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Abstract

On the basis of a critical assessment, experimental investigations by EPMA on ternary Al-Mg—Zn alloys were specifically
performed to provide missing data of the ternary solubilities of the AI-Mg and Mg—Zn phases as well as to improve the
knowledge of the extensions of the homogeneity ranges of the ternary t- and ®-phases. A thermodynamic description for the
Al-Mg—Zn system was obtained taking into account those experimental data together with constitutional, thermodynamic and
crystallographic literature information. The binary intermetallic phases are modelled to have ternary solubilities. The ternary
t-phase is modelled according to its crystal structure with cubic symmetry as (Mg),s(Mg, Al)g(Al, Zn, Mg)45(Al); in the
compound-energy-formalism. The ®-phase is described by the sublattice formula Mgg(Al, Zn)s. © 1998 Elsevier Science

B.V.
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1. Introduction

The quaternary system Al-Cu—Mg—Zn is one of the
key systems of high strength Al alloys. The 7xxx-
series alloys in which zinc, copper and magnesium are
the major alloying elements, are the highest-strength
aluminium-base alloys commercially available. They
are extensively used in aircraft construction and other
high-strength applications.

For successful development of new materials and
improvement of existing Al alloys, the knowledge of
phase diagrams and thermodynamic data is crucial. In
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the framework of the COST Action 507, which is
concerned with the measurement and evaluation of
thermochemical and thermophysical properties to pro-
vide a database for the development of new light metal
alloys, the development of a thermodynamic descrip-
tion of the quaternary system Al-Cu—-Mg—Z7n is pro-
posed. All the binary subsystems have been already
evaluated in the COST-507 project [1]. The binary
systems Al-Mg [2] and Mg—Zn [3] could be improved
in the present study using new experimental results.
Thermodynamic descriptions for the ternaries Al-Cu—
Mg [4], Al-Mg—Zn [5] and Cu—Mg—Zn [5] as well as
for the Al-rich corner of the ternary system Al-Cu—Zn
[6], have been also developed in the COST-507
project.
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In this work we present experimental investigations
and a thermodynamic description of the AI-Mg—Zn
system. The phase equilibria of this ternary system are
also of practical interest in the development of Al- and
Mg-based alloys. For an accurate thermodynamic
description, however, some specific experiments were
desirable. In the present work, experimental investi-
gations on Al-Mg—Zn alloys were specifically per-
formed to provide missing data of the ternary
solubilities of the AI-Mg and Mg—Zn phases as well
as to improve the knowledge of the extensions of the
homogeneity ranges of the ternary t- and ®-phases by
X-ray diffraction (XRD), Differential Thermal Ana-
lysis (DTA), Differential Scanning Calorimetry
(DSC), and Electron Probe MicroAnalysis (EPMA).
The results of these experiments, together with litera-
ture data, were used to determine a complete set of
thermodynamic descriptions of all stable phases of the
Al-Mg—Zn system.

2. Literature review

The experimental phase diagram data and thermo-
dynamic data in the literature are summarized in
Table 1. The first summarizing review was done by
Willey [7]. Later critical assessments of the experi-
mental phase diagram and thermodynamic data are
from Despande et al. [8] and Petrov [9].

In the AI-Mg-Zn system there exist eleven binary
and two ternary solid phases. The crystallographic
data are summarized in Table 2.

2.1. Phase diagram data

2.1.1. Intermetallic ternary compounds

The entire AlI-Mg—Zn system was investigated for
the first time by Eger [10] by means of thermal
analysis and metallography. The author established
the presence of a ternary phase, with a tentatively wide
homogeneity range along the section from MgZn, to
y-Al-Mg. This phase is named t in our paper. The
structure of the t-phase was first determined by Laves
et al. [11] for a composition given as Mg;ZnzAl,.
Later the complete determination of the crystal struc-
ture was carried out by Bergman et al. [12,13] and an
idealized formula Mg3,(Al, Zn)49 was proposed (see

Table 2). However, the extension of the homogeneity
range of t [14-21] show that there must be also Mg-
occupation on Al, Zn sublattices as well as Al- or Zn-
occupation on Mg sublattices.

The other ternary intermetallic phase, the $-phase,
was discovered by Clark [21]. Its unit cell has been
recently determined [22] (see Table 2). The solubility
range of the ®-phase is narrow along a composition
line close to 53-55 at.% Mg, Al and Zn contents vary
approximately from 18 to 29 and from 28 to 17 at.%,
respectively [22].

Alloys with compositions in the area of t and ®
have been reported to form icosahedral quasicrystals
(with 5-fold symmetry) when quenched from liquid or
when mechanically alloyed [23-25]. These quasicrys-
tals are metastable and transform on annealing to the
stable t- and $-phases.

2.1.2. Liquidus surface

Eger [10] was the first to construct the liquidus
surface for the entire composition range of Al-Mg—
Zn. Other investigations [14-17,20,21,26-32] are
listed in Table 1. Willey [7], in a brief but rather
detailed review, gave a liquidus surface close to that
proposed by Clark [21]. The liquidus surface of [7] has
been adopted without changes by Despande et al. [8]
and generally agrees with the data of the reviews by
Mondolfo [33,34].

2.1.3. Invariant equilibria

Three reaction schemes can be found in the experi-
mental literature devoted to the Al-Mg—Zn system.
They relate to the Mg corner [17], the Mg corner of the
system above the line 50 at.% Mg [21] and to the Zn
corner [15], respectively. The ternary peritectic for-
mation of the ®-phase, L+y+1=%®, was experimen-
tally proved by Clark [21]. These authors also
concluded that the liquidus surface must reach a
minimum at a eutectic point, L=(Mg)+MgZn+r,
as reported by Mikheeva and Kryukova [30]. How-
ever, literature research revealed there is uncertainty
about the existence of some ternary invariant reac-
tions: temperatures of the invariant reactions p;
(L+MgZn,=71) and D (L=(Al)+MgZn,,t) have been
assessed as 535°C and 475°C respectively by Petrov
[9], but different values were given by other authors
(455°C for p; by Hamasumi [14] and 375°C for D,
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Table 1

Experimental data for the ternary Al-Mg—Zn system in the literature

Reference Experimental Ternary Type of data Composition

[10] Thermal analysis i Liquidus whole system
Metallography invar. equil.

[26] Thermal analysis Liquidus, solidus section Al-MgZn,
Metallography (Al) solvus, invar. equil.

[38] (Al) solvus

[39] Thermal analysis (Al) solvus section AlI-MgZn,
Metallography

[11] X-ray T Crystal structure MgsZn3Al, (1)

[14] Thermal analysis i Liquidus whole system
Metallography invar. equil.
X-ray T extension

[15] Thermal analysis ™ Liquidus Al-Al,Mg3Zn;-MgZny,—Zn
Metallography

[16] Thermal analysis i Liquidus Al-Al;Mg,—Al,MgzZn;—Al
Metallography invar. equil.

[17] Thermal analysis T Liquidus Mg-Al;Mgs—AlL,MgsZn;
Metallography invar. equil. -MgZn,-Mg

[48] Electr. conductivity ° Phase boundaries 0-20Mg; 0-20Zn (mass%)

[49] Metallography containing (Al),
X-ray B-Al-Mg and t

[18] Metallography t° T extension -, Ty, T-Mg,
X-ray 1-MgZn,, 1-(Al), A1-MgZn,

[40] Thermal analysis (Al) solvus Al-MgZn,

[21] Metallography

[27] Thermal analysis Liquidus whole system
Metallography invar. equil.

[28] Thermal analysis Liquidus 0-5Mg, 0-2Mn, 0-8Zn
Metallography invar. equil. (mass%)

[41] Metallography (Al) solvus

[42]

[43] Metallography (Al) solvus

[19] Metallography ¢ T extension whole system

[29] Thermal analysis Liquidus, solidus
Metallography (Al) solvus

[30] Thermal analysis Liquidus whole system
Metallography invar. equil.

