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Abstract

A thermodynamic description of the Al–Ca–Sr system is carried out using the modified quasichemical model. The three binary sys-
tems Al–Ca, Al–Sr, and Ca–Sr have been re-optimised based on the experimental phase equilibria and thermodynamic properties avail-
able in the literature. Good agreement was obtained for the calculated binary phase diagrams and their thermodynamic properties. The
established database of this system predicted one saddle point, one peritectic, seven quasi-peritectics, and two ternary eutectics.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Al–Ca–Sr ternary system is an important subsystem
in the family of creep resistant Mg–Al–Ca–Sr alloys [1,2].
Therefore, accurately assessing the thermodynamics and
phase stability in Al–Ca, Ca–Sr, and Al–Sr binary systems
is important for developing a reliable thermodynamic data-
base of Mg-alloys as well as Al-alloys. To create an accu-
rate thermodynamic model of a ternary system, it is
necessary to have thermodynamic descriptions of the three
constituent binary systems first. In order to provide a good
prediction for the thermodynamic properties of the Al–Ca–
Sr system, it is necessary to use the suitable model that
describes the excess Gibbs free energy. If a model based
on random mixing is used for the liquid phase, higher order
interaction parameters are needed to reproduce the liquidus

around the intermetallic compounds and it often results in
a less satisfactory liquidus at other compositions. In the Al–
Ca system, the measured heat of mixing forms a V-shape
0021-9614/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jct.2007.10.003

* Corresponding author. Tel.: +1 514 848 2424x3146; fax: +1 514 848
3175.

E-mail address: mmedraj@encs.concordia.ca (M. Medraj).
URL: http://www.me.concordia.ca/~mmedraj (M. Medraj).
with a minimum around 0.4 at.% Ca, which indicates a ten-
dency for short-range ordering. Furthermore, according to
You et al. [3], there is a strong evidence for the existence of
molecular, such as Al2Ca, species that are called associates,
in the liquid phase. To deal with short range ordering, the
associates model was proposed in the literature. However,
this model is not physically sound, since it assumes that
some molecules occupy specific atomic positions. Further-
more, using a random solution model to treat liquids with
short range ordering continues to appear in the literature.
In reality, a random solution model is only expected at very
high temperature when the entropy term overwhelms any
tendency for ordering or clustering of atoms. It follows that
the configurational entropy of mixing should vary with
temperature. The modified quasichemical solution model
provides a better treatment of configurational entropy that
accounts for a non-random distribution of atoms. There-
fore, models based on the random mixing can not properly
describe the influence of short-range ordering, as they do
not solve the problem of the configurational entropy. The
description of short-range ordering can be taken into
account with bond energy models by considering the inter-
actions between atoms that extend beyond the nearest
neighbours approximation. This problem has been treated

mailto:mmedraj@encs.concordia.ca
http://www.me.concordia.ca/~mmedraj


M. Aljarrah, M. Medraj / J. Chem. Thermodynamics 40 (2008) 724–734 725
using the modified quasichemical model [4,5]. The model is
the so-called because it has a mass-action equation that is
typical in chemical reaction theory.

No information on phase equilibria, ternary com-
pounds, or experimental thermodynamic data for the Al–
Ca–Sr ternary system could be found in the literature, thus
this work was initiated to evaluate critically the thermody-
namic description of this system using the modified quasi-
chemical model.

2. Experimental data

2.1. Al–Sr system

According to Burylev et al. [6], Vakhobov et al. [7], and
Vakhobov et al. [8], the assessed phase diagram of the Al–
Sr system consists of liquid, Sr-fcc and Sr-bcc, Al4Sr, Al2Sr,
Al7Sr8, and terminal solid solution, Al-fcc, with a low sol-
ubility of 0.6 at.% Sr at T = 773.15 K after annealing for a
period of 450 h [8]. Vakhobov et al. [8] reported that Sr dis-
solved 5.0 at.% Al at T = 873.15 K, whereas Closset et al.

[13] found a negligible solid solubility in this system. Fur-
thermore, comparing the mutual solubility between Al
and Sr with a similar system such as Al–Ca, the most reli-
able measurements show very low solubility of Ca in Al.
Moreover, in view of the relative atomic radii of Al and
Sr atoms, the ratio of Al radius to that of Sr is 0.67 indicat-
ing the chance for low solid solubility. Therefore, the
experimental solubility of [8] is not considered reliable. In
this work, it is assumed that the mutual solubility of the
components in Al–Sr system is negligible. The intermetallic
compound Al3Sr8 was predicted using first-principle calcu-
lations by Wolverton et al. [9] based on the existence of the
Al3Ca8 compound in the Al–Ca system [10,11].

