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Phase equilibria and solidification of Mg-rich Mg–Al–Zn alloys

M. Ohno, D. Mirkovic, R. Schmid-Fetzer ∗
Institute of Metallurgy, Clausthal University of Technology, Robert-Koch-Str. 42, D-38678 Clausthal-Zellerfeld, Germany

Received 1 September 2005; accepted 1 February 2006

Abstract

Phase equilibria in Mg-rich corner of Mg–Al–Zn system are analyzed in detail. Thermodynamic calculations are compared with literature
data and own key experimental results by means of DSC and DTA measurements. The detailed comparison strongly supports the reliability of the
selected thermodynamic description. Furthermore, our focus is placed on proper interpretation of experimental results obtained by thermal analysis.
Based on thermodynamic calculation, it is clarified that a signal observed in thermal analysis, which was interpreted as end of solidification in the
literature, is related to the start of the monovariant eutectic reaction L + (Mg) + �-Mg17Al12 under non-equilibrium condition and the solidification
process ends at lower temperature. This fact is supported by our microstructural observation.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Phase equilibria of the Mg–Al–Mn–Zn quaternary system
rovide crucial information in development and designing of
g-alloys like the significant AZ and AM series. The main goal

f the series of present studies is to establish the thermodynamic
escription for the Mg–Al–Mn–Zn system on the basis of well
ssessed and properly interpreted experimental data. To this end,
he thermodynamic description for each sub-ternary system as
ell as sub-binary system needs to be obtained, scrutinized or

mproved to compute the phase equilibria with high precision.
he thermodynamic description for the Mg-rich corner of the
l–Mg–Mn system has been recently improved by the present

uthors [1]. In this paper, we focus on the Mg–Al–Zn ternary
ystem.

The thermodynamic description of Mg–Al–Zn system has
een reported by Liang et al. [2]. They performed the exper-
mental investigation on the ternary solubilities of the Al–Mg
nd Mg–Zn phases as well as the homogeneity ranges of
ernary compounds � and � phases by means of X-ray diffrac-
ion (XRD), differential thermal analysis (DTA), differential

based on their experimental data and available literature data.
They showed the comparison between the calculated and
experimental results concerning invariant reaction temperatures,
isothermal section at 608 K and some vertical sections, and the
satisfying agreement was presented.

Since the focus of Liang et al. [2] was placed on the entire
composition range, the detailed comparison regarding Mg-rich
corner was not demonstrated and the reliability of their ther-
modynamic description for Mg-rich corner has not been fully
discussed. For the practical application of Calphad approach to
development of Mg-alloys, the accuracy and precision of the cal-
culated phase equilibria are significant to know. In the present
paper, we firstly demonstrate the detailed comparison between
results calculated using the thermodynamic description of Liang
et al. [2] and the experimental data, with a view to proving the
reliability of the calculated phase equilibria. Our focus is on
the composition range of Mg-rich corner, 0–30 wt.% Al and
0–30 wt.% Zn. One will see that the calculated results are quite
consistent with the experimental data.

In the present study, subsequently, a particular attention is
directed to the composition range, 0–10 wt.% Al and 0–3 wt.%
canning calorimetry (DSC) and electron probe microanalysis
EPMA). Then, the thermodynamic description was obtained

∗

Zn, which is quite important range from the point of view of
industrial applicability of Mg-alloys. Since highly precise analy-
sis on the phase equilibria in this composition range has not been
carefully performed by means of current sophisticated equip-
ment, we carried out own key experiments of DSC and DTA
m
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experimental result is in the focus of this discussion. From our
measurement, it is demonstrated that the equilibrium solidifica-
tion process can hardly be realized in Mg-rich alloys even with
the cooling rate of 1 K/min. More importantly, one will see that
the thermal signal observed at low temperature, which has been
interpreted as end of solidification in the literature, is not the true
solidus temperature and solidification process finishes at lower
temperature.

2. Experimental data in literature

The experimental results for the entire Mg–Al–Zn system
have been assessed by Petrov [3]. Also, the phase diagrams
drawn in the experimental works have been compiled by Villars
et al. [4]. As mentioned in Section 1, we focus on the compo-
sition range 0–30 wt.% Al and 0–30 wt.% Zn. In the following,
the experimental works relevant to this composition range are
briefly summarized.

