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Abstract

X-ray diffraction, optical and electron microscopic techniques were used to investigate the early stages of ageing in supersaturated Zn—Al
based quaternary alloys. Discontinuous precipitation was observed to occur by means of a cellular reaction in both monotectoid and
eutectoid Zn—Al based alloys. The cellular reaction was correlated with an equilibrium phase transformation that took place at about 276°C.
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1. Introduction

There is a great deal of interest in the decomposition of
Zn—Al based alloys, in which the general pattern has been
summarized [1-5] as follows: the supersaturated solid solu-
tion phase ag forms G.P. zones, then the rhombohedral
transitional phase o/, which transforms into an f.c.c. phase
o/ and finally into zinc (7).

In recent work [6-9], discontinuous precipitation was
observed at various stages of ageing, but the formation of
G.P. zones was considered to be the first stage of the
decomposition in most cases. The initial decomposition
of the supersaturated solid solutions in both monotectoid
and eutectoid Zn—Al binary alloys has been investigated
in detail, and two stages of decomposition were reported to
occur after the formation of G.P. zones. In the first stage, an
f.c.c. metastable phase («|) was formed by discontinuous
precipitation. This zinc-rich f.c.c. phase then decomposed in
the second stage with the formation of the equilibrium
phase n and «, the latter being almost pure aluminum.
The first product of the discontinuous precipitation was
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suggested to be the extension of the equilibrium monotec-
toid reaction at 340°C, shown as the extended line “a” in
Fig. 1, [6,7].

In the present work, an investigation of the early stages of
ageing in Zn—Al-Cu-Si alloys with monotectoid and eutec-
toid compositions was carried out, and the decomposition
reactions were correlated with recently established equili-

brium phase relationships [10,11].

2. Experimental

Zn—Al-Cu-Si alloys were prepared from high purity
materials by air-melting in an induction furnace. Cylindrical
ingots weighing 500 g were made by casting into mild steel
moulds preheated to 250°C. The compositions of the alloys
are shown in Table 1. Specimens of 12 mm diameter by
4 mm thickness were cut from the ingots, solution treated at
350°C, and then quenched and aged to provide the thermo-
dynamic and kinetic conditions for the phase transformation
[10].

Ageing was carried out in air or water at 21°C, 50°C,
70°C, 100°C, 150°C, and 170°C, with the temperature
maintained to +1°C. The ageing times were counted from
the moment when the specimens reached the bath tempera-
ture.
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Fig. 1. Zinc-aluminum binary phase diagram showing metastable
diagrams according to [6].
Table 1
Compositions of the alloys (wt%)
Zn Al Cu Si
Al-Zngy—Cus-Si, 61.1 33.0 3.4 2.6
Al—Zn75—Cu3—Si2 75.0 19.4 3.1 14

X-ray diffraction was carried out on flat samples using
nickel-filtered Cu Ka radiation in a Phillips diffractometer
operated at 40 kV. The diffractometer was repeatedly
scanned through a range of 35-48° 26 at a speed of 1°/
min and the peak intensity data was recorded automatically
by computer, with simultaneous display of the intensity trace
on a chart recorder.

Standard metallographic preparation techniques were
used for light microscopy. For TEM studies, foils were
prepared by a disk-jet technique and studied in a Jeol
100B electron microscope.

3. Results

The X-ray diffraction patterns from alloy Al-Zngy—Cusz—
Si, during ageing at 70°C are shown in Fig. 2(a). After
ageing for 90 min the diffraction peak of the supersaturated
phase o had decreased substantially from its early level, and
this was accompanied by the appearance of three sets of new
peaks, from o/, ¢ and 7 phases. The o, was an aluminum-
rich metastable phase, the principle peak of which was only
0.3° to the low-angle side of the equivalent peak from the
supersaturated phase «. After 510 min, both the (2 0 0) and
(1 11) peaks of o had disappeared, leaving the peaks from
o/r, € and 1) phases clearly visible. This transformation from
o/; to the product phases is shown in Fig. 2.

