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Two potential superplastic compositions of Zn-Al alloy systems, Zn-22Al and Zn-0.3Al alloys, were chosen and processed 
by equal-channel angular pressing / extrusion (ECAP / E) in order to achieve high strain rate (HSR) superplasticity at room 
temperature (RT). ECAP-processed samples of both alloys were then subjected to long-term natural aging up to 1100 days to 
evaluate the effect of long-term natural aging on their microstructures and superplastic behaviors. Before natural aging, the 
maximum elongations to failure at RT were 400 % for ultrafine-grained (UFG) Zn-22Al at the strain rate of 5 × 10−2 s−1 and 
1000 % for fine-grained (FG) Zn-0.3Al at the strain rate of 1 × 10−4 s−1. Long-term natural aging did not cause a significant 
change in the elongation of UFG Zn-22Al alloy with 355 % maximum elongation. However, optimum strain rate giving the 
maximum elongation decreased to 3 × 10−3 s−1. On the other hand, Zn-0.3Al alloy lost more than half of its superplastic 
elongation and showed an elongation to failure of 435 % at the end of the natural aging period of 1100 days. Microstructural 
analyses show that grain boundary corrosion occurred in dilute Zn-0.3Al alloy during the natural aging process. Corroded 
grain boundaries resulted in cavity nucleation during the tensile tests and some of these cavities attained large sizes and caused 
premature failure.
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1. Introduction

Superplasticity is described as high tensile elongations 
achieved in polycrystalline materials when some 
microstructural and experimental requirements are fulfilled. 
To achieve superplasticity, firstly the material should have 
fine-grained (FG) microstructure having grain size less than 
10 µm. Also it should be deformed at high temperature (above 
0.5Tm) and at low strain rates (between 1 × 10−5 – 1 × 10−3 s−1) 
[1,2]. However, it is also well known that superplastic 
behavior can be achieved at lower temperature and higher 
strain rates when grain size of a material is refined further. 
Furthermore, recent studies have shown that some materials 
exhibit superplastic behavior even at room temperature 
(RT) if grain sizes are decreased down to sub-micron 
levels [3 – 19]. Although RT superplasticity was reported 
in some Sn-Bi [3], Pb-Tl [4], Pb-Sn [5] and Mg alloys [6], 
binary Zn-Al alloy system is one of the well-known and 
most commonly studied one for this purpose [7 – 19]. In 
this alloy system, RT superplasticity was achieved in dilute 
Zn-Al alloys [7 – 9], eutectic Zn-5Al [10] alloy and eutectoid 
Zn-22Al [11 – 19] alloy. Particularly, eutectoid Zn-22Al 
alloy is used as a model superplastic material to understand 
superplasticity and superplastic deformation mechanisms. 
Besides being a model superplastic material, Zn-22Al 

alloy was also proposed to be used as a seismic damper 
material by some researchers [12, 20 – 22]. Regarding such 
an application, it is clear that microstructural stability of the 
alloy and maintaining the superplastic behavior during its 
usage are important parameters that should be considered. 
Because, any possible excessive grain growth could affect the 
superplastic behavior of this alloy adversely. Regarding all 
Zn-Al alloys exhibiting superplasticity at RT, microstructural 
stability is also important during their storage at RT since RT 
is equal to almost half of the melting point of these alloys. 
Therefore, it is important to evaluate the effect of long-term 
natural aging on their microstructures and superplastic 
behaviors. Previous studies have shown that natural 
aging caused grain growth and adversely affects the grain 
boundary characteristics of Zn-Al alloys. However, there 
are limited studies investigating the effect of the natural 
aging (also known as self-annealing) process on superplastic 
behavior of Zn-Al alloys [23 – 26]. Therefore, Zn-Al alloys, 
namely eutectoid Zn-22Al and dilute (or quasi-single phase) 
Zn-0.3Al alloys, were processed through equal-channel 
angular pressing (ECAP) in order to achieve superplasticity 
at RT. ECAP-processed samples of both alloys were then 
subjected to long-term natural aging at RT up to 1100 days 
to evaluate the effect of long-term natural aging on their 
microstructures and superplastic behavior.
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2. Methodology

