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Abstract

In this work, superplastic behavior in tension for the Zn-21A1-2Cu alloy was reviewed as a function of: grain size, tem-
perature and strain rate. The deformation mechanism was studied under conditions where the greatest elongation was
reached, characterizing microstructural changes and analyzing the associated mechanical response such as the study of
plastic stability. This analysis allowed us to propose a phenomenological model consisting of five steps for the mechanism
of superplastic deformation under which dynamic conditions are involved for this alloy. In the first stage, an accommoda-
tion of the microstructure was observed, in the second stage sliding by individual grain boundaries (GBS) was activated,
which provided the conditions for stationary plastic flow. In the third stage, GBS was hampered by the tendency of grain
boundaries remaining from high temperature phase (FpBs) to align at 45°. This fact caused the onset of plastic instabil-
ity. The fourth stage consisted of a transition in which there was competition between individual and cooperative GBS
mechanisms, which increased plastic instability. In the last stage, the FBBs were aligned parallel to tensile direction, which

favored the GBS, and an additional diffusion flow mechanism allowed partial recovery of stable plastic flow.

Keywords Superplasticity - Deformation mechanism - Zn-Al-Cu alloys

1 Introduction

The phenomenon that produces plastic elongations greater
than 200% in metals and alloys is called superplasticity [1—
3]. Although this phenomenon has been observed in several
alloys, the Zn-22Al eutectoid alloy is one of the most stud-
ied under different microstructural conditions and using dif-
ferent techniques [4—7]. In this alloy maximum engineering
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strains values close to 3000% along with a flow stress of
10 MPa have been reported in specimens deformed at 503 K
and 1072 s~! [4-7]. Initial microstructure of this alloy does
not exhibit significant changes caused by the large deforma-
tions [8, 9] and as a consequence, plastic flow remains homo-
geneous up to deformations of approximately 700%—800%
[10]. These observations allowed Langdon to propose that,
for this alloy, the deformation process takes place entirely
under conditions that allow steady creep [11]. This proposal
implies that a single mechanism of Grain Boundary Sliding
(GBS) acts preferentially during the entire deformation pro-
cess. Although the GBS is the most accepted deformation
mechanism, there is experimental evidence that shows that
this mechanism could be modified or assisted by another
one [3, 12].

The Zn-21Al1-2Cu alloy is a modified Zn-Al eutectoid
alloy with Cu to improve its formability and mechani-
cal properties. In a previous work it was reported that the
Zn-21A1-2Cu alloy could be deformed in tension under
superplastic conditions at 513 K and 1073 s™!, achiev-
ing engineering strains of about 1000% [13]. In this alloy,
superplastic deformation remained stable only up to 50% of
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engineering strain (¢=0.4) and it was quasi-stable up to
100% (£ =0.7), while for larger strains, deformation became
highly localized in the central area of specimen [14]. When
analyzing the microstructure of this alloy, it was observed
that when deformation begins, a microstructure composed
of equiaxial and fine grains prevailed, resulting in homo-
geneous plastic flow [15]. However, with increasing strain
(e>0.7), microstructure exhibited changes such as grain
growth, flow banding, and movement of residual grain
boundaries originating from the high-temperature phase.
These alterations inhibited that homogeneous plastic defor-
mation further progressed [15]. For Zn-21Al1-2Cu alloy, the
onset of plastic instability and changes in microstructure
observed for deformations greater than 50% of engineer-
ing strain, evidenced that GBS mechanism (which promotes
homogeneous superplastic flow) prevails only in the initial
stage of deformation process (€ < 0.4). This observation sug-
gests that for values greater than 50% of engineering strain
(e>0.4), the addition of 2 wt% Cu modifies the mechanism
that controls plastic strain in the eutectoid alloy (Zn-22Al).

Superplasticity can be considered as a particular case of
the creep phenomenon and it is associated with three mech-
anisms that occur at atomic level. These mechanisms are
intergranular dislocation slip, grain boundary sliding, and
diffusional flow [2]. In some cases, a mechanism may be
necessary to allow the accommodation of other when plastic
deformation occurs at high temperature [12]. It is necessary
to show the specific details of how each one of these mecha-
nisms acts and the interrelationships that are developed
between them during superplastic flow. This information
can be obtained by observing the macro and micro struc-
tural changes occurring during deformation. All the previ-
ously mentioned mechanisms are thermally activated and
controlled by diffusion, therefore, constitutive relationships
for the study of superplasticity are same as those described
for creep. Most important feature in high temperature creep
mechanism is that strain rate (g) varies with stress (c), tem-
perature (T) and grain size (d) according to Dorn’s Egs. [1,
2, 3]

Pon
() )

where D is the diffusion coefficient (=D, exp —Q/RT), k is
the Boltzman’s constant, n is the stress exponent (n=1/m),
G is the shear modulus, b is the Burguers vector, p repre-
sents the exponent of the sensitivity to grain size, ¢ is the
flow stress and A is a constant that is dependent of the
microstructure. Each creep mechanism can be described
by this equation and the specific values assignated to the
parameters n, p and D. Calculating these values is essential
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for determining the mechanism that promotes the steady-
state deformation occurrence.

The fact that in several superplastic alloys have been
observed that no appreciable changes occurs in the origi-
nal microstructure formed by equiaxed grains, has led to
propose GBS mechanism as the main deformation mode
during the superplastic deformation process [1, 16]. GBS is
a deformation mode that involves relative grains displace-
ment along surface of their common boundary. For GBS
to occur, an accommodation process is necessary to main-
tain contact between grains [16—18]. This accommodation
process is an important part of the deformation mechanism
and includes microstructural rearrangements such as grain
boundary migration, grain rotation, grain emergence and
dislocation motion [19-21]. It can be considered that the
accommodation process is the main stage controlling the
complete deformation mechanism [18].

Although GBS is the most widely accepted mechanism
to describe superplastic deformation, the use of advanced
characterization techniques has made it possible to dem-
onstrate additional microstructural changes, such as grain
elongation and element segregation [22—24], which can be
recognized as GBS modifications or an additional mecha-
nism that acts during the superplastic deformation process
[25]. In addition, the GBS mechanism promotes the achieve-
ment of steady flow conditions, which remain constant with
increasing strain and result in a homogeneous plastic flow.
However, in some alloys, particularly at large strains, insta-
bilities have been reported in the homogenous plastic flow
[14, 26] which are associated with fluctuations in the strain
rate sensitivity parameter (m) as a consequence of so me
microstructural changes occurring during deformation [2].
Therefore, a strong correlation exist between microstruc-
tural changes and instability plastic flow, which has been
used to propose that in these alloys, the initial deformation
mechanism undergoes significant modifications as a func-
tion of the strain increments.

