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Ageing characteristics of furnace cooled
eutectoid Zn-Al based alloy
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Phase transformations and microstructural changes of a furnace cooled eutectoid Zn-Al
based alloy were studied during ageing at 100 and 170°C using X-ray diffraction (XRD),
scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
techniques. Three phase transformations occurred in the furnace cooled eutectoid Zn-Al
alloy. The metastable n.. phase decomposed during isothermal ageing. The four-phase
transformation, « +¢ — T’ + n followed the discontinuous decomposition of the n.. phase.
Typical morphologies of the decomposition of the ;. and ¢ phases were observed in
scanning electron microscopy. Decomposition of Al-rich a phase was observed during the
prolonged ageing by transmission electron microscopy. The different types of
decomposition of the different metastable phases dominated at different stages of ageing.
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1. Introduction

Slow cooling is common in cast ingot production. Phase
transformation and microstructural change involved in
the slow cooling process are much more complicated
than solution treated-quenched alloy, and closely re-
lated with the properties of the cast ingot. It is of inter-
est to study the structural evolution of an alloy during
slow cooling and its relation with properties. Furnace
cooling is a slow cooling process, which consists of
two stages of heat treatments. The alloy is first solu-
tion treated at a high temperature for a period of time to
reach equilibrium state at that temperature, and then fol-
lowed by slow cooling to room temperature within the
furnace. Various metastable phases are formed during
furnace cooling, and decompose in subsequent isother-
mal treatment.

The present paper deals with the decomposition of
various metastable phases and the related structural
change in a furnace cooled eutectoid Zn-Al based
alloy.

2. Experimental

A cast ingot of the eutectoid Zn-Al based alloy of
composition Zn76-Al22-Cu2 (in weight) was solution
treated at 350°C for 4 days and then furnace cooled to
the room temperature.

The as furnace cooled (FC) alloy specimens were ex-
amined using both X-ray diffraction (XRD) and Scan-
ning Electron Microscopy (SEM) to obtain overall
views of the metallurgical structure and phase transfor-
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mation prior to more detailed examination in the trans-
mission electron microscope (TEM). X-ray diffraction
examination was performed on flat polished specimen
in the as FC state and at various stages of subsequent
ageing at 100° and 170°C. The characteristic X-ray
diffraction spectrum was collected within a range of
diffraction angle 26 from 35° to 47°, at a scanning
speed of 1°min~! in a Philips X-ray diffractometer.
Nickel-filtered Cu radiation was used. The tested spec-
imens were ground and polished by standard tech-
niques and examined by SEM in the as polished state
using a backscattered electron detector to produce a
medium resolution of good atomic contrast between
the Aluminum-rich, Copper-rich and Zinc-rich phases
in the alloy. Specimens for both XRD and SEM were
duplicated. The relative intensity of X-ray diffraction
of various phases involved was obtained by calculating
the area of the characteristic diffraction peaks of the
phases at various stage of ageing.

Thin disc specimens of 3 mm diameter for TEM work
were prepared by wet grinding and punching the flat
heat treated specimens and further wet grinding down to
a thickness of about 100 xm. Thin foil specimens were
finally produced using electropolishing in a double-
jet electropolisher at a temperature below —40°C in a
20% perchloric acid/80% methanol solution. The thin
foils were examined using JEOL 2000-FXII transmis-
sion electron microscope. Conventional TEM was used
to produce high resolution images of both bright field
and the dark field, and selected-area diffraction pattern
(SADP).
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Figure 1 SEM Backscattered micrographs of the FC Zn-Al based alloy of as FC state (a) and after 10 hrs (b), and 30 hrs (c) of ageing at 100°C.

3. Results and discussion

3.1. Microstructure of the as FC eutectoid
Zn-Al based alloy

In our previous publications [1, 2], it was reported that

in the eutectoid Zn-Al based alloy (ZnAl22Cu2) there
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were only two phases 8 (Zn-rich phase of fcc structure)
and € (hcp Zn4Cu) after being solution treated at 350°C
for 4 days.

During furnace cooling, the 8 phase became an un-
stable B, phase and decomposed into various metastable
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Figure 2 X-ray diffractograms of the FC Zn-Al based alloy of as FC state and after various stages of ageing at 100°C, showing two phase

transformations.

phases. The various Al-rich and Zn-rich metastable
phases decomposed into coarse lamellae and fine lamel-
lae due to different diffusion rate of Al and Zn atoms.
The ¢ phase did not decomposed in the as FC alloy
specimen and appeared as the original particles. The
resultant microstructure of the as FC alloy specimen
consisted of coarse and fine lamellae, and the light con-
trast np (Zn-rich phase of hep structure) and the € phase
particles, as shown in Fig. 1.