[47] Metallography (Mg) solvus 0-10Zn, 0-25Al (mass%)

[44] Metallography (Al) solvus, 460°C 0-17Mg, 0-17Zn (mass%)

[20] Thermal analysis i Liquidus, Al-Zn-MgZn,, A1-MgZn,
Metallography Invar. equil. Alz;Mg—MgZn,-Mg

T extension

[12] X-ray T Crystal structure

[13]

[35] Metallography Equil. Phases 0-8Mg, 0-8Zn (mass%)

[45] (Al) solvus 0-20Mg, 0-20Zn (mass%)

[50] Diffusion layer <I)d, T° Equil. Phases

[21] Metallography ® and T extension
X-ray

[51] Vapour pressure Zn partial pressure whole system

[46] (Al) Solvus 0-40Mg, 0-40Zn (mass.%)

[31] Thermal analysis Liquidus 0-8Al, 0-8Mg (mass%)

Metallography

Invar. equil.
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Table 1
(Continued)
Reference Experimental Ternary Type of data Composition
[52] Vapour pressure Zn partial pressure whole system
[53] EMF Chemical potential whole system
of Mg in liquid
[36] Thermal analysis Liquidus, solidus 0-30Mg, 0-80Zn (mass.%)
Metallography
[32] Thermal analysis Liquidus, 0-40Mg, 0-100Zn (mass%)
[37] Metallography (Al) solidus
X-ray
[22] TEM (] d extension, Unit cell
[54] Mixing Partial enthalpy 0-40Al, 0-20Mg
calorimetry 0-40Zn (at.%)
# Named o in the original paper.
® Named o-(Al-Mg—Zn) in the original paper.
“ Named T in the original paper.
4 Name y in the original paper.
¢ Named A in the original paper.
Table 2
Crystal structures and phase descriptions
System Phase Prototype Pearson symbol Space group Comments
Al (AD) Cu cF4 Fm3m
Mg Mg) Mg hP2 P63/mmc
Zn (Zn) Mg hP2 P6s/mmc
Al-Mg Al;Mg, Al;Mg, cF1832 Fd3 B
A130Mg23 C05CI'2MO3 hR53 R3 €
AlpMgy; oMn cl58 143m Y
Mg-Zn Mg7Zn; ol142 Immm MgsiZnyg
MgZn Mg2Zny;
Mg,Zn; mC110 B2/m
MgZn, MgZn, hP12 P63/mmc Laves-C14
Mg,Zn, Mg,Zn, cP39 Pm3
Al-Mg—Zn [ orthorh.
T Mgs(AlZn) 4 cl162 Im3

probably due to a misprint, in [15]). Moreover, the
phase compositions related to the ternary peritectic
formation of the ®-phase given at 393°C by Petrov [9]
disagree with a P-type reaction (the liquid phase
composition is located within the triangle formed
by the y-Al-Mg, t- and ®-phases).

2.1.4. Solidus surface

Experimental determinations of the solidus surface
[15-17,29,35-37] are all restricted to the Al-rich
corner. Willey [7] gave a generalized solidus diagram
of the Al corner of the system. The results of Stiller

[36] and Kuznetsov et al. [37] agree very well with
those of Willey [7].

2.1.5. Solvus

The solubility of Mg and Zn in (Al) was studied in
several papers [26,29,38—46]. Most of these results are
compared and presented in a partial solvus diagram by
Willey [7].

The only determination of the Mg solvus was
carried out in the range from 0 to 25 Al and O to
25 Zn (mass%) [47].
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No experimental determination of the Zn solvus has
been found in literature.

2.1.6. Isothermal sections

A complete isothermal section at 20°C, showing a
large extension of the t-phase, was first proposed by
Koster and Dullenkopf [17]. A series of partial iso-
thermal sections in the Al corner and adjoining the
Al-Zn side were determined in the temperature range
from 400°C to 200°C [41,42,48,49]. Of highest inter-
est is the work of Clark [21] who constructed the
isothermal section of the whole ternary system at
335°C and also proposed another two schematic iso-
thermal sections at 394°C and 374°C. Willey [7] and
Despande et al. [8] in their review work reproduced
the isothermal section at 335°C from Clark [21].

2.2. Thermodynamic data

Thermodynamic data of the AI-Mg—Zn system are
restricted to a few data on the liquid phase. Kozuka
[51] and Lukashenko and Pogodaev [52] measured the
vapour pressure of Zn in liquid by the carrier gas
method. Pogodaev and Lukashenko [53] determined
also Mg activities in liquid by EMF. Kim et al. [54]
measured partial enthalpies of Al, Mg and Zn in
Al-Mg—Zn melts by mixing calorimetry.

2.3. Thermodynamic assessment in literature

The Al-Mg-Zn system has been already thermo-
dynamically evaluated by Chen [55]. However, in this
assessment the ternary phases were simplified, the
t-phase was modelled as a line compound
Mg3,(Al,Zn),9 and the ®-phase as a stoichiometric
phase Al,MgsZn,. The solubilities of Zn in the Al-Mg
binary phases B, v, € and the Al solubilities in the
Mg—Zn binary phases Mg;Zn;, MgZn, Mg,Zn; and
Mg,7Zn,; were neglected.

3. Experimental investigations
Literature research revealed lack of information

about the ternary solubilities of the Al-Mg and
Mg—Zn phases. Also the homogeneity ranges of t

and ® were not very well known as well as the
temperatures of some ternary invariant reactions.
Own experiments by X-ray diffraction (XRD),
optical microscopy, Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM)
and Electron Probe Micro Analysis (EPMA), Energy
Dispersive X-ray spectroscopy (EDX) and Wave Dis-
persive X-ray Spectroscopy (WDX) were used to
improve the knowledge on the homogeneity ranges
as well as Differential Scanning Calorimetry (DSC)
and Differential Thermal Analysis (DTA) to check the
temperatures of some invariant reactions.

3.1. Experimental procedure

34 ternary alloys were prepared from high purity
Mg (99.99%), Al (99.99%) and Zn (ca. 99.9%). Pre-
alloying of the components previously weighed in the
right proportions was carried out in a pure, nuclear
quality graphite crucible placed inside a water-cooled
copper crucible by induction melting under an helium
atmosphere. Melting was repeated twice to ensure
homogeneity of the ingot. A third final melting was
carried out directly inside the water cooled copper
crucible in order to obtain a cylindrical cast alloy of
about 1 cm diameter and 5 cm height. During the
melting process, the heating power was carefully
controlled in order to avoid Zn and Mg loss by
evaporation. Pieces from the cast alloys were sealed
under argon in Pyrex ampoules, annealed at 335°C for
at least 19 days and finally cooled to room temperature
during about 10 min. The annealed samples were
investigated by XRD using a Philips PK 1730/10
diffractometer with CoK,, radiation. The compositions
of the annealed samples were determined by induc-
tively coupled plasma/atomic emission spectroscopy
(ICP). A comparison with the nominal compositions
showed that the nominal compositions were within 1%
of that determined by ICP. Phase compositions were
determined by WDX. TEM observations were carried
out with a Philips CM20 microscope at 120 and
200 kV on some specimens with compositions close
to the ®-phase [22].