The main objective of this work is to propose a phenom-
enological model for the dynamic superplastic deforma-
tion mechanism in the Zn-Al eutectoid alloy modified with
2 wt% Cu considering conditions of grain size, temperature,
and strain rate where the highest elongation is achieved.
This model is based on new experimental evidence obtained
for this alloy in addition to previous results obtained from
superplastic deformation tests in tension [13], the values
calculated to evaluate the plastic instability process [14] as
well as the observed microstructural changes resulting from
superplastic deformation [15]. This work represent the cul-
mination of these preliminary systematic research.
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2 Materials and Methods

The fabrication details of the Zn-21Al1-2Cu alloy sheets are
described in a previous work [13]. Tensile testing specimens
with a gauge length (Lo) of 6.35 mm were machined from
these sheets. They were subjected to a heat treatment that
consisted of the following steps: solubilization at 623 K for
1 h followed by quenching in water at 288 K, subsequent
annealing at 533 K for durations ranging from 0.5 h to 90 h
to obtain a microstructure of fine grains with an average
grain size between 0.85 pm and 4.5 um. The grain size mea-
surements were performed using the intercept method after
a conventional metallographic preparation of specimens
using diamond paste for polishing step with a 3 and 1 pum
in size.

To evaluate the superplastic behavior of the Zn-21A1-2Cu
alloy, tensile tests were carried out at constant crosshead
speed until fracture occurred by using a universal testing
machine equipped with a thermal chamber. The temperature
and strain rate conditions for the tests varied from 413 K to
513 K and from 1073 s™! to 107" s~ !, respectively. Micro-
structural changes on surface of deformed specimens were
characterized by Scanning Electron Microscopy (SEM) and
energy dispersive X-ray energy dispersive spectroscopy
(EDS). Mappings for the elements Zn, Al and Cu were
performed on images taken at 35,000 magnification using
a JEOL model JSM-6610LV SEM. The plastic instability
evaluation, determination of the strain rate sensitity index
(m) and the strain-hardening (y) coefficient as a function of
the strain increments, were carried out as described in previ-
ous work [14].

3 Experimental Results
3.1 Initial Microstructure Features

After the quenching treatment and subsequent annealing to
stabilize grain size of the Zn-21Al1-2Cu alloy, a fine mixture
of phases rich in Zn and Al was obtained from the transfor-
mation of the high-temperature beta phase. Due to the Zn
content, the transformation that occurred was B (triclinic)

Fig. 1 Variation of the Zn-21Al-
2Cu alloy microstructure using
two annealing conditions after a
solution and quenching treatment.
In both cases, a mixture of a and n
phases was observed, enclosed by
residual boundaries of the high-
temperature 3 phase (indicated by
the letter A in micrographs). (a)
Annealing for 5 h at 533 K, (b)
Annealing for 20 min at 533 K

ccV  Spot Magn

— 1) phase (hcp)+R (rhombohedral), as described for the
eutectoid alloy of the Zn-Al system [27]. Where R is a
transition phase that transforms into the mixture of phases:
n (hep) + a (fec), which are phases rich in Zn and Al,
respectively.

The size and shape of the final microstructure will
depend on the quenching rate, as well as the temperature
and time used during the solubilization and annealing pro-
cess. In Fig. 1, microstructures are shown after homogeni-
zation using two different annealing times at 533 K. In both
cases, microstructure consists of fine grains of n and a sur-
rounded by residual grain boundaries of the high-tempera-
ture B phase indicated with letter A in Fig. 1a, and 1b. These
residual boundaries divide the microstructure into equiaxed
groups or domains. § residual boundaries seem to be formed
mainly by a-phase aligned grains, however it is important to
note that these domains are incomplete in most cases, i.c.,
boundaries of B-phase grains are not fully conserved.

It has been suggested that this phase distribution in the
Zn-22A1-2Cu alloy is probably due to small deviations
from eutectoid composition caused by addition of 2 wt%.
Cu, which promoted the presence of proeutectoid o phase
around residual boundaries coming from the high tempera-
ture B phase [28]. Due to the similarity with the microstruc-
tural arrangements reported by other authors for Zn-22Al
alloy [29], in this work residual boundaries will be called
Former Beta Boundaries (FBs). A close inspection of the
Fig. 1 shows that most of FfBs are composed of continu-
ous sections of aligned o phase and discontinuous sections
formed by fine grains of a and 1 phases. Because of super-
plastic deformation, it is expected that FBB tend to break.
This behavior probably turns these FBBs fragments into
obstacles that hinder and delay sliding of fine grains when
deformation increases.

3.2 Tensile Deformation Behavior

Tensile behavior of Zn-21Al-2Cu alloy was evaluated as
a function of the initial grain size, temperature, and strain
rate. Figure 2 shows the engineering stress-strain curves for
the tensile tests that were conducted. In each individual test
depicted in Fig. 2, a similar behavior was observed during

um “Det WD 10 pm
Rec 260 5h PEP20.0 kv 50 _3000x BSE 105 ZINALCO 20 MIN A 240C HOMG.
W™ AV ORI FROIEXRTRILY
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the tensile tests, which was characterized by a constant
increase in stress until reaching a maximum, followed by a
decrease in stress until reaching a practically constant value
on this parameter as strain was increased.

Based on these results, it was observed that the maxi-
mum plastic deformation, which was close to 1000%, was
obtained for samples with an initial grain size of 0.85 pm
deformed at a strain rate of 1073 s™! and a temperature
of 513 K. Images of samples deformed under different

conditions are also shown in Fig. 2. The presence of an
inhomogeneous plastic flow that tends to stabilize in final
part of the deformation process was observed.