The X-ray diffraction patterns from the same alloy aged at
100°C are shown in Fig. 2(b), and reveal the same sequence
of changes. The decomposition of « started earlier and was
well advanced after 3.5 min. The decomposition was com-
plete after 12 min.

On ageing at 150°C, again the same changes were
revealed by the diffraction examination, Fig. 2(c) shows
the changes in the diffraction peaks.

The other alloy of near-eutectoid composition, Al-Zn;s—
Cus-Si,, was aged at 100°C, 150°C, and 170°C. Fig. 3(a)
shows the X-ray traces for 100°C ageing, and the first four
curves show the decomposition of the high-temperature
phase (which although structurally identical to « is now
called 3, as its zinc content is much greater). The 3, phase
transformed into o, ¢ and 7 phases after 1 min at this
temperature, and even in the as-quenched condition partial
decomposition of the supersaturated phase had occurred.

Fig. 4 is an optical micrograph of this as-quenched alloy
and shows discontinuous precipitation at the grain bound-
aries. After 0.5 min at 100°C, this had developed to greater
extent, Fig. 5.

Ageing at 150°C produced the same phase transforma-
tions, Fig. 3(b), but at earlier times. The first stage, i.e., the
decomposition of [, phase to «f, € and n phases, for
example, was completed in only 10 s.

Using the positions of the (2 0 0) peaks from the super-
saturated phases and the phase formed after long periods at
low temperatures as a calibration, it was calculated that the
approximate zinc content of the o/, phase was 32.5%.
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Fig. 2. X-ray diffraction patterns from Al-Zng,—Cus3—Si, alloy on ageing
for different times: (a) 70°C; (b) 100°C; (c) 150°C.
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Fig. 2. (Continued)

Quantitative transformation curves for the phases in both
alloys aged at 100°C, 150°C and 170°C were calculated
using the integrated intensities of selected diffraction peaks.
Fig. 6 showing such curves for monotectoid alloy aged at
150°C. Figs. 7 and 8 show similar curves for the eutectoid
alloy aged at 100°C and 170°C, respectively. Overlapping of
the peaks from the [, phase with those from the o/ phase
made it impossible to calculate the fractional transformation
of the former with a reasonable degree of accuracy at
particular times of ageing, dashed lines having been used
in these figures where the positions of the lines are impre-
cise.

Transmission electron microscopy was carried out with
special care on samples aged for upto 10 min at 100°C. The
lamellar structure was not observed until after 1.5 min. After
2 min both the lamellar structure and a two-phase structure
of equi-axed grains was obtained. After 8.5 min two differ-
ent modes of decomposition were seen, as shown in the
micrograph of Fig. 9(a). Discontinuous cellular products
formed on one side of high-angle grain boundaries, and
general precipitates in the matrix on the other. The electron-
diffraction pattern from the cellular side is shown in
Fig. 9(b). Trace analysis indicated a possible growth direc-
tion for the o/ lamellae of (11 1).
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Fig. 3. X-ray diffraction patterns from Al-Zn;s—Cu3-Si, alloy on ageing for different times: (a) 100°C; (b) 150°C.

4. Discussion

The X-ray diffraction peaks from the supersaturated o
and (3, phases reduced with ageing time, whilst the peaks
from o/ phase of lower zinc content appeared separately at
lower Bragg angles, together with peaks from the € and 7
phases. This early stage of transformation was observed in
all of the X-ray diffraction patterns from both alloys at the
ageing temperatures used, see Figs. 2 and 3. Amongst these,
Fig. 2(a) and (b) and Fig. 3(a) showed clearly the first stage
transformation in the low-zinc alloy on ageing at 70°C and
100°C, and in the higher-zinc alloy on ageing at 100°C.

