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Abstract In this study, a thermomechanical process

consisting of general precipitation and severe plastic defor-

mation through equal channel angular extrusion (ECAE) was

applied to a Zn-22 wt.% Al alloy to produce a microduplex

structure for high strain rate (HSR) superplasticity studies.

Microstructures, hardness, and superplastic properties of the

Zn–Al alloy were studied by using differential scanning cal-

orimetry (DSC), scanning electron microscopy (SEM),

recordable hydraulic press, and a tensile test with a hot stage.

A work-softening phenomenon due to the occurrence of a

grain boundary-sensitive dynamic recrystallization (DRX)

was observed during the ECAE processing of the Zn–Al

alloy at the extrusion temperatures investigated from

-10 �C to 50 �C. An important discovery regarding the

grain boundary-sensitive DRV was realized in this study

such that through a progressive work-softening process the

Zn–Al alloy will eventually exhibit HSR superplastic

properties.

Introduction

Fine-grained dual-phase Zn-22 wt.% Al alloy is a super-

plastic material that is capable of exhibiting exceptionally

high tensile ductility ([1,000%) over a limited range of

strain rates and temperatures. Typically, high elongations

attained in this alloy are at low strain rates in the vicinity of

10-3–10-5 s-1. Recently, high strain rate (HSR) super-

plasticity [1–5] in ultra-fine-grained materials has attracted

great interest for its great potential in engineering applica-

tions. In addition to the high speed superplastic forming of

sheet alloys, commercial applications of high speed super-

plastic forging are expected to lead to high productivity in the

fabrication of products with complicated shapes in the near

future, although there are currently few commercial appli-

cations of superplastic forging.

Although the grain boundary sliding mechanism for the

high temperature (HT) low strain rate (LSR) superplasticity

has been recognized and extensively studied, a compre-

hensive investigation of the controlling mechanism for

HSR superplasticity has not yet been conducted. As such,

this research aims to explore the governing mechanism of

HSR superplasticity by using a Zn-22 wt.% Al alloy. A

special thermomechanical process, consisting of general

precipitation and severe plastic deformation (SPD) [6, 7]

through an equal channel angular extrusion (ECAE) [8, 9],

was designed and applied to the Zn–Al alloy to produce a

microduplex structure with HSR superplasticity capability.

Experimental procedures

The Zn-22 wt.% Al alloy used in this study was prepared

by melting proper amounts of 99.7% purity Al and 99.99%

purity Zn in a graphite crucible in air and casting into

450 mm 9 300 mm 9 35 mm blocks. After homogeniza-

tion at 380 �C for 48 h, these castings were hot rolled and

sectioned to 16 mm 9 16 mm square bars for further

thermomechanical treatment. The thermomechanical

treatment applied to the Zn–Al alloy bars consists of: (i)

solid solutioning at 380 �C for 1 h, quench, and then either

a 1-step aging (-10 �C/24 h in alcohol) or a 2-step aging

(-10 �C/24 h in alcohol and 250 �C/24 h in an oil bath) to

produce, respectively, a sub-micron or a micron scale grain
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structure and (ii) mechanical deformation via ECAE to

work soften the Zn–Al alloy, eventually leading to HSR

superplasticity.

The ECAE was performed using an extrusion die

designed to yield a shear strain of 1.05 by each pass. The

inner contact angle and the arc of curvature at the outer point

of contact between the inlet and outlet channels of the die are

90� and 20�, respectively. Zn–Al alloy bars were extruded

under a variety of conditions, including extrusion speeds of

10 and 90 mm/min, extrusion temperatures of 10 �C, room

temperature (RT), and 50 �C, and various extrusion strains

(up to 8 passes) by using ECAE route C [10].

For microstructural examination, the Zn-22 wt.% Al

alloy specimens, in various stages of processing, were

ground to 1000-grit finish and polished through 0.05 lm

Al2O3 powders, and then examined using a JEOL 5600

scanning electron microscope (SEM). Thermal analysis of

the dual-phase Zn-22 wt.% Al alloy, in conjunction with a

pseudo-single a phase Zn-95 wt.% Al and a pseudo-single

b phase Zn-1 wt.% Al alloys for references, was performed

using a TA Instrument 2910 differential scanning calo-

rimeter (DSC) equipped with a modulated frequency

thermal analyzer system of 910 DSC cell. For DSC mea-

surement a small piece of wrought alloy, weighing about

10 mg, was cooled to 77 K in liquid nitrogen and then

quickly cold rolled in air resulting in a 60% or greater

reduction in thickness. To minimize the RT annealing

effect after cold work, the DSC specimen was kept in

liquid N2 prior to the thermal analysis. The DSC mea-

surement was carried out in high purity argon from -50 �C

to 150 �C with a ramp speed of 10 �C/min. Microhardness

of the Zn–Al alloy specimens was measured by using a

Future-Tech FM-7 Vickers testing machine with a 50 g

applied load for 10 s. The superplasticity of the Zn–Al

alloy in various thermomechanical treated conditions was

tested on a Hung-Ta HT8150 materials test system where

the tensile strengths and elongations of specimens were

tested at RT and 250 �C under a range of strain rates from

1 9 10-3 to 1 9 10-1 s-1 under a constant crosshead

speed condition.