Results of the grain size effect at 513 K and temperature
effect for a grain size of 0.85 pm on the flow stress and on
the total plastic deformation capacity at a strain rate of 1073
s~! are observed in Fig. 3a, b, respectively. Under these
conditions, flow stress increased as the grain size increased
and decreased as temperature increased too. The amount of

Fig. 2 Engineering stress-strain

curves and Zn-21A1-2Cu alloy 80+ et Without
deformed specimens as a function of: €=10"s e
in si T=513K
(a) Grain size, (b)Temperature and = =3
(¢) Strain rate é 60 <—d =4.50um
5“ 40 d=2.60pm
= \\ d =2.05um
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Fig. 3 Flow stress and deforma-
tion capacity for Zn—21Al—2C1} 1600 1 |08 0 160 6393 433. 47'3 51'3 i
alloy as a function of: (a) Initial €=103¢!
grain size and (b) Test temperature - < d=0.85 um
1200- = 1200 \ -
0 160 2 | | , H60 2
. b > z
= - = =
E 800+ 2 § 800 ,;
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400- ‘ = 400+ =
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a Grain diameter, pm b Temperature, K
Fig.4 Flow stress for Zn-21Al- 1000
2Cu alloy as a function of strain 1000 m d=0.85pum 1 e T=413K
rate. (a) For two grain sizes, (b) o d=2.05pm m T=463 K
For two temperatures o
£ &
o
> =
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plastic deformation is only affected when grain size is larger
than 2 um and it increased as temperature also increased.
The fact that the flow stress decreased with temperature
indicates that deformation process was thermally activated,
and therefore, an activation energy can be associated with
this process.

Stress as a function of strain rate was studied by vary-
ing the sample grain size at 513 K, and in another set of
experiments by varying temperature for samples with a
grain size of 0.85 um; the results are shown in Fig. 4a, b,
respectively. In both cases, the stress value increased with
the increments in the strain rate. The value of the strain rate
sensitivity index (m) can be calculated from the slope of
the curves. The m values calculated were 0.3 and 0.24, for
grain sizes of 2.05 and 0.85 pm, respectively; and 0.29 and
0.24 for temperatures of 413 and 463 K, respectively. In all
cases, the values of m are lower than those reported for the
Zn-22Al alloy deformed under similar conditions, where the
m values varied between 0.45 and 0.55 [30, 31]. For the
Zn-21A1-2Cu alloy, it was observed that the growth of m
value is directly proportional to the grain size and inversely
proportional to the temperature. This suggests that the pres-
ence of 2 wt% Cu modified the dependence of the value of
m on grain size and temperature.

The m values for the Zn-21Al-2Cu alloy suggest a
quasi-superplastic behavior as plastic flow is not homoge-
neous throughout the complete deformation process. This

characteristic was observed for all deformed specimens as
a function of grain size, temperature and strain rate, where
the total deformation is composed of a homogeneous initial
deformation, which in all cases is less than 100%, followed
by non-homogeneous deformation that can reach up to
900%. This contrasts with the observations reported for Zn-
22Al, where plastic flow remains homogeneous up to values
of 800% [10]. The differences in the deformation capacity
between the two alloys are related to variations in the m
values. These suggest that presence of 2 wt%. Cu causes
a real decrease in m parameter that leads to early plastic
instability. This instability results in a smaller amount of
homogeneous deformation and, consequently, a decrease in
the total deformation.

3.3 Instability of the Plastic Flow

In a previous work, the plastic flow instability of Zn-21Al-
2Cu alloy was evaluated under optimal conditions to induce
a superplastic behavior (strain rate of 1073 s and 513 K).
The findings indicated that by adding 2 wt% Cu to the Zn-
22Al eutectoid system, the stable superplastic deformation
capacity of this alloy decreased approximately from 700 to
100% [14]. It was determined that in the Zn-21Al1-2Cu alloy
plastic deformation remains quasi stable only up to 100%
(e=0.7), beyond which deformation becomes highly local-
ized for larger strains. The onset of plastic instability, which
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was determined by the Hart and Wilkinson-Caceres criteria,
occurs at €=0.4 [14]. This observation aligns with the low
initial values of both, strain-rate sensitivity (m) and strain-
hardening coefficient (y), which tend to decrease as a func-
tion of true strain, as can be observed in Fig. 5a, b. These
values were calculated using the metodology described in a
previuos work [14].

The onset of this plastic instability provides evidence that
GBS mechanism, which allows steady-state superplastic
flow, was dominant only in the first stage of the deforma-
tion process for Zn-21Al1-2Cu alloy. Decrements in values
of m and y parameters may be related to the microstruc-
tural changes ocurring during deformation. These changes
are associated with strain-induced grain growth in the fine o
and n phases, which produced effective strain hardening and
increased with strain. The quantitative contribution of strain
to grain growth for Zn-21A1-2Cu alloy was previously eval-
uated [14]. It was observed that the presence of 2 wt% Cu
doubled the strain-induced grain growth rate compared to
that observed for eutectoid Zn-22Al alloy doped with 0.5
wt% Cu. Furthermore, this grain growth predominantly
ocurred in the Zn-rich phase [14].

Grain size growth during superplastic deformation has
been reported for different alloys [20, 32]. It has been pro-
posed that this phenomenon has both a static contribution
(assisted by diffusion) and a dynamic contribution (assisted
by deformation) [20, 33]. Wilkinson and Céceres found that
growth exhibited a linear dependence with respect to defor-
mation [32, 34]. Figure 6a shows the static and dynamic
contributions to grain growth in Zn-21Al1-2Cu alloy. It was
observed that both contributions, increased linearly with
deformation and the greatest contribution corresponded
to dynamic growth assisted by deformation process. Sato
and Kuribayashi proposed that to assessing this contribu-
tion requires considering, the effect of diffusive processes
[20]. Figure 6b compares the dynamic contribution to grain
growth in the Zn-21AI-2Cu and Zn-22 Al alloys, considering
the Sato and Kuribayashi criterion, for which, grain growth
is given by Ln(dp/d,), where d, represents grain growth
due to deformation and d, is the growth due to heating [20].

Results in Fig. 6b show that the dynamic contribution to
grain growth was higher for the Zn-21A1-2Cu alloy than for
the Zn-22Al alloy. This suggests that the addition of copper
facilitated the mechanism by which dynamic grain growth
occured. Sato and Kuribayashi proposed that strain-assisted
growth can be expressed by the equation [20]:

Ip
2= ad 2)
where o, is a constant with an approximate value of 0.3
for various biphasic alloys [20]. For Zn-21Al-2Cu alloy,
the value of this constant was approximately 0.6 and was
calculated from the corresponding line slope in the graph
shown in Fig. 6b. This value was closer to that predicted
with Wilkinson and Caceres model for grain growth in two-
phase alloys [34]. In this model, growth occurrs when two
grains of same phase come into contact and coalesce. This
type of growth mechanism is favored because the diffusion
rate at grain boundaries is accelerated by an increasing con-
centration of vacancies caused by the deformation process.
This fact facilitates migration of grain boundaries, which in
turn favors grain growth [19, 35].