The annealed samples were studied by DSC (Per-
kin-Elmer DSC-2C) under argon atmosphere. Each
specimen (ca. 10 mg) was powdered and then herme-
tically encapsulated inside small Al crucibles (3 mm
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Table 3
DSC or DTA* temperatures (in K)

Composition in at.%

Onset temperatures, endothermic effects observed on heating

Al Mg Zn Ist effect other effects
50 40 10 721(7) 724(s) 733(b) 736(sh)
43 44 13 719(s) 724(sh,b)
43 40 17 737(s) 748(sh) 753(b)
43 36 21 736%(s) T73%(s)

43 32 25 T46%(s) 783%(s)

30 48 22 665(s,n)

30 44 26 741(b)

30 40 30 742(vw)

30 32 38 756(s,n)

28 54 18 663(s,n)

28 52 20 663(s,n)

25 55 20 633(s,n,vw) 659(s,n)

20 60 20 632(s) 655(s)

20 54 26 649(s) 653(sh)

20 48 32 634(s) 738(b)

20 44 36 630(s) 740(b)

20 40 40 748(b)

20 36 44 799%(s,n)

20 32 48 752(s,n)

18 40 42 748(s)

18 36 46 800%(s,n)

The shape and intensity of the peaks is mentioned by abbreviations: (s) sharp; (n) narrow; (b) broad; (w) weak; (vw) very weak; (sh) shoulder;

(?) questionable effect.
Bold faced values suggest invariant reactions.

high, 5 mm diameter)'. Covered Ta crucibles were
also used for comparison. Specimens were rapidly
heated (80 K/min) to 335°C and then slowly heated
(1.25 K/min) to 500°C. Temperature calibration was
carried out using the onset melting temperature of lead
and zinc, according to the TUPAC, ICTA recommen-
dations. For the invariant reactions occurring above
500°C, DTA (SETARAM, microthermal analyzer)
was used at a heating rate of about 20 K/min. Speci-
mens (ca. 10-20 mg) were put in open alumina cru-
cibles and heated in flowing argon. As a heating rate of
20 K/min is too high to allow equilibrium melting, the
only temperatures listed are those for the first and
sharp endothermic event. Some of the temperatures of
the invariant reactions thus measured were used as
input data for the calculation.

'The formation of an adherent and non-porous alumina layer on
the surface of the Al crucible avoids any contact between the Al—
Mg-Zn alloy and Al. No reaction occurs between the specimen and
the crucible when the upper limit temperature of the experiment
remains lower than 500°C.

3.2. Experimental results
Table 3 shows the DSC and DTA results:

(i) The invariant pseudo-binary peritectic reaction
L+MgZn,=1 is experimentally determined at
about 800K by DTA for two alloys,
AlzoMg36Zn44 (799 K) and Al]gMg3GZn46
(800 K);

(ii) The invariant pseudo-binary eutectic reaction
L=(Al)+r is experimentally determined by DSC
at 756 K for the alloy Al;gpMg3,Zn;g;

(iii) The peritectic formation of the ®-phase by the
reaction L4+y+t=® is determined at about
663 K by DSC with 4 alloys, A130Mg4an22
(665 K), Al,sMgs;Zn,, (663 K), Al,sMgssZngg
(663 K), Al,sMgssZny, (659 K), with a maximal
deviation of 6 K;

(iv) The existence of a transition reaction
L+y=(Mg)+P at 633 K is weakly (as expected)
detected by DSC with the alloy Al,sMgssZn,g.
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Table 4
Phase compositions determined by WDX/EDX in Al-Mg—Zn alloys
Weighted elements(at.%) Annealing treatment Phase Phase composition (at.%)
Al Mg Zn T(°C) time Al Mg Zn
30 40 30 335 19d T 30.2+0.3 41.0+0.2 28.84+0.3
43 40 17 335 19d T 42.8+0.3 40.3+£0.3 16.9+0.1
50 40 10 335 19d T 49.0+0.3 40.2+0.2 10.8+0.8
(-Al-Mg 56.6+0.2 38.840.1 4.6+0.2
20 40 40 335 19d T 20.540.1 39.9£0.5 39.6+0.5
18 40 42 335 19d T 18.5+0.1 39.840.2 41.7+0.2
30 48 22 335 19d T 31.1£0.1 43.0+0.2 25.940.2
o 28.7+0.1 53.7+0.1 17.6+0.1
~v-Al-Mg 33.9+0.3 57.7+£0.2 8.4+0.3
30 44 26 335 19d T 30.2+0.4 43.1+0.2 26.7£0.2
] 27.74£0.2 53.5+0.1 18.8+0.2
30 36 34 335 19d T 30.2+0.1 35.6+0.1 34.240.2
30 32 38 335 19d T 24.1+0.3 34.4£0.3 41.54+0.5
(Al)
20 44 36 335 19d T 20.440.1 41.7+0.2 37.9£0.2
d 18.8+0.1 53.0+0.1 28.24+0.1
20 36 44 335 19d T 20.4+0.1 35.9+0.2 43.7+0.2
20 32 48 335 19d T 18.8+0.8 32.940.1 48.3+0.2
Laves-C14 7.940.0 33.0+0.3 59.1+£0.3
(Al 89.04+6.0 5.1£2.6 7.9+3.4
18 36 46 335 19d T 18.0+0.6 35.94+0.3 46.1+0.7
Laves-C14 6.7£0.3 33.0+0.3 60.3+0.3
20 54 26 335 19d P 20.1£0.1 54.1+£0.2 25.840.2
(Mg) 3.6+0.2 93.8+0.3 2.6+0.1
43 44 13 335 19d T 41.7+0.2 42.61+0.1 15.7+0.2
~v-Al-Mg 44.0+0.1 45.6+0.1 10.4+0.1
43 36 21 335 19d T 40.6+0.2 37.610.1 15.8+0.1
(Al) 93.2+0.3 5.7+0.3 1.1£0.0
43 32 25 335 19d T 35.14+0.1 36.6+0.2 28.2+0.2
(Al) 93.5+0.5 4.7+£04 1.8+0.2
20 60 20 335 19d ) 22.6+0.2 54.6+0.2 22.840.1
Mg) 3.9+0.2 93.8+0.3 2.31+0.1
28 52 20 335 19d ® 27.440.1 53.3+0.3 19.3£0.3
T 39.6+0.3 43.44+0.8 27.0+0.5
25 55 20 335 19d ® 25.240.2 55.0+0.2 19.940.3
28 54 18 335 19d ] 27.9+0.1 54.240.1 19.9+0.1
~v-Al-Mg 31.8+£0.6 57.24+0.4 11.0+0.8
58 40 2 400 10d (-Al-Mg 56.94+0.2 41.240.2 1.9£0.1
e-Al-Mg 52.6+0.4 44.95+0.4 22405
35 53 12 400 10d T 34.0+0.4 47.8+£0.3 18.2+0.2
v-Al-Mg 34.6+0.2 58.0+0.3 7.4+0.2
2 15 83 300 14d Mg,Zny, 2.1+0.1 16.4+0.2 81.540.1
(Zn) 1.7£0.2 0.13£0.0 97.8+0.8
2 33 65 300 14d Laves-C14 2.1+0.1 35.0+0.9 63.0+0.9
2 40 58 300 14d Mg,Zn; 1.4+0.1 37.840.1 60.8+0.1
MgZn 2.8+0.1 49.7+£0.4 47.5+04
2 48 50 300 14d MgZn 2.0+0.1 50.1+0.3 47.9+0.3
5 45 58 335 10d Mg,Zn; 5.9+0.2 42.3+0.3 51.8+0.4
MgZn 5.340.1 48.7+0.3 46.0£0.3
30 50 20 335 10d T 32.5+1 453104 22.7+0.2
~v-Al-Mg 35.5+0.2 56.9+0.2 7.5£0.2
) 29.7+0.4 54.4+0.4 15.8+0.2
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Table 4

(Continued )

Weighted elements(at.%) Annealing treatment Phase Phase composition (at.%)

Al Mg Zn 7(°C) time Al Mg Zn

10 55 35 335 10d T 15.2+0.8 43.1+0.5 41.8+£0.9
MgZn 9.6+0.4 49.2+0.5 41.3+0.3
Mg) (4.0) 92) (4.0)

58 35 7 335 10d (Al) (90.0) .1 0.9
(£-Al-Mg 56.5+0.4 37.8+0.3 5.7£0.2
T 49.4+0.6 38.240.2 12.5+0.5

18 15 67 335 10d Laves-C14 2.340.1 33.0+0.3 64.7+0.2
Mg,Zny,; 3.340.1 16.1+0.2 80.610.1
(Al) 42.4+0.5 0.7+0.6 57.0+0.3

10 40 50 335 10d Mg,Zn; 6.9+0.1 40.4+0.1 52.740.1
T 13.0£0.1 40.6+0.1 46.6+0.1

10 40 50 335 10d ® 29.34+0.1 53.7+0.2 17.0+0.2
~v-Al-Mg 34.71+0.1 57.1+0.2 8.21+0.1

The other thermal events detected by DSC corre-
spond to heat effects evolved on crossing phase
boundaries.

