, 0~ Mg;Sb, 0~ Mg;Sb, 0 ~ Mg;Sb, 0 1 Mg;Sb,
GMg:Mg:Mg H G Mg:Sb:Mg G Sb:Mg:Mg * G Sb:Sb:Mg * a'nd LMg:Mg,Sb:Mg are the

parameters to be optimized using experimental data.

3.3 METHODOLOGY

The so-called CALPHAD (CALculation of PHAse Diagrams) method is used in the
present research. In 1970, the foundation for the CALPHAD method was laid by
Kaufman and Bernstein [57] with the goal of generating descriptions of binary, ternary,
and quaternary systems that can be used for the construction of thermodynamic database.
This method is based on the minimization of the free energy of the system. CALPHAD
method is a technique by which a variety of experimental values concerning the phase
boundaries and the thermodynamic properties are analyzed according to an appropriate

thermodynamic model and the interaction energies between atoms are evaluated [58].
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From this method phase diagrams outside the experimental range also can be calculated.

The standard methodology in the CALPHAD method is illustrated in Figure 3.5.

1. Literature search

2. Experimental data extraction -
3. Critical evaluation &;n
N
.| Model Theoretical Experimental
predictions data
! ! ]
Optimizations §°
! ! ’
Yes New
model
No
Workable description E}n
=
N
Applications

Figure 3.5: CHALPHAD assessment procedure [59]

There are three different stages in the CALPHAD procedure. In the first stage, the

literature is critically evaluated and models are proposed for different existing phases. In
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the second stage, the determination of a complete set of the Gibbs free energies of all
phases, appearing in the system, is carried out and it can be improved by new data or new
modeling. In the final stage, a workable description is obtained such that it satisfies the
application requirements.

The main purpose of the CALPHAD method is to calculate (predict) unknown
multicomponent phase equilibrium information from the known information available for
lower-order systems. The useful strategy for assessment of a multicomponent system is
shown in Figure 3.6. As we can see from Figure 3.6, first the thermodynamic descriptions
of the constituent binary systems are derived. Then thermodynamic extrapolation
methods are used to extend the thermodynamic functions of the binaries into ternary and
higher order systems.

Since the present research is carried out on Mg-Al-Sb ternary system, the ternary

extrapolation was obtained from the binary subsystems as shown in Figure 3.7.
G=XZxG +RT Txhx+G™

binary Assessment. G5,

temary Extrapolation (2 G, )
+Assessment.  Go.

!

quaternary  Extrapolation ( Z Gy + 2 Go )

. ex
+Assessment. GG,

* » & -

Figure 3.6: CHALPHAD methodology. The assessed excess Gibbs free energies of the
constituent subsystems are for extrapolation to a higher component system [1]
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Mg-Al Al-Sb Mg-Sb

Extrapolation (Z G, )

Mg-Al-Sb

Figure 3.7: The assessment strategy of Mg-Al-Sb ternary system

Among the three binaries in Mg-Al-Sb system, the database of Mg-Al is obtained
from the COST 507 database [15]. The other two binaries were assessed using the
WinPhaD Prgram [60], whereas, the FactSage program [61] was used to construct the

thermodynamic database and to calculate the ternary Mg-Al-Sb system.

3.4 CONSTRUCTION OF BINARY PHASE DIAGRAM

An alloy phase diagram is a graphical representation of the equilibrium phase limits or

phase boundaries as function of temperature and composition. The composition of co-

existing phases under equilibrium condition can be obtained by plotting a series of Gibbs

free energy-composition curves at different temperatures. For most of the systems there
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will be more than one phase and associated Gibbs free energy curve to consider. At a
given temperature the most stable phase for a system can vary with composition. Figure
3.8 shows Gibbs free energy curves of a simple eutectic system with terminal solid
solutions at different temperatures (To>T;>To>T5>Ts).