Results and discussion

DSC measurement

The result of the DSC measurement of the cold-worked

dual-phase Zn-22 wt.% Al alloy is shown in Fig. 1. As can

be seen in the figure, there is a distinct exothermic peak at

-7.5 �C in the heating cycle of the cold-worked Zn–Al

alloy specimen. By comparing this exothermic peak tem-

perature of the Zn-22 wt.% Al alloy to those of the a-phase

Zn-95 wt.% Al alloy (337 �C) and the b-phase Zn-1 wt.%

Al alloy (-12 �C), it was confirmed that the exothermic

peak of the dual-phase Zn-22 wt.% Al alloy is associated

with the recrystallization of the zinc-rich b phase, but not

the Al-rich a phase. The sub-zero recrystallization tem-

perature of the b phase has a great impact on the RT

mechanical behaviors of the wrought Zn–Al alloy since

dynamic recovery (DRV), dynamic recrystallization

(DRX), static recovery (SRV), and static recrystallization

(SRX) are bound to take place to soften the alloy during

‘‘hot working’’ at RT. Similar work-softening phenomenon

at RT was reported by Staszewski et al. [11] in which the

hardness increased first with deformation and then

decreased with further deformation in pure Zn and several

dilute Zn alloys.

Work-softening and anneal-hardening

Microstructures of the Zn–Al alloy in the 1-step aged

(-10 �C/24 h) condition and those after ECAE (8 passes)

at -10 �C, RT, and 50 �C are shown in Fig. 2. As can be

seen in Fig. 2a, after solid solutioning, quench, and aging

at -10 �C for 24 h, the Zn–Al alloy is composed of a

mixture of approximately 40% unresolved supersaturated

a0 phase and 60% mixtures of Al-rich a (dark grain) and

Zn-rich b (white grain) precipitates. It was observed in the

experiment that the retained a0 transformed completely to a
and b precipitates after ECAE (4 passes) at -10 �C or 1

pass at 50 �C. It was also noted that after several passes of

ECAE, the Zn–Al alloy started to release a great deal of

heat. This indicates that exothermal reactions of DRV and/

or DRX must have taken place in the course of ECAE at

-10 �C, RT, and 50 �C so that a portion of the Zn–Al alloy

can retain a near equiaxed grain structure after deforma-

tion. From Fig. 2b, c and d, the average grain size found

after 8 passes of ECAE at -10 �C, RT, and 50 �C are

about 0.3, 0.5, and 0.8 lm, respectively.
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Fig. 1 DSC curve of a cold-worked Zn-22 wt.% Al alloy
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As can be seen in Fig. 3, the extrusion load of the Zn–Al

alloy decreases monotonically with the number of ECAE

passes regardless of the extrusion temperature. Possible

reasons for this work-softening behavior to occur in the

Zn–Al alloy include: (i) the phase transformation-induced

lattice softening and (ii) the DRV/DRX-induced softening.

In order to identify the exact mechanism governing the

work-softening, an interrupted ECAE experiment was

designed and carried out, in which an intermediate anneal

treatment was applied to the Zn–Al alloy in the middle of

repeated ECAE processing.

The procedures of the interrupted ECAE experiment

include: (i) an initial 4-pass ECAE at -10 �C, (ii) an

intermediate annealing at 250 �C for 30 min, and (iii)

another 6-pass ECAE at -10 �C. The variation of extru-

sion load with pass in the interrupted ECAE experiment is

shown in Fig. 4. This figure clearly shows the occurrence

of a work-softening phenomenon in both the initial 4-pass

and the later 6-pass ECAE, and in addition, it shows an

anneal-hardening phenomenon by the intermediate anneal

treatment. It was noted that after the intermediate anneal-

ing, the extrusion load of the annealed Zn–Al alloy

resumes the value of its as-aged (undeformed) condition.