Eutectoid Zn-22Al and dilute Zn-0.3Al alloys were prepared 
by gravity casting method. The alloy ingots were subjected to 
homogenization for 24 h at 375°C for Zn-22Al and 320°C for 
Zn-0.3Al alloys. Then 13 × 13 × 130 mm3 dimensioned billets 
for ECAP processes were extracted from the homogenized 
ingots by machining and then exposed to a second 
homogenization for 48 h at the given temperatures followed 
by quenching into water. Two-step ECAP process was applied 
to Zn-22Al alloy in which the alloy was subjected to four 
passes at 350°C followed by four more passes at RT using 
route Bc. Six passes of ECAP were applied to the Zn-0.3Al 
alloy at RT following a hot rolling step performed at 100°C 
with a reduction in thickness of 35 %. Route A was followed 
in the ECAP processing of Zn-0.3Al alloy. ECAP processes 
were applied to both alloys at an extrusion speed of 1 mm / s 
using a die having 90° internal die angle. ECAP-processed 
samples of both alloys were then subjected to aging at RT up 
to 1100 days to evaluate the effect of long-term natural aging 
on their microstructures and superplastic behavior.

Microstructures of the ECAP-processed and naturally 
aged alloys were analyzed using scanning electron microscope 
(SEM) and transmission electron microscope (TEM) 
facilities. SEM analysis samples were grinded, polished and 
then etched in a solution involving 5 g CrO3, 0.25 g Na2SO4 
and 100  ml H2O. TEM analyses were performed using an 
FEI Tecnai F20 microscope operated at a nominal voltage of 
200 kV. TEM samples with 500 µm thickness were thinned 
electrochemically to form a foil by putting into a solution 
having 25 % H3PO4, 25 % C2H5OH, and 50 % H2O and applying 
20 – 22 V potential difference.

Tensile tests were conducted at RT for evaluation of 
superplastic behavior of ECAP-processed and naturally aged 
Zn-Al samples. For this purpose, dog-bone shaped samples 
having 5 mm gauge length and 3 × 2 mm2 cross sectional area 
were extracted from the billets using wire electrical discharge 
machining (wire-EDM). Tensile tests were conducted 
at different strain rates ranging between 1 × 10−5  s−1 and 
1 × 10−1 s−1 using Instron-3382 electro-mechanical load frame 
with a video type extensometer. Test samples were polished 
before the tensile tests, and at least three tests were conducted 
at each strain rates to verify the repeatability of the results.

3. Results and Discussion

TEM micrographs representing the microstructures of the 
ECAP-processed Zn-Al alloys are shown in Fig. 1. In TEM 
micrographs, bright contrast corresponds to the Al-rich 
α-phase while dark contrast shows the Zn-rich η-phase. It is 
clear that two-step ECAP process resulted in a quite significant 
grain refinement in Zn-22Al, and an ultrafine-grained 
(UFG) microstructure with equiaxed grains was observed 
after that process (Fig. 1a). Also, the microstructure consists 
of well-defined grain boundaries. Besides, distribution of 
both α- and η-phases are quite homogeneous throughout 
the microstructure. Such a microstructural feature brought 
about the formation of mostly α / η and η / η type phase 
boundaries. Mean grain size of the alloy was determined as 
200  nm from the TEM micrograph using linear intercept 

method. Microstructure of the ECAP-processed Zn-0.3Al 
alloy consists of FG equiaxed η-phase grains, separated from 
each other by well-defined grain boundaries, and nano-
sized α-phase particles (Fig. 1b). Spherical α-phase particles 
distributes homogeneously in the microstructure. Mean 
grain size of the matrix phase of η-grains were measured 
to be ~1.3  µm, while the size of α-phase particles changes 
between 50 nm and 200 nm.