At Ty the Gibbs free energy of the liquid phase is lower than that of the solid
phase over the whole composition range. At equilibrium the system exhibits minimum
Gibbs free energy. Hence, at Ty the equilibrium phase is liquid through out the whole
composition range. But the system shows different Gibbs energy curves when the
temperature is T;. At Ty, within different composition ranges different phases show the

minimum Gibbs free energy. That is, when:

(1) Xp <X, — a phase has the lowest Gibbs free energy
(i) X <Xp <X3 — both a and liquid phases have minimum Gibbs free energy
(1ii) Xg > X, — liquid phase has the lowest Gibbs free energy
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Figure 3.8: Derivation of a eutectic phase diagram from the Gibbs free energy
curves for the liquid, o and f phases [62]

Further explanation for the equilibrium condition in the composition range X; <

Xg <X, is shown in Figure 3.9.
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Figure 3.9: Common tangent construction in two phase equilibrium
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It can be seen from Figure 3.9 (a) that the system is sitting entirely in the phase
which is the most stable with the Gibbs free energy of AG;. Figure 3.9 (b) shows that by
separating into two phases the overall Gibbs free energy of the system can be reduced to
AG;. In Figure 3.9 (¢), the common tangent construction can be seen linking the solid and
liquid Gibbs free energy curves to minimize the system’s Gibbs free energy for a given
overall composition C. This construction also identifies the composition of the solid and
liquid phases (Cs and Cr) which are in equilibrium at this temperature.

As it can be seen from Figure 3.9 (a) through 3.9 (c), any composition (Cs < C <
CL) on the common tangent of liquid and solid phases minimizes the system’s total Gibbs
free energy. Hence, in Figure 3.8, at T, the two phase (a and liquid) equilibrium
boundary is identified by constructing the common tangent to the Gibbs free energy
curves of a and liquid. The same principle is used at temperatures Tz and T4 and the

constructed phase diagram is shown in Figure 3.8 (f).

3.5 TERNARY PHASE DIAGRAM

The ideas that have been developed for binary systems can be extended to systems with
three or more components [63]. The composition of a ternary alloy can be indicated on an
equilateral triangle (the Gibbs triangle) whose corners represent 100% A, B, C as shown

in Figure 3.10.
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Figure 3.10: Gibbs triangle with components A, B and C

A ternary temperature-composition phase diagram at constant total pressure may
be plotted as a three-dimensional “space model” within a right triangular prism with the
equilateral composition triangle (Gibbs triangle) as base and temperature as vertical axis.
Such a space model for a simple eutectic ternary system A-B-C is illustrated in Figure

3.11.
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Big

Temperature

Figure 3.11: Diagram of a ternary system containing one
ternary eutectic [64]

The three binary subsystems in Figure 3.11 such as A-B, B-C, and C-A, can be
seen on the vertical faces of the prism. The three binary eutectic points are €y, €, and es.
Within the prism, the three liquidus surfaces descending from the melting points of pure
A, B, and C and make the ternary eutectic point E. The lines on the liquid surface are the
constant temperature lines called isotherms. The plan view of the ternary space model

(Figure 3.11) with the critical points is shown in Figure 3.12.
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Figure 3.12: The plan view of the liquidus surface of the system shown in
Figure 3.11
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Al-Sb BINARY SYSTEM

The selected experimental phase diagram, enthalpy of mixing, entropy of mixing, Gibbs
free energy of mixing and activities of liquid Al-Sb alloys data, which were discussed in
section 2.1, were used to optimize the thermodynamic model parameters for the liquid
and AISb phases. The optimization is done using the computer program WinPhaD Pro.

[60]. The optimized model parameter values are given in Table 4.1.

Table 4.1: The optimized model parameters for the liquid and

AISb phases
Phase Term a (J/ mole atom) | b (J/ mole atom.K)
o Lo -13327.934 -5.103
Liquid
Ly 10748.104 0.337
AlSb AGs -40636.090 15.847

The reference structure of the Gibbs free energy of the formation of AlSb is
considered as Al-Fcc and Sb-Rhombo. In order to maintain the consistency with other

systems modeled in our group, no lattice stability values are added to the pure
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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 Phase diagram

The calculated phase diagram in relation to experimental data from the literature is shown
in Figure 4.1. Excellent agreement between the calculated phase diagram and measured
liquidus points can be observed in this figure. Values of the optimized parameters are
listed in Table 4.1. Only two Redlich-Kister coefficients (I, and L;) were used to
describe the liquid phase. A comparison between the current results and other works on
this system is presented in Table 4.2.

