Basic and Applied Résearch: Section I

Critical Evaluation and Optimization of
the Thermodynamic Properties and
Phase Diagrams of the Al-Mg, Al-Sr,

iy

Mg-Sr, and Al-Mg-Sr Systems

P. Chartrand and A.D. Pelton
Centre de Recherche en Calcul Thermochimique
Ecole Polytechnique
P.O. Box 6079, Station “Centre Ville”
Montreal, Quebec, Canada, H3C 3A7

(Submitted May 3, 1994 ; in revised form Octrober 4, 1994

All available thermodynamic and phase diagram data were critically assessed for all phases in the Al-
Mg, Al-Sr, and Mg-Sr systems at 1 bar pressure from room temperature to above the liquidus tem-
peratures. For these systems, all reliable data were simultaneously optimized to obtain a set of model
equations for the Gibbs energy of the liquid alloy and all solid phases as functions of composition and
temperature. The modified quasi-chemical model was used for the liquid. The Al-Mg-Sr ternary
phase diagram was calculated from the optimized thermodynamic properties of the binary systems,
Since no reliable ternary data were available, three assumptions were made: no ternary terms were
added to the model parameters for the therinodynamic properties of the liquid, no ternary solid so-
lutions are present in the system, and no ternary compound is present in the system. The calculated
ternary phase diagram is thus a first approximation, which can be improved by the addition of new
experimental data and can be used as a base for the calculation of phase diagrams of multicomponent

systems.

Introduction

Strontium is used, like sodium, in aluminum cast alloys con-
taining silicon to modify the acicular structure of the Al-Si eu-
tectic. Timminco Ltd., which produces Al-Sr master alloys for
the aluminum industry, has patented master Al-Sr-Mg compo-
sitions with an increased Sr content. To control the production
of ingots of these master alloys. the Al-Mg-Sr phase diagram is
required, but no satisfactory experimental phase diagram is
currently available. The prediction of the phase diagram is pos-
sible from the thermodynamic optimizations of the three bi-
nary systems using appropriate models. [82Mur] reviewed the
literature and optimized the Al-Mg system. Other optimiza-
tions of this system were performed by [77Sab], [86Lud],
[90Sau}, and [93Zuo]. [89Alc] studied and optimized the Al-Sr
system. [918ri] also made an optimization of this system.
[86Nay] made the only optimization of the Mg-Sr system.

Because more recent thermodynamic data are now available,
and in order to obtain more complete and precise results, the
present authors decideéd to reoptimize the three binary systems
before calculating the ternary phase diagram.

* Aternary diagram calculation requires that the same model be

ased in all binary systems for each phase present in the ternary
field. For the liquid phase, the present authors used the modi-
fied quasi-chemical model [§6Pel], which is well adapted to
describe the ordered liquid in the Al-Sr system. The model
considers the Gibbs energy for the formation of two A-B bonds
from one A-A bond and one B-B bond (sce Eq 1).

[A-A]l+[B-B]l=2[A-B] (Eq 1)
Expressions for enthalpies and entropies of mixing are written
in terms of the bond fractions X4, Xgp, and X, 5, and in terms
of (w-nT) which is the Gibbs energy change of the bond ex-
change reaction (Eq 1). The equilibrium bond fractions are ob-
tained by setting:

G
[5}(‘/‘;}: 0 : (Eq2)

while taking account of the mass balances. This results in an
“equilibrium constant” for the bond exchange reaction (Eq I).
Details of the model were presented by [86Pel]. The fixed pa-
rameters of the model in the present evaluation are “coordina-
tion numbers™ Zy = baZ, Zy, = bygpZ, and Zg, = b, Z where Z
=6, by = 1.3774, by, = 0.9183, and by, = 2.0661. These pa-
rameters are those used in previous evaluations, which are
forming a data base on metallic liquid solutions.

The thermodynamic properties of Al, Mg, and Sr used in this
evaluation are given in Table 1 and apply to Eq 3:

H=A+f

C,dr J/g—atom
29%.15

S=8B +f (
298.15

C,=a+b (10T +c (10572

CP/T)a’T J/K - g—atom

+d (107972 J/K - g—atom (Eq3)
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Table1 Thermodynamic Properties of Elements and Compounds Relative to Elements at 25 °C

A B

Elements (from literature)

AKL)(298.15t0933.45K) oo 10 711.00 39.7961
ANL)Y(>933.45K) cvvcccine 8 680.87 35.2537
Mg(L)(298.15t0923K) ..... 8 477.00 41.8612
Mg(L) (3923 K) .ovviirennns 5943.07 36.5117
Sr(L) (298.1510 2000 K).......... 10 019.31 61.1563
Al(s)(298.1510933.45K)... 0 28.3215
Mg(s) (298.1510923K) ...... 0 32,6770
(0S1)(298.1510 829.3K) ... 0 52.3000
(YS1) (829.310 1042.15K) 2 006.68 56.1759
Compounds (optimized)

