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The aim of this work is to analyze the plastic flow instability in Zn-21Al-2Cu alloy deformed under 10−3 s−1

and 513 K, which are optimum conditions for inducing superplastic behavior in this alloy. An evaluation
using the Hart and Wilkinson–Caceres criteria showed that the limited stability of plastic flow observed in
this alloy is related to low values of the strain-rate sensitivity index (m) and the strain-hardening coefficient
(γ), combined with the tendency of these parameters to decrease depending on true strain (ε). The reduction
in m and γ values could be associated with the early onset of plastic instability and with microstructural
changes observed as function of the strain. Grain growth induced by deformation seems to be important
during the first stage of deformation of this alloy. However, when ε > 0.4 this growth is accompanied by
other microstructural rearrangements. These results suggest that in this alloy, a grain boundary sliding
mechanism acts to allow a steady superplastic flow only for ε < 0.4. For ε values between 0.4 and 0.7,
observed occurrences of microstructural changes and severe neck formation lead to the supposition that
there is a transition in the deformation mechanism. These changes are more evident when ε > 0.7 as another
mechanism is thought to take over.

Keywords mechanical characterization, superplasticity, thermo-
mechanical processing

1. Introduction

Superplasticity is the ability of a polycrystalline material to
exhibit high tensile elongations. The stable nature of super-
plastic deformation is important for the commercial application
of materials that exhibit this behavior. During superplastic
deformation, plastic flow stability is maintained until neck
onset. When the neck is formed, it progresses diffusely,
allowing a greater elongation because it has a very high
localized necking resistance. This resistance is a consequence
of the high sensitivity to strain rate (m) (Ref 1-3). Experimen-
tally, it has been observed that during superplastic deformation,
several diffuse necks form and soften (Ref 4). This process
continues until the growth of any one neck begins to dominate
and accelerate, causing a localized plastic deformation. There-
fore, plastic flow instability is dependent on the true strain (ε),
which causes the material to fracture (Ref 4-6).

The instability of superplastic deformation has been the
subject of several studies (Ref 5-9). Hart developed a tensile
stability criterion for materials that exhibit both strain harden-
ing and strain-rate hardening (Ref 5). In this criterion, it is
proposed that deformation is stable if the magnitude of the
cross-sectional difference does not increase as deformation
progresses. Hart’s criterion is defined as:

cþ m � 1 ðEq 1Þ
For this criterion, the strain-hardening coefficient (γ) and the

strain-rate sensitivity index (m) can be expressed by the
following equations:

c ¼ 1

r
@r
@e

� �
ðEq 2Þ

m ¼ _e
r

@r
@ _e

� �
ðEq 3Þ

In addition to Hart´s stability criterion, Wilkinson and
Caceres proposed an instability parameter (I) to describe the
development of instability under uniaxial tension (Ref 7). In
this criterion, the onset of plastic instability can be studied by
evaluating parameter I, defined as (Ref 8, 9):

I ¼ 1� c� m

m
ðEq 4Þ

This parameter indicates that the onset of plastic instability
occurs when I = 0, which is equivalent to Hart’s stability
criterion (γ + m=1). The value of I indicates how fast the plastic
instability advances, since the greater the value of I, the more
unstable the deformation is and localized necking occurs.
Therefore, to achieve plastic stability I < 1 is needed. In order to
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evaluate this parameter, it is necessary to calculate the value of
the strain-hardening coefficient (γ) using the following expres-
sion, which is valid when grain growth increases linearly with
the strain (ε) (Ref 7, 8):

c ¼ Cpm

d0 þ Ce
ðEq 5Þ

In this equation, p is the grain size sensitivity, do is the initial
grain size and C is a constant representing the value of the slope
in a plot of grain size growth (Δd = d − do) as a function of ε
when tests are performed at constant strain rate ð_eÞ and
temperature.

Furthermore, stable plastic flow during superplastic defor-
mation is obtained when the mechanism that acts to achieve
steady flow conditions remains constant with increasing strain.
A high value of strain-rate sensitivity is associated with the
grain boundary sliding (GBS) mechanism, which has been
reported as the dominant deformation process in superplastic
materials such as Zn-Al eutectoid alloy (Ref 10-12). Therefore,
evaluation of plastic stability in this alloy can provide
information regarding possible changes in deformation mech-
anism when alloying elements are added to improve its
mechanical properties.