The phase compositions determined by EPMA are
given in Table 4. These data are also shown in Fig. 5.

4. Thermodynamic assessment

Due to new experimental measurements [56,57],
revision of the already evaluated binary subsystems
Al-Mg [2] and Mg—Zn [3] was desirable.
4.1. The Al-Mg system

Experimental work on the central part of the Al-Mg

phase diagram between the B-(AlzMg, ) and y-
(Al;,Mg;;-) phases [56] could not confirm exactly

the diagram reproduced by Hansen and Anderko [58]
nor those of Massalski [59], Chartrand et al. [60] or
Schiirmann [61], which was accepted by Petrov [9].
The temperature range of stability of the e-phase was
found at lower temperatures than reported by Schiir-
mann [61].

It is suggested that the phase denoted as C,
AlyoMg3,, by Schiirmann should be related either to
the sequence of metastable quasiperiodic phases
which occur in this composition range [62] or to
the commensurately modulated states related to the
gamma phase, recently described by Donnadieu et al.
[63].

In the present work the y-phase model of Saunders
[2] was changed to satisfy the suggestions made by
Ansara et al. [64]. As described in Table 5, the sites
occupied by Mg in the ideal formula Al;;Mg;; have
coordination numbers of 16 or 13. On substitution the

Table 5

Crystallography of the -Al;;Mg;; phase [64]

Prototype aMn

Space group 143m

Pearson symbol cI58

Wyckoff notation 2(a) 8(c) 24(g) 24(g)
Point symmetry 43m 3m m m
Coordination No. 16 16 13 12

Ideal site occupation Mg Mg Mg Al
Model site occupation Mg Mg Mg, Al (Al, Mg)
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Fig. 1. Central part of the AI-Mg phase diagram.

13 fold coordinated Mg atoms are more likely
replaced by Al than the 16 fold coordinated ones.
Therefore in the compound energy formalism this
phase was modelled as Mg;o(Mg, Al),4(Al, Mg),4,
where boldface denotes the major constituents.

The intermediate phases of this system were re-
optimized by trial and error keeping the descriptions
of Saunders [2] for the liquid phase and for the Al(fcc)
and Mg(hcp) solid solutions. The 3- and e-phases were
treated as stoichiometric phases with Al:Mg ratios
140:89 and 30:23 respectively. These ratios take into
account the total number of lattice sites and the mean
compositions of the homogeneity ranges, although, at
least in 3, the site occupation is less well defined. The
central part of the phase diagram, calculated with the
resulting parameters, is shown in Fig. 1.

4.2. The Mg—Zn system

In the Mg—Zn system Godecke and Sommer [57]
measured Cp®' at 28.1 at.% Zn between 650 and
750 K (Fig. 2). The results confirm the large positive
deviation from Kopp—Neumann’s rule derived by
Agarwal et al. [3] from the temperature dependence
of the enthalpy of mixing of the liquid, but the
numerical value of this deviation is refined to about
70% of that assessed by Agarwal et al. [3].

Kowalski and Spencer [65] in the Cu—Zn system
assumed different lattice stabilities for pure Zn in
its stable state (hcp with c¢/a=1.856) and as hcp
phase with axial ratio c/a=1.556 (¢-Cu—Zn phase),
which lies close to the ideal axial ratio c/a=1.633.
To get compatibility, in Mg—Zn the Mg(hcp) solid
solution had to be reformulated to show the same
lattice stability for the end member pure Zn as
Kowalski and Spencer [65] used for the g-Cu—Zn
phase.

Furthermore the MgZn, (Laves-C14) phase
should be modelled similarly as MgCu, with anti-
structure atom formation on both sublattices (Mg,
Zn)|(Zn, Mg),, although the only information for
that is the statement: “The homogeneity range of
MgZn, is 66 to 67.1 at.% Zn” [59]. For the Gibbs
energy parameters GMZZI\I,}; nd Gy of the end
members ‘“pure elements in the Laves phase struc-
ture” a value of —+15000 J/mol (5000 J/(mol of
atoms)), as used for other Laves phases [66,67],
was chosen.

The Mg—Zn system was re-optimized using the
existing experimental-data file of [3] updated by the
Chq“ml data [57]. The Laves phase parameters
LMEZZHHZ Mg and OLﬁi‘ZEﬁ:Zn were estimated by trial
and error to reproduce the homogeneity range reported
by Massalski [59].
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Fig. 2. Cp of a liquid Mg—Zn alloy at 28.1 at.% Zn.

4.3. The AlI-Mg—Zn system

The optimization of the AlI-Mg-Zn ternary system
incorporates, in addition to the available published
data, the experimental data described in Section 3.

4.3.1. Thermodynamic modelling

The thermodynamic descriptions of the pure ele-
ments in the present work are accepted from the SGTE
(Scientific Group Thermodata Europe) databank [68].

4.3.1.1. Liquid phase and (Al), (Mg), (Zn) solid
solutions:. The liquid phase, the (Al), (Mg) and
(Zn) solid solutions were described as substitutional
solutions by the  Redlich-Kister-Muggianu
formalism.

4.3.1.2. t-phase:. The ternary t-phase has a large
homogeneity region. Its ideal formula is Mgs,(Zn,
Al)y9. Details of its crystal structure are given in
Table 6, including the site occupations determined
in a single phase alloy [12].

The homogeneity range of t extends to areas more
rich and more poor in Mg than given by the ideal
formula Mg3,(Al, Zn)49. Therefore Mg occupation in
the Al-Zn sublattices as well as Al and/or Zn occupa-
tion in Mg sublattices must be considered. As the

Al-Zn sublattices all have the same coordination
No. and their Al-Zn occupation is only moderately
different, they were treated as a single sublattice with
Al and Zn as major and Mg as minor constituents,
except the position 2(a), which contains only Al
according to [12].

For the Mg sublattices the 14 fold coordinated
position 12(e) is more likely substituted than the 15
and 16 fold coordinated positions. To simplify the
model only substitution by Al is considered. As the
mutual solubilities of Mg and Al in the Al-Mg binary
system are larger than those of Mg and Zn in the Mg—
Zn binary system, this assumption is not unrealistic.
The resulting model thus is:

(Mg)26(Mg, ADe(Al, Zn, Mg)4s(Al),

It is worth to note, that the t-phase is isotypic with
the T-phase in the ternary Al-Cu-Mg system and the
7- and T-phases form continuous solid solutions in the
quaternary Al-Cu-Mg-Zn system [13,33,44]. To
describe the quaternary extension, it is thus necessary
to use the same model for both phases, even in the
ternaries. Therefore the T-phase in the ternary Al-Cu—
Mg was modelled as (Mg),s(Mg, Al)s(Al, Cu,
Mg)as(AD); [4]. The model (Mg)(Mg, Al)s(Al,
Zn, Cu, Mg),g(Al); enables to describe the t- and
T-phases as well as the quaternary extension.
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Table 6

Crystallography of the t-Phase in the AI-Mg—Zn System [12]

Position 16(f) 24(g) 12(e) 12(e) 24(g) 24(g) 48(h) 2(a)
Occupation[12] Mg Mg Mg Mg Zn(83)+Al(17) Al(56)+Zn(44) Al(52)+Zn(48) Al
Coord. No. 16 16 15 14 12 12 12 12
Modelling Mg Mg Mg Mg, Al) (Al, Zn, Mg) (Al, Zn, Mg) (Al, Zn, Mg) Al

Mg3,(Al,Zn)49, Pearson symbol: cl162, Space group: Im3.

