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High strain rate superplasticity of a Zn–22 wt.%Al–x wt.%Ag alloys
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Abstract

The present work investigated the microstructural evolution and mechanical properties of ternary Zn–22 wt.%Al–x wt.%Ag (x = 1.0 and 4.24 wt.%
Ag) alloys. The aim is to advance in the understanding of the relationship that takes place between the tension at strain rates from 1 × 10−5 to 10 s−1

at 230 ◦C, and silver content. The microstructure of the x = 1.0 wt.% Ag alloy consisted of two solid solutions, an �-aluminum solid solution and a
�-zinc solid solution. In the x = 4.24 wt.% Ag alloy, an intermetallic AgZn3 compound was present in addition to the � and � solid solutions. The
presence of silver proved to have great influence on the resultant stress versus strain rate curve, which showed high values of elongation at high
strain rate superplasticity (HSRS). The experimental results suggested that the origin of HSRS was related to microstructural refinement which,
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n turn, was produced by the silver content. The microstructures of the alloys under study were observed in deformed and undeformed samples by
canning electron microscopy (SEM), X-ray analysis was used to investigate the deformation mechanisms involved.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Superplasticity in Zn–Al alloys has been widely investigated
1,2]. Generally, superplasticity in metallic alloys is achieved
t low strain rates at temperatures around 0.5Tm (Tm = melting
emperature in K). However, recent research has demonstrated
hat superplasticity can exist at considerably higher strain rates
>10−3 s−1) [2]. So far, this high strain rate superplasticity
HSRS) phenomenon has been observed mainly in metal matrix
omposites [3–5] and mechanically alloyed alloys [6–8], and it
as also been observed in metallic alloys produced by conven-
ional methods [9–11]. Even with such a large set of results, the

echanistic origin of this type of superplasticity is the subject of
onsiderable debate [12]. Some researchers have concentrated in
xplaining the role of microstructures and parametric dependen-
ies [13–15]. It is important to recognize that HSRS is observed
n materials with second phase particles. Furthermore, based on
xperimental results concerning the temperature dependence of
ow stress, elongation, strain rate sensitivity exponent, activa-

ion energy and cavitation in HSRS fine grain materials, it has

been reported [16,17] that the deformation mechanism is related
to grain boundary sliding and a special accommodation process.
It is suggested that an accommodation helper, such as a liquid
phase, is responsible for the observed HSRS in very fine-grained
materials [16,17].

The purpose of this paper is therefore to examine the influence
of the silver content (1.0 wt.% Ag and 4.24 wt.% Ag) on the
Zn–Al eutectoid alloy. The investigation focuses mainly on the
superplastic behavior of Zn–Al–Ag alloys. To our knowledge,
this is the first investigation on superplasticity of Zn–Al–Ag
alloys.

2. Experimental material and procedure

An eutectoid Zn–Al based alloy was prepared from 99.9% purity Al, spe-
cial high grade Zn and 99.99% Ag, melted in a graphite crucible in air,
and finally cast into a 24 mm thick ingot. Two compositions, were prepared
Zn–22 wt.%Al–1.0 wt.%Ag and Zn–22%Al–4.24 wt.%Ag, which are named as
“Zinag-1” and “Zinag-2”, respectively. In order to produce the tensile samples
of 10 mm gauge length, with the gauge length parallel to the rolling direc-
tion, ingots were warm rolled at 350 ◦C from 24 mm to a 1 mm thick sheet.
In order to determine the superplastic behavior as a function of the strain
rate, the samples were deformed at a rate of 1 × 10−5 to 10 s−1 at constant
∗ Corresponding author. Tel.: +52 951 827 5830; fax: +52 951 827 2899.
E-mail address: sroblesc@engr.ucer.edu (S.R. Casolco).

temperature of 230 ◦C. After testing, selected samples were mechanically pol-
ished and the microstructure of the specimens was examined by SEM, before
and after deformation. The crystallographic phase identification of the sam-
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ples was carried out with a Siemens 5000 X-ray diffractometer using Cu K�

radiation.