Liquidus surface for Mg-rich corner has been investigated by
means of thermal analysis in several works [5–10]. In the papers
[9,10], however, the actual values of the measured liquidus tem-
perature were not clearly shown and only the constructed phase
diagrams were demonstrated. In the present study, their results
are not employed for the comparison. The primary precipitates
were identified on the basis of microstructural observation [5–8],
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335 ◦C was demonstrated. It is noted that in the work of Liang
et al. [2], the experimental investigation of isothermal section
at 335 ◦C was also performed and the comparison between the
calculated and experimental results was presented.

In the experimental work by Wang et al. [13], the solidifi-
cation behavior of Mg–9 wt.% Al–X wt.% Zn with X = 0, 0.4,
0.8 and 1.2 has been investigated by means of thermal analysis
and microstructural observation. Since the cooling rate was fast
(30 K/min) in their experiment, the solidification proceeds under
non-equilibrium conditions. Based on the cooling curves, they
determined a start-solidifying temperature (near liquidus) and
end-solidifying temperature.

Among the above-mentioned literatures, all the experimental
work except for Refs. [6,13] were taken into account in the work
of Liang et al. [2]. Even though, a comprehensive and explicit
comparison for the Mg-rich alloys had not been given in that
work.

3. Experimental procedure and results

The chemical compositions of Mg-alloys investigated in the
present work are shown in Table 1. The compositions for the
elements of our concern, i.e., Al and Zn, are denoted in bold let-
ters. These alloys were prepared using following pure materials:
Mg bars, min. 99.9 wt.% provided by Norsk Hydro Magne-
s
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T n bold
owever, the alloy compositions employed for the determina-
ion of the primary precipitate were clearly indicated only in
efs. [7,8]. While an extremely wide primary phase field of
gZn2 was shown in Ref. [7], a part of the wide MgZn2 field
as replaced by primary phase field of ternary �-phase in the

ater assessment [3].
The thermal analysis down to low temperature region for Mg-

ich corner has been performed in several works [5–8]. Further-
ore, in the work of Hamasumi [7], the number of equilibrium

hases at various composition and temperatures was determined
ased on the microstructural observation of quenched samples.

The solidus isotherms have been presented by Mikheeva and
rjukova [11]. Furthermore, the solvus curves for the Mg-solid

olution were determined from the microstructural observation.
n their work [11], however, the detail of the experimental
ethod was not explained and the actual values of the exper-

mental data were not given. The solvus isotherms of Mg-solid
olution were also demonstrated by Busk and Marande [10],
owever, again the actual values of experimental data were not
iven.

Clark investigated the phase equilibria for Mg-rich corner by
eans of microscopic observation, thermal analysis and X-ray

iffraction analysis [12], and the assessed isothermal section at

able 1
hemical composition of the investigated alloys, balance Mg (wt.%)

lloy sample Al Zn Mn S

g–Al6–Zn1 6.24 0.50 0.0190 0
g–Al6–Zn2 5.61 1.70 0.011 0
g–Al9–Zn1 9.43 1.21 0.0064 0

he compositions for the elements of our concern, i.e., Al and Zn are denoted i
iumgesellschaft mbH, Bottrop; Al bars, 99.98 wt.% produced
y Hydro Aluminium High Purity GmbH, Grevenbroich and Zn
ods, 99.98 wt.% obtained from the Harzer Zink GmbH, Goslar,
ll purities referred to metal basis. The starting material for each
lloy was weighed, melted and held for 10 min at 750 ◦C in
tainless steel crucible with protection by mixture of 0.4 vol.%
F6 and 3 vol.% Ar in air. The sample was homogenized by
echanical stirring and, then, the melt was cast in a cold heavy

teel mold. Typical as-cast weight was 2 kg. The compositions of
repared alloys were analyzed in our chemical laboratory using
nductively coupled plasma (ICP).

Pieces of about 0.5 g were cut from the inside of the as-cast
ample material. They were analyzed by differential thermal
nalysis (DTA) and two heat-flow twin cylindrical Calvet-type
SC devices. The DTA measurements were performed using a
etzsch DTA 404 S apparatus (NETZSCH GmbH, Selb, Ger-
any). In preliminary experiments, it was realized that because

f high oxygen affinity and vapor pressure of the studied Mg-
lloys, a special adaptation of DTA equipment using sealed
a crucible is indispensable to obtain reproducible and reliable
ata. The detail of the adaptation is found in Ref. [14]. In the
TA measurement, high purity �-Al2O3 powder was used as

he reference material. A standard temperature calibration was

Fe Cu Ni Be

0.0213 0.0019 0.0005 <0.0001
0.0229 0.0012 0.0004 <0.0001
0.0062 0.0014 0.0075 <0.0001

letters.
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Table 2
Evaluated signal temperatures of the three alloy samples by means of the DSC and DTA measurements in ◦C