AlisMg23(298.1510 72425 K) e -306.45 34.3321
Al12Mg17(298.1510 733.65 K) e -250.00 35.7317
R (Aln.5sMgo42) (576.14 10 674.58 K)... ~153.14 34.8738
AlsSr(298.15t0 1298.25K) oo -312100 24.9642
AbSr(298.151t0 1195.45K).... ~28 447.5 34.5783
A8 (617.97 10937.1 K)uveevee ~19279.3 39.8740
Mg17512(298.15 10 879.24 K) -1 985.68 359122
Mg3gSrg (298.15t0 871.72K) -3 684.85 38.3116
Mig23516 (298.1510 8762 K)..... —4.050.00 38.5300
Mg2Sr(298.1510953.23 K)o -7106.34 40.0430

Note: See Eq 3.

a b c d
31.3758 -16.3929 -3.6066 20.7526
31.7482 ...

21.3886 11.7780

32.6352

30.9616
31.3758 -16.3929 -3.6066 20.7526
21.3886 11.7780
222170 13.8909

12.6775 26.7776

27.5451 -5.5876 -2.2233 12.7927
25.5212 0.12105 —1.4924 8.5873
27.1812 ~4.5611 —2.0918 12.0365
29.5441 —10.3362 -2.8853 16.6021
24.8229 —6.2983 -2.4044 13.8350
28.9911 —.24156 ~1.6831 9.6850
22,8758 12.0004
21.5472 12,1826

21.5600 12.2151

21.6648 12.4823

For Al, $%(298) for the solid phase, A;, 49, Ag, 89, and expres-
sions of C,, for solid and liquid were taken from [77Bar}, who
also flxed 'the melting point at 660.3 °C. Below the melting
point, C,(L) was set equal to C,(s). For Mg, AgyHY and Ay, SO
were taken from [85Chal, who also fixed the melting point at
649.85 °C. §06(298) for the solid phase and expressions of C,
for solid and liquid were taken from [77Bar]. Below the melt-
ing point, C,(L) was set equal to C,(s). For Sr, $0(298) for the
a.Sr solid phase Ag 1O, Agy SO, and expressions of C, for solid
allotropes and liquid were taken from [77Bar], who dlso fixed
the melting point at 660.3 °C. A J1° and A SO were also taken
from {77Bar]. The properties of the compounds listed in Table
1 were obtained from optimizatians performed in this work.

Equations 4 through 7 provide optimized parameters of the
modified quasi-chemical model for the liguid.

bm m . ’
Y=o X b X (Bq4)
m 11 n n

where m, n= Al Mg, and St (Z=6, b = 1.3774, by, =0.9183,
and bg, =2.0661).

For Al-Mg:

0=-9813.4+6169.4Y,, — 1536 Y%AE J/g-atom

n=-4+4%Y, J/K-g-atom (Eq5)
For Al-Sr:

w=-47938.5+28634Y; +20283 Yér J/g-atom

n=-8J/K - g-atom (Eq 6)

For Mg-Sr:

w=-16757.8+33957Y, —5632.7 Y] J/g-atom

N=-9+4Y,J/K-g-atom (Eq7)

The Al-Mg System

Equilibrium Diagram

The Al-Mg system was studied by numerous authors, who re-
ported a great many liquidus, solidus, and solvus points. A re-
view of these data was published by [82Mur]. Most of the
present calculated phase diagram (Fig. 1-and 2) agrees with

- this review. [82Mur] stated that the equilibrium solid phases

are: the (ADfcc solid solution with a maximum solubility of
Mg of 18.9 at.% at the eutectic temperature of 450 °C; the
(Mg)cph solid solution with a maximum solubility of Al of
11.8 at.% at the eutectic temperature of 437 °C; the Pfce solid
solution; the v solid solution with the aMn structure; and the R
phase at 42 at.% Mg (also designated €). Results of [81Sch] are
not considered in the review of [82Mur]. The (Al)fcc solidus
points measured by [81Sch] agree in this region with the ex-
perimental results of [36Kaw], [39Sie]. [40Kurl], {45But],

and {79Sti].

In their optimizations, [90Sau] and [93Zuo] included another
phase named { (from [77Sch]), and {86Lud] considered the L
phase and not the R phase. The results of {89Goe] supported
the conclusion of [82Mur], but stated that the R phase is stable
between 303 + 5 and 405 £ 5 °Cinstead of 320and 370 = 5 °C
proposed by [82Mur]. [89Goe] studied several diffusion cou-
ples of Al, Mg, and their alloys in graphite dies between 280
and 435 °C during 5 to 21 days. The following phases were ob-
served: (ADfcc, (Mg)eph, B, v, and R.
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Fig.2 351t0 75 at.% Mg region of the optimized Al-Mg phase diagram.
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Crystal Structures and Lattice Parameters

The crystal structures and lattice parameters were discussed by
[82Mur], who mentioned an uncertainty conceming the exact
number of atoms per unit cell for the B phase. In the present
evaluation, the hypothetical stoichiometry of the § compound

Joumal of Phase Equilibria Vol. 15 No. 6 1994

is Al;sMgyg as proposed by [65Sam]. Otherwise the evaluation
of [82Mur] is accepted.