Over a complete composition range using differential
thermal analysis (DTA), the Al–Sr system was investigated
by Burylev et al. [6] and Vakhobov et al. [7,8]. Whereas, Bru-
zzone and Merlo [12] studied this system by thermal analysis,
X-ray diffraction (XRD), and metallographic methods, the
starting materials were 99.8 wt% Sr and 99.99 wt% Al. They
reported that Al4Sr melts congruently at T = 1313.15 K.
However, Burylev et al. [6] and Closset et al. [13] reported
this melting point as T = (1273.15 ± 20) and T = 1298.15
K, respectively. In addition, Al2Sr melts congruently at
T = 1209.15 K according to [12] compared to Closset’s [13]
result at T = 1193.15 K. Furthermore, Bruzzone and Merlo
[12] concluded that Al7Sr8 decomposes by peritectic reaction
at T = 939.15 K.

Sato et al. [14] studied the Al-rich region of the Al–Sr
system using thermal analysis, XRD and optical micros-
copy. They reported that the invariant reaction in Al-rich
region occurs at 0.85 at.% Sr and T = 927.15 ± 1 K,
compared to the results of Closset et al. [13] as 0.75
at.% Sr and T = 927.15 K. Whereas, Hanna and Hella-
well’s [15] values are 1.3 at.% Sr and T = 926.15 K. Clos-
set et al. [13] and Burylev et al. [6] reported that the
eutectic reaction in the Sr-rich region occurs at
T = 853.15 K and 73.5 at.% Sr, and at T = 833.15 K
and �70 at.% Sr, respectively. Closset et al. [13] men-
tioned that they had difficulties with detection of the
thermal arrests in the alloys containing more than
60 at.% Sr. Therefore, the liquidus points at higher Sr
concentrations seem to be less reliable than that in the
work of Bruzzone and Merlo [12].

Alcock and Itkin [16] first reviewed and optimised the
Al–Sr system. Subsequently, several efforts [17–20] have
been made to calculate this system. The Al–Sr phase dia-
gram presented by Chartrand and Pelton [17] is different
from that published by Alcock and Itkin [16], especially
in the Sr-rich part. The calculated phase diagram agrees
reasonably well with most of the experimental data except
for the melting behaviour of Al2Sr. The calculations of the
Al–Sr phase diagram [16,18,19] show that Al2Sr melts
incongruently because of symmetry in the Al4Sr liquidus.
In contrast, the interpretations of the experimental data
of Closset et al. [13], and Bruzzone and Merlo [12] showed
asymmetry in Al4Sr liquidus and congruent melting of
Al2Sr which is in agreement with Chartrand and Pelton’s
[17] assessment. In this work, therefore, melting of the inter-
metallic compound Al2Sr is considered to be congruent.

Sommer et al. [20] and Esin et al. [21] measured the
enthalpy of mixing of the Al–Sr liquid at T = (1070.15,
1125.15, 1130.15, 1173.15, and 1175.15) K, using a high
temperature mixing calorimeter. Burylev et al. [6] and Vak-
hobov et al. [7] measured the vapour pressure of Sr over the
temperature range of (1123.15 to 1373.15) K using the
Knudsen effusion method. Based on these data, they [6,7]
derived the activities of Sr in Al–Sr liquid. Srikanth and
Jacob [23] measured the activity of Sr in Al–Sr liquid at
T = 1323.15 K in the composition range less than 17 at.%
Sr and greater than 28 at.% Sr using Knudsen effusion-
mass loss technique and pseudo isopiestic technique,
respectively. These data are employed in the current work.
2.2. Al–Ca system