1600

¢ Yamaguchi ef al. 8]
15001 & Guertler and Bergmann [50]

© Predel and Schallner [30]
1400+

— This work
NP Liquid

1300+

1200
A
) 1100
E Liquid + AISb
<
fg 1000 AlSb + Liquid
5 _
S 900

8007

AlSb + Sb-Rhombo
700 Al-Fcc + AlSb

600+

500 T T 1 T T 1
00 01 02 03 04 05 06 07 08 09 10

Al Sb
Mole Fraction Sb

Figure 4.1: Calculated Al-Sb Phase diagram with experimental
data from the literature
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Table 4.2: Comparison between different works (calculations) on the equilibria in the

Al-Sb system
Temp. | Comp.
Reaction Solution Model Reference
X) (Xsp)
931 - Redlich-Kister polynomial [10]
928 - Associated solution [10]
932 0.004 Redlich-Kister polynomial [8]
L=(Al)+AISb
930.4 | 0.00476 Associated solution [11]
930 0.004 Associated solution [9]
931.3 | 0.0034 Redlich-Kister polynomial This work
897 - Redlich-Kister polynomial [10]
897 - Associated solution [10]
901 0.983 Redlich-Kister polynomial [8]
L=(Sb)+AlISb
898.3 | 0.9833 Associated solution model [11]
899 0.984 Associated solution model [9]
893 0.974 Redlich-Kister polynomial model | This work
1331 0.5 Redlich-Kister polynomial model [10]
1333 0.5 Associated solution model [10]
1335 0.5 Redlich-Kister polynomial model (8]
L=AISb
1336.4 0.5 Associated solution model (11]
1332 ~0.5 Associated solution model [9]
13284 0.5 Redlich-Kister polynomial model | This work

4.1.2 Thermodynamic properties

As shown in Figure 4.2, the calculated activities of Al and Sb in liquid Al-Sb alloys at

1350 K are in fair agreement with Zajaczkowski and Botor [11] and Predel and Schallner
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[30]. The calculated activity of Al shows slight positive deviation from the ideal behavior
in the Al-rich side. Zajaczkowski and Botor [11] 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 Botor [11] and Predel and Schallner [30]. However, the
calculated values of Al in the Sb-rich side agree well with both Zajaczkowski and Botor
[11] and Predel and Schallner [30]. The activity of Sb in liquid Al-Sb alloys shows
negative deviation from ideal behavior in the whole range of composition. The calculated

activity values of Sb from this work closely match with Zajaczkowski and Botor [11}.
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Figure 4.2: Activity of components in the liquid Al-Sb alloys at 1350
K: comparison between calculated values and the experimental data
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The calculated enthalpy of mixing of liquid Al-Sb alloys at 1350 K in Figure 4.3,
shows fairly good agreement with Yamaguchi ef al. [8]. On the other hand the results of
the current research agree with the enthalpy values reported by Batalin er al. [29] in the

Al-rich side and deviate from those at the Sb-rich side.

e & Yamaguchi et al. [8]

=500+

-1000-1

~1500+

-20007

-2500

Enthalpy of mixing, J/ mole

-3000

-35001

-4000 T T T T T T 1 T T
00 01 02 03 04 05 06 07 08 09 10
Al Sb

Mole Fraction Sb

Figure 4.3: Enthalpy of mixing of liquid Al-Sb alloys at 1350 K:
comparison between calculated values and the experimental data

The calculated entropy of mixing and Gibbs free energy of mixing of liquid Al-Sb
alloys at 1350 K are shown in Figure 4.4 and 4.5, respectively. As discussed in section
2.1.2, the work of Yamaguchi et al. [8] is the only experimental data available for Gibbs
free energy and entropy of mixing of Al-Sb liquid. The results of the current work are in

very good agreement with their results.
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In the neighborhoods of 0.2 < Xg, < 0.3 and 0.55 < Xgp < 0.75, the calculated

entropy of mixing of liquid Al-Sb shows some deviation from the values of Yamaguchi et

al. [8].

<Yamaguchi et al. [8]

Entropy of mixing, J/mole.K

0.0 0.1 02 03 04 05 0.6 07 0.8 09 1.0
Al Sb
Mole Fraction Sb

Figure 4.4: Entropy of mixing of liquid Al-Sb alloys at 1350 K:
comparison between calculated values and the experimental data

Figure 4.5 shows that throughout the whole composition range, the calculated
Gibbs free energy of mixing of Al-Sb liquid agrees with the experimental work of

Yamaguchi et al. [8].
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Figure 4.5: Gibbs free energy of mixing of liquid Al-Sb alloys at 1350
K: comparison between calculated values and the experimental data

The calculated enthalpy and entropy of formation of the compound AlSb are

compared with the reported literature data in Table 4.3.