Finally, Table 1 summarizes the principal features
observed during the evaluation of the superplastic behavior
in Zn-21Al-2Cu alloy. This table includes the characteristics
reported for the Zn-22 Al alloy for comparison purposes. The
data presented in this table indicate that the presence of Cu
does not affect the dependence of superplastic behavior on
the grain size, temperature and deformation rate. However,
the presence of Cu decreases the maximum strain capac-
ity, increases the flow stress and affects the plastic stability,
by decreasing the value of the parameter m. From the evi-
dence presented in this investigation, the role pricipal of the
Cu addition in the Zn-22Al alloy is to decrease the m and
Y parameters as a consequence of microstructural changes
during deformation. These changes involved the deforma-
tion-induced grain growth in the o and 1) fine phases as well
as other microstructal modifications suchs as the movement
of the FBs.

Fig. 5 (a) Estimation of strain-rate 0.30 - 0.8 -
P ) 5 b)
sensitivity index m and (b) Strain-
hardening coefficient y as function
of true strain for Zn-21A1-2Cu =
alloy = 0.7 -
-
g
£ 0.5+ >
i
=
= 0.6
0.20 . . . 0.5 T . '
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

True strain
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Fig.6 (a) Static and dynamic 1.5 . T 0.5 m Zn-21A1-2Cu allov
contributions to grain growth g $ Stattemontribuiion o Zn-22Al )
. =2 ® Dynamic Contribution

of Zn-21Al-2Cu alloy as strain - 1.2 0.4-
function. (b) Dynamic contribu- I ’
tion to grain growth for the alloys € 0.9, _’g
Zn-21A1-2Cu and Zn-22Al as a g O 3 03
function of strain, considering the 5o =
Sato and Kuribayashi criteria g 0.6 5 0.24 "
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Table 1 Principal features of the superplastc behavior of the Zn-21Al-

2u alloy and Zn-22Al alloy 3.4 Dorn Equation Parameters as Function of Strain

Feature Zn-21Al-2Cu alloy (this Zn-22Al alloy
study) In a previous work, it was determined that for the Zn-22Al-
— — - — — - .
Maleurp 1000% in optimal conditions. 2800.@ in optimal 2Cu alloy the value of parameter m is low (m~0.26) and
deformation conditions. . . .
capacity that it decreased as function of true strain, so there were no
Flow stress  25-180 Mpa in the strain rate  3-80 Mpa in the strain conditions to maintain a stable plastic flow [14]. If it is con-
interval interval evaluated (5x 10  rate interval evaluated sidered that m=1/n, changes in parameter m as a function
sTl-1s7h (5x1074s71—157h ; ;
TS ‘ X 10 5 ) of strain, must generate changes in the value of parameter
Rela- Lineal in the strain Lineal in the strain n. This fact also suggests that other parameters of the Dorn
tionship rate interval evaluated rate interval evaluated . hould al h h .. Th
between (5%10—4 s-1-1 s-1). (5x10~4s~'= 15, equation should also ¢ ange when strain increases. The
flow stress values of parameter p for this alloy were also determined
and strain previously, constructing graphs of log ¢ versus log d for
rate different strain values, using data corresponding to tensile
r(?v?luef &21_0'2? ) . 145,_0'55 ) ) tests carried out at 107° s~! and 513 K with an initial grain
ramn size . Vith an increase In grain L lfiorease {fl gram size of 0.85, 2.05 and 4.5 pum [14]. Results confirmed that
effect size, there is a correspond- size leads to a rise S . .
ing increase in flow stress. in flow stress, while parameter p tended to decrease with increasing strain after
However, the impact on simultaneously reduc- reaching a maximum value of 2.18 for a true strain of 0.2
deformation capacity remains - ing the capacity for [14]. For a superplastic 7075A1 alloy, a similar behavior was
minimal. deformation. . .
. reported for m and p values as a function of true strain, and
Tempera- As the temperature increases, As the temperature his ch lated . lch 36
ture effect  the flow stress decreases increases, the flow this changes were related to microstructural changes [36].

Strain rate
effect

Stability of
the plastic
flow

Activation

energy Q
value

and increase in deformation

capacity.

An increase in the strain

rate leads to a rise in flow

stress, while simultaneously
diminishing the capacity for

deformation.

Under optimal conditions it

remains stable up to deforma-

tions less than 100% and

then decreases suddenly with

increasing deformation.

72.7-77.7 kJ/mol

stress decreases and
increase in deforma-
tion capacity.

An increase in the
strain rate leads to
arise in flow stress,
while simultaneosusly
diminishing the capac-
ity for deformation.
Under optimal condi-
tions it remains stable
up to deformations

of 800%, gradu-

ally decreasing with
deformation.

67-80 kJ/mol

Activation energy (Q) is an important parameter of super-
plastic flow because it reflects the nature of thermally acti-
vated processes that control the strain rate. The Q magnitude
is usually determined by tests carried out at constant stress or
at constant strain rate within a certain range of temperature.
The Q value for the Zn-21Al1-2Cu alloy was calculated in a
previos work under the same conditions used in this study
and its value ranged between 72.7 and 77.7 kJ/mol, with an
average of 75.1+2.45 kJ/mol [13]. This average value is
within the range of values reported for the Zn-22Al alloy,
which range between 67 and 80 kJ/mol [12, 31, 37]. The
average value of Q for Zn-21A1-2Cu alloy, is in the level
of activation energy necessary for diffusion through grain
boundaries in pure Zn (60 kJ/mol) and in pure Al (69 kJ/
mol). This indicates that under steady flow conditions, the
GBS mechanism is favored. By other hand the value of Q
as a function of strain (see Fig. 7) was estimated using Eq. 3
and the values of n determined in a previous work [13].
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Fig. 7 Activation energy parameter Q stimation in the Zn-22A1-2Cu
alloy as a function of the true strain

O.TL

TGn—1 A"exp (Q/RT) A3)

As can be seen in Fig. 7, that the value of Q decreased for
true strains values greater than 0.3. The horizontal lines in
the graph indicate the activation energy values that favor
diffusive processes through the grain boundary in Al (upper
line) and in Zn (lower line). Analysis of these results indi-
cated that, for true strains greater than 0.45, the deformation
mechanism assisted by diffusive processes through the grain
boundary became difficult. This critical value agreed well
with the values at which the onset of creep instability was
observed. The tendency of the Q value to continue decreas-
ing as true strain increased, suggested that the GBS mecha-
nism was difficult to occur.