In 1908, Donski [24] carried out the first attempt to con-
struct the Al–Ca system using thermal analysis. This led
Matsuyama [25] to investigate the Al–Ca system by ther-
mal analysis, electrical resistance and microscopic exami-
nation. His samples were prepared from 99.4 wt% Al and
98.34 wt% Ca. He determined the liquidus line, two eutectic
reactions; one in the Al-rich region occurring at 5.2 at.%
Ca and T = 889.15 K, compared to Donski’s [24] results
as 5.5 at.% Ca and T = 883.15 K. Whereas, Kevorkov
and Schmid-Fetzer’s [11] values are 5.1 at.% Ca and
T = 886.15 K. The other eutectic is in the Ca-rich side
and according to Matsuyama [25], it occurs at 64.5 at.%
Ca and T = 818.15 K, compared to Donski’s [24] values
as 66.9 at.% Ca and T = 823.15 K, and Kevorkov and Sch-
mid-Fetzer’s [11] results as 66.3 at.% Ca and T = 829.15 K.
These results will be used for comparison with the current
assessment.
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In the Al–Ca system, most of the experimental investiga-
tions deal mainly with the Al-rich corner, which is technically
interesting for aluminium alloys. Nevertheless, Kevorkov
and Schmid-Fetzer [11] investigated the entire Al–Ca system
using X-ray diffraction, SEM/EDX analysis, metallo-
graphic, and diffusion couple techniques. They [11] reported
four intermetallic compounds; Al2Ca which melts congru-
ently at T = 1359.15 K compared to Matsuyama’s [25] value
at T = 1352.15 K, Al3Ca8 which melts congruently at
T = 852.15 K, Al4Ca which decomposes at T = 973.15 K
compared to Donski’s [24] and Matsuyama’s [25] values at
T = 963.15 and T = 973.15 K, and AlCa which melts incon-
gruently at T = 906.15 K. However, Huang and Corbett [10]
reported, also, the occurrence of Al14Ca13 compound with
monoclinic structure instead of AlCa. Nowotny et al. [26]
determined the crystal structure of Al4Ca and Al2Ca as bct
and fcc, respectively. Huang and Corbett [10] investigated
the crystal structures of Al14Ca13 and Al3Ca8 using X-ray
analysis and noted that they have monoclinic and triclinic
structures, respectively.

Several researchers [25,27–30] measured the solubility of
Ca in Al. Among them Edwards and Taylor [29] and
Jaquet and Warlimont [30] reported negligible solubility
and their results agree fairly well. Therefore, the mutual
solubility of the components in Al–Ca system is considered
negligible in this work.

The enthalpy of formation of Al2Ca and Al4Ca com-
pounds was measured by many researchers [31–36]. Notin
et al. [31,32] determined the enthalpy of formation of these
compounds at T = 953.15 K and T = 1038.15 K precisely.
They recorded calorimetric signals that corresponded to
the enthalpy change during the addition of a solid Ca to
the Al melt. There is a reasonable agreement with the val-
ues of enthalpy of formation for Al2Ca between [32,36].
According to Kevorkov et al. [36], the small difference
between them may be due to the difference in heat capacity,
DCp, for the formation reaction between room temperature
and T = 1038.15 K. There are no experimental data on the
enthalpy of formation of the Al14Ca13 intermetallic com-
pound reported in the literature up to date and according
to Kevorkov et al. [36]. This is due to the sluggish forma-
tion kinetics of the phase and thus difficulty of preparing
an Al14Ca13-rich sample. The enthalpy of formation of
the Al3Ca8 phase was measured using drop solution calo-
rimetry by Kevorkov et al. [36].

Notin et al. [32], Sommer et al. [20], and Kevorkov et al.
[36] measured the heat of mixing of liquid Al–Ca alloys.
Their experimental results are in good agreement. Jacob
et al. [37] determined the activity of the components in
the Al–Ca liquid using Knudsen effusion method for alloys
in the composition range less than 38 at.% and greater than
44 at.% Ca at T = 1373 K. Schürmann et al. [38] measured
the activities of Ca in the liquid alloys using boiling point
determination technique. The activity measurements by
Jacob et al. [37] and Schürmann et al. [38] agree fairly well.

Kevorkov and Schmid-Fetzer [11] calculated the phase
diagram of the Al–Ca system using the random solution
model. In order to adjust the liquidus around Al2Ca, their
calculated enthalpy of mixing deviated from the experi-
mental data, whereas fitting the enthalpy of mixing to the
experimental data resulted in shifting the liquidus line of
Al2Ca to a higher temperature. When the random solution
model is used for the liquid, higher order interaction
parameters in the liquid are needed to reproduce the liqui-

dus around Al2Ca and it often results in less satisfactory
liquidus at other compositions. Ozturk et al. [39] used both
random and associate model to re-optimise the Al–Ca sys-
tem. They found that while the random solution model
gives better agreement with the experimental phase dia-
gram, the associate model agrees well with the experimental
thermodynamic data.

