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ABSTRACT

The phase equilibrium of the Al-Zn-Mg-Si quaternary system containing (Al), (Si), MgZn, and Mg,Si
phases has been studied by means of scanning electron microscopy (SEM), electron dispersive spectrom-
etry (EDS), X-ray diffraction (XRD) and differential scanning calorimeter (DSC) as well as calculation of
phase diagram based on PANDAT software. Two three-phase fields and one four-phase field among the
15 wt% Al-Zn-Mg-6 wt% Si alloys in the concentration of Zn ranging from 57 wt% to 67 wt% have been
confirmed at 573 K. The result showed non-existence of quaternary compound in this region. Based on
the experimental results, the appropriate thermodynamic description of Mg-Si system was chosen. The
ternary interactions in the liquid phase of Al-Mg-Si and Mg-Zn-Si systems have been assessed and the
calculated ternary phase diagrams agreed well with the experimental data. Combining with the related
ternary systems, the thermodynamic description of the Al-Zn-Mg-Si system was presented, and the

good agreement between the calculated results and the experimental results was obtained.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Steel is one of the major materials used in many areas. As one
of the main methods to protect steel products from oxidation and
corrosion, the hot-dip coating of aluminum-zinc based alloys has
been used widely. During the past decade, the use of metallic coated
steels in automotive, construction and appliance applications has
increased at a greater rate than the overall growth in the steel indus-
try. Microalloying elements in aluminum-zinc based alloys alter
properties by changing the morphology, chemistry, structure, spa-
tial distribution and size of precipitates. It was found that Mg, Si and
RE (rare-earth) as alloying elements can significantly improve char-
acteristics of the Al-Zn based alloy, such as AZ alloy [1-3] and alloy
coating [2,4]. The solid solution phases (Al) and (Si) and the inter-
metallics Mg, Si and MgZn, are able to improve the wear resistance
of Al-Zn based alloy and the corrosion resistance of the hot-dip
Al-Zn alloy coating. In the work of Tanaka et al. [5], Mg and Si in
the outer adhered layer and Si in the inner alloy layer make the
Zn-6A1-0.5Mg-0.1Si (in weight pct) coating more anti-corrosive.
Morimoto et al. [6] found that the increase of Al, Mg contents in
coating and the addition of Si improved corrosion resistance of the
coating in salt spray tests. It is well known that for successful devel-
opment of new materials and improvement of existing Al-Zn based
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alloys, the knowledge of phase diagrams and thermodynamic data
is fundamental. Phase equilibria of the Al-Zn-Mg-Si quaternary
system provide crucial information in development and design of
AZ alloys. Some experimental work of the Al-Zn-Mg-Si system is
available in literature. Yuan et al. [7] reported that the grain sizes
of Sb or Ca modified Al-Zn-Mg-Si alloys were much finer than that
of base alloy, and thought that no ternary compound existed in this
system. Belov et al. [8] investigated the Al-Zn-Mg-Si systems by
means of metallography, DSC, EPMA, X-ray spectroscopy and ther-
modynamical calculations, and found the presence of AlsNi and
Mg,Si particles could improve casting properties and mechanical
properties. They also detected the boundaries among the phase
fields of (Al), (Si), Mg,Si and MgsZnsAl,. Honda et al. [9] stud-
ied the solidification structure of the coating layer on hot-dip
Zn-11%A1-3%Mg-0.2%Si-coated steel sheet by means of metallo-
graphic examinations together with calculation of phase diagram
based on Thermo-Calc. Hausbrand et al. [10] discussed the corro-
sion of painted MgZn, with a defect, under constant conditions of
high humidity and an electrolyte covered defect. It is well known
that these useful phase equilibrium and thermodynamic informa-
tion will help us design the optimal hot-dip aluminum-zinc coating
alloy composition in order to control phase formation during the
process of solidification and further improve the coating property.

