Letters on materials 5 (3), 2015 pp. 328-334 www.lettersonmaterials.com

PACS 62.20.fq, 81.40.Ef, 81.40.Lm

Effect of Chemical Composition and Grain Size on RT
Superplasticity of Zn-Al alloys processed by ECAP
M. Demirtas', G. Purcek®, H. Yanar?, Z.]. Zhang’, Z.F. Zhang’
"purcek@ktu.edu.tr

'Department of Mechanical Engineering, Bayburt University, Bayburt 69000, Turkey
*Department of Mechanical Engineering, Karadeniz Technical University, Trabzon 61080, Turkey
*Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences,
Shenyang 110016, China

Dilute Zn-0.3Al, eutectic Zn-5Al and eutectoid Zn-22Al alloys were processed by multi-pass equal channel angular
pressing (ECAP) in order to achieve fine grained (FG) or ultrafine-grained (UFG) microstructure and room temperature
(RT) superplasticity. ECAP refined the microstructure of Zn-0.3Al and resulted in a FG Zn-rich n-matrix with an average
grain size of 2 um and homogeneously distributed nano-sized Al-rich a-particles with the grain sizes in the range of 50-200
nm. A bi-modal microstructure was achieved in Zn-5Al alloy with UFG Al-rich a- and FG Zn-rich n-phases having mean
grain sizes of 110 nm and 540 nm, respectively. ECAP brought about an agglomerate-free UFG microstructure in Zn-22Al
alloy with an average grain size of 200 nm which is the lowest one obtained so far for this alloy after ECAP processing.
The maximum RT superplastic elongations of 1000%, 520% and 400% were achieved for Zn-0.3Al, Zn-5Al and Zn-22Al
alloys, respectively. Considering the RT superplasticity in Zn-Al alloys, it was found that lower Al content results in higher
superplastic elongations even if the alloy has relatively larger grain size. Grain boundary sliding (GBS) was found to be the
main deformation mechanism in region-II as the optimum superplastic region during RT deformation for all three Zn-Al
alloys with the strain rate sensitivity factor ranging between 0.25-0.31.
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BnusaHMe XMMIYECKOT0 COCTaBa J pa3Mepa 3epeH Ha
CBEpPXIUIACTMYHOCTD NPV KOMHATHOI TeMIlepaType CIVIAaBOB
Zn-Al, nogBepruyroix PKYII

Huskonernposannsiii ciias Zn-0.3Al, sBTexTux Zn-5Al u aBrekTougHbI crtas Zn-22Al O6p1m NOgBEprHyTH MHOTOIIPO-
XOJHOMY paBHOKaHaTbHOMY yrinoBoMy mpeccosanuio (PKYII) ¢ membio momyuenns menkosepauctoi (M3) mmn ynsTpamen-
K03epHUCTOI (YM3) CTPYKTYpBI I JOCTIDKEHNUSA CBEPXIUIACTIYHOCTY IIpY KOMHaTHOI Temneparype. PKYII npuserno k us-
MeJIbYeHUI0 MUKPOCTPYKTYpBI Zn-0.3Al n popmuposanuio M3 oboraieHHOI Zn 1-MaTpULBL CO CPESHNUM pasMepoM 3epeH
2 MKM ¥ OFJHOPOJJHO pacIIpefie/IeHHbIX HaHOpa3MepHbIX OoraThix Al a-dactul ¢ pasmepoM B uHTepBaje 50-200 HM. B crraBe
Zn-5Al 6p1a MoyyeHa 6uMopmanbHasA cTpykTypa ¢ YM3 6orartoit Al a- dasoit u M3 6oratoit Zn n- ¢dasoit, MMeOmMuMn
COOTBETCTBEHHO pasmepsl 3epeH 110 M u 540 uM. B crimaBe Zn-22A1 PKYII npuseno k popMupoBaHKIo He arioMepupo-
BaHHO Y M3 MUKpPOCTPYKTYPBI CO CPeIHUM pasMepoM 3epeH 200 HM, UTO IPeACTaB/IAeT CO00il MMHUMAIBHOE JOCTUTHYTOE
K HaCTOsAIeMy BpeMeHM 3HadeHye pa3Mepa 3epeH, nonydennoe PKVYII na gannoM crtase. s crmaBoB Zn-0.3Al, Zn-5A1
U Zn-22Al 6bU1M IOTy4YeHbl MaKCYMa/IbHble CBEPXIUIACTUYECKIE YIIMHEHNA IpY KOMHATHON TeMIlepaType, paBHble COOT-
BercTBeHHO 1000%, 520% 1 400%. [To OTHOIIEHNIO K CBEPXIUIACTUYHOCTHU CITaBoB Zn-Al mokasaHo, 4yto 6onee HU3KOe
copepxkanye Al mpuBopuT K 60J1ee BHICOKVM CBEpXIUIACTIYECKM YA/IMHEHMAM, JaXkKe eC/I CIUIaB MMeeT OOJIbLINII pa3Mep
3epeH. IToka3aHo, 4TO 3epHOrpaHNYHOE IpocKanb3biBaHye (3ITI) ABgeTCA OCHOBHBIM MeXaHM3MOM jedopManuu B 0671a-
ctu II, aBnAmomerica ONTUMAaIbHO 06TaCTbI0 CBEPXIUIACTUYECKON AedopMaluy IpM KOMHATHON TeMIeparype JId BCeX
Tpex CIIaBoB Zn-Al ¢ IoKasaTesieM CKOPOCTHOI 4yBCTBUTEIBHOCTY B MHTepBae 0.25-0.31.