4.3.1.3. ®-phase:. The unit cell of the ternary ®-phase
was recently determined by electron diffraction in a
transmission electron microscope [22]. It is
orthorhombic, space group Pbc2;, or Pbcm with
large lattice parameters (a=897.9, b=1698.8,
¢=1934 pm). As no further details on its structure
are known it was modelled by the sublattice formula
Mgs(Al,Zn)s. This formula reproduces the
experimental facts, a nearly fixed Mg content of
about 54.5 at.% and an extended homogeneity
range along Al to Zn exchange.

4.3.1.4. AlI-Mg and Mg-Zn binary intermetallic
phases:. The experimental results (EPMA) show
that the AI-Mg as well as the Mg—Zn binary phases
exhibit ternary solubilities to several at.%. As Al-Zn
substitution seems more likely than Al-Mg or Mg—Zn
substitution, these binary phases with ternary
solubilities were modelled as follows, starting from
the already used binary descriptions:

B-AlMg: Mggo(Al, Zn) 49 e-AIMg: Mgy3(Al, Zn)sg
y-AlMg: Mg o(Mg, Al, Zn),4(Al, Mg, Zn),4 MgoZn, ;:
Mg,(Zn, Al);; MgZn,: (Mg, Al, Zn)(Zn, Al, Mg),
MgZZn3: Mgz(Zn, A1)3 Man: Mglz(Zn, A1)13.

The major constituents are denoted in boldface.
Mg, Zn; was treated as stoichiometric phase. A similar
treatment as for the other phases would be logical, but
would not change anything significantly, as this phase
is stable between 614 and 598 K only. Also there are
no experimental data on its Al-solubility.

4.3.2. Selection of the adjustable parameters

4.3.2.1. Liquid phase:. The partial enthalpy
measurements of Al, Mg and Zn in Al-Mg-Zn

melts [54] enable to adjust the temperature
independent  part of a ternary term
xAlngxZnoLk‘f'ﬁig Zn- A linearly temperature

dependent part can be adjusted to the measured
partial Gibbs energies of Mg and Zn in AlI-Mg—Zn
melts [51-53].

4.3.2.2. (Al), (Mg) and (Zn) solid solutions:. For the
solid solutions no ternary parameters were used, as the
simultaneous solubility of two elements is small
everywhere in these phases. Thus their Gibbs
energies are fully determined by the binary
descriptions. As these phases do not exist in all
three binary systems, however, there are no binary
descriptions for fcc-Al in the Mg—Zn system, hcp-A3
in the Al-Zn system and hcp-Zn in the AI-Mg system.
They had to be estimated. These parameters are
always multiplied with the product of two small
site fractions, therefore they have only very small
influence on the calculated Gibbs energies. The
corresponding parameters of stable solid solutions
of the same system were taken as estimates for the

et . vyfcc—Al __ vyhcp—A3 _ yyhep—Zn
missing  ones: Lytg 70 = "Invtg,zn = "Lvig, zn
dv hcp—Zn __ ULhcpfAi%
and "L vg = LaLMg -
4.3.2.3. 1-phase:. The model (Mg),s(Mg,Al)s-

(ALZn,Mg),g(Al); for the t-phase requires Gibbs
energies of formation parameters for 6 metastable
end members, i.e. the six parameters:

OC;‘lr\/lg:Mg:Alel - 490GtAclc - 320GR/§§
OG‘IEVIg:Mg:Zn:Al - OGKIC - 320G}I\I/}:g - 480G;(r:1p
OG‘IE\/Ig:Mg:Mg:Al - OGKIC - SOOGII:ng
0 G‘IE\/Ig:Al:Al:Al - SSOG.%IL - 260GRX§
0G‘ll:\/lg:Al:Zn:Al - 70GfAclC - 26OGR/(I:§ - 480G;Cnp

hc

OG‘lr\/lg:Aleg:Al - 70G£‘flc - 74'OGMgp
The first five parameters can be independently
adjusted. Between the first two there is a large
range of stability of the phase, they have to be
adjusted precisely. The third one describes mainly
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the Mg rich limit of 1. The fourth and fifth parameters
describe the Mg poor limit of the homogeneity range
independently at the Al and Zn rich ends respectively.
The sixth one is not significant, as it describes a state
where the second as well as the third sublattice is
occupied by antistructure atoms. Therefore it must
have a large positive value.

Besides these Gibbs energy parameters of the
end members of the compound energy formalism,
some interaction parameters were introduced.
OLR/[g:Mg:Al,Mg:Al and OLR/lg:Mg:Mg,Zn:Al enable to
describe the Mg-rich boundary differently in the Al
rich and Zn rich part. The corresponding two para-
meters with Al on the second sublattice were set equal
to those with Mg on the second sublattice. Although
they are not significant, this solution is more natural
than setting them zero.

The parameters *Lis, a1 zn:a1 A0 “Liggaral znial
describe the shape of the G vs. x curve of T along the
largest extension of the homogeneity range. They
were independently adjusted, which enables the inde-
pendent modelling of the curvature of the Mg poor and
Mg rich boundary of the homogeneity range.

The EPMA data provide values of the boundary of
the homogeneity range around t at 608 K and this
allows to adjust relations between these parameters
mainly connected with the shape of the G*(x;) curves.

The value of the Gibbs energy of t relative to the
standard states is also reflected in the solubility limits
of the phases in equilibrium with t. Especially the
calculated values of the solvus of the (Al) solid
solution react sensitively on the magnitude of G".
The Gibbs energy of the (Al) solid solution is well
defined by the Muggianu extrapolation of its binary
descriptions and deviation from this extrapolation
can be modelled by ternary parameters only in very
limited amounts. As there are no strong arguments
against the Redlich—Kister—-Muggianu description for
the (Al) solid solution, the experimental values of the
(Al) solvus can be reproduced only by correct model-
ling of the magnitude of G".

4.3.2.4. ®-phase:. For the ternary &-phase three
parameters ~ were  used: OGf&g: Al OGl‘f,[g:Zn and
OGy1g: a1 za» @ll as linear functions of temperature.

4.3.2.5. Laves-C14 phase:. The Laves-C14 phase
forms continuous solid solutions in the quaternary

system Al-Cu-Mg-Zn from MgZn, to about
AlCuMg [33,44]. The model (Mg, Al, Cu, Zn)(Cu,
Zn, Al, Mg), enables to describe mixing in the
quaternary system. To allow combination of the
ternary descriptions for the quaternary system, the

0¢>Laves—Cl14 0O Laves—C14 0OjLaves—Cl4
parameters Guigal ~ + GRimg  » Lnigats
OLLA AT, were taken from [4]. The three

parameters LLaes Cl4 - where “*” stands for Mg,

Al or Zn, were set equal and treated in the
optimization as a single parameter.

4.3.2.6. AlI-Mg and Mg-Zn binary intermetallic
phases:. To describe Zn solubilities in the -Al-Mg
and e-Al-Mg phases, as well as Al solubilities in
MgZn, Mg,Zn; and Mg,Zn, only the Gibbs energy
parameters of the fictive end members in the opposite
binary systems were used.