The Zn-21Al-2Cu alloy is a modified Zn-Al eutectoid alloy
that has shown superplastic behavior, reaching a maximum
strain of about 1000% (Ref 13). In this paper, the analysis of
plastic flow instability is performed under optimal conditions of
superplastic deformation as a function of true strain. This work
aims to investigate the role of 2 wt.%. Cu addition on the
plastic stability of a Zn-Al eutectoid alloy by evaluating the
Hart and Wilkinson–Caceres criteria parameters. The values of
these parameters will be related to changes observed in the
microstructure of the superplastically deformed Zn-22Al-2Cu
alloy. These values may be evidence of changes in the
deformation mechanism acting upon this alloy.

2. Experimental Procedure

The Zn-21Al-2Cu alloy was prepared by melting Zn, Al and
Cu of high purity (99.99%) in an induction furnace. A 38-mm-
diameter rod was obtained by continuous casting. This rod was
cut, hot-extruded at 563 K (Extrusion Relation = 11) and hot-
rolled at 513 K to obtain sheets of 2.54 mm thickness.
Specimens with a gauge length (L0) of 6.35 mm for tensile
testing were machined from the rolled sheets. After machining,
the specimens were solution treated at 623 K for 1 h. Then, they
were quenched in ice water at 288 K and annealed at 533 K for
20 min. After this heat treatment, all specimens attained a fine-
grained microstructure with an average grain size of
0.85 ± 0.065 μm. This microstructure consists of a fine and
homogeneous mixture of 0.492 and 0.489 by volume fraction
of α and η, which are Al- and Zn-rich phases, respectively.
Additionally, grain phase measurements performed on the
initial fine microstructure obtained a grain size of
0.88 ± 0.058 μm for α and 1.04 ± 0.060 μm for η. All grain
measurements were performed by the intercept method and
were consistent with previous measurements performed on the
same alloy with similar heat treatment using the electron
backscatter diffraction (EBSD) technique (Ref 14). Clusters of
fine grains of s0 phase (Al4Cu3Zn), which represent a volume
fraction of 0.019, were also observed in the initial microstruc-

ture. All volume fraction determination was performed by the
Rietveld refinement analyses of XRD patters using the MAUD
program. Before testing, specimens were polished with fine
diamond pastes to achieve a mirror-like surface.

In order to study the flow localization of the Zn-21Al-2Cu
alloy, tensile tests were performed at constant crosshead speed
in a Shimadzu AG-I Universal Testing Machine equipped with
a thermal chamber. Specimens were deformed at 513 K and
initial strain rates ð_eÞ of 10−3 s−1 (optimal superplastic
conditions). Tensile tests were performed to achieve the
following engineering strain values (e = ΔL/Lo): 15, 30, 50,
75, 100, 150, 200 and 300%. The method proposed by
Mohamed and Langdon (Ref 15) was used to characterize the
localization and uniformity of the plastic flow. In this method,
the gauge length (Lo = 6.35 mm) of each specimen is carefully
etched with a series of parallel lines to divide it into sections of
equal length (lo). For this study, each specimen was divided
into seven sections with a width of about 0.9 mm, as shown in
Fig. 1.

The localization of the plastic flow was determined by
calculating the deformation of each section as Δl/lo, where Δl is
the increase in the length of each small segment. The
uniformity of the plastic flow is evaluated by plotting the
maximum (Δl/lo) and minimum (Δl/lo) against (ΔL/Lo).
Finally, microstructural changes on the surface of deformed
specimens were characterized using a Philips XL-30 scanning
electron microscope.

3. Results

3.1 Localization and Uniformity of the Plastic Flow in
Optimal Superplastic Conditions

The tensile-deformed specimens, at fixed engineering strain
values (e), are shown in Fig. 2. It can be noted that plastic
deformation is stable up to values of about 100%. For
specimens tensile deformed more than 100%, the presence of
two types of necks along the gauge length—a sharp-shaped
neck in adjacent gripping areas and a more diffuse neck around
the central part—is evidence of plastic instability onset.