2.3. Ca–Sr system

Several researchers [40–47] studied the Ca–Sr phase dia-
gram. Among them Schottmiller et al. [40] determined the
liquidus and solidus lines by thermal analysis with ±6 K
uncertainty. They prepared Ca–Sr alloys from 99.8 wt.%
Ca and 99.7 wt.% Sr in an iron crucible under an argon
atmosphere. Schottmiller et al. [40] reported that the liqui-

dus line has a minimum at 62 at.% Sr and T = 1011.15 K,
and there are three allotropies of Ca and Sr. According
to Peterson and Fattore [44], however, this is due to the
hydrogen contamination in the Ca and Sr samples. A more
reliable work by Smith et al. [43] stated that there are only
two allotropies occurring in both pure Ca and Sr.

Mutual solubility between Ca and Sr throughout the
entire composition range is considered in the current work.
Both pure Ca and Sr have the same type of allotropic phase
transformation from fcc to bcc at T = 716.15 K and
T = 829.15 K [41], respectively.

Predel and Sommer [48] measured the enthalpy of mixing
of the Ca–Sr liquid at T = 1143.15 K using high tempera-
ture calorimetry. The excess entropy of mixing of the Ca–
Sr liquid is assumed to be zero by Predel and Sommer [48].

2.4. Al–Ca–Sr system

No data describing the experimental thermodynamic or
phase equilibrium for the Al–Ca–Sr ternary system could
be found in the literature. Thus, this work was initiated
to evaluate critically the thermodynamic description of this
system using the modified quasichemical model. The phase
equilibria will be established for this system based on the
optimised binary subsystems.
3. Thermodynamic models

For a pure element with a certain structure /, its Gibbs
free energy, referenced at room temperature, is described as

�Gu
A¼aþbðT =KÞþcðT=KÞlnðT=KÞþdðT =KÞ2þ

eðT=KÞ3þf ðT=KÞ�1þgðT =KÞ7þhðT=KÞ�9
; ð1Þ
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where the parameters a to h are assigned from the SGTE
database [49].

The Gibbs free energy function of the stoichiometric
compound is represented by equation (2):

Gphase;u ¼ x�i Gu
i þ x�j Gu

j þ DGf ; ð2Þ

where �Gu
i and �Gu

j denote the Gibbs free energy of element
i and j in their standard state and DGf = a + b(T/K) repre-
sents the Gibbs free energy of formation of the stoichiom-
etric compound, where a and b are the model parameters to
be optimised using experimental data.

The Gibbs free energy of a disordered solution phase is
described by the following equation:

G ¼ x�i GU
i þ x�j GU

j þ RðT=KÞ½xi ln xi þ xj ln xj�þexG/; ð3Þ

where U denotes the phase in question and xi, xj denote the
mole fraction of component i and j, respectively. The excess
Gibbs free energy of a disordered solution is represented
using the Redlich–Kister equation:

exGU ¼ xi:xj

Xn¼m

n¼0

nL/
i;jðxi � xjÞn;

with nL/
i;j ¼ an þ bn � T ðn ¼ 0; . . . ;mÞ;

ð4Þ

where nLU
i;j is the interaction parameters, an and bn are mod-

el parameters to be optimised in terms of experimental
phase diagram and thermodynamic data.

In this study, two complete solid solutions, fcc and bcc,
were modelled in the Ca–Sr system using the random solu-
tion model described in equations (3) and (4).

The molar Gibbs free energy for the liquid phase,
derived from quasichemical theory [50], is described by
the following equation:

Gliq ¼ n�i Gliq
i þ n�j Gliq

j � TDSconfig þ nij

2
DexsGliq; ð5Þ

where ni and nj are the number of moles of the component i

and j, nij is the number of (i–j) pairs, DSconfig is the config-
urational entropy of mixing given for randomly distribut-
ing the (i–i), (j–j), and (i–j) pairs:

DSconfig ¼ �R½ni lnðxiÞ þ nj lnðxjÞ� � R nii ln
xii

y2
i

� ��
þ

njj ln
xjj

y2
j

 !
þ nij ln

xij

2yiyj

 !#
; ð6Þ

where xi and xj are the overall mole fractions of the com-
ponents i and j, respectively,

xi ¼
ni

ni þ nj
; ð7Þ

Pair fraction : xii ¼
nii

nii þ njj þ nij
; ð8Þ

and the coordination-equivalent fractions :

yi ¼
Zini

Zini þ Zjnj
; ð9Þ

where Z is the coordination number.
The mass balance in the quasichemical model gives [51]