SEM micrographs of the Zn–Al alloy in various stages

of the interrupted ECAE experiment, including the 1-step

Fig. 2 Zn-22 wt.% Al (a) as

1-step aged (-10 �C/24 h),

(b–d) after ECAE for 8 passes

at -10 �C, RT, and 50 �C,

respectively
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Fig. 3 Extrusion load versus ECAE pass for 1-step aged Zn–Al alloy
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Fig. 4 Effect of an interrupted annealing (250 �C/30 min) on extru-

sion load of a Zn-22 wt.% Al alloy. The static annealing was carried

out after the fourth ECAE pass
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aged, after ECAE for 4 passes, after intermediate anneal-

ing, and after additional 6 passes conditions, are shown

in Fig. 5. Since work-softening was observed in both the

1-step aged (with approximately 40% untransformed

supersaturated a0 phase) and the intermediate annealed

(with no untransformed a0 left) Zn–Al alloy specimens,

the possibility of softening by phase transformation

(a0?a + b) is ruled out. As such, the remaining possibility

of properly explaining the work-softening phenomenon lies

in the DRV/DRX-induced softening mechanism. Similar

observation of work-softening during elevated-temperature

ECAE has been reported by Purcek et al. [12, 13] in a

couple of Zn–Al alloys and by Komura et al. [14] in an

Al-Mg-Sc alloy. In their studies, some hardening was often

observed in the first pass of ECAE, and with successive

passes, an observed decrease in the extrusion load with the

number of passes is attributed to the DRV/DRX due to high

temperature extrusion during ECAE.

It would be appropriate at this point to differentiate

between the softening effects of DRV and DRX. Theoret-

ically, DRV produces no observable softening; rather a

gradual balance of the hardening mechanisms (accumula-

tion of dislocations) reaching eventually a stationary flow

stress at large strains is observed. DRX, on the other hand,

produces observable softening in dynamic conditions after

a critical amount of hardening due to the accumulation of

dislocations. Since recrystallization nucleates at points of

high-lattice-strain energy, such as in areas close to grain

boundaries, the grain refinement by an earlier DRX

accelerates the nucleation rate of the following DRX. In

this regard, an increasing DRX-induced softening will, at

some point, surpass the work hardening to result in an

overall work-softening behavior. According to this DRX-

induced softening mechanism, an increase in the defor-

mation strain by hot working (such as the initial 4-pass and

the later 6-pass ECAE) enhances the reactions of DRX and

results in the work-softening behavior in the Zn–Al alloy.

The same theory would predict that a grain coarsening heat

treatment, such as the applied intermediate annealing, will

slow down the nucleation rate of DRX, depress the corre-

sponding DRX-induced softening effect, and thus produce

a special anneal-hardening behavior.

The effect of grain size

Since the microstructural evolution upon ECAE is difficult

to resolve in the ultra-fine-grained 1-step aged Zn–Al alloy,

it is being examined by using a 2-step aged (-10 �C/

24 h + 250 �C/24 h) Zn–Al alloy with a relative coarser

grain structure instead. Microstructures of the 2-step aged

Zn–Al alloy in conditions prior to the ECAE and after 2, 6,

and 10 passes of ECAE at -10 �C are shown in Fig. 6. The

recorded extrusion load versus ECAE passes are shown in

Fig. 7. As can be seen in Fig. 6a, prior to the ECAE, the

2-step aged Zn–Al alloy exhibits an equiaxed dual-phase

grain structure with an average grain size of about 3 lm. It

was observed that, after 2 passes of ECAE at -10 �C, the

original equiaxed grains were distorted and the elongated a
and b grains started to break up and intermix by the shear

deformation (Fig. 6b). The deformation microstructure

Fig. 5 Zn-22 wt.% Al (a)

1-step aged (-10 �C/24 h),

(b) after 4 passes of ECAE at

-10 �C, (c) interrupted

annealed (250 �C/30 min), and

(d) after the interrupted

annealing and additional 6

passes of ECAE at -10 �C
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reveals the presence of many fine broken a chips (dark

color) embedded in b grains (white color) and fine broken

b chips in a grains due to intermixing. Accompanying these

microstructural changes, a significant reduction in the

extrusion load (i.e., work-softening) was recorded. Since

the ECAE was performed at a temperature near the

recrystallization temperature of the Zn-rich b phase, it is

reasonable to assume that the work-softening arose from

the occurrence of DRX in the b phase of the Zn–Al alloy

and that fine b chips are likely to contribute very effec-

tively to the softening.