Mg–Al6–Zn1 Mg–Al6–Zn2 Mg–Al9–Zn1

Signal Aa Signal Bb Signal Aa Signal Bb Signal Cc Signal Aa Signal Bb

DSC1d [this work] 611 433 613 415 361 596 431
DSC2e [this work] 606 411 360 592 426
DTA [this work] 608 415 Not certain 595 435

a Start of the (Mg) precipitation.
b Start of the �-phase precipitation.
c Start of the �-phase precipitation (weak signal).
d Evaluation from multiple samples and scanning rates.
e DSC2 is the experimental data measured with different equipment at Ferro’s group.

carried out using the melting point of high purity Al, In, Mg, Pb
and Sb elements. The DTA scanning program comprised cycles
330–650–330 ◦C at heating/cooling rates of 1 and 5 K/min. The
measurements were carried out at 5 × 10−3 mbar static external
vacuum to protect the Ta-capsule outer surface against oxida-
tion and to eliminate convective heat exchange in gas inside the
chamber. The overall uncertainty of the DTA measurements was
estimated to be ±3 K.

The DSC measurements are performed by using Setaram
MHTC 96 DSC equipment. The equipment was calibrated using
high purity Ag, Cu, In, Mg and Pb. Helium at 2 l/h flow rate
has been applied as analysis chamber gas. The sealed Ta-
capsule was also used due to the above-mentioned reasons.
The sample Ta-capsules were filled up to 50 vol.% with the
sample material and sealed under argon with 0.5 bar over pres-
sure by electric arc welding. The average empty Ta-capsule
weight was 2950 ± 30 mg, and the typical sample weight was
about 400 mg. The reference Ta-capsule was also sealed by
welding, and a sapphire cylinder was used as reference mate-
rial. The sapphire mass was 492.5 mg, which is a good bal-
ance for the heat capacity of the sample. Both, the encap-
sulated sample and reference materials were placed approx-
imately in the middle of the DSC-transducer cell height, as
this is the most sensitive zone. The scanning program com-
prised cycles 150–700–150 ◦C at heating/cooling rates of 2
and 5 K/min. For each alloy composition, two independent
s
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Table 2 shows the experimental results of the DSC and DTA
measurements. Two signals A and B were clearly observed in
both the measurements. The temperature for the signal A, which
corresponds to the liquidus, was evaluated based on the onset
of the signal on cooling curve. On the other hand, the temper-
ature for the signal B was evaluated based on the maximum of
another signal on heating curve. This point will be discussed in
detail in Section 4.4. In addition to strong signals A and B, a
weak signal C was observed at lower temperature in the DSC
measurements of Mg–Al6–Zn2 alloy. However, this signal could
not be detected by the DTA experiment, which may be due to
the lower sensitivity of the equipment. The temperature for the
signal C was evaluated based on both the onset temperatures on
the cooling and the maximum temperature on heating curves. It
is noted that according to the device performance and the exper-
imental conditions, such as cooling/heating rate, the results of
DSC1 are considered to be most reliable.

The microstructure of the samples after DTA experiments
was examined by scanning electron microscopy with energy
dispersive X-ray microanalysis (SEM/EDS). The samples were
ground and polished down to 1 �m diamond under alcohol to
avoid reaction with water. The samples were etched in the solu-
tion of 1 cm3 HNO3, 20 cm3 acetic acid, 60 cm3 ethylene glycol
and 19 cm3 H2O for 15 s at room temperature. The result of
microstructural observation will be discussed in Section 4.4.
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amples were studied and two or three heating/cooling cycles
ere performed for each sample. The results are consistent and

eproducible. No significant dependence on the heating/cooling
ates was observed. The overall uncertainty of DSC mea-
urements was estimated as ±3 K for temperature determina-
ion.