Thermodynamics

The enthalpy of mixing of the liquid was determined cal-
orimetrically by [30Kaw], [71Bat}, and [91Aga]. [76Bhal and

W
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Fig. 3 Calculated enthalpy of mixing of Al-Mg liquid alloys at 675 °C.

[86Jun] derived the enthalpy of mixing from partial pressure
measurements, while [69Bel] and [87Tiw] obtained the en-
thalpy of mixing from emf measurements. The methods used
by [83Kaz] are not clear. The results of [91Aga] appear to be
reliable. Systematic errors were limited by the use of three dif-
ferent calorimetric methods. From their results, the liquid is a

regular solution with a minimum enthalpy of mixing of -2.2

kJ/mol at 50 at.% Mg. Results are shown in Fig. 3.

The activity of Mg in the liquid alloy was determined with emf
measurements by [62Ere], [69Bel]l, [69Tsy], and [87Tiw].
[41S8ch], [71Vya], [76Bhal;rand [86Jun] measured the partial
pressure of Mg. All results are scattered but show a small nega-
tive deviation from ideality, except for those of [69Tsy]. See
Fig. 4.

By the integration of DTA curves, {78Prel] obtained the en-
thalpy required to heat the solid phases from a temperature just
below the eutectic or the solidus to a temperature just above the
liquidus. [80Tim] obtained the enthalpy of fusion of the
phase. Results of [78Prel] and [80Tim] are shown in Fig. 5.
The activity of Mg in solid phases at 387 and 437 °C was deter-
mined by [70Bro] using emf techniques. See Fig. 6 and 7.

Optimization of Thermodynamic Properties
. and Phase Diagram

The calculated optimized Al-Mg phase diagram is shown in
Fig. 1. Figure 2 shows the 35 to 75 at.% Mg region. The calcu-
lated parameters for the solid phases are presented in Table 1
and Eq 8, 9, and 11. The calculated parameters for the liquid
phase are shown in Eq 5. Calculated invariant points are listed
in Table 2.

The liquid was modeled by the modified quasi-chemical
model using the results of [91Aga] for the enthalpy of mixing
and experimental liquidus points of the (Al)fcc and (Mg)cph
phases. Measurements of the activity of Mg in the liquid were
not used directly for the optimization process because of the
high dispersion of data but were used for validation of calcu-
lated parameters. Figure 8 shows the calculated entropy of the
liquid at 675 °C; the excess entropy, S, is less than —1 J/mol - K
over the entire composition range. In Fig. 3 and 4, the calcu-
lated enthalpy of mixing and Mg activity in the liquid are com-
pared with the experimental data.

All the solid phases were modeled by taking into account the
experimental results of {70Bro] and [78Prel], in concert with
the solvus, solidus, and liquidus of the phase diagram. The
{Mg)cph solid solution was modeled as a Henrien solution.
The calculated parameters are:

RTIn W, =12740-11.2T J/g-atom (Eq 8)

The (ADfcc phase was modeled as a Henrien solution with an
additional regular mixing term as follows:

G =XAIXM’g (12 000—-10.727) + 150 XMg J/g-atom (Eq9)

For these phases, the mutual solid solubilities considered in the
present evaluation are those of [82Mur] (~18.9 at.% Mg in Al
and ~11.5 at.% Al in Mg). The atomic radii ratio of Al and Mg
is 1.12, which suggests high mutual solubilities.

For calculation, the 3 phase was assumed to be stoichiometric.
This assumption has little effect on the solvus of the (ADfcc
and y phases because of the small range of homogeneity of the
B phase. See [37Fin], [38Kur2], [65Sam], and [70Bro]. The en-
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Fig.5 Calculated enthalpy to heat Al-Mg solid alloys from a tem-
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liquidus. ' Fig. 6 Calculated activity of Mg in Al-Mg solid alloys at 387 °C.

‘thalpies of fusion of [78Prel] and {80Tim] were used with the
temperature of fusion (estimated at 451 °C) to calculate the en-
tropy of fusion of the compound. The optimized entropy of fu-
sion for the § phase is 10.94 J/K - g-atom, which is reasonable.