This study focuses on the phase equilibria in the region where
the major phases (Al), (Si), Mg,Si and MgZn, coexist in the
Al-Zn-Mg-Si system. The study strategy is to combine the cal-
culation of phase diagrams (Calphad) with experiments. We first


http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shuliqian@shu.edu.cn
mailto:qian246@hotmail.com
dx.doi.org/10.1016/j.jallcom.2010.04.089

Q. Li et al. / Journal of Alloys and Compounds 501 (2010) 282-290 283

constructed the thermodynamic description of the Al-Zn-Mg-Si
system from the constituent subsystems and calculated the phase
equilibrium relations in the interesting region. The key alloy sam-
ples were selected based on the phase diagram calculated from
the quaternary thermodynamic description. The samples were then
studied by means of SEM, EDS, XRD and DSC to determine the phase
relationships among the major phases of (Al), (Si), Mg, Si and MgZn,
in this system. The thermodynamic description of the Al-Zn-Mg-Si
system was further improved by considering the experimental
results in this work as well as those reported in the literature.

2. Binary and ternary systems

There are six binary subsystems in the Al-Zn-Mg-Si system:
Al-Zn, Zn-Si, Al-Si, Al-Mg, Zn-Mg and Mg-Si, on which thermo-
dynamic data were selected from literatures reported Al-Zn [11],
Al-Si [11], Zn-Si [11], Al-Mg [12], Zn-Mg [12] and Mg-Si [13]. All
these six constituent binary systems have been thermodynamically
modeled in the literature. Both Al-Si and Zn-Si systems are simple
eutectic systems. The Al-Zn system exhibits a miscibility gap in the
Al-based face-centered cubic (fcc) phase below 624.5 K. There is no
intermediate phase has been found in these three systems. Jacobs
et al. [11] evaluated these three binary systems in their thermo-
dynamic assessments of the Al-Zn-Si system. As both assessments
lead to very close results, the one selected for the COST 507 database
[14] as well as reported by the Jacobs et al. [11] was chosen in
present work.

Following a detailed experimental investigation, Liang et al. [12]
provided an assessment of the Al-Mg system. Their assessment has
been included in the COST 507 database and will be used in the
present study. The thermodynamic description of the Mg-Zn sys-
tem has been first presented by Agarwal et al. [15]. The subsequent
update on this binary by Liang et al. [12] is recommended since it
agrees well with various types of experimental data such as phase
diagram, enthalpy of mixing, heat capacity and chemical potential
and also takes into account of the homogeneity range of the C14
Laves phase (MgZn,). The description of the Mg-Zn binary system
from Liang et al. [12] is adopted in this work.

The Mg-Si system has also been assessed several times [13,16].
While the Mg-Si phase diagram appears to be well established, the
authors of these assessments emphasized the very large discrepan-
cies in the thermodynamic data reported for this system. Two sets
of descriptions assessed by Yan et al. [13] and Feufel et al. [16] are
frequently adopted in different ternary systems. The Gibbs energy
descriptions of the Mg,Si phase in the two studies differ signifi-
cantly. In this work, an appropriate description of Mg-Si system
will be chosen based on our experimental results.

For the ternary Al-Zn-Si system, Jacobs et al. [11] calculated
several isoplethal sections and compared with available experi-
mental data. No ternary interaction parameters were used in their
thermodynamic description.

The Al-Mg-Zn system has a relatively complex equilibrium
relationship. Based on the large amount of the experiment infor-
mation, thermodynamic descriptions of this ternary system have
been provided by Liang et al. [12,17]. Because the more experi-
mental information was considered, the description from Liang et
al. [17] is more consistent with the experiment data and will be
used in the present study.

No ternary compound has been found in the AlI-Mg-Si system.
Chakraborti et al. [18] proposed the first thermodynamic descrip-
tion for this system. New assessments were reported later by Feufel
et al. [16] and Lacaze et al. [19] in which the description of Mg-Si
system was assessed by Feufel et al. [16].

No ternary compound was found in the Zn-Mg-Si system either.
The modified quasichemical model was used by Shukla et al. [20]
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Fig. 1. Calculated isoplethal sections with 15wt% Al and 6 wt% Si using different
Mg-Si descriptions. (a) Mg-Si from Yan et al. [13]; (b) Mg-Si from Feufel et al. [16].

to describe the liquid phase in the Zn-Mg-Si system, and the calcu-
lated result agreed with a partial section along the Mg,Si-MgZn,
join. Since the liquid phases in other constituent subsystems are all
described by the Redlich-Kister type of solution model, the liquid
phase in the Zn-Mg-Si system needs to be remodeled.