Table 4.3: Calculated enthalpy and entropy of formation of AISb with
the reported data from the literature

Temperature (K) | AHy (kJ/mol) AS¢ (J/mol. K) | Reference
298 -96.60 -51.60 [9] Cal.
298 -73.49 -36.13 [10] Cal.
298 -84.00 [11] Cal.
298 -82.00 + 2.51 [27] Exp.
298 -81.27 -42.13 This work

Cal. denotes calculated values by associated solution model
Exp. denotes experimental value by drop calorimetry
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Table 4.3 shows that the calculated enthalpy and entropy of formation of AISb in
the present research is in good agreement with the calculated and experimental results

reported in the literature.

4.2 Mg-Sb BINARY SYSTEM

The selected experimental data of phase diagram, enthalpy of mixing, entropy of mixing,
Gibbs free energy of mixing and activities of components Mg and Sb in liquid Mg-Sb
alloys, which were discussed in section 2.2, were used to optimize the thermodynamic
mode] parameters for the liquid, a-MgzSb,, and B-Mg3Sb, phases. The optimized model

parameters for the liquid, a-Mg3Sb,, B-Mg3Sb; are given in Table 4.4.

Table 4.4: The optimized parameters for the liquid, a-MgsSb, and f-Mg;3Sh;

Phase Term a (J/ mole atom) | b (J/ mole atom.K)
Lo -172660.521 44.865
o L -157139.842 123.000
Liquid
L, 29500.000 10.637
Ls 127386.016 -98.780
a-Mg3Sb; | AGy -98006.025 48.795
G(Mg:Mg:Mg) 65000.000
G(Mg:Sb:Mg) -37429.535 -2.010
B-Mg3Sb,
G(Sb:Sb:Mg) 39651.000 -9.048
L(Mg: Mg, Sb: Mg) | -150000.000 60.000

The reference structure of the Gibbs free energy of formation of a-MgsSb, is
considered as Mg-Hep and Sb-Rhombo. No lattice stability values are added to the pure

components Mg-hcp and Sb-rhombo. From the optimized model parameters, the phase
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diagram and the thermodynamic properties of Mg-Sb system are calculated. Moreover,

the obtained database can be combined with other binaries and used to interpolate and

extrapolate the thermodynamic properties as well as to calculate meta-stable phase

boundaries.

4.2.1 Phase diagram

The calculated phase diagram is shown in Figure 4.6. It shows a fair agreement

with the experimental data of Grube [32], Grube and Bornhak [33], Hansen and Anderko

[35], and Rao and Patil [37]. A comparison between the results of this work and other

works is given in Table 4.5.

2000
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o Grube {32]

¢ Grube and Bornhak [33]
¢ Rao and Patil {37
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Figure 4.6: Calculated Mg-Sb phase diagram with experimental data from the

literature
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Table 4.5. Comparison between different works (calculations) on the equilibria in
the Mg-Sbh system

Reaction Temperature (K) | Composition(Xsp) | Reference

902 0.026 [13]

902 0.1 [33]
L=(Mg)+ a-Mg3Sb, 902 0.1 [35]

902 0.1 [40]

902 0.076 This work

852 0.848 [13]

852 0.86 [33]
L=(Sb)+ a-Mg3Sb, 852 0.86 [35]

852 ~0.87 [40]

854 0.9 This work

4.2.2 Thermodynamic properties

The calculated thermodynamic properties are in good agreement with the experimental
data reported in the literature. As shown in Figure 4.7, the calculated activity of Mg in
liquid Mg-Sb alloys at 1073 K is in fairly good agreement with the experimental data of

Rao and Patil [37] and Eckert et al. [42].
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Figure 4.7: Activity of component Mg in the liquid Mg-Sb alloys at 1073
K: comparison between calculated values and the experimental data

The calculated entropy of mixing of liquid Mg-Sb alloys at 1073K, Figure 4.8,

shows very good agreement with the experimental data of Rao and Patil [37].

15.0

e Rao and Patil [37]

— This work

7.5 7

Entropy of mixing, J/mole.K

' 00 0.1 02 03 04 05 06 07 08 09 1.0
Mg Sb
Mole Fraction Sb

Figure 4.8: Entropy of mixing of liquid Mg-Sb alloys at 1073 K:
comparison between calculated values and the experimental data
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It can be observed from Figure 4.8 that, in the composition range of 0.2 < Xgp <
0.4 the liquid Mg-Sb alloys show minimum (-ve) entropy and in the range of 0.7 < Xgp <
0.85 they show maximum (+ve) entropy. That is, within the composition range of 0.2 <
Xgp < 0.4, the liquid is relatively ordered and in the range of 0.7 < Xgp < 0.85 it is highly
disordered.