The y phase was modeled with a defect model [90Li], which is
similar to the Wagner-Schottky model. This model incorpo-
rates the Gibbs energy associated with the defects on each side
of the stoichiometric composition (in this case Al;;Mg,;). The
entropic term for the expression of the Gibbs energy of the
phase is expressed in terms of the mole fractions of the major-
_ ity point defects on the Al-rich (X,4) and Mg-rich (X},) sides of
the stoichiometric composition. The Gibbs energy of forma-

Journal of Phase Equilibria Vol. 15 No. 6 1994

tion of the majority defects are added to this entropic term. The
Gibbs energy of the phase is then given by:

G = RT[X JnX, + (1 - X )ln(1 - X,)]
+RT[X, InX,, + (1 = X,)In(1 =X, )] + G,X,+G,X,, (Eq10)

For a fixed deviation from the stoichiometric composition,
equilibrium mole fractions of the majority defects X, and X,
can be calculated to obtain the Gibbs energy of the phase. The
optimized expression for the Gibbs energy at the stoichiomet-
ric composition Al;;Mg,; is given in Table 1. The optimized
expressions for the Gibbs energies of formation of the majority
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Fig.7 Calculated activity of Mg in Al-Mg solid alloys at 437 °C.
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defects on the Al-rich and Mg-rich sides of Al,,Mg, are, re-
spectively:

G, =18 200 J/g-atom

G,,=30250-14T J/g-atom (Eq1l)

The optimized entropy of fusion for the yphase (at the compo-
sition of the maximum of the azeotrope) is 10.27 J/K - g-atom.
This value is reasonable.

The linear expression for the Gibbs energy of the R phase,
which is considered stoichiometric for calculation purposes
(42 at.% Mg), is given in Table 1 and was obtained from the
formation and decomposition temperatures of [89Goe] (305 +
5°Cand 405 £ 5°C). In Fig. 5 to 7, the calculated “enthalpy of
fusion” of solid phases and the calculated Mg activities in the
solid phases are compared with experimental data.

The principal differences between the present optimization
and those of [90Sau] and [93Zuo] are their inclusion of a {
phase and their use of an optimized enthalpy of mixing, which
is an average of the various measurements in Fig. 3, whereas in
the present study the results of [91Aga] are given preference.

The Al-Sr System
Equilibrium Diagram

[89Alc] reviewed the Al-Sr system. According to their evalu-
ation, the stable phases of the system are: the liquid, the (Al)fcc
solid solution, the (ySr)bce solid solution, the (aSr)fce solid
solution, and three intermetallic compounds—Al,Sr, ALSr,
and Al;Sry.

The solid phases considered in the present evaluation (Fig. 9
and 10} are the same, but the interpretation of the phase dia-
gram is somewhat different. The proposed phase diagram of
[89Alc] was largely inspired by the experimental points of
[75Bru]. The present evaluation is based on the work of
[86Clo], which is more consistent with thermodynamic princi-
ples. [75Bru], suppotted by [79Vak], reported that the melting
point of Al,Sr is ~1040 °C, whereas [86Clo} observed a melt-
ing point at 1025 °C. In a first attempt, [74Vak] proposed a
melting point at 1000 °C. [75Bru] suggested that Al,Sr is asso-
ciated with a peritectic reaction at 936 + 2 °C, and their results
are supported by [79Vak], who placed the reaction at 940 °C.

[86Clo] observed a thermal arrest at ~920 + 1 °C and proposed
that this was associated with a peritectic reaction. The descrip-
tion of the experiments of [§6Clo] is more complete, and their
results are self-consistent in the 0 to 70 at.% Sr range of com-
position. Results of [74Vak], [75Bru}, and [79Vak | are not sup-
ported by a good description of the experimental methods. The
flatness of the liquidus of Al,Sr as proposed by [75Bru] re-
quires an unreasonable entropy of fusion of this compound
(>25 J/K - g-atom), while the experimental liquidus points of
AL Sr of {86Clo] agree with a more reasonable entropy of fu-
sion.

The present evaluation considers that Al,Sr is a congruent
compound and that there is a eutectic reaction
L—ALSr+AlLSr at 920 °C with a eutectic liquid composition
at ~32 at.% Sr. This interpretation agrees better with the ex-
perimental points of [86Clo] and is more probable than the
proposed peritectic reaction by reason of symmetry of the
liquidus of Al,Sr. Interpretations of previous authors show a
liquidus of Al,Sr very asymumnetric on either side of the
stoichiometric  composition. The peritectic reaction
L+Al,Sr—Al;Stg at ~664 °C is placed at 56 at.% Sr as pro-
posed by [86Clo} (who reported AlSt instead of Al;Srg). An-
other difference between the present evaluation and the
conclusions of [89Alc] is the liquidus of YSr. As demonstrated
by [89Alc] and as discussed below, the solubility of Al in ySr
should be very small, so the limiting slope of the liquidus of YSr
at Xg—>1 (which is related to the enthalpy of fusion and the
temperature of fusion of Sr by Eq 12) must be more negative
than the proposed slope of [89Alc].

: J
Xy  (dx, A HG)
dr | - dr - RTZ ()
In the present evaluation, the experimental liquidus of YSr was
not used in the optimization of the liquid, but was calculated
afterwards from the optimized thermodynamic properties of
the liquid (and the properties of YSr from the literature). The
calculated ternperature of the eutectic L—>Al;Srg+ySr is that of
[86Clo] at 580 °C; the eutectic liguid composition 1s more un-

certain and was set at ~70 at.% Sr from the experimental points
of [86Clo}.