Zini ¼ 2nii þ nij; ð10Þ
Zjnj ¼ 2njj þ nij: ð11Þ

Substitution of equations (10) and (11) into equations (8)
and (9) gives

yi ¼ xii þ
xij

2
;

yj ¼ xjj þ
xij

2

ð12Þ

The expansion of exGliq as a polynomial in terms of the pair
fraction xii, xjj, xij is represented by the following equation
(13) [5]:

DexGliq ¼ Dg�ij þ
X
iP1
mP1

gm�
ij xm

ii þ
X
jP1
nP1

g�nij xn
ij: ð13Þ

The parameters, Dg�ij; g
i�
ij and g�jij are to be optimised using

experimental data.
Chartrand and Pelton [4] modified the quasichemical

model, in order to permit the coordination number to vary
with compositions, as follows:

1

Zi
¼ 1

Zi
ii

2nii

2nii þ nij

� �
þ 1

Zi
ij

nij

2nii þ nij

� �
;

1

Zj
¼ 1

Zj
jj

2njj

2njj þ nij

� �
þ 1

Zj
ji

nij

2njj þ nij

� �
;

ð14Þ

where Zi
ii and Zi

ij are the values of the coordination number
of the ith atom when all nearest neighbours are i’s and j’s,
respectively.

Substituting equation (14) in equations (10) and (11)
gives

ni ¼
2nii

Zi
ii

þ nij

Zi
ij

;

nj ¼
2njj

Zi
jj

þ nij

Zi
ji

:

ð15Þ

The coordination number of the pure elements in the
metallic liquid solution, ZCa

CaCa ¼ ZAl
AlAl ¼ ZSr

SrSr, is set to be
6 which is the same coordination number used by Pelton
and Chartrand [4]. The coordination number of the pairs;
ZAl

AlCa,ZCa
CaAl,Z

Sr
AlSr,Z

Al
SrAl, ZSr

CaSr, and ZCa
SrCa are chosen to permit

the composition of maximum short range ordering in the
binary system to be consistent with the composition that
corresponds to the minimum heat of mixing. The tendency
to maximum short range ordering near the composition
40 at.% Ca in the Al–Ca system was obtained by setting
ZAl

AlCa ¼ 6 and ZCa
CaAl ¼ 4. In the Al–Sr system, the tendency

to maximum short range ordering near the composition
40 at.% Sr was obtained by setting ZSr

AlSr ¼ 4 and
ZAl

SrAl ¼ 6. The positive heat of mixing in Ca–Sr system re-
flects the fact that formation of Ca–Ca and Sr–Sr pairs is



TABLE 1
Optimised thermodynamic parameters of the Al–Ca, Al–Sr, and Ca–Sr
systems in J Æ mol�1 Æ atom�1

Liquid (Al,Ca) DexGliq ¼ �1296:4þ 0:48ðT=KÞþ
f�0:142ðT=KÞgxCa;Ca

þf134:3þ 0:031ðT=KÞgxAl;Al

ZAl
AlCa ¼ 6

ZCa
CaAl ¼ 4

Liquid (Al,Sr) DexGliq ¼ �1511:5þ 0:54ðT=KÞþ
f�187:10� 0:269ðT=KÞgxSr;Srþ
f442:76� 0:108ðT=KÞgxAl;Al

ZSr
AlSr ¼ 4

ZAl
SrAl ¼ 6

Liquid (Ca,Sr) DexGliq ¼ 43:74þ 0:01ðT=KÞ þ 22:85xCa;Ca

�6:09xSr;Sr

ZSr
CaSr ¼ 3

ZCa
SrCa ¼ 3

Al2Ca GAl2Ca
Al:Ca ¼ �28559þ 1:8ðT=KÞ

Al4Ca GAl4Ca
Al:Ca ¼ �17327þ 0:46ðT=KÞ

Al3Ca8 GAl3Ca8
Al:Ca ¼ �16309þ 0:21ðT=KÞ
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more favourable than formation of Ca–Sr pairs. This indi-
cates that the coordination number for Ca–Sr pairs should
be small. Hence the parameters ZSr

CaSr and ZCa
SrCa are set to be

3 in this work.
Thermodynamic optimisation and calculations were

performed in this work using FactSage program [52].

