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Abstract

The Al-Zn—Ga ternary phase diagram was earlier established by thermodynamic modelli-
zation [1], but no experimental study appears to have been carried out on this system, except
for measurements of mixing enthalpies in the liquid [2].

The present experimental study was cartied out by thermal analysis and X-ray diffraction
at various temperatures, using the isopletic cuts method.

Four isopletic cuts were established and two others were partly studied in the Al-rich cor-
ner of the diagram. On these cuts, two isobaric ternary invariant reactions were determined: a
eutectic reaction at 23+1°C, and a metatectic reaction at 123+1°C. Evidence was found for the
existence of a retrograde miscibility of Ga in a solid solution o5 which protrudes into the ter-
nary system starting from the Al-Zn binary up to a Ga concentration of about 30% .

Keywords: Al-Zn-Ga ternary system, phase diagram, retrograde miscibility, thermal analysis,
X-ray diffraction at various temperatures

Introduction

The Al-Zn binary phase diagram [3] (Fig. 1a) is a eutectic system involving a
monotectoid reaction and a miscibility gap in the solid state. The Al solid solu-
tion has an extended homogeneity range, interrupted at lower temperatures by
the miscibility gap. This solid solution is labelled o on the Al-rich side (04 is a
fce (A1) solid solution) and o on the Zn-rich side (ot has a rhombohedral struc-
ture [3] which corresponds to the o structure, where one of the ternary axes has
been slightly stretched).

The Al-Ga [4] (Fig. 1b) and Ga~Zn [4] (Fig. 1c) binary phase diagrams are
eutectic systems. The solubilities, in the solid state, of Ga in Zn and of Zn in Ga

* Compositions are all given as mass percentages.
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Fig. 1 Binary phase diagrams. a — Al-Zn binary phase diagram from [3], b — Al-Ga binary
phase diagram from [4], ¢ — Ga—Zn binary phase diagram from [4]
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are very low. Al also has a very limited solubility in Ga, but the solubility of Ga
in Alis 20%.

The Al-Ga, Al-Zn and Ga—Zn binary phase diagrams are well known, but the
Al-Zn—Ga ternary phase diagram has never been subject to experimental study,
although a thermodynamic computer version of this diagram has been published
[1]. In that version, a ternary eutectic in the Ga-rich corner was calculated at
22°C:

L S Zng+og+Ga, AH<O

The calculated composition of the isobaric invariant liquid is 0.68% Al, 96% Ga,
3.32% Zn.
At 282°C, an invariant reaction occurs, which is a transitory peritectic:

Letads S Zng+og AH<O

The calculated composition of the isobaric invariant liquid is 6.76% Al, 33.96%
Ga, 59.28% Zn.

The calculated isothermal sections [1] indicate that the (L+0.) phase region
coalesces in the ternary with the (ogs+0) phase region which originates at
351.5°C (binary critical point) in the Al-Zn binary system [3]. The coalescence
of the two two-phase regions occurs at a calculated temperature of about 346.5°C
[1] with the formation of a (L+0+04,) phase region. At that temperature, the ter-
nary solid-solid critical point is conjugated to a vanishing point in the liquidus
area, from which a monovariant line reaches the peritectic liquid.

These results on the ternary system Al-Zn—Ga are very similar to those pre-
sented for the AlI-Zn—Sn ternary phase diagram [5—8], but are different from the
ternary diagrams for Al-Zn-Si [9] or Al-Zn-Ge [10].

An experimental determination of the Al-Zn—Ga phase diagram was neces-
sary to confirm the results.

Experimental

This experimental study was carried out by means of thermal analysis and X-ray
diffraction at various temperatures, using the isopletic cuts method. Four main
isopletic cuts (Fig. 2) were chosen, using the data given by Ansara[1]:

ZA7-Ga |—"2—=0.07| ZA15-Ga, ZA20-Ga and ZA40-Ga (Fig. 2). On
mai + Mz

these isopleths, the compositions and temperatures of the ternary invariant

equilibria were determined. The miscibility fields in the solid state were also

identified. In addition, two isopletic cuts were partly studied in order to deter-

mine the limits of the isobaric ternary invariants in the Al-rich corner: ZA74-
AGa52 and ZA88-AGa22 (Fig. 2).
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Fig. 2 Isopletic cuts for the experimental study

The samples were prepared by weighing and mixing pure Al, Zn and Ga
(99.999%).