In addition, the results of DSC measurements performed
t the group of Prof. Ferro at the University of Genova are
mployed for comparison. These DSC measurements were per-
ormed by using a Setaram TG-DSC 111 calorimeter. The same
canning program was applied, except for the scanning rate
hich was set to 3 K/min in their measurement. The purified
r flow at 2 l/min through measuring chamber was applied. In

he present paper, the experimental data measured at Ferro’s
roup are referred to as DSC2 [this work], while the data of our
SC (Setaram MHTC 96) measurement is indicated as DSC1

this work].
. Comparison of calculated and experimental data and
iscussion

.1. Liquidus surface

The software “Pandat”1 [15] and the thermodynamic descrip-
ions of Liang et al. [2] were employed for all the calculations
n this work. It is emphasized that none of the comparisons and
ata specific to Mg-rich alloys shown below are given in their
ork [2].
Fig. 1 demonstrates the calculated polythermal projection of

iquidus surface with the alloy compositions of the experimen-
al data in the Mg-rich corner. The dashed lines represent the

1 Pandat—Phase Diagram Calculation Engine for Multicomponent Systems,
ompuTherm LLC, 437 S, Yellowstone Dr., Suite 217, Madison, WI, USA.
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Fig. 1. Calculated partial Mg–Al–Zn liquidus surface and experimental alloy
compositions. The thick lines indicate monovariant reaction lines and the dashed
lines represent isotherms at an interval of 50 ◦C.

isotherms at an interval of 50 ◦C and the solid lines indicate
the two monovariant reaction lines L + (Mg) + �-Mg17Al12 and
L + �-Mg17Al12 + �. For convenience, the Mg-solid solution is
denoted as (Mg) throughout the present paper. As mentioned
in Section 2, the experimental results of Refs. [9,10] are not
employed in the comparison, because the actual values of the
data are not reported in both the literatures. The corresponding
detailed comparison between the calculated and experimental
liquidus temperatures is shown in Fig. 2. The vertical axis rep-
resents the experimental value, while the horizontal axis denotes
the calculated value. The liquidus temperatures are calculated at
each alloy composition given in Fig. 1. The solid line is a visual
aid, indicating the perfect agreement between the experimental
and calculated values. One can readily see that the calculated
result is in good agreement with the data of Refs. [6–8,13] and
this work. Note that the experimental data of this work corre-
spond to signal A given in Table 2. It is seen in Fig. 2 that some
of the experimental data of Ref. [5] deviate from the calculated
and other experimental results. From a closer look at Fig. 2,
furthermore, one can realize that below 450 ◦C, the calculated
values are slightly higher than most of the experimental data.
This temperature range corresponds to high alloy compositions
and the primary phase fields of �-Mg17Al12 or �. The supercool-
ing effect in the thermal analysis may be considered as one of
the reasons for this slight discrepancy. Except for such a minor
discrepancy, the calculated result obtained by thermodynamic
d
t
h
M

Fig. 2. Comparison between calculated and experimental liquidus temperature
for all alloy samples shown in Fig. 1. The straight line is a visual aid correspond-
ing to perfect agreement between experimental and calculated results.

be pointed out that this type of Calphad analysis enables us to
identify systematic trends between groups of experimental data.

The comparison of reported primary crystallizing phases to
the phase fields is shown in Fig. 3. The calculated liquidus sur-
face is identical to the one shown in Fig. 1, except that the interval
of the isotherms is 25 ◦C in Fig. 3. The calculated result agrees
well with the experimental data. As mentioned in Section 2, the
primary phase “MgZn2” determined in Ref. [7] has been cor-
rected as the primary �-phase in the later assessment [3]. Also,

F
p

escription of Liang et al. [2] is in satisfying agreement with
he experimental data. The agreement is especially good at the
igh temperature end, that is, for the most relevant industrial
g-alloy range including the own key experiments. It should
ig. 3. Calculated liquidus surface and experimental results for the primary
recipitates. Compared to Fig. 1 the interval of isotherms is halved to 25 ◦C.
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“Al2Mg3” in Ref. [7] and “Al3Mg4” in Ref. [8] correspond to �-
Mg17Al12 phase in the present calculation. It should be pointed
out that the monovariant reaction line of L + (Mg) + �-Mg17Al12
is crucially important to describe solidification process of Mg-
alloys with high degree of accuracy. The calculated monovariant
line is quite consistent with the experimental data.