3. Selection of samples

The approach of thermodynamic modeling has been proved to
be an efficient way to identify the key experiments that can pro-
vide the maximum amount of information on phase equilibria and
drastically reduce the extensive experimental effort in a multicom-
ponent system [21]. A strategy using thermodynamic modeling to
aid the selection of key alloy compositions for experimental investi-
gation was employed in this study. In the interested compositional
range of Al-Zn based hot-dip alloys, the thermodynamic descrip-
tions of Mg-Si from Yan et al. [13] and Feufel et al. [16] predicted
different phase relationships in the Al-Zn-Mg-Si quaternary sys-
tem. Experiments are designed to clarify this inconsistency. Two
isoplethal sections of the Al-Zn-Mg-Si system with 15 wt% Al and
6 wt% Si were calculated with the Mg-Si description according to
Yan et al. [13] and Feufel et al. [16], respectively. Fig. 1(a) and (b)
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Table 1
The compositions of the selected alloys.
Sample Compositions (wt%) Weight (g)
Al Zn Mg Si
#1 15 62 17 6 35
#2 15 64.5 14.5 6 35
#3 15 67 12 6 40
#4 15 60 19 6 35
#5 15 57 22 6 35

are two calculated diagrams. It can be seen that these two diagrams
have significant difference in the phase relationships below 700 K.
To verify the equilibrium relationships in this region, five alloy sam-
ples were prepared, which compositions are listed in Table 1 and
also marked as symbols in Fig. 1(a) and (b).

4. Experimental investigation

All the starting materials used for the alloy samples were high purity: Al(99.99%),
Zn(99.99%), Mg(99.99%) and Si(99.999%). Table 1 gives the compositions of the
selected alloys which were labeled as #1, #2, #3, #4 and #5. The alloys were pre-
pared in a medium frequency induction furnace under an argon atmosphere with
ultrahigh purity (99.999% Ar). The Al-Si alloys were melted first and then Mg and
Zn were added into the samples one by one to reduce the vaporization of Mg and
Zn. If it was found that Mg or Zn content was smaller than the desired value, extra
amount of Mg or Zn was added again into the sample. Each alloy was melted and
flipped at least three times to promote complete mixing and melting. The final com-
positions of samples were confirmed by chemical analysis. Only the ingots with a
weight loss of less than 1 wt% were chosen for further investigation. Samples were
wire cut as the size of 10 mm x 10 mm x 5 mm. They were annealed in an ultrahigh
purity argon atmosphere (99.999% Ar) at 573 K for 45 days and then water cooled
to room temperature.

Powder X-ray diffraction (XRD) analysis was performed on the selected samples
using a D/max 2500 diffractometer with CuK, radiation to identify the crystal struc-
tures of phases. The microstructure of each sample was examined using a JSM-700IF
scanning electron microscope (SEM) with back-scattered electrons (BSE) detector.
The annealed samples were studied by DSC under an argon atmosphere at a heat-
ing rate of 5 K/min. The specimens for DSC, each of 10-20 mg, were put in alumina
crucibles and heated in flowing argon at a flowing rate of 15 ml/min.

5. Results and discussion
5.1. Multiphase equilibria at 573 K

The crystal structure of each phase was identified by the X-
ray diffraction technique. The XRD diffraction patterns of the
five samples were shown in Fig. 2, from which it can be seen
that the four-phase equilibrium of (Al) +(Si) + Mg,Si+MgZn, was
observed in the samples #1, #2 and #4. The samples #3 and
#5 displayed two three-phase equilibria of (Al)+(Si)+MgZn, and
(Al)+Mg,Si+MgZn,, respectively.

The BSE images of the samples were shown in Fig. 3. According
to the EDS measurement on the phase compositions of the sample
#1, as shown in Fig. 3, the brightest phases are MgZn,, gray phases
are (Al) solid solution, the smallest gray dark phases are (Si) solid
solution and the black phases are Mg,Si. The phases in the samples
#2,#3,#4 and #5 have also been identified by EDS. The results show
non-existence of quaternary compound in these alloy samples.

Table 2

*:Al
& ©:MgZn,|
- * *:Mg,Si

26 (degree)

Fig. 2. X-ray diffraction patterns of the cast alloys #1-#5 after annealing at 573K
for 45 days.

Table 3
Comparison between the phase transition temperatures characterized by DSC and
those predicted from calculation.