KnroueBble c1oBa: CIIIaBbl ZH-AL CBEPXIVIACTUYIHOCTD ITPU KOMHAaTHO TeMIIepaType, yIbTpaMeIKO3€pHMUCTbIE MaTEPpIa/Ibl, paBHOKa-
Ha/IbHOE YITIOBOE IIpEeCCOBaHME
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1. Introduction

Polycrystalline materials can show extremely large neck-
free elongations prior to failure when some microstructural
and experimental conditions are fulfilled, which is known
as superplasticity [1]. As a microstructural requirement, su-
perplastic materials need to have at least fine grained (FG)
duplex- or quasi-single phase microstructures with the
grain sizes less than ~10 pm [2]. Regarding the experimen-
tal conditions to achieve superplasticity, firstly, tensile test
temperature should be high, normally at or above 0.5T,,
where Ty, is the absolute melting temperature of the mate-
rial, since superplasticity is a diffusion-controlled process
[2]. The second experimental requirement is that the tensile
tests should be performed at low strain rates ranging be-
tween 1x10°and 1x107°s™". All these requirements should be
fulfilled so that the grain boundary sliding (GBS) can occur
easily as the main deformation mechanism in superplastic
region [3]. After the first report in 1912 [4], superplastici-
ty-related studies have been one of the main topics among
the material scientists and mechanical engineers, and vari-
ous classes of materials including alloys [5—18], ceramics
[19—21] and amorphous materials [22,23] have been ad-
dressed for this purpose.

Related to the superplastic studies, recently it has been
aimed to achieve low temperature and high strain rate su-
perplasticity in order to enhance the applications of super-
plasticity and to reduce the cost of superplastic forming.
Furthermore, recent studies have shown that superplastic
behavior can be achieved even at room temperature (RT)
and high strain rates near or above 107 s if the grain size
of the superplastic material is decreased down to micron
or sub-micron levels. For substantial grain refinement, on
the other hand, new techniques have been proposed, which
made possible to produce ultrafine-grained (UFG) or nano-
structured (NS) materials. However, it should be noted that
it is not possible to achieve RT superplasticity in all UFG
or NS materials. RT and HSR superplastic behavior can
be achieved in some specific alloys like Sn-Bi [24], Pb-T1
[25], Pb-Sn [26], and Zn-Al [5—18] due to their relatively
low melting points. Among them, Zn-Al alloy family is the
most suitable one as considering its phase diagram shown in
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Fig. 1. Binary Zn-Al phase diagram [27].