(Eq 12)
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Thermodynamics

The enthalpy of mixing of the liquid was determined cal-
orimetrically by [83Som] and {85Esi] (see Fig. 11), and as

shown in [89Alc], the results are in good agreement for the
composition of the minimum of the curve (35 to 40 at.% Sr).
The activity of Sr in the liquid alloy was measured by [74Bur],
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The activity of St in the liquid alloy was measured by [74Bur],

[79Vak], and [91Sri]. See Fig. 12 for In g, Experiments of

[91Sri], who used Knudsen and pseudoisopiestic methods at
1050 °C, were more complete and detailed. [74Bur] also meas-
ured activities with the Knudsen weight loss method between
850 and 1100 °C. Estimations of the thermodynamic proper-
ties of solids were given by [84Kha] but were judged incom-
plete and obsolete by [89Alc); this conclusion is accepted in
the present evaluation.

Optimization of Thermodynamic Properties
and Phase Diagram

The calculated optimized Al-Sr phase diagram is shown in Fig.
9 and 10. The optimized properties of compounds are listed in
Table 1. The optimized parameters for the liquid phase are
listed in Eq 6, and calculated invariant points are presented in
Table 2.

The liquid phase was modeled using the results of [83Som] and
[85Esi] for the enthalpy of mixing and the activity of Sr given
by [91Sri]. As discussed earlier, no experimental liquidus
points of ySr were used in the optimization process. Figure 13

shows the calculated entropy of the liquid at 1050 °C. In Fig.
11 and 12, the calculated enthalpy of mixing and Inyg are com-
pared with the experimental points.

For calculation, all solid phases were presumed stoichiomet-
ric, although a very small solubility of Sr in Al was observed
(~0.0077 at.% Sr in Al at 600 °C) as discussed by {89Alc).
[89Alc] rejected the ~5.5 at.% solubility of Alin Srreported by
[79Vak]; this conclusion is accepted in the present work. The
calculated eutectic in Fig. 10 is in good agreement with experi-
mental results of [83Han], [85Satl, and [86Clo], so the as-
sumption of only a very small solubility of Srin Alis justified.
The atornic radii ratio is ~1.5 also suggesting a very small solu-
bility of Alin Sr. More precise measurements should be made
for the determination of the solubility of Alin Sr. [39Now] re-
ported that the “AlSr” phase (Al;Sry as demonstrated by
[83For]) decomposed below 300 °C. The calculated entropies
of fusion of the intermetallic compounds are 17.7 J/K - g-atom
for Al,Sr, 16.1 J/K - g-atom for Al,Sr, and 9.0 J/K - g-atom for
Al;Srg. These are reasonable values.

The Mg-Sr System
Equilibrium Diagram

[86Nay] reviewed the Mg-Sr system. From their conclusions,
the stable phases are: the liquid, the (Mg)cph solid solution, the
(ySr)bee solid solution, the (aSr)fce solid solution, and four in-
termetallic compounds—Mg;75t2, Mg3gSty, Mgp3Sts, and
MgZSr.