Fig. 8 Microstructures of
Zn-21Al1-2Cu alloy at 5,000X cor-
responding to different true strain
in a tensile specimen deformed

at a strain rate of 1073 s~ ! and
513 K. (a) €=0.15,(b)e=14

@ Springer

3.5 Microstructural Evolution

In a previous work, evolution of the microstructure in
samples of the Zn-21Al-2Cu alloy, deformed as a function
of strain rate and temperature, was reported [15]. It was
observed that with a true strain of 0.15 (see Fig. 8a), the
FpBBs tended to break because of the individual movements
of the phases a and n by grain boundary sliding (GBS)
mechanism specifically in specimens deformed under con-
ditions where the greatest elongation was achieved (1073
s~!and 513 K). In Fig. 8a it can be observed evidence of the
formation of new surfaces due to diffusional mass transport.
These regions were result of the operation of a GBS mecha-
nism assisted by diffusion.

For larger strains, e=1.4, the microstructure showed
changes in regions with the highest plastic deformation.
Equiaxed o phase and m phase grains formed elongated
regions that were aligned in tensile direction (see Fig. 8b).
The a phase presented changes in its shape and size, which
indicated that a diffusion mechanism occurred and pro-
moted grain growth. This mechanism was favored by the
deformation process. On the other hand, the n phase elon-
gation could be assisted by the redistribution of elements
by diffusion, as proposed in a previous work [15]. Other
researchers have reported and discussed similar microstruc-
tural changes as evidence of modification in the main mech-
anism of superplastic deformation for samples of the Zn-Al
eutectoid alloy, with large amounts of strain in tension [38].

Microstructural characterization results on surface of the
Zn-21A1-2Cu alloy specimens deformed in tension showed
that n phase had a greater deformation capacity compared
to a phase. As was mentioned before, this increment in
deformation capacity may be related to a redistribution of
elements favored by deformation-assisted diffusive pro-
cesses. For the Zn-21A1-2Cu alloy, this redistribution can
be favored preferentially in 1 phase than in a phase if the
homologous deformation temperature of each phase (Ty) is
taken into account, where Ty=Td/Tm (Td is deformation
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temperature and Tm is melting temperature, both in Kelvin).
For Zn-21A1-2Cu alloy, at a temperature of 513 K where
the greatest deformation was observed, the homologous
temperature was 0.74 for n phase, while it was 0.55 for a
phase. These differences can generate conditions that favor
a more significant redistribution of elements in n phase in
comparison to o phase.

In order to investigate whether the redistribution of ele-
ments was promoted in phases presents in Zn-21A1-2Cu
alloy during superplastic deformation, EDS maps showing
the distribution of Zn, Al and Cu were obtained. Figures 9
and 10 show respectively EDS maps for the microstruc-
ture of a sample before deformation and for a specimen
deformed at 513 K and 1073 s~!. These EDS maps only
provide a qualitative approximation of elements distribu-
tion, since the characteristic X-ray signal, given the voltage
used, may come from an interaction volume that is larger
than the phases.

Figure 9a shows that microstructure of the sample before
deformation was formed by equiaxed o phase grains with
a size less than 1 um, which were surrounded by intercon-
nected regions of 1 phase. In this micrograph, it can also be
observed a grain of the 1’ phase that had an stoichiometry

Fig.9 (a) SEM micrograph at
35,000X showing microstructure
on the surface of Zn-21A1-2Cu
alloy sample before deformation
and EDS maps showing distribu-
tion of (b) Zn, (¢) Al and (d) Cu

1m Electron Image 1

of Al,CuyZn (gray grain in the center). The EDS maps for
distribution of Zn (red), Al (blue) and Cu (green) corre-
sponding to this microstructure are presented in Fig. 9b—d,
respectively. In these EDS maps, the outline of some grains
was drawn to easily distinguish the distribution of each ele-
ment (Zn, Al and Cu) within each phase (a, n and t°). As
expected, it was observed that most of Zn was within the 1
phase and most of Al was within o phase. This distribution
was in accordance with the equilibrium stoichiometry of the
o and 1 phases, which are solid solutions rich in Al and Zn,
respectively. In the EDS map of Fig. 9d, it can be seen that
most of the Cu was located in the t” phase and only a minor
amount was distributed in the o and n phases.

Figure 10a shows a micrograph corresponding to a
deformed area. This figure shows presence of flow bands
described in a previous section of this work. Micrograph
shows some o phase grains with a size of approximately
1 um and what appear to be elongated n-phase grains with
a width of 1 um and a length greater than 3 um. EDS maps
in Fig. 10b—d show, the distribution of elements Zn, Al and
Cu for the o and 1 phases, respectively. These maps show
that o phase was enriched in Al and 1 phase was enriched
in Zn. It was also observed that Cu continued distributed in
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both phases. These results suggested that there was a redis-
tribution of Al and Zn between the o and 1 phases because
deformation process took place at high temperature. Results
also suggested that Zn was the element that diffused most
easily. It was expected if it was taken into account that the
diffusion coefficient of Zn, with a value of 1.8 x 1073 m?/s,
is greater than that of Al, whose value is 2.25x 10™* m?/s. It
was observed that the Zn contained in a phase migrated to
n phase, leaving the o and 1 phases enriched in Al and Zn,
respectively.

Changes observed in the elements distribution of EDS
maps in Fig. 10, suggested that there was a significant dif-
fusion of these elements between the phases. This matter
transport was also reported by Kaibyshev et al. in Zn-22Al
alloy where the Zn-rich phase tended to bealigned in the
tensile direction [39]. On the surface of the superplasti-
cally deformed Zn-21Al1-2Cu alloy samples, an enrichment
of Zn in the n phase and of Al in a phase was observed
as a consequence of deformation. These findings allowed
us to propose that 1 phase grains on surface were enriched
with Zn, through a mass transport mechanism favored by a
strain-assisted diffusion process. This enrichment promoted

Fig. 10 (a) SEM micrograph at
35,000X showing flow bands

in microstructure on the surface
of Zn-21AI-2Cu alloy sample
after deformation at 513 K and
1073 57! and EDS maps showing
distribution of (b) Zn, (¢) Al and
(d) Cu

Electron Image 1

that grains of this phase had a composition close to that of
pure Zn, as shown in Fig. 10b. Under these conditions, a
deformation mechanism assisted by the slip of planes can
be favored, resulting in their large deformation capac-
ity observed. Ths is opposite with the a phase where the
enriched in Al and Cu enhanced mechanical properties of
this phase.