4. Results and discussion

4.1. Al–Sr system

The re-optimised Al–Sr system along with all experimen-
tal data from the literature is shown in figure 1. As can be
seen from this figure, the calculated liquidus and invariant
points are in good agreement with the experimental data
of Closset et al. [13], and Bruzzone and Merlo [12] but differ
slightly from those obtained by Vakhobov et al. [7] and
Vakhobov et al. [8]. The results of Closset et al. [13] are sup-
ported with a good description of the experimental methods
and they are considered more reliable compared to [7,8]
works which are in agreement with Chartrand and Pelton’s
[17] assessment. Table 1 lists the thermodynamic model
parameters obtained by optimisation using the experimen-
tal thermodynamic and phase equilibrium data from the lit-
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FIGURE 1. (a) Re-optimised phase diagram for the Al–Sr system, (b) Al-
rich region of the Al–Sr system: s: [13]; [12]; m: [8]; h: [22]; .: [14]; �:
[15].

Al14Ca13 GAl14Ca13
Al:Ca ¼ �28209þ 0:18ðT=KÞ

Al4Sr GAl4Sr
Al:Sr ¼ �30853þ 1:4ðT=KÞ

Al3Sr8 GAl3Sr8
Al:Sr ¼ �11868þ 0:4ðT=KÞ

Al7Sr8 GAl7Sr8
Al:Sr ¼ �21198þ 0:25ðT=KÞ

Al2Sr GAl2Sr
Al:Sr ¼ �30409þ 2:1ðT=KÞ

bcc Gbcc
Ca:Sr ¼ 3770:0þ 0:01ðT=KÞ

fcc Gfcc
Ca:Sr ¼ 3770:0þ 0:11ðT=KÞ

Standard state of the liquid phase is liquid component; standard state of
the stoichiometric compounds is solid.
erature. The calculated invariant points in relation to the
experimental data from the literature are presented in table
2. The calculated liquidus and invariant points of the Al–Sr
system are in good agreement with the experimental data up
to 60 at.% Sr as can be seen in table 2 and figure 1. It is note-
worthy that discrepancies between the calculated and exper-
imental data in the Sr-rich region are due to the high
reactivity of Sr. In addition, the experimental phase dia-
gram shows uncertainties for the liquidus and invariant
points in the Sr-rich region.

The calculated heat of mixing of Al–Sr liquid at
T = 1125.15 K is plotted in figure 2 together with experi-
mental values from the literature [20,21]. As can be seen
in this figure, the calculated heat of mixing of Al–Sr liquid
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TABLE 2
Comparison between calculated and experimental values of the invariant reactions in the Al–Sr system

Reaction at.% Al at.% Sr T/K Reference Reaction type

L M Al + Al4Sr 99.25 0.75 927.15 [13] Eutectic
99.15 0.85 927.15 ± 1 [14]
98.70 1.30 926.15 [15]
99.36 0.64 929.15 [This work]

L M Al4Sr 80.00 20.00 1273.15 ± 20 [6] Congruent
80.00 20.00 1313.15 [12]
80.00 20.00 1298.15 [13]
80.00 20.00 1311.15 [8]
80.00 20.00 1302.15 [This work]

L + Al4 Sr M Al2Sr 66.67 33.33 1209.15 [12] Peritectic
66.67 33.33 1193.15 [13]
66.67 33.33 1196.15 [This work]

L + Al2Sr M Al7Sr8 46.67 53.33 939.15 [12] Peritectic
46.67 53.33 937.15 [13]
46.67 53.33 940.15 [This work]

L M Sr-bcc 0.00 100.00 1042.15 [40] Melting
0.00 100.00 1043.15 [This work]

L M Al7Sr8 + Al3Sr8 27.50 72.50 866.15 [12] Eutectic
27.29 72.71 877.15 [This work]

L M Sr-bcc + Al3Sr8 19.22 80.78 872.15 [This work] Eutectic
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agrees well with the experimental data. The reported data
are consistent over the entire composition range and show
no temperature dependence. Figure 2 shows that the mini-
mum value of the heat of mixing occurs around 40 at.% Sr
which indicates high stability of the liquid and a tendency
for short range ordering. The experimentally measured Sr
activity in the liquid phase [6,7,23] is compared with the
calculation performed at T = 1323.15 K as shown in figure
3. It can be seen in this figure that mixing up to 60 at.% of
Sr in the Al–Sr liquid demonstrates negative deviation
from Raoult’s ideal solution, but mixing 60–100 at.%
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FIGURE 2. Plot of the calculated heat of mixing against mole fraction Sr
for the Al–Sr liquid at T = 1125.15 K. s: 1130.15 K [20], h: 1070.15 K
[20]; n: 1125.15 K [20]; ,: 1175.15 K [20]; �: 1173.15 K [21]. (Reference
state: Al-liquid and Sr-liquid).
Sr in the liquid obeys Raoult’s model for the ideal
solution.