4.2. Vertical phase diagram sections

The vertical Mg–Al–Zn phase diagram sections of the Mg-
rich corner are demonstrated in Fig. 4 with the experimental data
obtained by thermal analysis [5–8]. One can see the satisfying
agreement between the calculated results and the experimental

F
Z

ig. 4. Calculated vertical sections of the Mg–Al–Zn phase diagram at fixed composi
n, (c) 15 wt.% Zn, (d) 20 wt.% Zn, (e) 25 wt.% Zn, (f) 30 wt.% Zn and (g) Al:Zn = 1
tions with the experimental data of thermal analysis: (a) 5 wt.% Zn, (b) 10 wt.%
:1 weight ratio.
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Fig. 4. (Continued ).

data. Especially the calculated liquidus temperature for primary
solidification of Mg-solid solution agrees very well with the
experimental one, as summarized in Fig. 2. It should be pointed
out here that all the thermal signals at low temperature shown
in Fig. 4 are associated with phase equilibria involving more
than two solid phases and there is no experimental data of alloy
composition where the solidification process ends up in the
single-phase field of Mg-solid solution. As demonstrated later
(Fig. 8), however, most of the practically important Mg-alloys
have the single-phase field of Mg-solid solution just below the
solidus temperature and, in such a case, the result of thermal
analysis requires a careful interpretation, which is our main con-
cern in Section 4.4.

The experimentally observed number of equilibrium phases
at a given temperature [7] is compared in Fig. 5 to the calculated
vertical phase diagram sections at constant 10 or 30 wt.% Zn.
In that experimental work [7], the samples were heated for 1
or 2 h at a given temperature following pre-heating for 75 h at
300 ◦C. Then, after quenching, the number of equilibrium phases
at a given temperature was determined based on microstruc-
tural observation of samples. The overall consistency between
the calculated and the experimental results can be seen in both
the figures. However, slight discrepancies are observed regard-
ing solid phase equilibria at low temperatures, i.e., below about
350 ◦C. Based on our experience an equilibration period of a
total of up to 77 h at 300 ◦C may not be sufficient to attain solid
s
t
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Fig. 5. Calculated vertical sections and the experimental results for the number
of equilibrium phases at a given temperature [7]: (a) 10 wt.% Zn and (b) 30 wt.%
Zn.

Fig. 6. Solidus isotherms calculated (solid line) and experimentally reported in
[11] (dashed line).
tate equilibria in Mg-alloys. Also, the microstructural observa-
ion necessarily involves difficulty in detecting a small amount
f solid phases.

.3. Solidus and solvus temperatures

As mentioned in Section 2, the solidus isotherms were
eported by Mikheeva and Krjukova [11], while the actual val-
es of the experimental data were not given. Since no other
xperimental work for the solidus isotherms could be found in
ublished literature, the solidus curves are extracted from graph-
cal result of their work [11] and compared with the calculated
esult. Fig. 6 represents the calculated (solid line) and the exper-
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Fig. 7. Solvus isotherms calculated (solid line) and experimental results (dashed
line): (a) [11] and (b) [10].

imental solidus isotherms (dashed line). Note that the phase field
just below this solidus surface is single-phase field of Mg-solid
solution. The calculated result is at least qualitatively consis-
tent with the experimental one. However, Zn-solubility in Mg
reported in Ref. [11] mostly takes higher value than the calcu-
lated one. This inconsistency is noticeable even in binary Mg–Zn
edge. Since the calculated solidus temperature in Mg–Zn binary
edge is well supported by the experimental data for the binary
system [2], the high value of Zn composition claimed in the
ternary work [11] is considered to be unreliable.

The solvus isotherms for Mg-solid solution were demon-
strated in Refs. [10,11]. Since, again, the actual values of the
experimental data were not shown in both the literatures, the
solvus isotherms are extracted from their graphical results and
compared in Fig. 7 with the presently calculated result. Note
that both these experimental results are not consistent with each
other. Because the experimental procedures were not explained
in detail in those papers [10,11], the reliability for both the exper-
imental data sets cannot be discussed. It is obvious that the plot-
ted “experimental lines” do not comply with the clear and sharp

bends required by thermodynamics at the change of the precip-
itating phases. For example, following the 300 ◦C isotherm in
Fig. 7(a or b) from Zn-rich to Al-rich alloys, the precipitation of
three different phases is encountered, MgZn, � and �-Mg17Al12.
Thus, the homogeneity range of Mg-solid solution cannot be
bordered by one smooth curve but by three sections of curves as
given correctly by the present thermodynamic calculation.