Sample DSC (K) Predicted from calculation (K)

See Fig. 1(a) See Fig. 1(b)
#1 655 593
#3 655 25 607

Based upon the information from the BSE images, XRD and EDS,
the phases observed in the alloy samples are summarized in Table 2.
For comparison, Table 2 also lists the phases in equilibrium pre-
dicted from the model calculated as shown in Fig. 1(a) and (b). It
can be seen from this table that the current experimental results
support the calculated phase relationships in Fig. 1(a).

5.2. Phase transition temperature

Further experiments were carried out to study the phase transi-
tion temperature between 350 K and 700 K by DSC. Fig. 4 is the DSC
heating curves of the alloys #1 and #3. Two curves both present
endothermic peaks, which indicate that there is a phase transi-
tion. The transition temperature is 655K for alloy #1 and alloy #3,
which indicates that they could represent the same phase transition
temperature. Careful examination of Fig. 1(a) tells us that there is
an invariant phase transition at 663 K involving liquid phase. Both
the compositions of the alloys #1 and #3 are within the invari-
ant reaction. Corresponding to these two compositions, Fig. 1(b)
predicts two different phase transition temperatures where liquid
phase starts to form and Table 3 lists these temperatures. This also
confirms that the calculation in Fig. 1(a) agrees with current exper-
imental results and the thermodynamic description of the Mg-Si

Comparison between the phases observed from the annealed alloys and those predicted from phase diagram calculations.

Sample Phases characterized by XRD and SEM-EDS Phases predicted from calculated diagrams

See Fig. 1(a) See Fig. 1(b)
#1 (Al)+(Si)+MgZn, + Mg, Si (Al)+(Si)+MgZn, + Mg, Si (Al)+MgZnq; + MgZn; + Mg,Si
#2 (Al)+(Si) + MgZn, + Mg, Si (Al)+(Si) +MgZn, + Mg, Si (Al)+Mg,Si+Mg,Znqq
#3 (Al)+(Si)+MgZn, (Al)+(Si)+MgZn, (Al)+(Si)+MgzZnq; + Mg, Si
#4 (Al)+(Si)+MgZn, + Mg, Si (Al)+(Si)+MgZn, + Mg, Si (Al)+MgZnq; + MgZn; + Mg, Si
#5 (Al)+ MgZn, + Mg, Si (Al)+ MgZn, + Mg, Si (Al) +MgZn, + Mg, Si
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Fig. 3. BSE image of alloy #1 annealed at 573 K with EDS results and BSE images of alloy #2-#5 annealed at 573 K.
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Fig. 4. The DSC heating curves of alloys annealed for 45 days.

system provided by Yan et al. [13] is appropriate for describing the
Al-Zn-Mg-Si system.

6. Thermodynamic modeling
6.1. Assessment on liquidus parameters of ternary systems

The thermodynamic description of the Mg-Si system assessed
by Yan et al. [13] will be used in this study and the ternary interac-
tion parameters for the liquid phase in the Al-Mg-Si and Zn-Mg-Si
systems will be reassessed using the current experimental results.

The liquid phase is described by a substitutional solution model
for which the Gibbs energy is given as follows:

o,Liq

Lig _ o,liq o,liq o,Liq .
G = x4G " +XnGy, +ngGMg + X5iGg;

+RT(x41 InX41 + Xz InXzn + Xpg INXpg + Xs; INXg; ) + G
(M

where x; and G;?’”q represent the mole fraction and the molar Gibbs

energy of the pure component i in the liquid phase, respectively,

R is gas constant, T is the absolute temperature and G¢%L is the

excess Gibbs energy. The ternary excess Gibbs energy of the liquid

phase in the Al-Mg-Si system is presented by

ex,Liq 0 1 2

Gar'mg.si = XaXmgXsi(Liay g siyXat + Loa mg,siyXMg + Liaimg,siyXsi)  (2)
Considering the experimental data from the work by Schiirmann

etal. [22], Feufel et al. [16] and Hanson et al. [23], the ternary inter-

action parameters were assessed to be L9 =45000, L

1 -
(Al,Mg,Si) (Al,Mg,Si)
—34000+ 15T, L(2Al Me.Si) = —35000 — 3T.Figs.5-7 compare the calcu-

lated phase diagrams with those experimental data, which indicate
that good agreement has been reached between calculation and the
experimental data.
For the Mg-Zn-Si system, its ternary excess Gibbs energy of the
liquid phase is presented as:
Gze\;lglzi,st = XiggXznXsiL g zn si) 3)
Considering the experimental data of a partial section along the
Mg, Si-MgZn, join studied by Bollenrath et al. [24], the ternary
interaction parameter is assessed to be L?ngmsl.) =—-44083 +22.5T.
Fig. 8 shows that the calculated diagram agrees well with the exper-
imental data. All parameters in the thermodynamic descriptions of
the Al-Zn-Mg-Si quaternary system are listed in Table 4.
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Table 4