4 Discussion
4.1 Phenomenological Model

Langdon proposed that, for eutectoid Zn-22Al alloy, in
which an approximate maximum of 2800% engineering
strain was reached at 523 K, the deformation process was
carried out under conditions that allow constant creep,
therefore it was believed that a single mechanism acted
during deformation process [11]. Initial microstructure of
this alloy, formed by fine grains, did not present significant
changes during deformation [8, 9], so plastic flow remained
homogeneous up to deformations of approximately 800%
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[10]. On the other hand, when 2% by weight of Cu was
added to Zn-22Al alloy, it was possible to obtain a maxi-
mum elongation of approximately 1000%, when deforma-
tion was carried out under conditions like those used for
Zn-22A1 alloy [13]. Characterization of the Zn-21Al1-2Cu
alloy deformed specimens showed that for this alloy there
were changes, both at microstructural and macrostructural
level, which were a function of the increments in the defor-
mation. These changes indicated that the plastic flow did not
remain stable throughout the entire deformation process but
rather changed as deformation was increased.

Therefore, the model that describes the deformation
mechanism for Zn-21AI-2Cu alloy should consider the
observed microstructural and macrostructural changes. In
this work, a phenomenological model is proposed consider-
ing both, the observations of microstructural evolution and
results of the analysis of plastic stability process. The model
is proposed for Zn-21Al1-2Cu alloy specimens deformed in
uniaxial tension with a strain rate of 10~3s™ at 513 K, con-
ditions under which the greatest elongation was observed.
The obtained results allowed us to describe the deformation
process of this alloy, dividing it into five stages based on
the increments in true strain. These stages are described in
detail below.

Stage 1 (¢€=0.0-0.2) In the elastic region, grains move pro-
viding conditions for a steady-state plastic flow.

Figure 11a shows the microstructure of a specimen deformed
up to e=0.15. It is observed that in this first stage of defor-
mation both, the fine grains of o phase and the intercon-
nected regions of n phase moved. Movement of the grains
of both phases broke the coherence between grain boundar-
ies and allowed their equiaxed shape to be distinguished.
This movement also caused the FfBs to emerge, forming a
relief that allowed them to be distinguished. This was also
due to the movement of the o and 1 phases.

The evolution of a microstructure in which equiaxed
grains are not distinguished towards one in which they are
perfectly defined occurred in the elastic region (¢ =0.0-0.2).

Fig. 11 (a) Micrograph show-
ing microstructure for a true
strain 0.15 in a tension sample of
Zn-21Al1-2Cu alloy. (b) Scheme
for the first stage of the model

In this stage the aspect ratio of grains is stabilized; the
applied stress is enough to move grains without causing
plastic deformation. This caused an increment in misorien-
tation angles indicating the loss of coherence between grain
boundaries, which in later stages will facilitate GBS. It has
been reported that strain value at which an equiaxed micro-
structure is reached, is a function of the nature and thermo-
mechanical history of the alloy, as well as the temperature
and strain rate used during deformation process [40]. For the
Zn-21A1-2Cu alloy, the true strain values ranged between
0.15 and 0.25 depending on the grain size, temperature, and
strain rate. Under the conditions considered for the pro-
posed phenomenological model (d=1 pm, 513 K and strain
rate of 1073 s7), the first stage was defined in the elastic
region of the material, for a true deformation values up to
0.20, which corresponded to the value at which flow stress
was determined for this alloy.

It is proposed that during this first stage, the operative
mechanisms are the accommodative processes that promote
the rearrangement and adjustment of grains, creating condi-
tions to facilitate GBS. Sato and Kuribayashi have suggested
that if a microstructure does not have the characteristics for
superplastic deformation, then deformation at a specific
temperature and strain rate can activate the dislocation net-
work, modifying the grain boundary structure [20]. Based
on this idea, it is thought that in this first stage, the stress
and temperature will favor the grains movement because
the dislocations present at grain boundaries are activated
(mainly in 1 phase). The grain boundary migration, assisted
by diffusion creep, also contributes to GBS between indi-
vidual grains, which was evidenced by the relief produced
by FBs when they emerged to the surface and by the for-
mation of new surfaces (letter A in Fig. 11a).

The evolution of the microstructure towards more
equiaxed one, allowed us to propose that in Zn-21AIl-2Cu
alloy the dislocations tended to move towards the grain
boundaries in a similar way to what occurs in a dynamic
polygonization process reported for a superplastic Al-Mg-
Mn alloy [41]. This process promoted the formation of
straighter boundaries, which facilitates the GBS process
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because there was more contact between the neighboring
grain boundaries of the different phases. This first stage of
deformation mechanism is schematized in Fig. 11b.

Stage 2 (¢ =0.2-0.4) Individual grains slide through a GBS
mechanism, producing a steady-state plastic flow.

For this stage, no significant changes in microstructure of
equiaxed grains were observed after a true strain of 0.4 (see
Fig. 12a), indicating that the main mechanism for deforma-
tion was the individual GBS, in which strains values of
60%-90% were achieved as reported for the Zn-22Al alloy
[9]. To assist this mechanism, it was necessary to maintain
the accommodation process described above with increas-
ing strain. At this stage, additional microstructural features,
such as grain rotation, grains emerging from interior to
the surface, and deformation-assisted grain growth, were
observed and considered as part of the GBS accommoda-
tion process.

Grains must rotate during deformation to facilitate the
grain boundary sliding. In a previous work, it was shown that
the distribution of misorientation angles of grain boundaries
changed due to superplastic deformation process, evidenc-
ing the rotation of a and n grains in the Zn-21AI1-2Cu alloy
[42]. Furthermore, the microstructure after a true strain of
0.4 showed evidence of new grains emerging towards the
sample surface, as shown in results obtained from the sur-
face analysis of a deformed sample by using atomic force
microscopy (AFM) [15]. This process, which must occur
to fill the gaps that are generated due to the movement of
grains, also contributes to maintaining the stability of the
microstructure [19].