However, the calculated results agree by and large reason-
ably well with the experimental results, except for the following
points where the disagreement between both of the experimen-
tal data sets is noticeable. In Fig. 7(a), the ternary solubilities
in Mg-solid solution below 250 ◦C given in Ref. [11] are too
large as compared to the calculated results, which is noticeable
even in Mg–Zn and Mg–Al binary edges. Since the thermody-
namic descriptions for each binary system are well established,
the assessed solvus curves of Ref. [11] at low temperature can-
not be justified. In Fig. 7(b), the ternary solubility at 350 ◦C is
much larger than the calculated result. This large solubility is
also against the experimental work of Ref. [11], when the solu-
bility at 350 ◦C is interpolated from the ones at 340 and 360 ◦C
in Fig. 7(a). Also the shape of the 350 ◦C curve is in drastic
disagreement with the thermodynamic requirement discussed
above. In the original paper [10], the authors have pointed out
that additional experiments indicated the solubility at 350 ◦C
which is not as large as shown in their figure, i.e., dashed line in
Fig. 7(b). Thus, by and large we can state that the experimental
s
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olvus data are fairly consistent with the calculated results.

.4. Phase equilibria for composition range, 0–10 wt.% Al
nd 0–3 wt.% Zn

The DSC and DTA measurements of Mg–Al6–Zn1, Mg–
l6–Zn2 and Mg–Al9–Zn1 alloys performed in the present

tudy focus on the composition range of currently important
g-alloys. The calculated vertical phase diagram sections at a

xed Al composition are shown in Fig. 8. The solid lines present
he phase diagrams at nominal Al-content, 6.0 and 9.0 wt.% Al,
n Fig. 8(a and b), respectively. The dotted lines are the calcu-
ated diagrams for two actual sample compositions of Table 1,
.24 and 9.43 wt.% Al, respectively. This small variation in Al-
ontent has negligible influence on the liquidus lines and only
mall influence on solidus and solvus lines. It should be noticed
hat the Mg-alloys in these dilute Al and Zn composition ranges
ave single-phase field of Mg-solid solution just below solidus
emperature in contrast to the experimentally studied alloys in
ig. 4.

The experimental results of Wang et al. [13] at nominal Al-
omposition, 9 wt.%, are also indicated in Fig. 8(b). As already
emonstrated in Section 4.1, the calculated liquidus temperature
s in good agreement with all of the experimental results. How-
ver, the calculated solidus temperature appears to disagree with
he signal B of this work and “solidus” temperature of Ref. [13].
t should be noted that in the work of Wang et al. [13], the cooling
ate was fast (30 K/min) and their data do not represent the equi-
ibrium solidus temperature. In fact, the term “end-solidifying
emperature” was used in that work [13]. On the other hand,

uch lower heating/cooling rate has been used in the present
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Fig. 8. Calculated vertical sections at fixed Al compositions with the experimen-
tal data: (a) Mg–Al6–Zn, solid lines for nominal 6.0 wt.% Al, dotted lines for
6.24 wt.% Al and (b) Mg–Al9–Zn, solid lines for nominal 9.0 wt.% Al, dotted
lines for 9.43 wt.% Al.

experiments (1 K/min in DTA, 2 K/min in DSC). As seen in
Fig. 8(b), however, the signal B measured in the present study
is virtually identical to the experimental data of Ref. [13].

Shown in Fig. 9 is the microstructure of Mg–Al9–Zn1 alloy
after the DTA measurement. The dark region corresponds to the
matrix of Mg-solid solution. The bright region, which appears
along the grain boundary of the matrix, consists of eutectic
structure of �-Mg17Al12 and Mg-solid solution having differ-
ent composition from the matrix. This microstructure suggests
that coring of Mg-solid solution takes place during solidifica-
tion and �-Mg17Al12 phase precipitates directly from the liquid
phase. According to the phase diagram (Fig. 8(b)) solidification
of this sample should be terminated at a higher solidus temper-
ature without precipitation of �-Mg17Al12 from the liquid. In
other words, the solidification proceeds under non-equilibrium
condition, even though the cooling rate in our measurement was
very low. This can be readily confirmed by performing Scheil
calculation as discussed in the following.