287

The thermodynamic parameters of the Al-Zn-Mg-Si quaternary system reported in the literature and optimized in this study. Parameters are given as

a+bT+cTIn(T)+dT2 +e/T+fT? in Jmol~! (inJ/mol of the formula unit).

Parameter a b c d Ref.
Liquid, Redlich-kister-Muggianu

OLapsi ~11655.93 —0.92934 [11]
"Laisi —2873.45 0.29450 [11]
2Laisi 2520 (1]
OLaimg —12000 8.566 [12]
"Laimg 1894 =3 [12]
2Laimg 2000 [12]
Laizn 10465.55 -3.39259 [11]
OLizsi ~73623.6 27.3211 [13]
"Lugsi —30000 21.4382 [13]
2L pgsi 444174 —28.3755 [13]
OLmgzn —77729.2 680.523 95 0.04 [12]
'Lugzn 3674.72 0.57139 [12]
*Lugzn -1588.15 [12]
OLsizn 7829.25 (1]
'Lsizn -3338.18 1]
Lsizn —-891.33 (1]
OLaimgsi 45000 This work
"Lamgsi —34000 15 This work
2LaMgsi —35000 -3 This work
OLaimgzn ~11475 11 [17]
"Laimegzn —11475 11 [17]
2Laimgzn -11475 11 [17]
OLuigsizn —44083 225 This work
(Al), Redlich-kister-Muggianu

OLasi —3423.91 —0.09584 [11]
OLaimg 4971 -35 [12]
TLamg 900 0.423 [12]
*Laimg 950 [12]
Laizn 7297.48 0.47512 [11]
Wazn 6612.88 -4.5911 [11]
*Laizn -3097.19 3.30635 [11]
OLytgsi —7148.79 0.89361 [13]
®Lmgzn ~3056.82 5.63801 [12]
Lmgzn -3127.26 5.65563 [12]
OLsizn 50000 (1]
(Mg), Redlich-kister-Muggianu

0 HCP-A3 0, FC 5481 1.8 [25]
0z, HCP-A3_0G HCP 2969.82 —1.56968 [26]
OLaisi 50000 (1]
OLaimg 1950 =2 [12]
'Laimg 1480 -2.08 [12]
2Laimg 3500 [12]
OLaizn 18820.95 —8.95255 [11]
"Laizn —-702.79 [11]
Lmgzn —3056.82 5.63801 [12]
Lmgzn -3127.26 5.65563 [12]
OLugsi ~7148.79 0.894 [13]
OLsizn 50000 (1]
(Zn), Redlich-kister-Muggianu

0 HCP-Zn 0G, FCC 5481 1.8 [25]
0GpyigHCP-A3 -0 Gy HCP 100 [17]
OLaisi 50000 (1]
OLame 1950 -2 [12]
Laimg 1480 -2.08 [12]
2Laimg 3500 [12]
OLaizn 18820.95 —8.95255 [11]
"Laizn —702.79 [11]
OLmgzn —3056.82 5.63801 [12]
"Lyigzn -3127.26 5.65563 [12]
OLmgsi ~7148.79 0.894 [13]
OLsizn 50000 (1]
(Si), Redlich-kister-Muggianu