The tensile specimens that are shown in Fig. 2 present a
localized and non-uniform plastic flow. These aspects were
evaluated by using the method proposed by Mohamed and
Langdon (Ref 15), and results are presented in Fig. 3(a) and (b).
The graphs in Fig. 3(a) illustrate that the deformation is quasi-
uniform throughout gauge length when ΔL/Lo ≤ 50%. For ΔL/
Lo values between 50 and 150%, plastic flow begins to be
greater in Sects. 5 and 6, as shown in Fig. 1. For ΔL/Lo > 150%,
plastic flow localization is also more evident in these sections.

Fig. 1 Schematic illustration of the specimen gauge length Lo,
showing the division into seven segments, each of length lo
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When ΔL/Lo reaches 300%, all deformation is localized almost
entirely within these two segments. This is consistent with the
tensile-deformed specimens shown in Fig. 2.

The results shown in Fig. 3(a) give information about plastic
flow localization but do not provide quantification of the strain
uniformity. If the plastic flow is totally uniform, then the
deformation of each gauge length section should be the same as
the total deformation, i.e., Δl/lo = ΔL/Lo. This situation is
represented by a solid black line in Fig. 3(b), which also shows
values for Δl/lo minimum and maximum obtained from the data
in Fig. 3(a). The analysis of the results in Fig. 3(b) provides a
quantification of the plastic flow uniformity level and confirms
that the deformation remains uniform up to ΔL/Lo = 50%. For
elongations up to ΔL/Lo = 100%, the uniformity begins to
decrease gradually. For elongations ΔL/Lo > 100%, there is a
marked deviation from uniform behavior.

3.2 Plastic Instability Analysis

Evaluation of plastic flow instability in Zn-21Al-2Cu alloy
was performed on specimens tensile deformed under super-
plastic optimal conditions ( _e = 10−3 s−1 and T = 513 K), using
both Hart (Ref 5) and Wilkinson–Caceres criteria (Ref 7). In the
Hart criterion, the m and γ values are considered constant, while
the Wilkinson–Caceres criterion proposes that γ varies due to
grain growth, which occurs during deformation. In a previous
work, where superplastic behavior of Zn-21Al-2Cu alloy was
analyzed in optimal conditions, evidence of microstructural
changes after superplastic deformation was found (Ref 13).
Taking into account these observations, in the current inves-
tigation the estimation of m and p values was made by
considering their change as a function of true strain. The values
for these estimations were obtained using the method proposed
by Rao and Mukherjee (Ref 16). To obtain the m parameter
values, log σ against log _e plots for different values of ε were
constructed using data of tensile tests carried out at 513 K and
strain-rate values of 5 9 10−4, 1 9 10−3, 2 9 10−3 and 5 9 10−3

s−1 (Fig. 4a). The value of m as a function of ε can be estimated
from slope values in log σ against log _e plots.

In order to estimate p values, log σ against log d plots for
distinct values of ε were constructed using data corresponding
to tensile tests carried out at 10−3 s−1 and 513 K in specimens
with an initial grain size of 0.85, 2.05 and 4.5 μm (Fig. 4b).

Fig. 2 Zn-21Al-2Cu alloy tensile specimens, to different fixed engineering strains values, tested at 10−3 s−1 and 533 K

Fig. 3 (a) Plot of Δl/lo vs. section number to evaluate the localization
of plastic flow in Zn-21Al-2Cu alloy. (b) Plot Δl/lo minimum vs. Δlo/lo
maximum to evaluate the uniformity level of plastic flow in Zn-21Al-
2Cu alloy (solid black line represents the ideal uniformity)
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Values for p were estimated as a function of ε from the slope
values in the plots and values for parameter n, calculated using
the relationship n = 1/m, with the expression:

p ¼ n
@ log r
@ log d

ðEq 6Þ

The values of m and p were estimated only for ε between 0.2
and 0.7 because for longer true strain, the value of σ becomes
invalid due to the flow localization observed in Fig. 2.