The as FC eutectoid Zn-Al based alloy consisted of
three metastable phases « (fcc Al-rich phase), 1y and
&,as shown in the X-ray diffractograms in Fig. 2. Within
the diffraction 26 range of 37-47°, strong X-ray diffrac-
tion was observed for the various phases involved. The
X-ray diffraction of the o phase from (111) and (200)
appeared at 38.6° and 44.8°. The characteristic (0002)

diffraction peak of np-. phase was at 26 36.8°. The
(1010) and (0002) X-ray diffraction peaks of the & phase
were located at 37.6° and 42.1°. The (1011) diffraction
peaks from the np phase and the & phase overlapped
at 26 43.3°.

The Al-rich « phase and the Zn-rich 5 phase in the
lamellar microstructure were detected using TEM. The
TEM bright field image of the fine lamellae is shown
in Fig. 3a. The SADP was identified as from the [011]
zone of the @ phase. The SADP and the indexing of the
diffraction pattern are shown in Fig. 3b and c. The dark
field image using {200}« of the fine lamellae is shown
in Fig. 3d. Located at grain boundaries in Fig. 3a are the
& phase particles, from which a diffraction pattern was
identified from the [0111] zone of the hcp & phase, as
shown in Fig. 3e. Shown in Fig. 4 are the TEM bright
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Figure 3 TEM bright field (a) of the fine lamellar structure in the as FC Zn-Al based alloy, the SADP from [011] zone of the « phase (b), the indexing
of the diffraction pattern (c), dark field using {200}« (d), and the diffraction pattern from [0111] zone of the & phase particles located at the grain
boundaries (e).
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Figure 4 TEM bright field (a), the SADP from [0001] zone of the Zn-rich n’FC phase (b) togehter with the indexing of the diffraction pattern (c) and

the dark field from {OT]O}n{,C (d) of the as FC Zn-Al based alloy specimen.

field (a), the SADP from [0001] zone of the Zn-rich 1y
phase (b) together with the indexing of the diffraction
pattern (c) and the dark field from {0110}ng (d) of the
as FC Zn-Al based alloy specimen.

In the as FC eutectoid Zn-Al based alloy specimen,
several dark imaged particles of precipitates of Al-rich
o phase were observed in the light imaged Zn-rich np-
phase as indicated by the arrow “—” in the SEM mi-
crograph in Fig. la. Also the existence of precipitates
of 40-50 nm in diameter was clearly detected inside
the o phase using transmission electron microscopy, as
shown in Fig. 4. The SADP (Fig. 4c) was identified as
from [0001] zone of the 1 phase which was beside

the metastable « phase in Fig. 4a. Therefore, the TEM
dark field image (Fig. 4d) obtained from the {011 0} g
in the SADP (Fig. 4c) shows the 1 phase precipitates
in the o phase particle. The small amount of fine pre-
cipitates were not detected in the dark imaged Al-rich
o phase using back scatter SEM.

3.2. Ageing characteristics
3.2.1. Decomposition of the n .
and ¢ phases
During ageing at 100°C, the precipitation of « phase in
the np phase was further observed, as arrows pointed
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Figure 5 SEM Backscattered micrographs of the FC Zn-Al based alloy after various stages of ageing at 170°C: (a) 1 h (b) 10 h (c) 30 h, and (d) 52 h.
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in Fig. 1. The dark imaged « phase precipitates grew at
the phase boundaries (see after 10 h ageing at 100°C,
Fig. 1b), and were clearly developed after 30 h ageing
at 100°C, Fig. 1c. This discontinuous precipitation was
detected using XRD, as shown in Fig. 2. It was ob-
served that the (0002) diffraction at 36.8° in the as FC
specimen, and the (0002) diffraction peak decreased in
height, whilst a metastable 77, phase appeared at lower
26, 36.5°, accordingly the d-spacing of the np and the
17 phases were 0.2437 nm and 0.2456 nm respectively.
Upon further ageing, the (0002) peak of the 7y phase
decreased in height and that of the n7 phase increased
at the lower 26 angle. After 20 h ageing at 100°C, the
original (0002) peak of the np phase had decreased
greatly, and the 77 phase had formed instead, as shown
in Fig. 2. The decomposition of the 7 phase occurred
apparently during ageing as a discontinuous precipi-
tation, as shown in Figs 1 and 2. This discontinuous
precipitation was then followed by continuous precip-
itation. The (0002) X-ray diffraction peak shifted fur-
ther to the lower 20 angle, and finally reached 36.4°,
accordingly the d-spacing was 0.2466 nm, when the
final stable n phase formed.