The proposed model also considers that in this second
stage some of the FBBs fragment and move due to defor-
mation. This is schematized in Fig. 12b, which represents
the microstructural changes described above. The scheme
shows some grains emerging from the inner layers (letter
A), migration of grain boundaries (letter C) as well as rota-
tion (letter B) and growth of some grains (letter D). It is
considered that all these are factors facilitate microstructure

Fig. 12 (a) Micrograph showing
microstructure for a true strain
of 0.4 in a tension sample of the
Zn-21Al1-2Cu alloy. (b) Scheme
for the second stage of the model

3k

.

;’\ﬂ‘l
e

A DA )%.
?‘Wﬁmg& Y

x5,000

BEC 20kV WD10mm _ SS50

@ Springer

accommodation. It is important to note that FfBs (letter A in
Fig. 12a), serve as guides so that fine grains of o and 1 phases
are adjacent to them and also are aligned with them. The
accommodation process described above occurs as strain
increases to favor the individual GBS mechanism, which
allows the maintenance of steady plastic flow conditions.

It is proposed that this mechanism continues acting until
changes in the FBBs and accommodation processes (grain
rotation, grain boundary migration, grain size growth and
grain emergence) promote the third stage of deformation
process, in which plastic instability begins.

Stage 3 (¢ =0.4-0.7) Microstructural changes lead to transi-
tion stage which result in the onset of plastic instability.

In this stage, which begins with a true strain of 0.4, it was
observed that the GBS became more difficult, because there
were debris of the FBBs that were not aligned with the
tensile axis, making grain sliding around these zones dif-
ficult. The observed behavior for true strain value at this
stage agreed with decrease in activation energy for the GBS
mechanism, calculated previously and shown in Fig. 7. The
Fig. 13a shows the microstructure of a sample that was sub-
jected to a true strain of 0.69. It is observed that grains of a
and n phases that surround a fragment of a FBB, are oriented
at 45 ° (letter B in Fig. 13a), and do not seem to be aligned
with the tensile axis (dotted lines). Additionally, grain size
of both phases in this area is lower (letter A in Fig. 13a),
which indicates that the accumulation of stresses limited
material diffusion and made it difficult the movement of fine
grains.

The stress concentration can be relieved, either by the
generation of intragranular dislocations that form sub-
granular boundaries or by the fragmentation of some FfBs.
The partial formation of new grains has been reported for
several superplastic alloys and it has been described as a
dynamic recrystallization process that occurs through the
continuous nucleation of dislocations [43]. In Fig. 13a, it is
also observed that there were areas where grains of o and 1
phases were aligned parallel to the axis of load application.
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Fig. 13 (a) Micrograph showing
microstructure for a true strain a
0f 0.69 in a tension sample of
Zn-21A1-2Cu alloy. (b)Scheme »
for the third stage of the proposed

model A}
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In these areas, a low number of FBs were also aligned with
tension axis. This alignment of FfBs, indicates the begin-
ning of flow bands formation on the deformed samples sur-
face, as was reported in a previous work [15].

Figure 13b shows the proposed scheme for this third
stage, where the main characteristic is the presence of some
residual FBs that are not aligned with tensile axis. Their
primary effect is to hinder the movement and alignment
of fine grains of a and n phases. Based on the observed
changes in microstructure for this stage, it is proposed that
as the strain increases, some FBs break, allowing grains of
o and n phases to align with the tensile axis. However, the
residual FBBs that did not align or break, block the flow of
fine grains of these phases. Therefore, at this stage there are
regions where the individual GBS mechanism is hindered
by non-aligned FPBs and regions where the aligned FBs
serve as guides that lead the flow of fine grains in direction
of the tensile axis. This situation generates a non-homo-
geneous stress state that promotes the beginning of plastic
instability process. Finally, the FBs that did not align with
the tensile axis, will serve as guides for the collective move-
ment of the small grains trapped around them. This move-
ment will occur through a mechanism of cooperative grain
boundary sliding (CGBS), which will be described in the
fourth stage of the model.

Stage 4 (¢ =0.7-1.5) An additional CGBS mechanism com-
petes with individual GBS, leading to an increase in plastic
instability.

At this stage, some FBBs that are not aligned with the ten-
sile axis coincide at their ends, forming barriers that delimit
groups of fine grains identified with the letter A in Fig. 14a.
This figure shows the microstructure corresponding to a true
strain of 1.0. This causes the edges of these grains to orient
themselves, increasing the coherence between them, a fact
which favors cooperative movement [44]. The CGBS occurs
through a process of cooperative grain boundary migration
that adapts to the microstructure. In the model proposed for
Zn-21A1-2Cu alloy, this migration process was promoted by

TSR

the misalignment of some F[3Bs that joined their ends during
deformation. The presence of this mechanism results in an
increase in plastic instability and promotes the formation of
surface reliefs described as flow bands in a previous work
[15].

Some authors have stated that if a cooperative sliding
mechanism is active, the formation of reliefs is expected
due to the operation of cutting strips that activate the coop-
erative movement of grains [44, 45]. For the Zn-21Al-2Cu
alloy, it is proposed that this mechanism acts up to true
strain value close to 1.5. For larger deformations, the com-
mon boundary alignment process become more difficult,
because non-aligned F3Bs stop serving as guides when they
break or align in the direction parallel to tensile axis.

In the microstructure observed in this fourth stage of the
proposed model, which is schematized in Fig. 14b, some
grains of the o and n grew with respect to previous stage
in some areas, as indicated with letter B in Fig. 14a. This
growth, which was greater for grains of 1 phase (indicated
with letter C in Fig. 14a), is caused by dynamic growth pro-
moted by deformation as proposed in Sect. 3.3. The greater
growth of 1) phase grains, can be explained by the migration
of aluminum dissolved in 1, causing its enrichment in Zn.
This fact resulted in an increase in the diffusion coefficient
of Al in this phase, as can be seen in Fig. 10. Although for
this stage, the main mechanism that acts is CGBS, evidence
was found that the individual GBS mechanism is still oper-
ating. However, it is proposed that at this stage, this latter
mechanism is used more as part of the accommodation pro-
cess of the cooperative mechanism.

Stage 5 (€>1.5) Individual GBS and a flow by diffusion
allowed a stable plastic flow to be partially recovered.