The m and p parameter values as a function of ε are shown
in Fig. 5(a) and (b), respectively. The m value decreased after it
achieved a maximum of 0.26 at ε = 0.3, while for p, a
maximum value of 2.18 is obtained when ε = 0.2, before
reaching a minimum at ε = 0.6. Similar behavior for the values
of the m and p parameters as a function of true strain was
reported for a superplastic 7075 Al alloy and was related to
microstructural changes (Ref 16). For 7075 alloy, m values
decrease from 0.8 down to a steady value of 0.5 and p values
change from 2.16 to 1.26. In particular, large magnitude
changes in parameter p were associated with a dislocation
activity occurring within the grain interior, leading to grain
elongation. After comparing the results for both alloys, it can be
assumed that in the Zn-21Al-2Cu alloy microstructural changes
occur during deformation leading to a drop in m and p
parameters.

Grain growth after superplastic deformation, which in-
creases in magnitude with strain, has been reported in different

alloys (Ref 7, 9). This grain growth induced by strain produces
an effective strain hardening which affects the γ value (Ref 7).
Therefore, in order to obtain an estimation of the γ parameter as
a function of strain, it is first necessary to determine quanti-
tatively the contribution of the strain to grain growth. The
procedure is performed by plotting Δd against ε, where Δd
values correspond to the difference between grain size mea-
surements in deformed specimens and initial grain size (do). In
Fig. 6(a), the results of this determination for the Zn-21Al-2Cu
alloy are shown. The grain size measurements, which were
taken using the intercept method, were carried out in deformed
specimens after ε values of 0.14, 0.26, 0.40, 0.56 and 0.69.
These measurements are in accordance with previous results
obtained for the same alloy using the electron backscatter
diffraction (EBSD) technique (Ref 14). The results in Fig. 6(a)
show the occurrence of a strain-dependent grain growth during
superplastic deformation, which increases in a linear manner
with strain. In this plot, the slope value represents the value of
constant C from Eq 5. For the Zn-21Al-2Cu alloy, the value
observed was 1.13. Similar behavior reported for the Zn-22Al-
0.5Cu alloy is schematized in the figure for comparison.

The values of p, m and constant C were replaced in Eq 5 in
order to estimate the strain-hardening coefficient (γ) as a
function of true strain (ε). Figure 6(b) shows that the γ value
reaches a maximum of 0.75 at ε = 0.3, and then, it decreases to
0.60 for ε = 0.7. This behavior is associated with a deformation

Fig. 4 (a) Plots of log σ against log ε at T = 513 K for Zn-21Al-
2Cu alloy superplastically deformed at different strain-rate values.
(b) Plots of log σ against log ε at T = 513 K for Zn-21Al-2Cu alloy
superplastically deformed at different initial grain sizes values

Fig. 5 (a) Values of m parameter estimated as function of true
strain for Zn-21Al-2Cu alloy superplastically deformed at 533 K. (b)
Values of p parameter estimated as function of true strain for Zn-
21Al-2Cu alloy superplastically deformed at 533 K
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hardening effect whose magnitude decreases for ε > 0.3. These
findings are similar to those reported by Wilkinson and Caceres
for the Zn-22Al-0.5Cu alloy (Ref 17). However, in that
particular case, values for γ fall from 0.69 to 0.53 for the same
true strain range, as can be observed in Fig. 6(b), where results
for the Zn-22Al-0.5Cu alloy are schematized. The fall in the γ
values is quantitatively similar in both alloys, nevertheless, γ
values are greater in the Zn-21Al-2Cu alloy as consequence of
its higher Cu content.

The evaluation of the stability criterion proposed by Hart
(Ref 5) for Zn-22Al-2Cu alloy, which is shown in Fig. 7(a), was
carried out using the previously estimated m and γ values. From
this figure—where the critical value for instability onset is
indicated by a horizontal line—it can be observed that plastic
instability begins at ε = 0.4. On the other hand, using the
previously estimated values of C, m and γ, it was possible to
evaluate the plastic instability parameter (I) proposed by
Wilkinson and Caceres using Eq 4 (Ref 8). The result of this
evaluation, which is shown in Fig. 7(b), confirms that plastic
instability onset occurs at ε = 0.4 and shows that this
inhomogeneous flow grows suddenly for large true strains.
These findings are in accordance with the deformation
sequence observed in the tensile specimens of Fig. 2, where
the plastic instability begins at tensile strains greater than 50%
(ε > 0.4), in addition to the evaluation of the plastic flow
localization and uniformity shown in Fig. 3. The stability

criterion evaluation for the Zn-21Al-2Cu alloy revealed impor-
tant differences as compared to the Zn-22Al-0.5Cu alloy that,
under similar superplastic deformation conditions, exhibits
plastic instability onset according to the I parameter beginning
at ε = 1.0 and progressing in a quasi-stable way until values
approach ε = 3.5 (Ref 17).