In the present evaluation (Fig. 14 and 15), the region between
10 and 20 at.% Sr and the liquidus of the Sr allotropes difter
from the phase diagram proposed by [86Nay]. [86Nay] sug-
gested that the liquidus points of oSt and YS¢ correspond to the
experimental points of [47Ray]. In the present evaluation, ex-
perimental points of [73Bro] are considered because they respect
the theoretical limiting stope of the liquidus of Sr at Xg—1 (Eq
12) if a negligible solubility of Mg in Sr allotropes is present;
moreover [73Bro} and [47Ray}] are both Ph.D. theses produced
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Temperature,
Reaction °C Phase Al Mg Sr Reaction type
Pure components
L& (ADFCC e 660.3 100 0 0 Melting
L& Mg)eph .. 649.8 0 100 0 Metlting
LeqySr...... 769.0 0 0 100 Melting
RS R Y0 A) N 556.5 0 0 100 Allotropic
Al-Mg system
L e (ADfec+ B 450+ 1 L 63.8 36.2 0 Eutectic
(Al)fce 81.8 18.2 0 Eutectic
| DY FO OO 451 %1 L Congruent
LB+ criiccnnnceanns 449 £2 L 57.8 422 0 Eutectic
67] 53.7 46.3 0 Eutectic
LM 460 + 1 454 54.6 0 Congruent
L& () +(Mg)eph..ncne 437 +1 L 299 70.1 0 Eutectic
oy 374 62.6 0 Eutectic
(Mg)eph 11.3 88.7 0 Eutectic
B+M R v 401 =5 ) 50.7 493 0 Peritectoid
RSB+ emacane R 303+ 10 1§%) 46.3 537 0 Eutectoid
Al-Sr system
L &> (ADfcc + Al4Sr............... 654 £ 1 L 99.13 0 0.87 Eutectic
(ADfcc 100 0 0 Eutectic
L ALST e 10255 Congruent
L &> AlsSr+ AlSr.. 9202 L 68.4 0 31.6 Eutectic
LeALSr s 92212 Congruent
L+ Al2Sr &5 Al78r3. 664 3 L 444 0 55.6 Peritectic
Lo AlrS8+ 8T v 580+2 L 3L1 0 68.9 Eutectic
AlSrg > Al2St+ oS 345+25 Eutectoid
Mg-Sr system
L (Mg)cph+MgiiSra ....... 58713 . L 0 93.8 6.2 Eutectic
(Mg)cph 0 100 0 Eutectic
Lo MgirSna .. 606 %2 Congruent
L > Mg75r2 + Mg3sSro 5912 L 0 85.0 15.0 Eutectic
L+ Mg238Sre &> MgasS........ 599+3 L 0 82.9 17.1 Peritectic
L+ MgsSr &> Mg23Sr6.........e. 6033 L 0 81.3 18.7 Peritectic
L MgaSriiciins 6803 Congruent
L& MgoST+ 08T e 426 +2 L 0 30.1 69.9 Eutectic
Al-Mg-Sr system
L¢>MgaSr+AlSr............... 565 L 26.1 40.6 333 Saddle
Lo (Mg)eph+ AlaSr .. 538 L 17.0 79.6 34 Saddle
(Mg)cph 4.6 95.4 0 Saddle
L+Mg2Sr & AlSr +
ME238T6 e erureeemecremrmrecarnnes 521 L 17.2 62.5 20.3 Peritectic
L+ Mg23Srs ¢ MgagSro +
ABST e 517 L 16.7 64.3 19.0 Peritectic
Lo Mg1iSn+ALSr ... 509 L 15.7 68.3 5.9 Saddle
L &> Mg3sSro + Mgi7Sr2 + ’
ABSI s 509 L 15.6 67.6 16.8 Eutectic
L+ Al4Str & (Mg)cph + AlSr 50t L 16.4 734 10.2 Peritectic
- (Mg)eph 1.5 98.5 0 Peritectic
L & (Mg)eph + Mgi7Sr2 +
©ADSE s 496 L. 15.1 73.9 11.0 Eutectic
(Mg)cph 1.2 98.8 0 Eutectic
Lo M+AlSr...... T . 460 L 454 54.6 0.0306 Saddle
) 45.4 54.6 0 Saddie
Lo B+ALSI e - 451 L 61.5 384 0.0156 Saddle
L (Afec+ AlsSr+B......... 450 L 63.8 36.2 0.0147 Eutectic
} (Alfcc 81.8 18.2 0 Eutectic
L+ AlSr ¢ Al3Sg + MgaSr.. 450 L 17.8 238 58.4 Peritectic
L AlaSr+ (P + B 449 L 57.8 42.1 0.0156 Eutectic
%)) 53.7 46.3 0 Eutectic
L& (Mgieph+ (Y)+AlaSr ... 437 L 29.9 70.1 0.0354 Eutectic
. (Mg)cph 11.3 88.7 0 Eutectic
(6%) 374 62.6 0 Eutectic
L& Al7Srg+MgaSr+0Sr ... 412 L 4.8 27.3 67.9 Eutectic
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Fig. 14 Optimized Mg-Sr phase diagram.
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in the same laboratory under the supervision of F.A. Kanda.
Hence, it may be assumed that [73Bro] is an improvement of
the work of [47Ray].

The 10 to 20 at.% Srregion of the phase diagram is subject to
more than one interpretation as stated by [86Nay]. The inter-
pretation of [86Nay] shows a large asymmetry for the liquidus
of Mg,,Sr, on either side of the stoichiometric compound,
which 1s thermodynamically very unlikely. In addition, since
all four compounds of this system are close in composition and
no decomposition at lower temperature is observed, then their
entropies of formation must be approximatively equal. The in-
terpretation of [86Nay] requires that the entropy of formation

of Mg,;Sr, and Mg,;Srs be high in order to produce flat -

liquidus curves. However, this results in a calculated eutectoid
decomposition at relatively high temperature of one or more of
the four compounds. In our interpretation of this region, the as-
sumption was made that all four intermetallic compounds are
stable at room temperature because no decomposition was ob-
served experimentally. For these reasons, then, Mg,gSry is as-
sociated with a peritectic reaction (L+Mg,;Ste—Mg34S1y) at
599 °C and with a eutectic reaction L—Mg;;Sr+Mg3gSry at
591 °C. {86Nay] proposed this interpretation as an alternative.

Crystal Structures and Lattice Parameters

All necessary information is described in the review of
[86Nay].

Thermodynamics

The available thermodynamic data include the enthalpy of
mixing of the liquid measured by [77Som] at 807 °C (Fig. 16).
The minimum of the enthalpy of mixing is between 30 and 35
at.% Sr. [80Som] measured the activity of Mg in liquid at 757

°C using a modified Ruff boiling point method (Fig. 17) and
estimated that the minimum of the excess entropy of the liquid
is approximately -2 J/K - mol at 30 at.% Sr. [64Kin] measured
the enthalpy of formation of Mg,Sr from solid Mg and Sr. Atin
solution calorimeter was used to obtain a value of —21.35
kJ/mol.