The calculated enthalpy of mixing and Gibbs free energy of mixing of liquid Mg-
Sb at 1073K are shown in Figure 4.9 and 5.10, respectively. They also show good

agreement with the experimental data from the literature.

10

e Rao and Patil [37]

— This work
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Figure 4.9: Enthalpy of mixing of liquid Mg-Sb alloys at 1073 K:
comparison between calculated values and the experimental data
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Figure 4.10: Gibbs free energy of mixing of liquid Mg-Sb alloys at 1073
K: comparison between calculated values and the experimental data

The calculated enthalpy and entropy of formation of the compound a-Mg3Sb;

are compared with the data reported in the literature in Table 4.6.

Table 4.6: Calculated enthalpy and entropy of formation of a-MgsSb; with the reported
data from the literature.

Temperature (K) AHg (kJ/mol) AS¢ (J/mol. K) | Reference
900 -299 & 3* -59 + 5* [37] Exp. 1
773 -235 + 6* -15 £ 10* [40] Exp. 1
923 -285%* [43] Exp. 2
800 -320 £ 40 91+ 52 [45] Cal.
298 -300 - [46] Cal.
298 -490 -54 This work

Exp. 1 denotes the experimental values by emf measurements
Exp. 2 denotes the experimental value by high temperature calorimeter measurements
Cal. denotes calculated values
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It can be observed from Table 4.6 that, the calculated enthalpy value in the present
research is some what higher than the experimental values reported in the literature. This
may be due to the assumption, that the low temperature modification a-Mg;Sh, is a

stoichiometric compound.

4.3 Mg-Al-Sb TERNARY SYSTEM

For the first time Mg-Al-Sb system is thermodynamically modeled. A database was
constructed for this system by combining the binary thermodynamic descriptions of Mg-
Al, Al-Sb, and Mg-Sb. The database is used to calculate polythermal projections of
liquidus surfaces, tetnary isothermal sections, ternary isopleths (constant composition

sections), pseudo-binary phase diagrams, and phase assemblage diagrams.

4.3.1 Polythermal projections of liquidus surfaces

A two dimensional representation of the térnary liquidus surface is obtained as an
orthogonal projection upon the base composition triangle with components Mg, Al, and
Sb and shown in Figure 4.11. The dashed lines are the constant temperature lines called
liquidus isotherms and the thick continuous lines are the univariant valleys. The arrows
indicate the direction of decreasing temperature along the uinvariant valleys.

There is a ternary liquid miscibility gap in the composition range of 0.0048 < Xg;,

< 0.375. Even though the three binaries in the Mg-Al-Sb system do not show any liquid
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miscibility gap, it is observed in the ternary system, this is known as closed miscibility
gap. The critical points in Mg-Al-Sb ternary phase diagram are

(D 6 ternary eutectics: E;, Ea, E3, Eq4, Es, and Es

2) 2 peritectics: P and P,

3) 1 saddle point: S; and

(4) 4 plait points: Plait point 1,2, 3, and 4
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Figure 4.11: Projection of the liquidus surface of the Mg-Al-Sb system onto a ternary composition triangle.




Plait points are the maximum or minimum temperature points at which two or

three liquid phases exist in equilibrium [65].

Table 4.7 shows the estimated critical points and expected reactions at those points.

Table 4.7: Calculated invariants points and reactions

Critical Xsb Xmg | Temperature Reaction
point (K)

E, 0.902 | 0.093 852.6 L < AlSb + Sb+ a-MgsSbh,
E; 0.063 | 0.930 898.8 L < a-Mg3Sby+ (Mg)
E; 0.1E-7 | 0.690 708.9 L & (Mg) + a-MgsSby+ v
E4 0.1E-7 | 0.424 721.8 L < v+ a-MgszSb; + Al1s0Mgsy
Es 0.1E-7 | 0.362 723.4 L & a-Mg;Sb; + (Al) + Alj40Mgsgo
Es 0.003 | 0.002 930.2 L < AlSb + (Al) + a-Mg3Sh,
Py 0.017 | 0.959 987.4 L & L + (Mg) + a-MgsSb,
P, 0.075 |0.040 | 11332 L < L + a-Mg;Sb, + AlISb
S 0.430 |0.398 1136.9 L < a-Mg;Sb, + AlSb
Plait point 1 | 0.375 | 0.353 1133.2 L /L + Liquid #2 + a-Mg3Sb, + AlSb
Plait point 2 | 0.278 | 0.122 1226.0 L /L + Liquid #2 + AlISb
Plait point 3 | 0.037 | 0.950 901.3 L /L + Liquid #2 + a-Mg3Sb, + (Mg)
Plait point 4 | 0.292 | 0.472 1164.0 L /L + Liquid #2 + a-Mg3Sb,