3.3 Microstructural Characterization as a Function of Strain

The plastic flow in steady state for Zn-21Al-2Cu alloy
prevails up to a strain value of 0.4, while for large true strains
plastic flow begins to become unstable, as explained in the
previous section. In a previous work, the presence of an
unstable plastic flow and microstructural changes, consisting of
aligned grains of the η phase (Zn-rich phase) following
maximum engineering elongation in this alloy after superplastic
deformation under optimal conditions was reported (Ref 13).
These microstructural changes can be related to the decrease in
m and γ values as a function of true strain as was determined in
this work.

In order to examine whether these microstructural changes
can be a function of increasing strain, a surface analysis using
SEM was carried out in the middle part of samples tensile
deformed up to true strain (ε) values of 0.14, 0.40, 0.69 and

Fig. 6 (a) Grain size increment as a function of true strain for the
calculation of constant C. (b) Estimation of the strain-hardening
coefficient γ as function of the true strain for the Zn-21Al-2Cu alloy
superplastically deformed in optimal conditions

Fig. 7 (a) Evaluation of the stability criterion proposed by Hart as
function of the true strain increase for the Zn-21Al-2Cu alloy super-
plastically deformed at T = 513 K. (b) Evaluation of the instability
parameter proposed by Wilkinson and Caceres as function of the
true strain increase for the Zn-21Al-2Cu alloy superplastically de-
formed at T = 513 K

5308—Volume 26(11) November 2017 Journal of Materials Engineering and Performance



1.38, respectively. Corresponding micrographs at 3000X are
shown in Fig. 8. After ε = 0.14 (Fig. 8a), the microstructure
consists of a mixture of fine and equiaxed α and η grains, which
are an Al-rich phase (dark phase) and Zn-rich phase (bright
phase), respectively. For ε = 0.40, the fine, equiaxed
microstructure is accompanied by zones of α and η phases
with increased sizes, which was revealed to be a consequence
of the deformation (Fig. 8b). In Fig. 8(c), for a true strain of
0.69, grain growth of both α and η phases is observed, while η
grains show a tendency to be aligned along the tensile direction.
In Fig. 8(d), flow bands aligned in the tensile direction and an
increased grain growth in α and η fine phases were observed for
a true strain of 1.38. These microstructural features correspond
to those previously reported in a specimen tensile deformed up
to fracture strain of 1000% for this alloy under the same
experimental conditions (Ref 13).

4. Discussion

In a previous work, it was suggested that in the Zn-21Al-
2Cu alloy deformed at conditions that allow maximum
attainable elongation ð_e = 10−3 s−1 and T = 513 K), there
are changes in the deformation mechanism, evidenced by the
early presence of an inhomogeneous plastic flow (Ref 13). In
the present investigation, a more detailed study of the plastic
instability process for this alloy under such conditions was
carried out in order to obtain additional information which
supports that proposal and helps to elucidate the role of Cu
additions as high as 2 wt.% in the superplastic stability of a Zn-
22Al eutectoid alloy.

The flow localization and uniformity of the neck formation
process for this alloy were evaluated in the first part of this
study (Fig. 3). The results show the presence of a flow
localization which begins at e = 50% and continues in a quasi-
stable manner up to e = 100%, before finally exhibiting a
marked deviation from uniformity at large strains. This
behavior is different from that reported for the Zn-22Al alloy,
wherein a very stable plastic flow is maintained up to strain
values close to 350% and then quasi-stable up to values of
770% under similar experimental conditions (Ref 15). The
current results show that the addition of 2 wt.% Cu in Zn-22Al
alloy decreases plastic flow stability when the deformation is
carried out under optimal superplastic conditions (region II) by
a factor of seven. However, the current results are congruent
with those reported for region I of a Zn-22Al alloy where the
early appearance of an inhomogeneous flow is directly related
to a decrease in m values from 0.45 to 0.25 (Ref 15). Therefore,
the addition of at least 2 wt.% of Cu has an important role in
decreasing the strain-rate sensitivity of this alloy and, as a
consequence, its plastic stability. This result complements past
investigations on the role of Cu in Zn-22Al alloy, in which it
was concluded that additions up to 1 wt.% of Cu do not have a
significant effect on the superplastic forming behavior of this
alloy (Ref 18).