Differential thermal analysis (DTA) measurements were carried out with a
TG/DTA 92-Setaram instrument to evaluate the possible mass loss associated
with Zn vaporization. A Differential Scanning Calorimeter (DSC 92-Setaram)
was also used: this allows invariant calorimetric measurements (Tammann
method) and low-temperature investigations by cooling with liquid nitrogen.
Stainless steel crucibles sealed with copper joins were used to prevent Zn vapor-
ization and alloy oxidation. The temperature range used was from —50 to 550°C.
The thermal analysis curves were recorded both on heating and on cooling. A
heating and cooling rate of 5°C min™' was used. The precision obtained after cali-
bration was +1°C for temperature measurements and about 10% for enthalpy de-
terminations. Each composition studied on the different isopletic cuts was stud-
ied in three successive thermal cycles.

An X-ray diffraction powder method was used with CuKg radiation (A=
0.15405 nm) at different temperatures ranging from room temperature up to
420°C. The Anton-Paar HTK10 high-temperature camera on the Philips
PW 1050/20 goniometer was employed. The experiments were carried out under

J. Thermal Anal., 53, 1998



ARAGON et al.: THE Al-Zn-Ga PHASE DIAGRAM 773

inert gas (helium). The thermal sequences and the goniometer 6/26 scanning
were computer-assisted. A computer program also permitted X-ray diffraction
data acquisition and treatment [11].

The samples were prepared by melting and dropping onto a cold sheet to ob-
tain a thin homogeneous foil. The Pt heating rod was protected with a thin Mo
foil (2.10-1 mm) from attack by liquid Ga-rich alloys. To take into account any
preferred orientation of the crystallites, we compared the X-ray spectra of an-
nealed foils with those of powders obtained by grinding at liquid nitrogen tem-
perature.

To correct the thermal gradient between the upper side of the sample and the
indication given by the thermocouple which controls the thermal regulation of
the Pt heating rod and which indicates the sample temperature [12], we had to
calibrate these temperatures in the range of study (25 to 450°C) by determining
the melting points of high-purity In, Sn and Zn. This calibration needed very
slow heating, with X-ray diffraction recording in steps of 1°C near the melting
temperature and an annealing time of 15 min for each step. The maximum preci-
sion after this calibration for the present results is +1°C.

Preliminarily, a direction-finder calibration of the goniometer was carried out.

Data acquisition was preceded by an initial annealing time of 20 min for each
step. Hence, the total annealing time (initial annealing plus 8-scanning time) was
50 min. To prevent metastable equilibria, some experiments were conducted
with a long annealing time (more than 24 h). Several experiments were recorded
for each sample and compared on heating and cooling.

The literature gives X-ray diffraction patterns for the high-purity metals Al
[13], Zn [13] and Ga [14] at 25°C. The corresponding solid solutions at different
temperatures were identified by extrapolation from these room temperature data.
X-ray diffraction data are available on the binary o, solid solution [15]. These
authors worked on a quenched Al (29 at.%)-Zn binary alloy and identified a me-
tastable transition phase with a trigonal deformed Al (fcc) structure. We ob-
served similar spectra at different temperatures for a binary Al (38 at.%)-Zn al-
loy (in the o;; one-phase field between 275 and 400°C). These spectra were taken
as references for identification of the o solid solution diffraction lines in the ter-
nary alloys.

In any case, a comparison with reference data has to take into account the 0 shift
due to the thermal dilatation and the large solubility variation with temperature.