For the y-Al-Mg phase described by the model
Mgo(Mg, Al, Zn),4(Al, Mg, Zn),, five such end

0 v—Al-Mg 0-~y—Al-Mg (~y—Al-Mg
members’ GMg:Zn:Al’ GMg:Mg:Zn’ GMg:Zn:Mg’
0 ~y—Al-Mg 0~Y—Al-Mg :

Gpgazn and “Gy.z,.7, exist. Only the first two

with major constituents on two sublattices, however,
are significant. The third and fourth ones are related to
the first and second ones respectively by the same

antistructure occupation as the two binary Al-Mg
0GYA-Mg g 0GY-Al-Mg

parameters " Gypo.\ioMg Me:ALAT areo reylag,thgo
(X3 2 . - -
the parameter of “ideal” occupation,’ Gy, pgal-

Therefore they are expressed as:

onfAlfMg _ OGvalfMg + OGYfAlfMg _ onfAlfMg

Mg:Zn:Mg — Mg:Zn:Al Mg:Mg:Mg Mg:Mg:Al
0—Al-Mg _ 0~w—Al-Mg | 0~w—Al-Mg _ 0,-v—Al-Mg
GMg:A]:Zn - GMg:Mg:Zn + GMg:Al:Al - GMg:Mg:Al

For the fifth parameter a large positive value of
580000 J/mol (10000 J/(mol of atoms)) was arbitrarily
chosen.

4.3.3. Thermodynamic optimization

The selected coefficients were adjusted to the
experimental values by a combination of the “trial
and error method” and the program TERGSS.

The description of all phases, but especially of the
ternary t-phase, is very complicated and the experi-
mental information is still limited. Therefore it seems
to be not satisfactory to use a single least squares
calculation to adjust all parameters in one step. More-
over, many of the experimental data are specifically
connected with single parameters and thus it seems
natural to adjust these parameters separately using
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mainly these data. That applies to all the ternary
solubilities of binary phases.

4.3.3.1. Liquid phase:. In the first step ternary
parameters of the Gibbs energy description of liquid
were adjusted to the measurements of Kim et al. [54],
Kozuka [51], Lukashenko and Pogodaev [52,53] using
the least squares method by the program TERGSS.
The enthalpy values of Kim are reported as integral
enthalpies, but they also reported raw data enable the
calculation of partial enthalpies. Partial enthalpies are

defined as (g—,f,i) and approximated here by (ﬁ—,{}g),
where AH is the measured heat effect and AN; the
amount of pure element j added to the liquid bath in
the calorimeter. There is a composition between the
compositions of the liquid bath before and after the
measurement, where the quotient of differences is
exactly equal to the differential quotient. This rule
does not exactly locate the composition inside this
interval, but that does not matter, as the intervals are
small.

The integral enthalpies reported by Kim are calcu-
lated by summing up all measurements of a series,

where successively small amounts of element j are
added in the calorimeter to the same liquid bath. Using
these integral enthalpy data in a least squares calcula-
tion would give wrong weight to the data points. The
first measurement would appear in n data points, the
second one in n—1 points and finally the last measure-
ment would appear in only one data point and thus get
much less weight in the calculation. Using the mea-
surements as partial enthalpies in the least squares
calculation, however, gives each data point the same
weight. Furthermore a plot of the integral enthalpies
calculated this way is very effectively smoothed,
whereas a plot of partial enthalpies gives a much more
realistic impression of the scatter of the measure-
ments.

By the least squares method a single ternary term,
XAIXMgXZn OL]Al(ll,Mg.Zn’ was adjusted. The resulting
calculated partial enthalpies of Zn are compared
with the experimental values of Kim [54] in Fig. 3.
The Mg partial enthalpies fit similarly well, those of
Al fit a little worse. This figure also shows the good
quality of the measurements, although there is no
smoothing effect as in a plot of integral enthalpies.
The ternary parameter significantly improves the fit
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P 933 K :
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Fig. 3. Partial enthalpy of Zn in liquid Al-Mg—Zn alloys.
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Fig. 4. Chemical potential of Mg in liquid AlI-Mg—Zn alloys.

to the experimental data. A test with three ternary
terms,  XalXMgXzn (Xl ILIAI?, Mg, Zn T Mg ZLK?. Mg, zn T
XZn 3Lllj_ Mg7Zn), gave no significant further improve-
ment.

Enthalpy measurements allow to adjust only the
temperature independent part of the parameter
OLIAICI{ Mg, zn- A linearly temperature dependent part
can be adjusted to measured chemical potential
values [51-53]. In the optimized temperature de-
pendent ternary parameter at the temperatures of
measurement the entropy times 7 term nearly cancels
the enthalpy term and thus the optimized Gibbs
energy is nearly equal to the Muggianu extrapolation
of the binary Gibbs energies as shown in Fig. 4.
There from the uk,?g measurements of [53] the points
falling onto a section with xaj:xz, =1:1 are
compared with the calculated uk,?g values along this
section.

4.3.3.2. 1-phase. The G-description of T was adjusted
by trial and error to fit the measurements of its
solubility limits at 608 K and the temperature of its
quasibinary peritectic formation, L4+-MgZn,~T.

First the Gibbs energy of the equilibrium mixture of
the phases without t was calculated at 608 K along a
section Mg:(Al4Zn)=32:49, using the stable solid
pure elements at the same temperature as reference
states. Then the parameters
490G§§1C - 320G}1\I/‘l:gp and 0(;TMg:Mg:Zn:Al - OG.&CIC_
320Gy — 48°GyP were set to values slightly more
positive than the corresponding G-values calculated
with suspended t-phase and adjusted to fit to the
maximum Al and Zn solubilities of t without using
an interaction parameter for t. The same was done for
273 K. The parameter values at the two different
temperatures now were expressed by single linearly
temperature dependent parameters.

Then the temperature of the quasibinary peritectic
formation was calculated using these two parameters
and the previously adjusted description of G
together with the binary Mg—Zn description of the
C14 Laves phase. This temperature had to be adjusted
to the experimental value of slightly above 800 K and
simultaneously the solubility of Al in the C14 Laves
phase was adjusted to about 5 at.% by interaction
parameters "L vo.a1zo:a1 a0d "Ly ¢, The pre-

0t
GMg:Mg:Al:Al -
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Table 7
Parameter set for the AlI-Mg—Zn system. Parameters are given as a+bT+cTln (T)+d72+e/T -&-ﬂ6 in J mol™ L. (per moles of formula units)
Parameter a b c d Reference
Liquid, Redlich—Kister—Muggianu
LM g —12000.00 8.56600 (2]
L g 1894.00 ~3.00000 2]
2Ly g 2000.00 2]
oL, 10465.55 ~3.39259 [69]
0Ly 70 —77729.24 680.52266 -95 0.04 this work
UL 7 3674.72 0.57139 this work
2Ly zn —1588.15 this work
OLn g zn —11475.00 11.00000 this work
"Ll vg 7 —11475.00 11.00000 this work
2L ez —11475.00 11.00000 this work
Al (fec) solid solution, Redlich—Kister—Muggianu
0L\ 4971.00 ~3.50000 [2]
LLE g 900.00 0.42300 2]
2L\ 950.00 [2]
Lyt 20 7297.48 047512 [69]
'Ltz 6612.88 —45911 [69]
*Liizn ~3097.19 3.30635 69]
OLE ~3056.82 5.63801 this work
'L -3127.26 5.65563 this work
Zn (hcp-Zn) solid solution, Redlich—Kister—-Muggianu
oGP _o e 5581.00 —1.80000 (68]
0 G}]\ljg—Zn 0 G;’,fg 100.00 this work
LR 1950.00 ~2.00000 (2]
Eovive 1480.00 ~2.08000 (2]
2L 3500.00 2]
Uhvine 18820.95 —8.95255 [69]
3Ly ~702.79 [691
Uivie ~3056.82 5.63801 this work
Pivire —3127.26 5.65563 this work
Mg (hcp-A3) solid solution; Redlich—Kister—Muggianu,
OGhP=A3 _0 Glec 5581.00 —1.80000 [68]
0GHP=A3 _0 Ghep 2969.82 —1.56968 [65]
oL 1950.00 ~2.00000 2]
o 1480.00 —2.08000 2]
2L 3500.00 [2]
oL 18820.95 —8.95255 (691
SN -702.79 [69]
Pivie ~3056.82 5.63801 this work
1hepo A3 —3127.26 5.65563 this work