The analysis of plastic instability accomplished in the
second part of this study included the estimation of m and γ
parameters as a function of the true strain (ε). The neck growth
depends on the capacity of the parameter m to remain stable,
according to the relationship (Ref 15):

Fig. 8 SEM micrographs corresponding to different fixing true
strain values, showing microstructural changes as consequence of the
deformation in Zn-21Al-2Cu alloy deformed at 513 K and
1 9 10−3 s−1: (a) e = 0.14, (b) e = 0.40, (c) e = 0.69 and (d)
e = 1.38. All SEM micrographs at 3000X
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�dA

dt
¼ P

B

� �1=m
A m� 1ð Þ=m ðEq 7Þ

where A is the cross-sectional area of the specimen, t is the
time, B ¼ r=_em and P is the tensile force. A value of m < 0.3
is associated with microscopic neck formation within the
gauge length (Ref 19, 20). The results shown in Fig. 3(a) are
evidence that the superplastic deformation in Zn-21Al-2Cu al-
loy is carried out with an initial m value less than 0.3, and
then, this value tends to decrease for ε > 0.4. In accordance
with Eq 7, the low value of the m parameter estimated in this
work (m ≈ 0.26), and its tendency to decrease as function of
true strain, does not allow conditions for a steady plastic flow
to be maintained. This situation leads to the development of
an inhomogeneous plastic flow, which progresses with the
true strain, resulting in the formation of necks such as those
observed in the corresponding specimens tensile deformed
higher than 50% (Fig. 2). This affirmation is supported by
the evaluation of both the Hart (Ref 5) and Wilkinson–Cac-
eres (Ref 8) criteria in Fig. 7, which shows that the onset of
plastic instability occurs at ε = 0.4 (50%).

In order to achieve a complete, uniform macroscopic
deformation in the Zn-21Al-2Cu alloy, parameters m and γ
must at least maintain their initial values. However, the results
obtained in this study show that the plastic instability onset in
this alloy is associated with low initial values of both
parameters and their tendency to decrease as a function of ε.
It is important to note that the method of evaluating the plastic
stability with both the Hart and Wilkinson–Caceres criteria
used in this work is more accurate because it considers changes
in both m and γ parameters as a function of strain. Therefore, it
is proposed that when microstructural changes are observed in
superplastic alloys, it is convenient to consider the estimation of
these parameters as a function of the true strain for the
evaluation of plastic instability.

In Fig. 5, the values of m and p showed a tendency to
decrease with increasing ε. This behavior influences the value
of the strain-hardening coefficient (γ) as a function of ε
according to Eq 5 and can be explained by the presence of
microstructural changes, which occur gradually during the
deformation process. These changes, observed in Fig. 8, can be
involved in grain growth and the modification of shape and
distribution of the phases in the microstructure. Particularly, the
change in parameter p could be associated with a grain growth
tendency. In Fig. 6(a), the results show that for this alloy, there
exists a grain growth induced by deformation that is linearly
dependent on the true strain. It is important to note that this
evaluation considered both the static (diffusion-assisted) and
the dynamic (deformation-assisted) contributions to the grain
growth. An additional evaluation of each individual contribu-
tion showed that the static component only represented about
10% of the total grain growth; therefore, there is strong
evidence that supports the idea that the principal role of Cu
addition as high as 2 wt.%. is to facilitate the superplastic
deformation-assisted grain growth in this alloy. This kind of
linear dependence was also reported for the Zn-22Al alloy
doped with 0.5 wt.% Cu, with the conclusion that the primary
role of the Cu is to promote grain growth behavior (Ref 17).
Considering the above results, in the Zn-22Al eutectoid alloy,

grain growth induced by deformation is two times greater with
a Cu addition of 2 wt.%., than that observed with a Cu addition
of 0.5 wt.%., when the superplastic deformation is carried out
under the same conditions (Ref 17, 21).