Fig. 1. According to this phase diagram, three main regions
seem to be suitable for superplastic behavior considering the
phase structure. The first one is the eutectoid composition
having 22wt.% Al content which is well known superplastic
Zn-Al alloy (Zn-22Al) with duplex phase structure. The sec-
ond one is the eutectic composition having 5wt.% Al content
(Zn-5Al). This alloy has also duplex phase structure as in
the case of Zn-22Al alloy. The third one is the compositions
having very low Al content up to 1.1%, which are known as
dilute Zn-Al alloys. The dilute alloys have quasi-single phase
structure which is also suitable for superplastic behavior.

2. Room temperature super-
plasticity of Zn-Al alloys

For achieving FG or UFG microstructure and obtain RT and
HSR superplasticity in Zn-Al alloys some thermal and ther-
mo-mechanical processes as well as severe plastic deforma-
tion (SPD) techniques like equal-channel angular pressing
(ECAP) [11,13—18] and friction stir processing (FSP) [12]
have been utilized. Previous studies on RT and HSR super-
plasticity in Zn-Al alloys and the main results achieved are
listed in Table 1. From this table, aging was applied to Zn-
22Al at 250°C for 30 min and refined its microstructure down

Table 1. RT tensile properties along with average grain size as a result of different processes obtained from previous reports on RT
superplasticity of Zn-Al alloys (df: grain size, T: tensile test temperature, é: strain rate, €, elongation to failure)

Alloy Process d,(um) | T(°C) £(s?) Max. €,(%) | Ref.

Thermal processes | Zn-22A1 | Aging 0.35 25 1x10°3 125 [5]
7Zn-0.2Al1 | Extrusion 1.6 25 7x1073 590 [6]

. 7Zn-0.3A1 | Rolling 1 25 2x10* 1400 [7]
Thermomechanical [75-0.4A1 [Rolling 0.6 25 | 6.67x10* >500 [8]
processes Zn-1.1A1 | Rolling 1 25 1x1073 ~600 [9]
7n.22A]  LCryo-rolling 0.25 25 4x10° 335 [5]

Extrusion 0.8 30 1x10°° 340 [10]

7Zn-5A1 8 passes ECAP at RT Bi-modal 25 1x1073 520 [11]

ESP 0.6 25 1x107? 160 [12]

4 passes ECAP at RT 0.35 25 1x102 240 [13,14]

SPD techniques 7n-22A] |8 passes ECAP at RT 0.55 25 4x10° 335 [5]
4—24 passes ECAP at 200°C 0.7-0.9 25 1x103 280 15
8 passes ECAP at 200°C 1.3 25 1x10* 250 16
8 passes ECAP 50°C 0.8 25 1x102 250 17

Two-step ECAP 0.2 25 5x10? 400 [18]

329



Demirtas et al. / Letters on materials 5 (3), 2015 pp. 328-334

to 350 nm. This process resulted in a 125% RT elongation to
failure at a strain rate of 1x1073s! [5].

Many reports have also been published on changes in the
microstructure and RT superplastic behavior of Zn-Al alloys
by application of conventional thermomechanical processes
like rolling and extrusion [6—10]. Considering the dilute Zn-
Al alloys, Zn-0.2Al, Zn-0.3Al, Zn-0.4Al and Zn-1.1Al alloys
were studied for this purpose. Cook [6] processed Zn-0.2Al
using extrusion performed at 30°C with an extrusion ratio
of 42:1 and obtained 1.6 pm grain size. The alloy showed a
maximum RT elongation of about 590% at a strain rate of
7x107? s in that study. Ha et al. [7] studied RT superplastic-
ity of Zn-0.3Al alloy and used a thermomechanical process
including hot rolling at 220°C followed by heat treatment at
220°C for 30 min and final cold rolling at RT to refine its mi-
crostructure. This process resulted in an average grain size
of around 1.0 um and an elongation of 1400% at RT and
2x107* s’! strain rate. Grain size of the Zn-0.4Al was reduced
to 600 nm by application of RT rolling with a 90% reduc-
tion in thickness [8]. This FG microstructure brought about a
maximum RT elongation of about 500% at 6.67x10~*s™ strain
rate. Malek and Lukdc¢ [9] rolled Zn-1.1Al at 300°C with a re-
duction of 45%, and further reduction of 90% was applied at
RT. This process brought about 1.0 um grain size and ~600%
maximum elongation at 1x107 s strain rate. Conventional
plastic deformation techniques have also been used to re-
fine the microstructure of Zn-22Al and achieve RT super-
plastic behavior. For this purpose Xia et al. [5] applied the
cryo-rolling process to Zn-22Al alloy at -70°C and obtained
250 nm grain size with an aspect ratio of 2.6, and an elonga-
tion of 315% at 4x107* s°'. In another study, Zn-22Al alloy was
subjected to extrusion from 150 mm to 10 mm diameter [10].
This process resulted in an 800 nm grain size and 340% RT
elongation at 1x10° s,