Results

The four isopletic cuts ZA7-Ga, ZA15-Ga, ZA20-Ga and ZA40-Ga are pre-
sented in Figs 3—6 and Tables 1—4. These Figures summarize the results obtained
by thermal analysis (thermal accidents on heating and cooling, and invariant cal-
orimetric measurements) and X-ray diffraction (phases identified for different
alloys and at various temperatures).
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Two isobaric invariant reactions were observed:

—a ternary culectic at 23x1°C on heating:
Zhes+ s +Gaee S L AH>O0
— and a ternary metatectic at 123£1°C on heating:
Zng+0ss+Lvy S ofs  AH>0

On cooling, the boundaries of the three-phase region (Zng+0,+0s) and the
eutectic transformation were displaced toward lower temperatures. The metatec-
tic reaction was measured at 109+1°C (Fig. 4). The eutectic transformation was
displaced from 23°C on heating to —3°C on cooling. Thermal accidents were ob-
served up to —30°C on cooling, depending on the composition (Fig. 4). These ac-
cidents seemed to correspond to the crystallization of two allotropic forms of Ga
which are metastable at atmospheric pressure [16—18]. As a consequence, a lig-
uid phase appeared at 23°C on heating and remained present on cooling to —30°C
for some alloys.

On the ZA7-Ga isopletic cut (Fig. 3), X-ray diffraction at various tempera-
tures [19, 20] revealed the existence of a solid two-phase field (Zng+0s) which
protruded into the three-phase field (Zn,+oi+L) up to a Ga concentration of
about 30% [19, 20]. A solid two-phase field (ot+0ts), protruding into the three-
phase field (o,s+0is+L), was also observed on the ZA20-Ga isopleth (Fig. 5) up
to the same Ga concentration. Moreover, this isopleth exhibited a (o) one-phase
field which protruded from the Al-Zn binary up to 20% of Ga. Crystallization of
a Ga-rich liquid phase, with simultancous solubilization of Ga in the o solid so-
lution, was therefore observed on heating on the two isopletic cuts ZA7-Ga and
ZA20-Ga.

This (o) one-phase field was also observed on the ZA15-Ga isopleth
(Fig. 4). It was a closed field which did not reach the Al-Zn binary diagram on
this isopleth. Thus, the (o) one-phase region flanked by the (o.+0) and
(Zng+ais) two-phase fields protruded into the ternary phase diagram from the
Al-Zn binary diagram and extended in the direction of a high concentration of
Ga.

As a consequence, the o, ternary solid solution presents an important retro-
grade miscibility toward Ga.

Similar behaviour has been observed for Sn in the AlI-Zn—Sn ternary phase
diagram [5—8]. The similarity of the (wo diagrams might be due to interferences
between the solid—solid and the liquid—solid equilibria because of the displace-
ment of the liquidus area towards lower temperatures. The melting temperatures
of Sn (Twm(Sn)=232°C) and Ga (Tw(Ga)=29°C), which are lower than those of Al
(Tm(A1)=660°C) and Zn (Tyu(Zn)=420°C), would explain this behaviour. In con-
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trast, the phenomena observed in the Al-Zn—Sn ternary diagram [5—8] does not
occur in the studied Al-Zn-Si [9] (Tm(S1)=1410°C) or Al-Zn-Ge [10]
(Tm(Ge)=958°C) ternary diagrams.

Conclusions

The whole liquid—solid and solid—solid equilibria were studied cxperimen-
tally by the isopletic cuts method. Two isobaric invariant reactions were ob-
served by means of thermal analysis on heating: a eutectic at 23+1°C, which is in
good agreement with that determined by modellization at 22°C [1], and a
metatectic at 123+1°C, which does not agree with the calculated peritectic invari-
ant at 282°C [1]. On cooling, the invariant transformation are displaced towards
lower temperatures: the eutectic transformation is displaced to —3°C, but a liquid
phase remains present to —30°C for some alloys. The existence of a liquid phase
in these alloys at room temperature creates difficulties for metallographic stud-
ies and SEM investigations. The alloy ageing due to the presence of a liquid
phase at room temperature is also a problem: the alloys must be cooled at liquid
nitrogen temperature and preserved below 23°C. The existence or not of the lig-
uid phase, depending on the thermal treatment, has a great influence on the elec-
trochemical behaviour of these alloys [21].

The results show the existence of a significant retrograde miscibility of Ga in
the oy solid solution which protrudes into the ternary system, starting from the
Al-Zn binary up to a Ga concentration of about 30%. Similar behaviour has been
obscrved for Sn in the Al-Zn—Sn ternary phase diagram [5-8].
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