Fig. 10(a) shows the DSC curve of Mg–Al9–Zn1 alloy with
the scanning rate of 2 K/min. One can clearly see two signals, A

Fig. 9. Microstructure of Mg–Al9–Zn1 sample after the DTA measurement
(1 K/min).

and B on both the cooling and heating curves. Fig. 10(b) repre-
sents the solidification curve of Mg–Al9–Zn1 alloy calculated
under the Scheil conditions. In Fig. 10(b), the solidification starts
at 600 ◦C and the sharp bend in the solidification curve occurs

Fig. 10. (a) DSC curve of Mg–Al9–Zn1 alloy measured with heating/cooling
rate of 2 K/min and (b) solidification behavior of Mg–Al9–Zn1 alloy calculated
by Scheil scheme.
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Fig. 11. Comparison of all experimental sub-liquidus thermal analysis data of
Fig. 8 to thermodynamic calculations. Open symbols indicate the equilibrium
solidus calculations. The calculated results under Scheil conditions for signal B
represent the temperature at which monovariant eutectic reaction, L → (Mg) + �-
Mg17Al12, starts; for signal C it represents the invariant reaction temperature,
L + �-Mg17Al12 ↔ (Mg) + �. All calculations are based on actual alloy compo-
sitions.

at 429 ◦C, which corresponds to the temperature for the start
of the monovariant eutectic reaction, L → (Mg) + �-Mg17Al12,
under Scheil conditions. Note that the fraction of liquid phase
drastically decreases when �-Mg17Al12 phase starts to precipi-
tate, giving rise to a clear thermal signal that could also be seen
from a calculated enthalpy curve of that alloy, not shown here.
On the other hand, when the solidification proceeds under equi-
librium condition, the precipitation of �-Mg17Al12 phase does
not occur and the solidification ends up with the primary Mg-
solid solution at 443 ◦C. From the comparison between Fig. 10(a
and b), one can realize that the signal B is closely related to
L + (Mg)/L + (Mg) + �-Mg17Al12 transition. This is quite con-
sistent with the microstructural observation discussed in Fig. 9.
Note that, in Fig. 10(a), there exists slight temperature difference
between the onset of signal B on cooling curve and the maximum
of signal B on heating curve. This is because the supercooling
effect on precipitation of �-Mg17Al12 phase may occur during
cooling cycle. As mentioned in Section 2, the temperature for
signal B has been assessed based on the maximum of heating
curve. This temperature is related to complete melting of eutectic
structure of �-Mg17Al12 and (Mg) phases along grain boundary
during heating cycle, which is equivalent to the temperature at
which the monovariant eutectic reaction starts during cooling
cycle without supercooling effect.

Fig. 11 represents the detailed comparison between the cal-
culated results and the experimental data concerning the signal
B
t
a
r
a
t
u
b

tion compared to the assumption of equilibrium. Furthermore,
the solely primary equilibrium solidification L → (Mg) cannot
produce the two distinct signals A and B, which are in per-
fect agreement with the primary and secondary solidification
steps predicted by the Scheil calculation and also seen in the
microstructure. It should be stressed that the low temperature
signal in thermal analysis for Mg-alloys (signal B in this work)
does not represent the end of solidification; the solidification
process finishes at much lower temperature under Scheil condi-
tion as exemplified in Fig. 10(b). By contrast, the equilibrium
solidus point of that alloy is 443 ◦C.

In addition to two signals A and B, as mentioned in Sec-
tion 3, the signal C was observed in the DSC measurements for
Mg–Al6–Zn2 alloy. The DSC curve of Mg–Al6–Zn2 alloy in the
vicinity of signal C is represented by solid line in Fig. 12(a). For
the sake of comparison, also, the DSC curve of Mg–Al6–Zn1
alloy, in which signal C was not observed, is indicated by dashed
line in Fig. 12a. One sees that there exists the small though dis-
tinct peak of signal C on both the heating and cooling curves
for Mg–Al6–Zn2 alloy. Fig. 12(b) demonstrates the solidifica-
tion curves of Mg–Al6–Zn2 alloy (solid line) and Mg–Al6–Zn1
(dashed line) calculated by Scheil scheme. In the calculated
solidification curve of Mg–Al6–Zn2 alloys (solid line), the pre-