3. Results

3.1. Microstructures

After rolling to 90% reduction at 350 ◦C, a very fine and
uniform grain size of about 1 �m was observed Fig. 1a and
b, this microstructure is very stable at room temperature. The
microstructure of Zinag-1 consists of fine-grained � and �
regions separated by large elongated zones of the � phase
(Fig. 1a). SEM observations showed that the Zinag-2 alloy had
also the � phase (AgZn3), which appeared as bright patches
inside the � zones (Fig. 1b). Fig. 2 shows X-ray diffractograms of
the initial material Zinag-1 and Zinag-2, after rolling at 350 ◦C.
In bottom curve of Fig. 2 shows the presence of the aluminum
solid solution (�, fcc) and the zinc solid solution (�, hcp) in the
Zinag-1 alloy. The top curve of Fig. 2, shows the presence of the
intermetallic phase AgZn3 (�, hcp) in Zinag-2, was established
by the (0 0 2) and (1 0 1) reflections that appear at 2θ = 41.5◦ and
42.5◦, respectively.
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Fig. 2. XRD patterns of the Zinag-1 and Zinag-2 superplastic alloys.

3.2. Mechanical behavior

Figs. 3 and 4 show the nominal strain to fracture and the
maximum flow stress in Zinag-1 and Zinag-2, respectively. Fur-
thermore, the flow stress increases with increasing strain rate.
The optimum strain rate for maximum elongation was 10 s−1

in both alloys indicating that this material exhibits the HSRS
behavior, as observed in experiments carried out with other

Fig. 3. Nominal strain to fracture and maximum flow stress with nominal strain
rate for Zinag-1.
ig. 1. Microstructure prior to the tensile test for (a) Zinag-1 and (b) Zinag-2,
he � phase is marked.

F
r

ig. 4. Nominal strain to fracture and maximum flow stress with nominal strain
ate for Zinag-2.
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alloys [16,17]. The excellent properties of the Zinag alloys are
attributed to a significantly refined microstructure. The stress
versus strain rate curves show a kind of sigmoidal shape with
regions of different values of m. Both alloys increased their
strain for the maximum in the stress–strain plot with strain rate
according to typical superplastic materials, following the gen-

eral equation σ = kε̇m, where σ is the flow stress, ε̇ is the strain
rate, k is a constant incorporating the structural and temperature
dependences and the strain rate sensitivity m is the slope of this
curve (d ln σ/d ln ε̇).

In general, large elongations were obtained in the temper-
ature and strain rate regions where high values of m were

F
s

ig. 5. The microstructures of Zinag-1 (a–c) and Zinag-2 (d–f) after deformation at
uperplastic strain rate region and c and f in the maximum strain rate region.
230 ◦C. a and d were obtained in minimum strain rate region, b and e in the
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observed (Figs. 3 and 4). These can be related to the three
stages of plastic flow considered by Mohamed and Langdon
[1] in discussing the creep behavior of fine-grained materials
(regions I–III).

The data for the fine-grained Zinag-1 was identified at the
low strain rate region (Fig. 3), with 0.5 rate sensitivity. In
contrast, Zinag-2 has a high silver content, and thus a high
density of AgZn3 phase compared to Zinag-1; it can be antic-
ipated that there exists an appreciable region I. The theory of
Nabarro–Herrings alloys explains the m value (<0.48) for region
I; this is schematically illustrated in Fig. 4. This evidence was
found for diffusional creep which is predicted to occur at a
strain rate of about 7 × 10−4 s−1 [16–18]. Large elongations
were obtained at the high strain rate of 10−1 s−1, which coin-
cide with the strain rate range where a relatively high value of
m (>0.8) was found. Furthermore, a maximum value of about
m = 0.8 was obtained in the high strain rate range, suggesting that
grain boundary sliding is also occurring. This shows the effec-
tiveness of silver content in evolving a microstructure amenable
to HSRS. However, it should be emphasized that, even in the
solid solution alloys, elongation decreases with an increase of
the silver content, although the amount of elongation is not large.
Additionally, HSRS is improved. Based on the above-mentioned
findings, it can be stated that the grain boundary sliding of �
and � phases will play an important role in the superplastic
deformation. From the superplastic test result (Figs. 3 and 4), it
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i.e., the growth of other grains rapidly occurs during defor-
mation since the � phase does not disturb the grain boundary
migration.