A comparison of extrusion load versus ECAE pass curve of

the 1-step aged (fine-grained, d & 0.3 lm) Zn–Al alloy with

that of the 2-step aged (coarse-grained, d & 3 lm) Zn–Al

alloy is shown in Fig. 7. As can be been in the figure, work-

softening during -10 �C ECAE took place in both fine-

grained and coarse-grained Zn–Al alloys, and the extrusion

loads of the coarse-grained Zn–Al alloy were generally

greater than those of the fine-grained alloy in the initial 6

passes of ECAE, but became equivalent to or even smaller

than those of the fine-grained alloy in the later passes of ECAE

when sufficient amounts of fine b grains were produced. It is

evident, by correlating the increase of the amount of ultra-fine

grains formed by mechanical deformation (Fig. 6) to the

reduction in extrusion load of the alloy (Fig. 7), that this work-

softening behavior is closely related to the increase of grain

boundary areas (or to the reduction in grain size). Conse-

quently, the most probable cause of work-softening, i.e., the

DRX, must then be grain size or be grain boundary sensitivity.

This argument about a coarse microstructure being harder

than a finer microstructure can well explain the anneal-hard-

ening introduced in the previous section. It has been reported

in many severe plastic deformation studies that, accompany-

ing the observed decrease in extrusion load with increasing

number of passes, a remarkable increase in ductility is

achieved through the SPD processing. Valiev et al. [15]

attributes the increase in ductility during ECAE to the

refinement of microstructure and to an increase in the fraction

of high-angle grain boundaries, which results in the activation

of boundary sliding and grain rotation deformation mecha-

nism. Purcek [12], on the other hand, proposes that the

increase in ductility may arise from the occurrence of dynamic

Fig. 6 Morphology of

Zn-22 wt.% Al (a) 2-step aged

(-10 �C/24 h + 250 �C/24 h),

and ECAE for (b) 2 passes, (c) 6

passes, and (d) 10 passes at

-10 �C
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Fig. 7 Extrusion load versus ECAE pass in 1-step and 2-step aged

Zn-22 wt.% Al alloy specimens
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recovery and recrystallization due to high temperature press-

ing during ECAE. In either case, the observed extensive

increase in ductility during ECAE leads to the speculation

that, through a progressive work-softening processing, the

alloy of interest will eventually exhibit HSR superplastic

behaviors.

Superplasticity in the work-softened Zn–Al alloy

RT (25 �C) superplasticity tests were carried out on two

sets of work-softened Zn-22 wt.% Al alloy specimens: one

ECAEed for 8 passes at -10 �C and the other at 50 �C.

The logarithmic plots of stress versus strain rate of these

two sets specimens are shown in Fig. 8a. Values of strain

rate sensitivity (m) determined from the derivatives of the

polynomial fitted curves of Fig. 8a are plotted in Fig. 8b as

a function of strain rate. The highest m values, i.e., indi-

cations of the best superplasticity, obtained in the Zn–Al

alloys work softened (ECAEed) at -10 �C and 50 �C are

0.4 and 0.6, respectively, both of which occurred at a strain

rate near 1 9 10-2 s-1.

The RT tensile elongation data of the two Zn–Al alloys

work softened at -10 �C and 50 �C, as plotted in Fig. 8c

against strain rate, exhibited maximum elongations of

180% and 250%, respectively, both at a strain rate of 1 9

10-2 s-1, indicating a RT HSR superplastic behavior in

these two work-softened alloys. It is shown in Fig. 8c that

the tensile elongation data of the Zn–Al alloy work soft-

ened at 50 �C are generally greater than those of the Zn–Al

alloy work softened at -10 �C in the strain rate range

investigated. In order to determine whether or not the grain

boundary sliding or grain rotation mechanisms play a key

role in the RT HSR in the Zn–Al alloy, line scratch tests

and fracture surface examinations in search of character-

istics of grain boundary sliding or grain rotation were

carried out. The results show that there are no detectable

off-set of line scratches found at grain boundaries nor pores

formed at the triple junctions of grains to support the GBS

or the grain rotation mechanisms being responsible for the

RT HSR in the Zn–Al alloy. Thus, the extensive ductility,

at HSR condition, achieved through a work-softening

ECAE process appears to arise from the occurrence of

DRX in the b phase of the Zn–Al alloy.

Conclusions

1. Having a recrystallization temperature of -7.5 �C,

microduplex Zn-22 wt.% Al alloy exhibits a special

DRX-induced work-softening behavior at RT.

2. The DRX-induced work-softening behavior can be

enhanced by the reduction of grain size. As such, the

application of a grain coarsening heat treatment on the

fine-grained Zn–Al alloy will depress the nucleation

rate of DRX and thus produce a special anneal-

hardening behavior in the alloy.

3. An important discovery regarding the grain boundary-

sensitive DRV has been made such that, through a
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progressive work-softening process, the Zn–Al alloy

will eventually exhibit HSR superplastic behaviors.
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