Optimization of Thermodynamic Properties
and Phase Diagram

The calculated optimized Mg-Sr phase diagram is shown in
Fig. 14 and 15. The optimized Gibbs energies of the com-
pounds are shown in Table 1. The optimized parameters for the
liquid phase are listed in Eq 7, and calculated invariant points
are presented in Table 2.

The liquid was modeled by using the experimental values of
enthalpy of mixing of [77Som}, the activity of Mg in the liquid
of [80Som], and the liquidus curves of Mg and Sr allotropic
phases of [73Bro]. Figure 16 shows the calculated enthalpy of
mixing at 807 °C along with the experimental results of
[77Som]. The calculated entropy of the liquid at 807 °C is pre-
sented in Fig. 18; the excess entropy curve has a minimum of
—2.45 at 32 at.% Sr in agreement with the evaluation of
[80Som]. Figure 18 shows the calculated activity of Mg in lig-
uid alloys at 757 °C in comparison with results of {80Som].

All solid phases were assumed to be stoichiometric for the cal-
culations. This is valid for intermetallic compounds and for the
Mg solid phase where the solubility of Sris stated to be negli-
gible by [39Vos], [47Kle], and [47Ray]. [47Ray] and {73Bro]
observed a nonnegligible solubility of Mg in Sr (14.5 at.% and
6.5 at.% at the eutectic temperature, respectively). Only a very
small solubility of Mg in Sr is predicted by the difference in
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Fig. 15 Mg-rich region of the optimized Mg-Sr phase diagram.
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Fig. 16 Calculated enthalpy of mixing of Mg-Sr liquid alloys at
807 °C.

atomic radii (more than 34%) and by observation of Mg solu-
bility in similar systems (Mg-Ca and Mg-Ba). The calculated
parameters for the solid intermetallic phases give no decompo-
sition at room temperature, and the calculated entropies of fu-
sion of these phases are 7.87 J/K - g-atom for Mg;,Sr,, 9.31
J/K - g-atom for Mg3Srg, 9.51 J/K - g-atom for Mg,,S1,, and
11.34 J/K - g-atm for Mg,Sr, which are reasonable values.

The Al-Mg-Sr System
Equilibrium Diagram

[80Mak] studied solid solubility at 400 °C in the Mg-rich re-
gion of the system by X-ray analysis, micrography, and micro-
hardness. A ternary compound was reported and named “X,”

Joumal of Phase Equilibria Vol. 15 No. 6 1994

of unknown stoichiometry, in equilibrium with (Mg)cph,
“MgeSr” (Mg,,510), and Al ;Mg (V). [81Mak1] performed
micrography, X-ray analysis, and microhardness tests on 200
alloys of Al, Mg, and Sr quenched from 400 °C. Large solubili-
ties were observed in the solid phases. Another ternary com-
pound was reported (different from “X") with a stoichiometry
of “Al;,MgeSre” (AlgMgSr; ). [80Mak2] studied the liquidus
surfaces in Al-rich and Mg-rich regions of the Al-Al,Sr-
AlMg,(B) and Mg-Mg,;Sr,-Al;,Mg;(Y) systems. The
authors considered Mg;S1,-Al,Mgy;(y) and  AlSr-
Al3Mg,(B) as simple eutectic quasi-binary systems. A ternary
eutectic was reported at 71 at.% Mg, 27 at.% Al and 2 at.% St
at 430 °C, and another at 35 at.% Mg, 63.6 at.% Al, and 1.4
at.% Sr at 445 °C. [82Mak1] studied pseudobinary sections in
the ternary system. The system Al;,Mg,,(Y)-Mg,,Sr, was con-
sidered quasi-binary with a eutectic at 32 mol% Mg ,Sr, at 438
°C, with a solubility at T of Mg;-Sr, in Al ;,Mg,; of ~3 mol%
and of Al;Mg;; in Mg;Sr, of 46 mol%. The system
AlMg,(B)-Mg,,Sr, was reported to be a simple eutectic type
with eutectic at 38 mol% Mg,,Sr, at 439 °C, with a solubility
at T of Mg;;Sr, in Al,Mg, of ~5 mol%, and of Al;Mg, in
Mg -5ty 0f 36 mol%. The system Al,Sr-Mg,Sr was considered
to be a simple eutectic type with eutectic at 40 mol% Al,Sr at
610 °C, with a solubility at T of Mg,Srin ALSr of 48 mol%,
and of Al;Sr in Mg,Sr of 25 mol%. The system Al,Sr-Mg;,Sr,
was considered quasi-binary with a eutectic at 46 mol% Al,Sr
at 571 °C, with a solubility at T of Al,Sr in Mg;;Sr, of 26
mol%, and of Mg,;Sr, in Al4Srof 35 mol%. The system Al,Sr-
AlMg,(B) was reported to have one eutectic at 85 mol%
AlsMg, at 446 °C, with a solubility at T, of Al;Mg, in Al,Sr of
18 mol%, and of Al,Srin Al;Mg, of 3 mol%. There is no men-
tion of the “S” phase of [§1Mak1] in this study. [§2Mak2] used
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their previous results to approximate the liquidus surface of the
Sr-Al,Sr-Mg,Sr system by “a simplex method from 19 judi-
ciously chosen liquidus points. The ternary “S” phase was con-
sidered in this study.