‘Mg, Zn
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Table 7

(Continued )

Parameter a b c Reference
B-Al;Mg,; compound energy formalism, (Mg)go(Al,Zn) ;40

OGRygar — 89 Gy — 14006 —246175.00 —675.55000 this work
OGygizn — 89 Gygrr — 140°GT 206100.00 this work
LR g1 zn —1717500.00 343.50000 this work
e-Al3oMg,3; compound energy formalism, (Mg),3(Al, Zn)s,

0Gsga1 — 23°Gyger — 30°G g —52565.40 —173.17750 this work
0Gygzn — 23°Ghsh — 30°GYY —318000.00 —63.60000 this work
v-Al;,Mg;7; compound energy formalism, (Mg);0(Mg,Al,Zn),4(ALMg,Zn),4

Gy aral — 10°GHP — 480Gl 195750.00 —203.00000 this work
OGggal — 34°Ghe — 24061 ~105560.00 ~101.50000 this work
OGygatng — 34°Ghh — 24061 568249.20 ~276.13800 this work
OGygmgne — 58° G 266939.20 —174.63800 this work
0Gygzmar — 100Gyt — 24°GEs — 24°G? —174000.00 116.00000 this work
G grgzn — 340Gy — 24°Gy? —290000.00 116.00000 this work
OGygzmmg — 340Gyt — 24°GP 198599.20 42.86200 this work
G ygatzn — 100Gyt — 24°GTs — 240GYP 11310.00 14.50000 this work
OGYygznzn — 10°GYE — 48°GHP 580000.00 this work
Ly araiv = Litgmgaivs = Litgznaime 226200.00 —29.00000 this work
oL e mznal = Ligmezame = IvtgMeznzn —232000.00 116.00000 this work
Mg,Zn;; compound energy formalism, Mg,(Zn,Al);;

OGyEZny — 2°GyP — 11°Gh? —73818.32 18.45457 this work
OGSy Zny — 20GyP — 11065 130000.00 —26.00000 this work
Laves-C14, MgZn,; compound energy formalism, (Al, Mg,Zn)(Al,Mg, Zn),

OGLaves=Cl4 _ 30 GSER 15000.00 this work
OGhe €14 — 0GP — 209Gy 12671.10 16.80000 [4]
OGLwves=Cl4 _0Ghe _ g0l 15000.00 this work
OGKue €14 — 0GTe — 2°GYP 37328.90 —16.80000 [4]
OGLme €14 — 0GEP — 20GyP 65355.45 — 8.83886 this work
OGLuves=Cla _ 0Glec _ 20Ghep 15000.00 this work
OGe €14 — OGP — 20GHP —35355.45 8.83886 this work
Opfgves C14 8000.00 this work
OpLaves c14 35000.00 this work
RSV 15000.00 [41
OpLaves 14 8000.00 [4]

Op Layes Cl4 ~7500.00 —18.00000 this work
Mg,Zn3; compound energy formalism, Mg,(Zn,Al);

0GyE — 220Gy — 3°GyP —54406.20 13.60156 this work
0GuER" — 220Gyt — 3°Gly; 1000.00 —0.20000 this work

Mg:Al
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Table 7
(Continued )
MgZn; compound energy formalism, Mg;,(Zn,Al);3
Gy — 12°Gy — 13°GlY —236980.84 59.24524 this work
OGﬁjg"%“” - 12°Gh“’ — 130Gfee —10000.00 2.50000 this work
Mg-;Zn3; stoichiometric, Mgs;Znyg
0GET — 519G — 200GyT —335741.54 35.50000 this work
®-phase; compound energy formalism, Mge(Al,Zn)s
0GYgar — 6" Grh — 50y —15400.00 ~16.50 this work
Gz — Gt — S° Gy —79530.00 20.90 this work
0L e AL Zn —23100.00 11.00 this work
T-phase; compound energy formalism, Mg,s(Mg,Al)s(Al,Mg, Zn),gAl,
OGygmgiaral — 49°G — 32°GHP —81000.00 —186.30 this work
O Gygmgznal —° G5 — 32°GyP — 48°GLY —811620.00 162.00 this work
Gy gmgngar —° G5 — 80°Gy? 405000.00 243.00 this work
Gy anaral — 550G — 26°GHP 0.00 —105.30 this work
OGYygarzmal — 1°G5S — 26°GiP — 48°G? —832680.00 162.00 this work
OGYygarvgal — 7°Ghf — 74°Gth 1053000.00 405.00 this work
0Ly Mgl ZncAL —105300.00 243.00 this work
0Ly mgeatmeal = “Litgeatat Mg ~202500.00 —40.50 this work
0Ly Mare zal = CLiag:atMe Zneal 243000.00 81.00 this work
0Ly AL ZocAL —16200.00 243.00 this work

Here  stands for all possible occupations of one of the elements Al, Mg and Zn on the corresponding sublattice.

vious step now was repeated taking into account the
parameter OL;,Ig:Mg:ALZn:A]. After a few “trial and
error’ iterations these four parameters were adjusted
to the mentioned experimental data. Now the para-
meter *Giyevgmgal — Oht — SOOGhCE was set to
an arbitrary positive Value of 5000437 J/(mol of
atoms) and the two interaction parameters
0LTMg:Mg:Al,Mg:Al and OLTMg:Mg:Mg‘Zn:Al were adjuSted
to fit the Mg-rich boundary of t at 608 K. Finally
the two parameters *Gy, 1.1 — 353G — 26°GyP
and Gy 1.z0en1 — 7O G —26°Gyse — 480Gth were
adjusted to fit the Mg-poor boundary of 7. During
this step the previously adjusted parameters of T had to
be refined again.

Finally the interaction parameter LMg AL:ALZn:Al WaS
changed independently of LNtg:Me:ALZn: Al 1O adjust the
curvature of the Mg-poor boundary of T independently
of that of the Mg-rich one. The temperature depen-
dence of all the later adjusted t parameters was

estimated to get a reasonable Gibbs energy description
for T also at 273 K.

4.3.3.3. B- and y-Al-Mg phases. After adjusting all t
parameters the ternary parameters of the § and y-Al-
Mg phases mentioned in the previous section were
adjusted to fit the Zn-solubilities of these phases. By
this  treatment the  parameter OGHQEZ\%]—
34°G th — 24°GhP became negative and predicted

stablhty of this phase in a Zn-rich area. To correct

this, a negative interaction parameter
lqu[gAI\l,IgI\%i , = —4000 + 27 J/(mol of atoms) was

arbitrarily introduced and the parameters adjusted
again.