Fig.  2a shows the TEM micrograph representing the 
microstructure of Zn-22Al alloy after natural aging for 
300 days. Natural aging for 300 days resulted in some grain 
growth, and grain size of the alloy became ~500  nm. SEM 
micrograph showing the microstructure of that alloy after 
long-term natural aging for 1100 days are given in Fig.  2b. 
In contrast to TEM micrographs, bright and darks contrasts 
in the SEM images represent η- and α-phases, respectively. 
Grain growth after very long-term aging for 1100 days is 
more significant comparing to 300 days aging, and grain 
size increased up to ~1  µm after that aging period. Grain 
size of the alloy can still be considered small regarding the 
so long-term natural aging of 1100 days. This behavior of 
UFG alloy may be attributed to its two-phase structured 
eutectoid composition. Since Zn-22Al alloy has two phases 
in its microstructure, α- and η-phases prevent the excessive 
growth of each other and contribute the formation of more 
stable microstructure.

From the TEM micrographs given in Fig. 3a, natural aging 
for 300 days brought about 3.0 µm grain sized microstructure 
in Zn-0.3Al alloy. Regarding the ECAP-processed 
microstructure of the alloy, it is clear that grain boundaries 
are more evident after 300 days aging at RT. Furthermore, 
grain boundaries broadened and, as indicated by the arrows 

a

b
Fig. 1. TEM micrographs showing the initial ECAP-processed 
microstructures of Zn-22Al (a) and Zn-0.3Al (b) alloys [8].
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in Fig. 3b, quite distinct gaps occurred between the grains. 
SEM micrographs of Zn-0.3Al alloy after long-term natural 
aging for 1100 days are shown in Figs. 3c, 3d. While Fig. 3c 
shows the etched microstructure of the alloy, Fig.  3d was 
taken from the sample just after the polishing process without 
etching. Significant grain growth occurred in the alloy and the 
mean grain size of the alloy was measured as ~5.0 µm from 
Figs. 3c, 3d. Similar to TEM microstructure of 300 days-aged 
alloy, distinct gaps can be seen in the SEM microstructure 
of the alloy after 1100 days aging. Furthermore, some of 
the grain boundaries are quite evident on the scanned 
microstructure even without etching (Fig. 3d). Regarding the 
TEM and SEM images given in Figs. 3a – 3d, it can be said 
that grain boundary corrosion occurred in dilute Zn-0.3Al 
alloy during the natural aging process. Because the distinct 
grain boundaries with gaps are the characteristic appearances 
of grain boundary corrosion [27]. Grain boundary corrosion 
in dilute Zn-Al alloys was also reported in some previous 
studies, and it was stated that it was caused by Al precipitates 

at grain boundaries due to the galvanic action [28, 29]. Such 
a formation of grain boundary corrosion in Zn-0.3Al alloy 
was also confirmed in our previously published paper [30]. 
It was shown that distribution of Al atoms in naturally aged 
alloy is not homogeneous throughout the microstructure, 
and grain boundary corrosion was observed in somewhere 
having higher Al contents [30]. Thus, similar to the previous 
studies, the regions with higher Al contents were exposed 
to grain boundary corrosion in the present case, and the 
grain boundaries at these regions have a distinct and gaped 
appearances. It is worth to point out that such an adverse effect 
of natural aging process on the microstructure of Zn-22Al 
alloy is not observed due to the its dual phase eutectoid 
structure. Because Zn-22Al alloy does not have second phase 
Al-rich α- particles or precipitates at grain boundaries which 
cause grain boundary corrosion due to the galvanic action.