The different phase fields around the plait points 1, 2, 3, and 4 are shown in
Figure 4.12 (a), (b), (c), and (d), respectively. The compositions of the plait points are

shown by the vertical dashed lines.
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Figure 4.12: Different phase fields around the plait points in the Mg-AI-Sb ternary system
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4.3.2 Ternary isothermal sections

Polythermal projections of the liquidus surface do not provide information on the
compositions of the solid phases at equilibrium. However, this information can be
presented at any one temperature on an isothermal section such as that shown for the Mg-

Al-Sb system at 1300 K in Figure 4.13.

Sb

AlSb + Liquid

ﬁ Mg3Sb2 + L1qu1d

~ o 2Liquds. v ,

Mg Al

mole fraction

Figure 4.13: Isothermal section of the Mg-Al-Sb system at 1300 K.
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The liquidus lines bordering the single phase of Figure 4.13 are identical to the
1300 K isotherms of the projection in Figure 4.11. The dashed lies in the two phase
regions in Figure 4.13 are the tie lines. If the overall composition lines within one of the
two phase regions, the compositions of the two phases are given by the ends of the tie
lines which passes through the overall composition. Figure 4.14 shows another

isothermal section of the Mg-Al-Sb system at 1400 K.

Sb

B-Mg;Sb; + Liquid

Mg

mole fraction

Figure 4.14: Isothermal section of the Mg-AI-Sb system at 1400 K.
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It can be seen from Figure 4.14 that, at 1400 K: only $-Mg3Sb is in equilibrium
with homogenous liquid phase, there is no ternary liquid immiscibility. However, at 1300
K (Figure 4.13): B-Mg;Sb; and AISb are in equilibrium with homogeneous liquid phase,
there is ternary liquid miscibility gap.

From this comparison it can be concluded that, the compound -Mg;Sb; has the
highest melting point in the Mg-Al-Sb system, and the ternary liquid miscibility gap

starts below 1400 K namely at 1386.5 K.

4.3.3 Pseudo-binary phase diagrams

One of the benefits of establishing thermodynamic database for a multicomponent system
is the ability to calculate different types of diagrams in relation to temperature and
composition of the components. The Pseudo-binary phase diagram is one of these types
of diagrams which can be calculated from a thermodynamic database. It is drawn
between two compounds in a system.

In order to see the reliability of the present research work, the obtained
thermodynamic database for the Mg-Al-Sb systems is used to predict the pseudo-binary
diagrams of Al-AlSb, AlSb-Mg;Sb,, and Al-Mg3Sb, and compared with the reported
experimental observation in the literature.

As discussed in chapter 2.4, Loofs-Rassow [51] reported that Al-AlSb and AISb -
Mg;Sb, systems form a homogeneous liquid phase at high temperature and they do not

form miscibility gaps. Hence, to see the reliability of the present thermodynamic model
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for the Mg-Al-Sb system, quasi-binary phase diagrams are calculated and drawn for Al-

AlSb and AlSb-Mg3Sb; systems. These diagrams are shown in Figure 4.15 and 4.16.

1300

)
et

2 1100 Liquid + AlSb .
5
2
g
Y

= 900 -

AlSb + (Al)
700 i
500 . 1 N i N I : 1 N
0 0.2 04 0.6 0.8 1
Mole fraction AlSb

Figure 4.15: Pseudo- binary Al-AISb phase diagram
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Figure 4.16: Pseudo-binary AISb-MgsSb; phase diagram

Neither Figure 4.15 nor 4.16 show liquid miscibility gaps. This means that the
present model is supported by the experimental work of Loofs-Rassow [51]. Moreover
Loofs-Rassow [51] and Guertler and Bergman [50] reported that there is a liquid
miscibility gap in the binary Al-Mg;Sb,. This experimental observation was also

reproduced in the pseudo-binary Al-MgsSb; calculated from the current thermodynamic

model and shown in Figure 4.17.
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Figure 4.17: Calculated pseudo-binary Al-MgsSh; phase diagram