Fig. 12. (a) DSC curves of alloys Mg–Al6–Zn2 (solid lines) and Mg–Al6–Zn1
(dashed lines) in the vicinity of signal C and (b) solidification behavior of alloys
Mg–Al6–Zn2 (solid line) and Mg–Al6–Zn1 (dashed line) calculated by Scheil
scheme.
of the present work and the “solidus” of Ref. [13]. The ver-
ical axis represents the experimental value and the horizontal
xis indicates the calculated values. Two types of calculated
esults are shown in Fig. 11; one is equilibrium solidus temper-
ture (open symbols) and the other is the temperature at which
he monovariant eutectic reaction L + (Mg) + �-Mg17Al12 starts
nder the Scheil condition. The experimental data are in much
etter agreement with the calculated results of Scheil condi-
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cipitation of �-Mg17Al12 phase takes place at 418 ◦C and, fur-
thermore, the ternary intermetallic compound, �-phase, starts
to precipitate at 366 ◦C. From the comparison between the DSC
curve and the sharp bend in the Scheil calculated curve, one
can grasp that the signal C is closely related to the precipitation
of �-phase. The precipitation of �-phase starts at the invari-
ant reaction temperature, L + �-Mg17Al12 ↔ (Mg) + �, 366 ◦C.
More precisely, since this reaction requires the dissolution of �-
Mg17Al12 phase, this four-phase reaction type cannot be realized
under Scheil condition and the precipitation of �-phase virtually
starts just below this invariant reaction temperature. In Fig. 11,
the signal C is compared with the calculated invariant reaction
temperature. One can see the good agreement between them.
It should be pointed out that in the case of Mg–Al6–Zn1 alloy,
also, the precipitation of �-phase occurs during the calculated
solidification process (dashed line in Fig. 12(b)). However, this
is not visible in the solidification curve because of very small
amount of �-precipitate and this is quite consistent with the
fact that the signal C was not detected in Mg–Al6–Zn1 alloy
(dashed line in Fig. 12(a)). The Scheil calculation also showed
that very small amount of �-phase precipitates in the case of
Mg–Al9–Zn1 alloy. It should be noted that even the signal C
does not represent the end of solidification and solidification
process finishes at lower temperature.

It is emphasized that the above discussion concerns only the
lower alloyed samples of Fig. 8, where an equilibrium solidifi-
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(i) Even though we have used very slow cooling rate in thermal
analysis (1 K/min in DTA, 2 K/min in DSC), the solidifica-
tion path is far from equilibrium condition and is close to
Scheil condition. There is virtually no difference between
the results measured with cooling rates of 1 and 30 K/min.

(ii) The low temperature signal B observed in thermal anal-
ysis and often claimed as “solidus” is not the equilib-
rium solidus temperature and is not even the end of
non-equilibrium solidification process. This signal corre-
sponds to the start of the monovariant eutectic reaction,
L → (Mg) + �-Mg17Al12.

(iii) The lowest signal C observed in the DSC measurement
of Mg–Al6–Zn2 alloy represents the precipitation of �-
phase. It is consistent that this signal was not observed
in the Mg–Al6–Zn1 and Mg–Al9–Zn1 alloys, because the
Scheil calculation shows that the precipitation of �-phase
occurs in both these alloys in minute amounts only; the
solidification process finishes at lower temperature.

(iv) The fact that all the experimental results can be well inter-
preted by the present thermodynamic calculation strongly
supports the reliability of the thermodynamic description
of Liang et al. [2]. This thermodynamic description is now
well established also in the Mg-rich corner and enables
a proper interpretation of experimental results obtained
under equilibrium and non-equilibrium conditions.

A

v
m
F
I

R

[

[

[
[

[
[

ation should involve only the L + (Mg) phase field, terminating
t the single-phase solid solution and substantially higher tem-
erature. The real solidification inflicts a qualitative and drastic
hange: all these alloys encounter a three-phase reaction at lower
emperature due to the non-equilibrium segregation. By con-
rast, the higher alloyed samples shown in Fig. 4 encounter the
hree-phase and higher order reactions even under equilibrium
onditions. Therefore, a reasonable agreement of thermal sig-
als with the calculated phase diagrams is observed, even though
ome shift in the solidification path of these alloys due to seg-
egation is expected and may be calculated. This effect is not as
trong as shown in Fig. 11 for the lower alloyed samples.

As discussed above, all the experimental results can be suc-
essfully explained by the present thermodynamic calculation,
ither under equilibrium or under Scheil conditions. This fact
trongly supports the reliability of the thermodynamic descrip-
ion of Liang et al. [2] specifically for the Mg-rich alloys.

. Conclusion

In the present study, focusing on Mg-rich alloys, we have
iscussed the reliability of thermodynamic description of the
g–Al–Zn system [2]. The good agreement between the exper-

mental and the calculated results strongly supports the relia-
ility of the thermodynamic description. Also, we investigated
olidification and melting of alloys in the practically impor-
ant composition range by means of DTA and DSC measure-

ents and compared the experimental results with thermody-
amic calculations. The following most important results are
ighlighted:
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