In the previous publications, it was reported in de-
tail that during various thermal and thermomechani-
cal processes (such as ageing; tensile-, creep-, fatigue-
deformation and mechanical milling etc.) the decom-
position of the metastable Zinc-rich phases 75, 7y and
ng in the cast, the FC and the extruded eutectoid Zn-Al

based alloys respectively was characterized by shifting
of (0002) X-ray diffraction to the lower 26 angle from
the original diffraction 26, accordingly increasing the
d-spacing [3-9].

Another phase transformation was detected after 20 h
ageing at 100°C. Both X-ray diffraction peaks from
the (1010) and (0002) crystal planes of the & phase
decreased in height relatively at 20 = 37.6° and
20 = 42.1°, accompanying the increasing of the (433)
diffraction peak of the T’ phase. It was recognized as
a four-phase transformation, @ + & — T’ + 7, in the
previous research publications [10-14].

These two kinds of phase transformation, i.e., de-
composition of the 7y phase and the four-phase trans-
formation were also observed in the specimen aged at
170°C using SEM and XRD techniques.

Shown in Fig. 5 are SEM micrographs of the FC
eutectoid Zn-Al based alloy specimen at various stage
of ageing at 170°C. After 1 h ageing at 170°C, the dark
imaged o phase was observed as precipitates in the light
imaged np phase, Fig. 5a. After 10 h ageing at 170°C,
the gray precipitates of the T’ phase were observed in
the light imaged Zn-rich ¢ phase, as indicated by arrow
“*— in the Fig. 5b. At the same time the precipitation
of the o phase was developing during ageing. As one of
the products of the four-phase transformation, @ +& —
T’ +n, the T' phase contains less of the light Al element
and more the heavy Cu than the o phase, and appears
as the gray precipitate in the back scattered electron
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Figure 6 X-ray diffractograms of the FC Zn-Al based alloy of as FC state and after various stages of ageing at 170°C, showing two phase transfor-

mations.
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image, being distinct from the dark imaged « phase
precipitates in the 7y phase. Another product of the
four-phase transformation, i.e., the n phase, posesses a
similar atomic contrast with the ¢ phase, as both of the
n and ¢ phases contain large amounts of the relatively
heavy elements copper and zinc. This makes these two
phases in distinguishable from one to another in the
light imaged ¢ phase. Both precipitates of « phase and
the T' phase were apparently present after 30 h and 52 h
ageing at 170°C, as shown in Figs 5c and d.

The X-ray diffractogram of the FC alloy specimen at
various stages of ageing at 170°C is shown in Fig. 6. The

1

characteristic shifting of the (0002) diffraction peak to
the lower 26 angle was also observed. It implied that
the 1 phase decomposed during the early stage of
ageing at 170°C. The change in diffraction intensity of
both the ¢ and T phases was also observed during fur-
ther ageing, as shown in Fig. 6. After 52 h ageing at
170°C, the (1010) and (0002) diffraction peaks of the
& phase decreased greatly, whilst the (433) diffraction
peak of the T' phase increased in height. Compared with
the XRD results at 100°C, Fig. 2, both phase transfor-
mations were apparently accelerated during ageing at
170°C, Fig. 6.

Figure 7 TEM bright field (a), the SADP from [114] zone of the « phase particle (b) and the SADP from [1213] zone of the precipitate 1 phase inside
the o phase particle (c), and the dark field using {1010}7 (d) for the FC Zn-Al based alloy specimen after 52 h ageing at 170°C.
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Figure 8 The relative XRD intensity changes of various phases in the
FC eutectoid Zn-Al based alloy aged at 100°C.