4.2. Al–Ca system

The experimental phase diagram, enthalpy of mixing,
and the activities of Al and Ca in the liquid phase were
used to optimise the thermodynamic model parameters of
the liquid and the intermetallic compounds in this system.
The optimised model parameters as well as the binary
invariant points are given in tables 1 and 3, respectively.
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FIGURE 3. Plot of calculated activity of Sr against mole fraction Sr for
the Al–Sr liquid at T = 1323.15 K. n: 1123.15–1373.15 K [6], s: 1323.15 K
[23], h: 1123.15–1373.15 K [7]. (Reference state: Al-liquid and Sr-liquid).



TABLE 3
Comparison between calculated and experimental values of the invariant reactions in the Al–Ca system

Reaction at.% Al at.% Ca T/K Reference Reaction type

L M Al-fcc 100.00 0.00 934.15 [40] Melting
100.00 0.00 934.15 This work

L M Al-fcc + Al4Ca 94.90 5.10 886.15 [11] Eutectic
94.80 5.20 889.15 [25]
94.50 5.50 883.15 [24]
95.22 4.78 885.15 This work

L + Al2Ca M Al4Ca 80.00 20.00 963.15 [24] Peritectic
80.00 20.00 973.15 [25]
80.00 20.00 973.15 [11]
80.00 20.00 973.15 This work

L M Al2Ca 66.67 33.33 1352.15 [25] Congruent
66.67 33.33 1359.15 [11]
66.67 33.33 1356.15 This work

L + Al2Ca M Al14Ca13 50.00 50.00 906.15 [11] Peritectic
51.85 48.15 904.15 This work

L M Al14Ca13+Al3Ca8 35.50 64.50 818.15 [25] Eutectic
33.70 66.30 829.15 [11]
33.10 66.90 823.15 [24]
33.44 66.56 830.15 This work

L M Ca-bcc+Al3Ca8 20.00 80.00 833.15 [11] Eutectic
20.44 79.56 827.15 This work

L M Al3Ca8 27.27 72.73 852.15 [11] Congruent
27.27 72.73 843.15 This work
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The re-optimised phase diagram of the Al–Ca system in
relation to the experimental data from the literature is
shown in figure 4. Good agreement between the re-opti-
mised phase diagram and the measured liquidus points of
[11,24,25] can be observed in this figure.

The calculated enthalpy of mixing at T = 1100.15 K
and the experimental data of Sommer et al. [20] and Notin
et al. [31] are shown in figure 5. As can be seen from this
figure, the calculated heat of mixing of liquid Al–Ca is in
good agreement with the experimental data. The calcu-
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FIGURE 4. Re-optimised phase diagram for the Al–Ca system. s: [11];
,: [25]; m: [24].
lated entropy of mixing of the Al–Ca liquid at
T = 1100.15 K shows a minimum value near the 35 at.%
Ca composition which corresponds to the composition
where the enthalpy of mixing is minimum indicating a ten-
dency for short range ordering in the Al–Ca liquid as can
be seen in figure 6. Figures 7 and 8 show the calculated
activities of Al and Ca in the Al–Ca liquid at
T = 1373.15 K along with the experimental data of Jacob
et al. [37] and Schürmann et al. [38]. The calculated activ-
ities show good agreement with the experimental data. The
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calculated heat of formation of the intermetallic com-
pounds in the Al–Ca system along with the measured heat
of formation is plotted in figure 9. The calculated and the
measured heat of formation of the compounds in the Al–
Ca system are in accord.

4.3. Ca–Sr system

Figure 10 shows the calculated Ca–Sr phase diagram in
relation to the experimental data of Schottmiller et al. [40],
and Predel and Sommer [48]. The re-optimised Ca–Sr sys-
tem agrees well with the experimental data. The data of the
heat of mixing by Predel and Sommer [48] were used in the
optimisation and matched the calculated heat of mixing
curve seen in figure 11. Physically, the heat of mixing is
positive reflecting the fact that formation of Ca–Ca and
Sr–Sr pairs is more favourable than formation of Ca–Sr
pairs. In this work, the excess entropy of mixing of the
liquid alloys is relatively small with maximum value of
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FIGURE 6. Plot of the entropy of mixing of the Al–Ca liquid at T =
1100.15 K (- - - - - ideal; —–, actual).
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+0.02 J Æ mol�1 Æ K�1 which is in agreement with the evalu-
ation of Alcock et al. [47].