Dependences of elongation to failure and tensile strength 
values of Zn-Al alloys for all processed conditions with the 
initial strain rates are shown in Fig.  4. ECAP-processed 

a                                                                                                                              b

c                                                                                                                              d
Fig. 3. The micrographs showing the microstructure of naturally aged Zn-0.3Al alloy: TEM micrograph after natural aging for 300 days (a,b) 
and SEM micrograph after natural aging for 1100 days (c,d).

a                                                                                                                              b
Fig. 2. The micrographs showing the naturally aged microstructures of Zn-22Al alloy: TEM micrograph after natural aging for 300 days (a) 
and SEM micrograph after natural aging for 1100 days (b).
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UFG / FG samples of both alloys exhibited superplasticity 
at RT. Maximum superplastic elongations were achieved 
as 400 % and 1000 % for Zn-22Al and Zn-0.3Al alloys, 
respectively. While superplastic behavior was observed at a 
very high strain rate of 5 × 10−2 s−1 in Zn-22Al alloy, Zn-0.3Al 
alloy showed the highest elongation at a reasonably lower 
strain rate of 1 × 10−4  s−1 (Figs.  4a, 4c). Natural aging at RT 
resulted in a limited decrease in the maximum elongation of 
Zn-22Al alloy and shifted the strain rate at which maximum 
elongations were observed to the lower values. Maximum 
elongation after natural aging for 1100 days was achieved 
to be 355 % at 3 × 10−3 s−1. In contrast to Zn-22Al, significant 
decrease occurred in the maximum elongation of Zn-0.3Al 
alloy after natural aging. Maximum elongation was measured 
to be 435 % after long-term natural aging for 1100 days. 
Similar to Zn-22Al alloy, maximum elongation was observed 
at lower strain rate (3 × 10−5  s−1) comparing to the ECAP-
processed sample (Figs. 4a, 4c).

Tensile strength values of both alloys are quite sensitive 
to the initial strain rates in the ECAP-processed state, and 
increasing strain rate increased strength values of Zn-Al 
alloys considerably. Strain rate sensitives (m-values) were 
determined as 0.30 and 0.31 for Zn-22Al and Zn-0.3Al 
alloys, respectively, from the slopes of the tensile strength-
strain rate curves (Fig.  4b, 4d). The achieved m-values are 
well consistent with the previous studies and high enough 
for occurrence of grain boundary sliding (GBS) as the main 
superplastic deformation mechanism in these alloys at RT 
[8, 13 – 18]. Natural aging increased the tensile strength 
values of both alloys. After 1100 days aging at RT, m-values 

of Zn-22Al and Zn-0.3Al alloy were determined as 0.24 and 
0.23, respectively.

High superplastic elongations was recorded in ECAP-
processed UFG Zn-22Al and FG Zn-0.3Al alloys at RT and 
high strain rates. UFG microstructure of Zn-22Al and FG 
microstructure of Zn-0.3Al alloys promote the GBS, the main 
deformation mechanism in these alloys at RT [8, 13 – 18], 
and lead to high superplastic elongations. Also, equiaxed 
grainy morphology of both alloys is another microstructural 
feature affecting the achieved elongations in a positive 
manner. Phase / grain boundary characteristics also affects 
superplastic elongation in Zn-Al alloys. It is well known that 
α / α, α / η and η / η phase boundaries have different sliding 
characteristics in Zn-Al alloy and sliding is less effective 
in α / α boundaries comparing two other boundary types 
[31 – 36]. Thus, limited α / α phase boundary formation due 
to the homogeneously distributed phases throughout the 
microstructure of Zn-22Al alloy contributes the superplastic 
elongation in that alloy. Furthermore, almost all of the 
phase / grain boundaries in Zn-0.3Al alloy are in the form of 
η / η phase boundaries. Therefore, this alloy showed higher 
superplastic elongation than Zn-22Al alloy even though it 
has higher grain size. Finally, two-phase microstructure in 
Zn-22Al alloy and second phase α-particles in Zn-0.3Al 
alloy prevent excessive grain growth during the superplastic 
deformation of these alloys at RT and promotes achieved 
elongations. More detailed analysis on the microstructural 
reasons of high superplastic elongations in Zn-22Al and 
Zn-0.3Al alloys can be found in our previously published 
papers [8, 18].