OGAID]AMOND7A4 _OGAIFCC 30 [1 1 ]
OGZHDIAMOND»/M -DGAIHCP 30 [11]
OLarsi 111417.70 —46.13920 [11]
OLsizn 100000 [1]
Laizn 100000 (1]
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Table 4 (Continued )
Parameter a b Ref.
MgZn,, compound energy formalism, (Al, Mg, Zn)(Al, Mg, Zn),
0G.,.MgZn2 _30(, SER 15000.00 [17]
OGMg:AlMgZ"Z -0GpgHeP-20Gy FeC 12671.10 16.8 [27]
OGazn:a M2 -0Gzy HP-20G P 15000.00 [17]
OGp1mgME"2 0 Gy FC-20GgHP 37328.9 -16.8 [27]
OGzn:mgB2 -0Gzp HP-20GygHCP 65355.45 —8.83886 [17]
Gtz 82 -0Gy FCC-20G, P 15000.00 [17]
OGigiznME#2 -OGpgHCP-20 Gy HEP —35355.45 8.83886 [17]
Liig zn:Me772 8000.00 [17]
OLevigzn ™" 35000.00 [17]
OLyg ;- ME=2 15000.00 [27]
OLe g ME=2 8000.00 [27]
OLe.120ME2 ~7500.00 —18.00 [17]
T-phase, compound energy formalism, Mgys(Mg, Al)s(Al, Mg, Zn)sgAl
OGig:mg:al:a"-49°G FC-320 Gy HEP —81000.00 —186.30 [17]
OGig:mg:zn:al " -"Gal"C-320 GygHP-480 G2, HP —811620.0 162.00 [17]
OGig:mg:mg:al™-"Ga"C-800 Gy HP 405000.00 243.00 [17]
Gg:ar:ar:aIT-55 G C-26°GygHP —-105.30 [17]
O Gig:at:zn:a1"-70Gal"C-26° G HP-480 Gz, HP —832680.0 162.00 [17]
OGug:aimgar™-70Ga"C-74 Gy HP 1053000.0 405.00 [17]
OLnig:mg:alzn:al " -105300.0 243.00 [17]
OLmg:mg:ALMg: A1 "="Litg:At:ALMg: AL —202500.0 —40.50 [17]
O Lmg:mg:Mgzn:a" =" Lmg:Al:Mg zn:al” 243000.0 81.00 [17]
OLMg:Al:A],Zn:AlT —16200.0 243.00 []7]
®-phase, compound energy formalism, Mgg(Al, Zn)s
OGpg:a1 ?-6°GugHP-50Gy C -15400.0 —~16.50 [17]
OGuig:zn® -6 GmgHP-50Gzy HP ~79530.0 20.90 [17]
Lumgaizn® -23100.0 11.00 [17]
Al3oMg,3, compound energy formalism, Mg,3(Al, Zn)so
OGM :AlABOMgB‘230GMgHCP‘3OOGAlFCC _52565.4 ~173.1775 []7]
0Gl\/[g;z“ABm"'gB—230GMgHCPGODGZnFCC —318000.0 —63.600 [17]
AlsMg,, compound energy formalism, Mggg(Al, Zn);40
OGMg:AIABMgZ—SQOGMgHCP—]4OOGA1FCC —246175.0 _675.55 []7]
0Gg:zn"3ME2-890 GpgHP-1400 G P 206100.0 [17]
OLyg:atzn APME2 —1717500 343.50 [17]
Al;;Mg7, compound energy formalism, Mgio(Mg, Al, Zn),4(Al, Mg, Zn),4
OGMg;Al;AlA“ZMg”—]OOGMgHCP—‘lSOGA]FCC 195750.0 —203.00 []7]
OGMg:M ;AlA”ZMgl7—34OGMgHCP—24OGA]FCC ~105560.0 ~1015 [17]
OGMg:Al:MgA”ZMg]7‘340GMgHCP‘24OGA]FCC 568249.2 _276.138 []7]
O Gig:mg:mg™ 12ME!7-580 Gy HP 266939.2 —174.6380 [17]
OGMg;Zn:AlAHZMg”“lOOGMgHCP‘240GA]FCC‘240GZnHCP —174000.0 116.00 [.17]
OGMg:Mg:ZnAHZMgW‘340GMgHCP‘24OGZnHCP —290000.0 116.00 []7]
OGwmig:zn:mg"12ME17-340 Gy HEP-240 G, HCEP 198599.2 42.8620 [17]
OGMg;AanA“ZMg”-]OOGMgHCP-24OGA]FCC-24OGZnHCP 11310.0 14.50 []7]
OGmg:zn:zn12Me17-100 Gy HCP-480 G, HEP 580000.0 [17]
OLyg:at:almg A1ZMEY7 =OLyio g aimg AT2MET7 = OLyig 7041 Mg ATZMET7 226200.0 —29.00 [17]
0LMg:Mg,Zn:Al A2k =0LMg:Mg.Zn:Mg ARG = OLMg: Mg.Zn:Zn alzhz T —232000.0 116.00 []7]
Mg>Zn;1, compound energy formalism, Mg,(Zn, Al);q
OGigizaME#M1-20GygHP-110 Gz, HP —73818.32 18.45457 [17]
OGMg:Z“MgZan1_20GMgHCP_] ]UGAIFCC 130000.0 —26.00 []7]
Mg>Zn3, compound energy formalism, Mg, (Zn, Al)3
OGpg:zn M3 -20GygHP-30 G, HEP —54406.20 13.60156 [17]
OGg:aiME2n3 -20GygHP-30Gy 1000.00 -0.20 [17]
MgZn, compound energy formalism, Mgi2(Zn, Al);3
OGigiza e -120Gpg"P-130Gz, P —236980.84 59.24524 [17]
Gmg:zn 8" -120GrgHP-130G FC —10000.0 2.50 [17]
Mg7Zns, stoichiometric, Mgs;Znyo
OGmg:zn V87213 -510GgHCP-200 Gy HEP —335741.54 35.50 [17]
Mg, Si, stoichiometric, Mg, Si
0GMg:SiMgZSi'ZOGMgHCP'OGSi DIAMOND-A4 ~64110 14.868 []3]