Due to the lack of experimental thermodynamic data for
the Ca–Sr system, its thermodynamic description was pre-
dicted based on the experimental work of Schottmiller
et al. [40] and Predel and Sommer [48] only.
FIGURE 12. Ternary liquidus projection of the Al–Ca–Sr system in mole frac
,: saddle point; 	: ternary peritectic.
4.4. Al–Ca–Sr system

The thermodynamic properties of the liquid were esti-
mated from the optimised binary parameters using the
Toop extrapolation [53]. This is an asymmetric extrapola-
tion method that is used in this work because Ca and Sr
have similar properties which are different from those of
Al. For this purpose, Ca and Sr were placed in the same
group while Al was in a different group. No ternary adjust-
able terms were added since experimental thermodynamic
data for the Al–Ca–Sr system could not be found in the lit-
erature. The database was then used to calculate polyther-
mic projections of the liquidus surfaces shown in figures 12
and 13. The Al–Ca–Sr ternary system is presented as a pro-
jection using the Gibbs triangle at various temperatures
and constant pressure. The calculated liquidus projection,
as can be seen in figures 12 and 13, is divided into 11 pri-
mary crystallization fields: Al4Sr, Al2Sr, Al3Sr8, Al7Sr8,
Al2Ca, Al4Ca, Al3Ca8, Al14Ca13, Al, fcc, and bcc. The
model predicted one saddle point, one peritectic, seven
quasi-peritectics, and two ternary eutectics. The respective
reactions of these points are listed in table 4.

In view of the fact that atomic size and crystal structure
of Ca and Sr are similar, a possible ternary solid solubility
of the third element exists in the Al–Ca and Al–Sr inter-
metallic compound system. This demands experimental
tion with invariant points. s: Ternary quasi-peritetic; }, ternary eutectic;



FIGURE 13. Ternary liquidus projection of the Al–Ca–Sr system in weight fraction.

TABLE 4
Ternary invariant points of the Al–Ca–Sr system (atom %)

Reaction at.% Al at.% Ca at.% Sr T/K Reaction typea

L M Al + Al4Sr + Al4Ca 95.39 4.13 0.48 898.55 E1
L M fcc + Al3Ca8 + Al7Sr8 34.29 37.78 27.93 585.85 E2
L + Al3Ca8 M fcc + bcc 25.21 56.72 18.07 726.65 U1
L + Al7Sr8 M Al3Ca8 + Al2Sr 35.02 37.72 27.26 587.65 U2
L + Al3Ca8 M Al2Sr + Al14Ca13 38.14 41.24 20.62 620.75 U3
L + Al2Sr M Al2Ca + Al14Ca13 42.12 40.23 17.65 710.95 U4
L + Al2Ca M Al2Sr+Al4Sr 59.47 20.46 20.07 1030.85 U5
L + Al4Sr M Al4Ca + Al2Ca 91.89 7.05 1.06 962.45 U6
L + Al3Sr8 M fcc + Al7Sr8 30.40 17.58 52.02 758.25 U7
L + bcc + Al3Sr8 M fcc 24.45 8.94 66.61 810.75 P
L M Al4Sr + Al2Ca 73.62 16.02 10.36 962.65 S

a E denotes ternary eutectic reaction; U denotes ternary quasi-peritectic reaction; P denotes peritectic reaction; and S denotes saddle point.
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investigation in order to determine their solubility limit and
the invariant points.

5. Summary

A self-consistent thermodynamic database has been con-
structed for the Al–Ca–Sr system using the modified quasi-
chemical model. The model parameters are evaluated by
incorporating all experimental data available in the litera-
ture. The phase diagrams and thermodynamic properties
of all the three binaries show good agreement with the
experimental data. The ternary phase diagram of the Al–
Ca–Sr system is calculated by combining the parameters
of the three constituent binaries in one database. The estab-
lished database for this system predicted one saddle point,
one peritectic, seven quasi-peritectics, and two ternary
eutectics. This is the first attempt to construct the ternary
phase diagram of the Al–Ca–Sr system using the modified
quasichemical model and lays the foundation for more
developed evaluation.
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