a                                                                                                                              c

b                                                                                                                              d
Fig. 4. Dependences of elongation to failure and tensile strength values of Zn-Al alloys with the initial strain rates: Zn-22Al (a,b) and 
Zn-0.3Al (c,d) alloys.
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Grain growth due to the natural aging decreased maximum 
elongations in both alloys and shifted the strain rates at which 
maximum elongation were observed to the lower values. 
Actually this is an expected result and well consistent with 
the nature of superplastic behavior in metals [1]. Smaller 
grain size results in higher superplastic elongation at higher 
strain rates due to the less time for growth of internal cavities 
causing the failure [1]. Therefore, maximum elongations of 
the Zn-22Al and Zn-0.3Al alloys decreased during natural 
aging as a result of grain growth and were achieved at lower 
strain rates comparing to ECAP-processed UFG / FG samples. 
On the other hand, decrease in the maximum elongation of 
Zn-22Al alloy is quite low, while Zn-0.3Al alloy lost more 
than half of its superplastic elongation at the end of the 
natural aging period of 1100 days. Therefore, more detailed 
analyses were performed on the naturally aged Zn-0.3Al 
alloy sample. Polished tensile test sample of the alloy was 
strained up to 10 % elongation and surface of the sample was 
examined with SEM. Then the same sample was tensioned up 
to 30 % total elongation and SEM analyses were performed 
again on the sample surface. Representative SEM images 
obtained from these analyses are given in Fig. 5. It is clear that 
some microcracks initiate at the corroded grain boundaries 
of Zn-0.3Alalloy after 10 % elongation (Figs. 5a, 5b), and these 
microcracks attain large sizes when the elongation is increased 
to 30 % (Figs. 5c, 5d). These results show that corroded grain 
boundaries result in cavity nucleation during the tensile 
tests, and some of these cavities attain large sizes and cause 
premature failure. In consequence, more significant decrease 
in elongation to failure of Zn-0.3Al alloy occurred comparing 
to Zn-22Al alloy.

4. Conclusions

In this study, the effect of long-term natural aging on the 
microstructure and RT superplastic behavior of UFG 
Zn-22Al and FG Zn-0.3Al alloys processed by ECAP were 
investigated. The main results and conclusions can be 
summarized as follows:

1. Application of ECAP results in a significant decrease 
in the grain sizes of Zn-Al alloys, and mean grain sizes of 
Zn-22Al and Zn-0.3Al alloys decrease to about 200 nm and 
1300 nm, respectively.

2. ECAP-processed UFG / FG samples show superplastic 
behavior at RT. Maximum elongations were achieved to be 
400 % and 1000 % with the m-values of 0.30 and 0.31 for 
Zn-22Al and Zn-0.3Al alloys, respectively.

3.  Long-term natural aging results in grain growth in 
both alloys. Grain sizes of Zn-22Al alloy were measured to be 
500 nm and 1 µm after natural aging treatments for 300 days 
and 1100  days, respectively. Grain size of Zn-0.3Al alloy 
increased up to ~5 µm at the end of the long-term natural 
aging period of 1100 days.

4.  Natural aging decreases elongation to failure in both 
alloys. Decrease in the maximum elongation of Zn-22Al 
alloy is quite low, and the alloy still exhibites 355 % elongation 
after 1100 days natural aging. On the other hand, Zn-0.3Al 
alloy loses more than half of its superplastic elongation and 
exhibites an elongation to failure of about 435 % at the end of 
the natural aging period of 1100 days.

5.  Microstructural analyses show that grain boundary 
corrosion occurred in dilute Zn-0.3Al alloy during the natural 
aging process. Corroded grain boundaries result in cavity 
nucleation during the tensile tests and some of these cavities 
attain large sizes and cause premature failure. In consequence, 
more significant decrease in elongation to failure of Zn-0.3Al 
alloy occurrs as compared to Zn-22Al alloy.

a                                                                                                                              

b

c                                                                                                                              

d
Fig. 5. Surface appearances of the tensile tested sample of naturally 
aged Zn-0.3Al alloy after straining up to: 10 % (a,b) and 30 % (c,d).
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