3.2.2. Precipitation inside the o phase
Further decomposition of the o phase was detected dur-
ing ageing at 170°C using TEM technique. According
to the identification of the SADP, the precipitates in-
side the fcc o phase was hep 1 phase. Shown in Fig. 7a
is the TEM bright field of the FC Zn-Al alloy spec-
imen after 52 h ageing at 170°C. A diffraction pat-
tern from the particle in Fig. 7a is identified from the
[114] zone of the fcc o phase, as shown in Fig. 7b. The
SADP of the precipitate inside the o phase is identi-
fied from the [1213] zone of the hcp 1 phase, as shown
in Fig. 7c, and the dark field image using {1010}7 is
presented in Fig. 7d. In the TEM dark field image,
Fig. 7d, the light image of the »n phase precipitates in-
side the « phase particle is diffracted from {1010}7 in
the SADP, Fig. 7c. It was found that the precipitates
of the np. phase of 40-50 nm in diameter inside the
o phase had grown to be the n phase of 80-100 nm
in diameter after 52 h ageing at 170°C. Accordingly
the Al-rich o phase in equilibrium with the n phase
became the final stable o phase. This decomposition
of the metastable o phase was detected for the first
time during the prolonged ageing in the eutectoid Zn-
Al based alloy. It is reasonable as the « phase in the FC
Zn-Al based alloys, even after the four-phase transfor-
mation (a phase transformation correlated with a phase
equilibrium, @ + ¢ = T' + n at 268°C) is unstable. The
o phase at 268°C contains more Zn in the Zn-Al based
alloys compared with the composition of the o phase
at 100° and 170°C, according to the phase diagrams of
Zn-Al binary, Zn-Al-Cu ternary and Zn-Al-Cu-Si qua-
ternary alloy systems [15—17]. There must be Zn-rich
n phase precipitated from the unstable 7 phase at 100°
and 170°C.

3.2.3. Relative XRD intensity changes
of the various phases

The relative XRD intensity changes of the various
phases «, ¢ and T" at 100°C are plotted in Fig. 8. It
is noticed that the relative XRD intensities of the o and
¢ phases increased in the early stage of ageing, accom-
panying the formation of the metastable phase 77.. This
implied that the np. decomposed discontinuously into
three phases, 7, o and €: ie., npe = np + o + &.
Following the discontinuous decomposition of the 7p-
phase, the relative XRD intensities of both the « and
& phases decreased during prolonged ageing. The lat-
ter decreasing of XRD intensities of both the « and ¢
phases was a consequence of the four-phase transfor-
mation, « +¢& — T’ +n, which is in agreement with the
increasing of the T’ phases during prolonged ageing. Fi-
nally the XRD intensity of the o phase decreased, and
this was attributed to the decomposition of the « phase.

It was clearly found that the types of decomposition
of the different metastable phases dominated at differ-
ent stages of ageing, which is indicated by shadowed
solid lines and the greater line density means the faster
the phase transformation rate would be, as shown in
Fig. 8. The decomposition of the 1 phase occurred
during the whole ageing processes. The discontinuous
decomposition of the ng phase, 1 — np +a + ¢,
dominated at the early stage of ageing, as demonstrated
by XRD intensities of the o and € phases increasing,
Then the four-phase transformation, « + & — T' + n,
started, and was associated with decreasing of the XRD
intensities of the o and ¢ phases and increasing of the
XRD intensity of the T' phase. On further ageing the
decomposition of the metastable 77 phase became im-
portant and the XRD peaks of the @ and ¢ phases in-
creased slightly. Finally the decomposition of the «
phase dominated the phase transformation, while the
other metastable phases had almost decomposed com-
pletely, and the XRD intensity of the & phase decreasing
significantly.

4. Conclusions

Three phase transformations occurred in the furnace
cooled eutectoid Zn-Al based alloy (ZnAl22Cu2) dur-
ing ageing at 100° and 170°C

(a) The metastable Zn-rich 7y phase decomposed
throughout the ageing treatment. It decomposed first
by discontinuous precipitation, np. — 1y + o + €.
The precipitation of the dark imaged Al-rich o phase
was clearly observed using SEM backscttered electron
imaging. This was followed by a continuous decom-
position of the metastable 17 phase, the (0002) X-ray
diffraction peak shifting to a lower 26 angle.

(b) Decomposition of the ¢ phase appeared as a four-
phase transformation, « + ¢ — T  + n. The gray T
phase precipitate was observed in the light contrast ¢
phase in the SEM.

(c) Decomposition of Al-rich @ phase occurred dur-
ing ageing. The precipitation of the n phase inside the
o phase was clearly observed using TEM examination.
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The different types of decomposition of the various
metastable phases dominated at different stages of
ageing.

Appendix

The X-ray diffraction intensity changes of various phases in the FC
eutectoid Zn-Al based alloy aged at 100°C

€20 =376 42.1 @ 4485 T'20 =44.28

t Int(s)  (1010) (0002)  (200) (433)
FC 346.5

5m 5.70 368.5

20m  7.09 1710 180.0 3843

45m 790 1820 190.0  383.0

15h 859 1880 1980  370.0

3h 929 167.2 1920  396.0

10h 10.49 174.8 167.0 390.3

20h 1118 1589 1500  379.8

97 h 12.74 153.1 118.0 386.7 147.2
170h 1334 130.8 1117 3824 152.8
330h 1399 114.0 375.0 163.4
460h 1432 1110 385.9 168.0
536h 1447 1148 352.0 184.0
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