6.2. Thermodynamic calculation of the Al-Zn-Mg-Si system

Based on the thermodynamic descriptions of the Al-Zn-Mg
[17] and Al-Zn-Si [11] from literature, and those of the AlI-Mg-Si
and Zn-Mg-Si systems assessed in this work, the thermodynamic
description of the quaternary Al-Zn-Mg-Si system was extrapo-
lated from these four ternary systems. To validate this quaternary

description, several calculations were made below and compared
with the available experimental data.

Sebkova et al. [28] measured the activities of Mg in several liq-
uid alloys in the Al-Zn-Mg-Si system at 1073 K. These alloys have
different compositions for the same component. Fig. 9 shows the
activities of Mg versus mole fraction of only Al, where the solid
squares are the experimental results [28] and the open squares are
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Fig. 8. Calculated isopleth of Zn-Mg-Si system from Mg, Si to MgZn, with experi-
mental data [24].
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Fig. 9. Comparison of activities of Mg in liquid phase of the Al-Zn-Mg-Si system at
1073 K.
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Fig.10. Isothermal section in the Al corner of the Al-Zn-Mg-Si system at 733 K with
1 wt% Si.

the calculated values. Comparison shows that a reasonable agree-
ment has been obtained.

Using the metallographic method Axon et al. [29] studied the
phase relationships near the Al-rich corner in an isothermal sec-
tion of Al-Zn-Mg-Si with 1 wt% Si at 733 K and proposed the phase
boundaries in this corner. Fig. 10 is the calculated isothermal sec-
tion with the experimental phase boundaries proposed by Axon et
al. [29] and their agreement is within 0.01 wt%.

7. Conclusions

A thermodynamic description of the quaternary system
Al-Zn-Mg-Si was developed in this study and validated by
experimental measurements. The multiphase equilibria among
(Al), (Si), Mg,Si and MgZn, at 573K were well established
through both experimental measurements and thermodynamic
calculations. Two three-phase equilibria, (Al)+(Si)+MgZn, and
(Al)+Mg,Si + MgZn,, are separated by the four-phase equilibrium
(Al)+(Si)+Mg,Si+MgZn,. The experimental results suggest the
appropriate selection of the thermodynamic description of the
Mg-Si system. The interaction parameters in the liquid phase
of ternary Al-Mg-Si and Zn-Mg-Si systems have been assessed
based on the experimental data. The thermodynamic description
of the quaternary Al-Zn-Mg-Si system was extrapolated from
the related constituent ternary systems. Calculations were made
to compare with the available experimental data and a good
agreement has been reached. The thermodynamic description of
the Al-Zn-Mg-Si system can be used as a reliable tool to guide
the alloy design for the alloys with the major phases (Al), (Si),
Mg,Si and MgZn, such as the ZA27 and Al-Zn based hot-dip
alloys.
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