4.3.3.4. ®-phase:. The three parameters of &
mentioned in the previous section were adjusted
similarly as described for the first three parameters
of T to fit the extension of the homogeneity range in
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Table 8
Invariant reactions in the AI-Mg—Zn ternary system
Reaction Temperature [K] Phase Calculated Composition (at.%)
Type
[9] this work this work
exp. calc. Al Mg Zn
L + MgZn, = 1 808 800 803.35 L 21.79 37.14 41.07
Maximum MgZn, 7.15 3343 59.42
T 18.22 36.24 45.54
L= (A +1 762 756 752.84 L 51.19 21.48 27.33
Maximum (Al 90.19 4.22 5.59
T 23.29 33.82 42.89
L + 1 = (Al) + MgZn, 748 752 749.56 L 45.53 18.90 35.57
Transition (Al) 89.63 3.01 7.36
MgZn, 7.88 33.12 59.00
T 19.75 33.02 47.23
L=B+r1 722 724.40 L 55.52 39.09 5.39
Maximum B 56.67 38.86 4.47
T 48.02 41.00 10.98
L=y+r1 723 724.14 L 46.21 47.24 6.55
Maximum % 46.34 49.14 4.52
T 45.86 42.39 11.75
L=+ (A 723.89 L 63.26 35.74 1.00
Maximum B 60.01 38.86 1.13
(Al) 84.00 15.81 0.19
L=B+7y 723.35 L 55.67 42.61 1.72
Maximum B 59.40 38.86 1.74
% 50.70 47.57 1.70
L=Bf+7y+r 721 721.64 L 51.99 43.14 4.87
Eutectic B 57.08 38.86 4.06
% 49.01 47.07 3.92
T 48.62 41.89 9.49
L=B+AD)+r 720 720.24 L 60.13 34.30 5.56
Eutectic B 56.43 38.86 471
(Al) 85.73 13.26 1.01
T 47.68 40.10 12.22
L + MgZn,+ © = Mg,Zn3 706.79 L 5.56 60.63 33.81
Peritectic MgZn, 3.66 33.82 62.52
T 10.73 40.28 48.99
Mg,Zn; 5.00 40.00 55.00
L+y+t=20 666 663 660.52 L 17.27 65.89 16.83
Peritectic % 34.05 58.14 7.81
P 26.29 54.54 19.17
T 30.03 44.05 25.92
L+y= Mg +® 635 633 639.33 L 13.72 69.79 16.48
Transition % 31.98 60.09 7.93
Mg) 5.89 92.32 1.79
P 25.67 54.54 19.79
L + MgZn, = (Al) + Mg,Zn,, 638 630.27 L 11.13 7.63 81.24
Transition (Al) 45.95 0.27 53.78
MgZn, 2.37 32.75 64.88
Mg,Zny,; 3.62 15.38 81.00
L + Mg,Zn;+ © = MgZn 626.50 L 4.62 68.61 26.77
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Table 8
(Continued )
Peritectic Mg,Zn; 5.25 40.00 54.75
T 12.22 41.69 46.09
MgZn 5.28 48.00 46.72
L = (Al) + (Zn) + Mgy,Zn,, 616 617.15 L 8.69 5.93 85.38
Eutectic (Al) 34.78 0.14 65.08
(Zn) 2.53 0.23 97.24
Mg,Zny, 2.80 15.38 81.82
L + Mg;Znz = (Mg) + MgZn 612 613.62 L 0.10 70.99 28.91
Transition Mg) 0.05 97.00 2.95
Mg,Zn; 0.00 71.83 28.17
MgZn 0.15 48.00 51.85
L+®d=Mg +r 616 612.84 L 5.66 69.94 24.40
Transition P 17.41 54.55 28.04
Mg) 2.62 94.85 2.53
T 15.25 42.34 42.41
L= Mg) + MgZn + 1 611 611.23 L 5.11 69.95 24.94
Eutectic Mg) 2.38 95.04 2.58
MgZn 6.11 48.00 45.89
T 14.10 42.17 43.72
(Al-1) + MgZn, = (Al-2) + MgyZn,, 606.75 (Al-1) 53.17 0.20 46.63
Transition MgZn, 2.13 32.86 65.01
(Al-2) 75.87 0.15 23.98
Mg,Zny; 3.34 15.38 81.28
Mg)+t=MgZn+o 598.99 Mg) 2.35 95.25 2.40
Transition T 14.61 42.11 43.28
MgZn 6.30 48.00 45.70
P 17.05 54.54 28.41
(Al — 1) + Mg,Zn;; = (Al —2) + (Zn) 550.48 (Al-1) 40.99 0.06 58.95
Transition (Zn) 1.61 0.09 98.30
(Al-2) 85.82 0.03 14.15
Mg,Zny; 2.17 15.38 82.45
MgZn+1=Mg,Zn;+P 496.36 MgZn 6.48 48.00 45.52
Transition T 16.32 40.72 42.96
Mg,Zn; 6.17 40.00 53.83
i3} 19.15 54.55 26.30

Al—Zn direction and the temperature of the ternary
peritectic formation of ®.

4.3.3.5. Binary Mg—Zn phases:. In a last step the
parameters *Gugar — ¢°G'f —pOGlﬁgg had to be
adjusted to the Al solubilities of the binary Mg,Zn,
phases MgZn, Mg,Zn3 and Mg,Zn;.

During all these steps some of the previously
adjusted parameters of solid phases had to be refined
by small corrections.

4.3.4. Results and calculations
The resulting thermodynamic parameter set of the
Al-Mg—Zn ternary system is given in Table 7.

The presented thermodynamic description of the
Al-Mg—Zn system is in accordance with most of the
experimental information on this system. In Table 8
the calculated and experimental temperatures of invar-
iant equilibria are compared.

The calculated ternary phase diagram is represented
by an isothermal section at 608 K in Fig. 5 together
with experimental data, by the liquidus surface in
Fig. 6, by the (Al)-solvus surface in Fig. 7 and by
the (Mg)-solidus and -solvus in Fig. 8.

The calculated vertical sections at 36 at.% Mg, 20
at.% Al and 20 at.% Zn are shown in Figs. 9-11 in
comparison with the experimental data mentioned in
Section 3 and from literature (the literature data in the
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this work

M Single phase, nominal composition
& Single phase, EPMA Analysis

Y Two phase equilibrium, EPMA

A Three phase equilibrium, EPMA

N N B N € N N N N N N
Al 0 01 02 03 '04° 05 06 07 08 09 10 Mg
mole fraction Mg

Fig. 5. Isothermal section at 608 K of the AI-Mg-Zn system.

Temperatures in °C

A N N N ZAY N
03 04 05 06 07 08 09 1.0
mole fraction Mg

Fig. 6. Liquidus surface of the AlI-Mg—Zn system.



P. Liang et al./ Thermochimica Acta 314 (1998) 87-110

0.15

Temperatures in °C

0 N N N\ /N
A 0 0.05 0.10 0.15
mole fraction Mg
Fig. 7. Solvus of the (Al) solid solutions of the AlI-Mg—Zn system.
30 ! 1 L I
Temperatures in °C
254 solvus L
— — solidus
univariant lines
204 =

mole fraction Zn
—-—h
(6]
1

0 002 004 006 008 010 012
mole fraction Al

Fig. 8. Solvus and solidus of the (Mg) solid solutions of the AlI-Mg—Zn system.
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900 | | | 1 1
@ this work, DTA liquid
800 —‘ o
X 700 -
£
o —
5 =
T 60043 -
o @
o
5
= 500+ B(Al)+T B
400 L
300 T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6
mole fraction Zn
Fig. 9. Vertical section of the AI-Mg—Zn system at 36 at.% Mg.
900 L 1 L 1 1 | |
® this work,DTA/DSC
850 =
liquid
800 =

temperature in K
~
o
o
1

C14+(Al)

600 -
(A)"+Zn
550 i +Mg,Zn, |
C14+(A) A
+Mg,Znyy +Mg,Zn,
500 T T e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

mole fraction Zn

Fig. 10. Vertical section of the Al-Mg—Zn system at 20 at.% Al.
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900 . '

850

800

temperature in K

D o ~ ~
o (S o a
o o o o
] [ ]

550

+ [10}
o [14]
® this work

500 T T |
0 0.1 0.2 0.3

04 05 06 07 08

mole fraction Mg

Fig. 11. Vertical section of the Al-Mg—Zn system at 20 at.% Zn.

last figure are for 40 mass% Zn, which nearly coin-
cides with 20 at.% Zn).

5. Conclusion

A consistent set of thermodynamic functions of
state for all stable phases existing in the AlI-Mg—Zn
ternary system was obtained. The calculated phase
diagram and the thermodynamic properties agree very
well with the experimental data. Thus a reliable basis
for evaluation into higher order systems containing the
Al-Mg-7Zn system as a boundary, has been estab-
lished, for example into the quaternary Al-Cu-Mg-
Zn system.
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