4.3.4 Ternary isopleths (at constant composition of one component)

A vertical isopleth, or constant composition section (ie. composition of one component is
fixed) through the space model of the Mg-Al-Sb system is shown in Figure 4.18. The
phase fields on Figure 4.18 indicate which phases are present when a set of alloys with
overall composition of 0.5A Mg- (0.5-0.5A) Al- 0.5 Sb is equilibrated at any temperature.
Here A ranges from 0 to 1. It should be noted that on an isopleth the tie lines do not, in

general, lie in the plane of the diagram [2]. Hence, the lever rule cannot be applied on an
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isopleth diagram. That is, the isopleth diagram provides information only on which

phases are present, not their compositions.

Liquid + a-Mg3Sb,

1400 . - ., : : . ,
Liquid /’/
1220 Liquid + AISb .
< |
= 1040 | 1
= Liquid + AISb + a-Mg;Sb,
g |
g 860 -
=
AlSb + Sb + a-Mg38b2
680 -
500 " i " I: L 1 L i n
0 0.1 0.2 0.3 0.4 0.5

Xal

Figure 4.18: Isopleth of the Mg-AI-Sb system at X, = 0.5

The application of an isopleth can be explained by the following example.
Consider an alloy of 0.3 Mg-0.2 Al- 0.5 Sb. The position of this composition is shown in
the Figure 4.18 with a vertical dashed line through 0.2 Al. The different phase fields of
this alloy during cooling from 1400 K to 500 K are,

From 1400 K to ~ 1234 K: Liquid

From 1234 K to ~ 1127 K: Liquid + AlSb

77



From 1227 K to ~ 852 K: Liquid + AISb + a-Mg3Sb,

From 852 K to 500 K: AlSb + Sb + a-Mg;Sb,

1450

1260

fquid + a-Mg;Sb,

Liquid + Liquid#2

< /
@ 1070 Liquid + AISb
£
& Liquid + Liquid#2+ a-Mg;Sb,
=%
g
ﬁ 880 Liquid + a-Mg;Sb, ]
Mg) 1
Mg3Sl:
o-Mg;Sh, + a-Mg;Sh, + (Al) +
690 l ) AlSb
Mg) +a-
Mg;Sb, +y 0-Mg;sSb, + (AD)
Alj4Mgso
5 OO 2 1 ] i ] N
0 0.16 0.32 048 0.64 0.8
Xal

Figure 4.19: Isopleth of the Mg-AI-Sb system at Xg; = 0.2

Figure 4.19 is the isopleth of the Mg-Al-Sb system at Xgp = 0.2 which shows the

ternary liquid miscibility gap at high temperature. As the isopleth diagram shows

different phases that occur during cooling of an alloy, it can also be used to identify the

eutectic reaction temperatures in the alloy system.
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4.3.5 Phase assemblage diagrams
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Figure 4.20: Phase assemblage diagram of 40wt% Mg, 30wt% Al, and 30wt% Sb

Figure 4.20 shows the phase assemblage diagram of the alloy 40wt% Mg, 30wt%
Al, and 30wt% Sb. By drawing this diagram at a specific composition the relative amount
of the phases can be calculated. For example, at 600 K, an alloy of this composition with
an overall weight of 100g consists of 39g of a-Mg3Sb; and 61g of y. The applications of
phase assemblage diagrams and isopleth diagrams are demonstrated in the following

examples.
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As it can be seen from Figure 1.2, the AZ91 alloy with 0.35wt% Sb shows higher‘
creep resistance than that of 0.70wt% Sb. Also, it was discussed in section 1.2 that the
improvement in creep resistance in these alloys is due to the formation of Mg;Sb,
precipitates. Hence, to have an idea of different phases in these two alloys, by assuming
that the presence of Zn and Mn alloying elements do not affect the formation of Mg3Sb,
precipitates, vertical sections of the Mg-Al-Sb system at constant Sb of 0.35wt% Sb and

0.70wt% Sb are drawn and shown in Figures 4.21 and 4.22.
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Figure 4.21: Isopleth of the Mg-Al-Sb system at 0.35wt% Sb
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Figure 4.22: Isopleth of the Mg-AI-Sb system at 0.7 wt% Sb