This stage of the proposed model will be observed for true
strains greater than 1.5, where the most of FBs have already
been broken or aligned parallel to the tensile axis, which
reduced stress concentration. This stress relaxation initially
allows the grains of o and n phases to grow, as can be seen in
Fig. 15a for a sample with a true strain of approximately 2.0.
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Fig. 14 (a) Micrograph showing
microstructure for a true strain
of 1.0 in a tension sample of
Zn-21Al1-2Cu alloy. (b) Scheme
for the fourth stage of the pro-
posed model

Fig. 15 (a) Micrograph showing
microstructure of a sample of
Zn-21Al1-2Cu alloy with a true
strain of 2.0. (b) Scheme for the
last stage of the model

These grains will move through an individual GBS mecha-
nism, which is made more difficult by the growth of grains.
The transient recovery of this individual GBS mechanism
allows the material to be deformed again through a partially
stable plastic flow.

Figure.15b shows the scheme for this stage, where
grains of the n phase tend to be interconnected, while a
grains remain equiaxed. This microstructural feature can be
expected if it is considered that a phase does not deform
easily and remains equiaxed during superplastic deforma-
tion because its composition changes (see Fig. 10). It results
in a composition close to a 7xxx aluminum alloy series, with
a yield strength of approximately 500 MPa [46]. Therefore,
the behavior of a phase grains is like that of hard particles
present in a soft matrix composed of n phase, which is
mainly zinc.

According to observed changes in the microstructure, it
is proposed that for a large plastic deformation (g > 1.5), o
phase continues to deform mainly by a GBS mechanism,
while n phase tends to deform mainly through a mecha-
nism of diffusional flow. The differences between mecha-
nisms that act and the deformation capacities for each
phase, depend on their homologous temperature, defined in
Sect. 3.3. For a phase the homologous temperature is 0.55
and for n phase it is 0.74. This difference between homolo-
gous temperatures explains why 1 phase shows a greater
capacity for plastic deformation that allows it to achieve a
notable elongation, which causes formation of flow bands
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on the surface. In contrast, a phase behaves like an elastic
solid while retains its equiaxed shape. Formation of these
flow bands in Zn-21Al1-2Cu alloy was reported in a previ-
ous work [15]. The results agree with observations made
by Motohashi and Shibata for Zn-22Al alloy; they reported
that the great elongation of Zn-rich phase plays an important
role in deformation mode of that alloy [38].

4.2 Dorn Equation for Proposed Model

Various mathematical equations have been developed to
describe deformation mechanism in superplastic alloys, but
it is always assumed that the entire deformation process
takes place under steady flow conditions [9]. Therefore, for
these alloys the Dorn equation is valid throughout deforma-
tion process. However, if the flow is modified as deforma-
tion increases, as described for the Zn-21Al1-2Cu alloy in a
previous section, then it is only possible to propose an equa-
tion that describes the deformation mechanism for stages 2
and 3 (0.2 <e<0.7) in which a stable flow was observed in
this alloy.

The equation proposed for this alloy was based on the
Dorn equation, which describes deformation of metallic
alloys at high temperature (Eq. 1). As mentioned before,
deformation mechanism is characterized by the values of
critical parameters in this expression. For Zn-21Al-2Cu
alloy, these parameters were calculated in a previous work
[13]. Based on these results, it was established that the
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equation that described the strain rate when steady-state
flow conditions are reached is:

DGb [ b\*® /o139
L 108 e
€= 1.7z10 o <d> <—G) 4)

Equation 4 was used to determine theoretical values of flow
stress as a function of strain rate for Zn-21A1-2Cu alloy, and
the results are presented in Fig. 16. These theoretical val-
ues are compared with values obtained experimentally in
Sect. 3.1. The experimental values agreed with data calcu-
lated using Eq. 4, confirming that for the studied strain rate
range (5x107% s7'= 1 s71), the mechanism that acted to
achieve steady-state plastic flow conditions was the same
as that observed in other alloys. According to the parameter
values in Eq. 4, this mechanism was an individual GBS [11,
16]. Based on the findings from the study on plastic stabil-
ity, we can confirm that this equation holds for true strain
values not exceeding 0.4.

In the proposed phenomenological model, it was con-
sidered that an individual GBS mechanism was operative
during the third stage (¢ =0.4-0.7) so, for this stage it is pro-
posed that the Dorn equation can describe this mechanism,
but with values of the parameters n, p and Q that corre-
spond to each deformation value. These values, which were
determined in Sect. 3.3, showed a decrease that reflected
the transition between GBS mechanism and microstructural
accommodation for a CGBS mechanism. For true strains
values greater than 0.7, the presence of plastic instabil-
ity made it difficult to determine the parameters to define
an equation that appropriately described the deformation
mechanism.
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Fig. 16 Graph of the ¢ vs. strain rate for Zn-21A1-2Cu alloy deformed
at 513 K. A strong correlation is observed between values obtained
experimentally and those calculated using Eq. 4

5 Conclusions

In this work, we studied the microstructural changes that
occur under different conditions of superplastic deformation
of the Zn-21Al1-2Cu alloy in tension. The aim was to pro-
pose a phenomenological model that allows us to determine
the conditions under which greater deformation is achieved.
The main conclusions are listed below:

1. The results of microstructural changes and mechani-
cal response, including the study of plastic stability,
allowed us to propose a phenomenological model of
dynamic superplasticity in Zn-21Al-2Cu alloy that con-
sists of five stages as a function of true strain.

2. In the first stage, up to true strain of 0.2 there was a
movement of the fine grains that disrupted coherence,
increasing misorientation angles between grains to
facilitate plastic flow in a steady state regime.

3. Steady flow, operating up to a true strain of approxi-
mately 0.4 occurred through an individual GBS mecha-
nism assisted by different micro-mechanisms. These
include grain growth, movement of grains from the
inner to the surface, migration of grain boundaries and
movement of F3Bs.

4. For true strains between 0.4 and 0.7, it was found a
transition stage where the GBS is partially hindered by
the movement and tendency to alignment of FBs. This
transition caused the onset of plastic instability.

5. Foratrue strain between 0.7 and 1.5, a cooperative grain
boundary sliding (CGBS) mechanism was observed to
compete with individual GBS, resulting in an increase
in plastic instability. At this stage a dynamic growth of
grains assisted by deformation is observed.

6. In the last stage, the alignment of FPBs parallel to the
tensile direction favored the individual GBS again. Fur-
thermore, the operation of a diffusion flow mechanism
was observed, particularly for the Zn-rich n phase. This
mechanism led to formation of flow bands which were
observed on surface of the highly deformed sample.

7. In a steady state the superplastic mechanism of the
Zn-21A1-2Cu alloy can be described by the constitu-
tive equation of plastic flow at high temperature. How-
ever depending on the strain, the constitutive equation
should be adjusted with specific values of n, p and Q.
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