From the initial microstructural characterization, it is
possible to note that the grain growth behavior seems different
between α and η phases. In particular, it was observed that the
grain growth in η phase tends to be higher than that observed in
α phase (see the series in Fig. 8). Generally, the grain growth
during superplastic deformation is attributed to an increase in
grain boundary mobility or in the driving force for grain
boundary migration (Ref 22, 23), which can be different in each
phase of duplex alloys (Ref 23). Previous studies in Zn-Al
alloys also showed evidence of greater grain growth in the Zn-
rich phase than in Al-rich phase (Ref 24, 25), which is in
accordance with the observations made in the present work.
The model for deformation-induced grain growth proposed by
Wilkinson and Caceres (Ref 8) can explain the grain behavior
observed in the present work. This model suggests that in
micro-duplex materials, grain growth results from an enhanced
coarsening of the second phase particles as they are brought
into contact by grain switching during superplastic flow. If a
model such as the one proposed by Wilkinson and Caceres acts
during the superplastic deformation, then microstructural
changes similar to those observed in Fig. 8 could be expected.
This proposition is also supported by studies carried out in
other alloys, which show that superplastic deformation leads to
morphological and chemical changes by a process where the
redistribution of elements by diffusion is significant (Ref 26).
These kinds of movements by alloying elements have also been
reported in other superplastic alloys (Ref 27). However, a more
in-depth study that includes an analysis of the mobility and
redistribution of the Zn, Al and Cu elements in the phases of the
Zn-21Al-2Cu alloy and their relationship with the deformation-
induced grain growth will be necessary. Additionally, a more
thorough evaluation and characterization of the microstructural
changes under several superplastic deformation conditions
using several different characterization techniques are currently
being carried out. The results obtained from this analysis will
be reported in a future manuscript.

Finally, the occurrence of microstructural changes in the Zn-
21Al-2Cu alloy that lead to a decrease in m and γ values began
at true strains greater than 0.4. The decrease in these values
indicates a tendency to inhibit the operation of a grain boundary
sliding (GBS) mechanism as the strain increases. The above
results suggest that in this alloy, a GBS mechanism brings on a
stationary superplastic flow only for ε < 0.4. For true strains
between 0.4 and 0.7, there is a transition stage for this
mechanism, which is characterized by macro- and microstruc-
tural changes. The onset of microstructural changes is more
evident for ε > 0.7, where another mechanism associated with
low values of m could probably be acting. If the superplastic
behavior of Zn-22Al eutectoid alloy free of Cu is compared
with the corresponding behavior of Zn-21Al-2Cu alloy, it is
evident that the addition of 2 wt.%. Cu promotes change in the
GBS mechanism for true strains higher than 0.4. A follow-up
study to determine the nature of the change in the GBS
mechanism for this alloy and the specific role of the Cu is in
progress.
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5. Conclusions

The main conclusions that can be derived from this work are
listed below:

1. The addition of 2 wt.% Cu to the eutectoid Zn-22Al al-
loy decreases the stable superplastic capacity of this alloy
sevenfold.

2. In optimal conditions, the maximum strain attainable in
the Zn-21Al-2Cu alloy is close to 1000%. However,
superplastic deformation is stable only up to an engineer-
ing strain of 50% (ε = 0.4) and quasi-stable up to 100%
(ε = 0.7). For greater strains, the deformation is highly
localized.

3. The onset of plastic instability as determined by the Hart
and Wilkinson–Caceres criteria occurs at ε = 0.4, which
is consistent with the low initial values of the m and γ
parameters and their tendency to decrease as a function
of the true strain.

4. The decrease in the m and γ parameters can be related to
the occurrence of microstructural changes during defor-
mation. These changes can be involved in the deforma-
tion-induced grain growth in the α and η fine phases.

5. It was observed that the presence of 2 wt.%. Cu doubles
the rate of deformation-induced grain growth compared
to the Zn-22Al eutectoid alloy doped with 0.5 wt.% Cu.
This grain growth seems to occur predominately in the
Zn-rich phase.

6. For the Zn-21Al-2Cu alloy, the plastic instability onset is
evidence that the GBS mechanism, which allows a super-
plastic flow in steady state, is dominant only in the first
stage of the deformation process.
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