It can be observed from Figures 4.21 and 4.22 that, during cooling, the alloys Mg-
9A1-0.35Sb and Mg-9Al1-0.7Sb pass through same phase fields. Hence, it can be deduced
that the difference in creep resistance in AZ91 alloys with 0.35wt%Sb and 0.7wt%Sb
may be due to the difference in the relative amounts of these phases. In order to obtain
the relative amounts of phases, phase assemblage diagrams are drawn for the Mg-Al-Sb
system at constant composition of Sb of 0.35 wt% and 0.7 wt%Sb and shown in Figures

4.23 and 4.24, respectively.
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Figure 4.23: Phase assemblage diagram of Mg-941-0.35Sb

82

1700



Phase distribution (wt%)

100

20

90
80
70
60
50
40

30

Mg-Hcp

10

Liquid

10

900 1100 1300

Temperature (K)

1500

Mg-Hcep

o-M g3 sz

300

500
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It can be seen from Figures 4.23 and 4.24 that, at 473 K, the amount of Mg;Sba(s)
phase varies from 0.4 to 0.9 wt% when Sb addition varies from 0.35 — 0.7 wt%. Hence, in
Figure 1.2, the lower creep resistance of alloy 4 than that of alloy 3 may be due to the

large precipitates of MgzSb;.
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CHAPTER 5

CONCLUSIONS, CONTRIBUTIONS AND

SUGGESTIONS FOR FUTURE WORK

5.1 CONCLUSIONS

In this research, the Mg-Al-Sb system was thermodynamically modeled as part of
thermodynamic database construction for Mg-Al based alloys and the following
conclusions were drawn:

Optimized thermodynamic model parameters for different phases in the binaries
Al-Sb, and Mg-Sb were obtained, where, the liquid phases were described by Redlich-
Kister polynomial model and the non-stoichiometric compound B-MgsSb, was described
by a sublattice model. The model parameters of different phases were optimized with no
added lattice stability values to the pure components Mg-Hcp, Al-Fcc, and Sb-Rhombo.

From the obtained optimized model parameters, phase diagrams of Al-Sb, Mg-Sb
and the thermodynamic properties such as enthalpy, entropy, Gibbs free energy, and
activity were calculated and compared with the experimental literature data. The
calculated phase diagrams and thermodynamic properties were found to be in good

agreement with the data reported in the literature.

85



The thermodynamic database of Mg-Al-Sb system was constructed by combining
the databases of the constituent binaries Mg-Al, Al-Sb, and Mg-Sb. From the established
thermodynamic database, the Mg-Al-Sb ternary phase diagram was calculated and the
critical points were predicted. It was found that Mg-Al-Sb system has six eutectics, two
peritectics, one saddle point, and four plait points.

A closed ternary liquid miscibility gap was predicted by the established Mg-Al-Sb
thermodynamic database. By drawing isopleth diagrams and pseudo-binary diagrams this
ternary liquid immiscibility gap was compared and found consistent with the reported
experimental observations in the literature.

The thermodynamic database forms the basis for understanding the existing Mg-

Al-Sb alloys and for developing new alloys in this system.

5.2 CONTRIBUTIONS

In this work, the Mg-Al-Sb system was modeled and the database was constructed for the
first time.

As the present thermodynamic database of Mg-Al-Sb was constructed without
any added lattice stability values to the pure components, it could be easily used in
building a multicomponent database of Mg-Al based alloys.

The constructed thermodynamic database of the Mg-Al-Sb system, which is
found to be an interesting creep resistant Mg alloy system, allows the researchers to study
this system thoroughly and select useful compositions to make key experiments towards

finding the optimum creep resistant Mg-Al-Sb alloy for today’s needs.
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5.3 SUGGESTIONS FOR FUTURE WORK

Experimental determination of the crystal structure and the solubility limit of f-Mg;Sb,
phase are still needed. Then, a thermodynamic model based on these findings should be
carried out.

The established database is a first step to construct the equilibria in the Mg-Al-Sb
system and should be followed by key experiments to determine the exact location of the
critical points and the miscibility gap.

Experimental work is to be done on the measurement of thermodynamic
properties of the ternary Mg-Al-Sb liquid alloys.

As the predicted Mg-Al-Sb ternary system shows a ternary liquid miscibility gap,

experimental work could be done to explore the glass forming possibility in this system.
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