Examination of Figs. 68 shows that they all exhibit the
same essential features. There was an initial rapid increase in
zinc (1) and the metastable ¢ phase, followed by a more
gradual increase in both over a comparatively long period of
time. Finally the ¢ phase was replaced by T’ phase and
simultaneously the formation of zinc was completed. The
eutectoid-based alloy shows the initial rapid increase in zinc,
followed by a second rapid increase after a while, to an even
more marked degree.

The first stage represents the rapid formation of 1 and ¢
phases in both alloys and from the changes in the phase
composition may be described by the reaction:
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Fig. 4. Optical micrograph of Al-Zn;s—Cu3-Si, alloy shortly after
quenching.

o (and B)) — ap+e+7

At the same time, optical and transmission electron
microscopy showed that this transformation was the cellular
reaction that occurred at the grain boundaries. In Figs. 6-8 it
appeared that over 75% of the n phase, is formed by this
reaction, the remainder resulting from the spinodal decom-
position of the products in Stage II. Thus it appears that the
nucleation and growth of cellular colonies in the super-
saturated phases is a major mode of transformation, in
agreement with Turnbull’s observation [12].

24 pm

Fig. 5. Optical micrograph of Al-Zn;s—Cu;-Si, alloy after quenching and
ageing for 0.5 min at 100°C, showing the development of discontinuous
precipitation at the grain boundaries.

Finally in Stage III the € phase was replaced by another
copper-rich phase, T'. Simultaneously the zinc content
increases to its final amount, although this was sometimes
not clear from the transformation diagram since the ¢ is only
a minor phase compared to zinc, and thus the liberation of
zinc from € makes only a small contribution to the total zinc
content. The phase reaction may be represented by an
equation of the form:

ate—T +n.
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(b)

Fig. 9. Transmission electron micrograph of alloy Al-Zng,—Cus—Si, aged
at 100°C for 8.5 min (magx 13 000) and (b) the electron diffraction pattern
from the cellular side in (a).

It is interesting to correlate these phase transformations
with the equilibrium phase diagram for the system. In the
binary Zn-Al diagram there is an eutectoid at 276°C,
whereby the ( phase decomposes into « and 7, see
Fig. 1. The introduction of copper and silicon modifies
the phase relationships slightly in low-copper alloys. Mur-
phy [12] had determined the solid-state transformations in
ternary alloys containing copper, and it has been shown that
the further introduction of small amounts of silicon produces
only minor changes in the positions of phase fields compared
with the ternary diagram [10]. In the Zn—AI-Cu-Si system at
350°C, the compositions corresponding to the two alloys
examined here lie just inside the o’ or 3 phase field, together
with Si, which may be ignored for the present purposes. In
binary alloys the 3 phase undergoes the eutectoid reaction at

275°C, and in the present low-copper alloys this also occurs,
but the copper content is slightly in excess of the maximum
solid solubility, so that at 270°C they lie in the a+/3+7 field.
At 268°C the € phase is replaced by the copper-rich T’ phase
by a four-phase transformation:

a+e—T +n,

so that € may be regarded as a transitional copper-rich phase
in both equilibrium cooling and quench-ageing transforma-
tions. Furthermore the cellular reaction in quench-aged
alloys mimics the [ phase eutectoid decomposition in
equilibrium cooling, in that 1 and o/; are formed.

5. Conclusions

1. It has been found that quenched monotectoid- and
eutectoid-based zinc—aluminum alloys containing small
amounts of copper and silicon show the same initial
transformation on ageing.

2. The major part of the decomposition comes about by
means of a cellular reaction, initiated at the grain bound-
aries, the products of which are similar to those produced
under equilibrium cooling through the eutectoid trans-
formation.

3. It is suggested that in zinc—aluminum based alloys the
transitional phases formed on ageing at low temperatures
are similar to those found at higher temperatures in the
equilibrium system, and that the transformation reactions
may also mimic those that take place at higher tempera-
tures.
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