Thermodynamics

No data are available for the liquid or the possible ternary
phases. '

Calculated Phase Diagram

The calculated Al-Mg-Sr phase diagram is shown in Fig. 19
and 20 considered are: the liquid, the (Al)fcc binary solid solu-
tion, the (Mg)cph binary solid solution, oSt and ySr allotropic
solid phases, the binary ysolid solution, and the stoichiometric
intermetallic compounds—p, R, Al,St, Al,Sr, Al;Srg, Mg, 515,
Mg;35Sto, Mg,;St6, and Mg,Sr. Calculated ternary uninvariant
points are listed in Table 2.

The thermodynamic properties of the liquid were estimated
from the optimized binary parameters by the modified quasi-
chemical model for the ternary liquid phase with the symmet-
ric approximation [86Pel, 93Eri] with no adjustable ternary
terms added since no ternary thermodynamic data are avail-
able.

No temary solid phase was considered in the present evalu-
ation because of the uncertainties related to them (existence,
stability and homogeneity range, melting or decomposition
temperature, etc.). The extensive solubilities between solid
phases reported by [80Mak]}, [81Makl], [81Mak2], and
[82Mak1] seem unlikely for solids of such different crystal
structures and stoichiometry. The three solid solutions in the
Al-Mg system—(A 1 )fce, (Mg)eph, and y—were not extended
into the ternary field due to a lack of pertinent information. Be-
cause of these uncertainties and because no measured ternary
phase equilibrium data are available for comparison, no error
estimates for the calculated ternary invariant temperatures are
given in Table 2.

The liquidus surface of the calculated phase diagram is divided
into thirteen primary crystallization fields: (Abfcc, (Mg)eph,
aSr, YSr, (), B, AlSr, ALSr, Al;Srg, Mgy;St;, MgaeSt,
Mg,;Ste, and Mg,St. Liquidus surfaces of Al,Sr, Al,Sr, and

Mg, Sr dominate the liquidus surface. Three quasi-binary sys-
tems are observed: Al,Sr-B (it must be noted that the B phase
was supposed stoichiometric; thus this system might actually
not be quasi-binary), Al,Sr-Mg,Sr, and Al,Sr-Mg,;7S1;. Two
systems, Al,Sr-(y) and Al,Sr-(Mg)cph, are not guasi-binary
but have a maximum on their common univariant line. Six
ternary eutectic invariants and four ternary peritectic invari-
ants are observed on the calculated liquidus surface.

The 400 °C isothermal section of [81Mak1] shows a triangula-
tion involving Mg, Mg,;Sr,, and the y-phase. Given the low
thermodynamic stabilities of these compounds relative to
AL,Sr and AL,Sr, this seems unlikely. The 400 °C section of
[81Mak1] also shows triangulations involving Al,Sr in equi-
librium with Mg,,Sr,, Mg23S16, and Mg,Sr. In the present op-
timization, these compounds are calculated to be in
triangulations with Al,Sr. This seemingly large difference ac-
tually only requires a moderate change to the ternary phase
diagram. If the univariant line on Fig. 19 and 20, which staris
in the Al-Sr binary and descends to point P,, were to descend
instead to a point on the univariant line between the Mg,Sr
and ALSr fields just to the right of point P4, then the

- triangulations of [81Mak1] would be reproduced. However,

given the questions raised above regarding the results of
{81Mak!] and the inconsistencies among the various publica-
tions of the same group [80Mak, 81Mak1, 81Mak2, 82Mak1,
82Mak?2], it was decided not to attempt to reproduce the
reported ternary sections by introducing ternary parameters to
the liquid model or ternary solid solubilites. Rather, the cal-
culated ternary phase diagram is presented as a starting point
for future experimental verification and refinement.

Conclusions

A self-consistent set of model equations for the Gibbs energy
of the phases is required to permit the calculation of the ternary
Al-Mg-Sr phase diagram. Hence, the present evaluators criti-
cally evaluated and reoptimized the thermodynamic properties
of the binary Al-Mg, Al-Sr, and Mg-Sr systems with all avail-
able data in order to calculate the Al-Mg-Sr phase diagram
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from these binary paramelers. Available thermodynamic data
in the binary systems were reproduced within experimental er-
rors, with a minimum number of coefficients. For the ternary
system, this work is a first step to a more complete evaluation
that could be extended by the availability of new experimental
results and by the addition of other components like silicon,

Journal of Phase Equilibria Vol. 15 No. 6 1994

manganese, etc. (for example, the Al-Mg-Si-C has already
been optimized [94Ber]).
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