4. Discussion

The experimental results show some remarkable differences
between the alloy with the intermetallic ZnAg3 phase (Zinag-
2) and the alloy without it. As plotted in Figs. 3 and 4, the
data in the low strain rate region reveals the presence of an
important difference in the behavior of Zinag-1 with respect
to Zinag-2. The region I, observed in Zinag-2 with a slope
near 0.48, may be an indication of the existence of diffusional
creep [19–21], as a result of diffusion at the testing temperature
might be produced by the compositional changes of the �, � and
� phases.

The microstructure of the specimens deformed in the region
of very high values of m (Fig. 5b and e), suggests the acti-
vation of recrystallization during deformation. In the case of
Zinag-1, where two solid solutions are present, the recrystal-
lization occurs at a slower rate than in the case of Zinag-2,
where we have the presence of a third phase (AgZn3). There-
fore, a microstructure with fine particles of bright zinc phase
is observed in Zinag-1 and a more advanced grade of recrys-
tallization is observed in Zinag-2. This recrystallization can be
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an be inferred that solute silver also has a significant effect on
uperplasticity. The difference in superplastic flow characteris-
ics between the Zinag alloys and typical superplastic materials

ight be attributable to differences in the microstructural evo-
ution during deformation.

The flow stress of superplastic deformation may support this
iewpoint. Changes in the microstructure during deformation,
uch as grain size and the morphology of grain, generally depend
n the deformation mechanism. Fig. 5a and b shows the varia-
ions in the microstructure observed near the fracture region of
he specimens deformed at a lower strain rate, optimum defor-

ation and maximum strain rate. The Zinag-1 alloy after 150%
eformation at a strain rate of 1 × 10−4 s−1 (Fig. 5a) shows
maller grain size zones of the � phase mixed with equiaxed
rains of � phase. In contrast, the microstructure of the Zinag-2
lloy deformed in the same way (Fig. 5b) shows a remarkable
rain refinement in both phases.

Alternatively the samples that were deformed at a high strain
ates, show a reverse behavior. The Zinag-1 shows a strong grain
efinement (Fig. 5b) and the Zinag-2 alloy show patches of the

phase surrounded by coarse and fine equiaxed � phase grains
Fig. 5c). When deformation takes place at the maximum strain
ate (9 × 10−1 s−1) both alloys show (Fig. 5d and e) a homo-
eneous distribution of the aluminum grains in the � phase
atrix. A small grain growth is observed in the case of Zinag-1

Fig. 5c) and the � phase shows some kind of fluting. This exper-
mental evidence suggests that the flow stress increases with
ncreasing grain size and that the deformation is more strongly
ontrolled by the motion of the dislocations in grains. The defor-
ation mechanism that takes place in this case facilitates this

ehavior. Dynamic recrystallization may occur in some grains,
xplained by the high strain rate sensitivity values found in these
lloys (within this range of strain rates). However, dynamic grain
ecrystallization has occurred which contributes to a decrease in

prior to failure. Adding AgZn3 enhances the change in grain
ate. This seems to be a disadvantage for the superplasticity. Nev-
rtheless, it is confirmed that the tensile ductility is improved by
dding AgZn3 at the high strain rate of 10−1 s−1 [18]. In gen-
ral, it can be concluded that the differences in superplastic flow
ehavior between the Zinag-1 and Zinag-2 are due to differences
n microstructural evolution during deformation. Fig. 5f shows
igher grain growth due to the strain rate that takes place in
egion III.

. Conclusions

On the basis of experimental results, the origin of HSRS in
inag alloys could be explained as follows:

. Elongation to failure tests performed on the Zinag alloys
revealed very high ductility under conditions where the strain
rate sensitivity was high. Elongations of the order of ≈650%
were observed at 230 ◦C at strain rates of 1 × 10−1 s−1. This
outcome is attributed to the presence of high strain rate super-
plasticity related to the microstructural refinement that takes
place during the mechanical process, aided by the addition
of silver.

. The resultant stress versus strain rate curve is not a sigmoidal
with its three classical zones. The addition of small amount
of Ag to the eutectoid Zn–Al alloy increase the strain rate
for superplasticity. These changes are produced by diffusion
and recrystallization.
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