Regarding the SPD techniques, there is no study aiming to
achieve RT superplasticity in dilute Zn-Al alloys. Demirtas et
al. [11] processed Zn-5Al alloy using ECAP and achieved RT
superplasticity in this alloy for the first time. In that study, a
bimodal microstructure having 540 nm grain size of Zn-rich
grains and 110 nm grain size of Al-rich grains was obtained.
This bimodal microstructure resulted in a 520% elongation
at RT and 1x107 s strain rate. Zn-22Al is the most studied
one among Zn-Al alloys for achieving RT superplasticity by
means of SPD techniques. FSP has been applied to Zn-22A1
alloy and it was seen that this process has no considerable
effect on RT superplasticity of this alloy [12]. While FSP re-
sulted in some grain refinement, limited increase in the su-
perplastic elongation was obtained (elongation increased
from 100% to 150% at a strain rate of 1x107? s!) after this
process [12]. As the most commonly used SPD technique
for achieving RT superplasticity in Zn-22Al alloy, ECAP has
been applied to this alloy for gaining suitable microstructure
for the superplasticity. Tanaka et al. [13,14] processed this al-
loy using ECAP at RT or 100°C and refined the microstruc-
ture down to 350 nm and 600 nm, respectively. In that study,
the maximum elongation was achieved to be 240% at a strain
rate of 1x107* s after 4 passes RT ECAP. In another study,
Xia et al. [5] showed that 10 pm initial grain size was reduced
to 550 nm after 8 passes ECAP applied to Zn-22Al at RT, and
335% elongation was achieved at RT and 4x10* s™* strain rate.

Kumar et al. [15] investigated the effect of ECAP pass num-
bers on the grain size and superplastic behavior of Zn-22Al
alloy having 1.8 pum initial grain size. They reported that the
grain size was reduced to 800 nm and 700 nm after 4 and 8
passes ECAP performed at 200°C, respectively. In that study,
280% maximum elongation was achieved at a strain rate of
1x107% s'. Huang and Langdon [16] also studied the effect of
ECAP on the microstructure and RT superplasticity of Zn-
22Al alloy, and they obtained 1.3 um grain size and 250%
elongation at 1x10™* s after 8 passes ECAP at 200°C. Yang et
al. [17] refined the grain size of the Zn-22Al to 800 nm and
increased RT elongation to 250% at 1x107* s' by means of
8 passes ECAP performed at 50°C. More recently, Demirtas
et al. [18] used a two-step ECAP process in which Zn-22Al
alloy was subjected to 4 passes ECAP at 350°C followed by 4
passes ECAP at RT. This process brought about more refined
microstructure with an average grain size of about 200 nm
and resulted in the maximum RT elongation of about 400%
at a relatively high strain rate of 51072 s. Torsional straining
(TS) [28] and cross channel angular extrusion (CCAE) [29]
have also been applied to eutectoid Zn-22Al alloy as grain
refinement tool and resulted in significant grain refinement
in Zn-22A1 (350 nm and 300 nm grain sizes were achieved,
respectively), but their effects on RT superplasticity of the al-
loy have not been studied.

In view of the above information, it can be concluded
that RT superplastic behaviors of Zn-Al alloys with differ-
ent compositions have been investigated individually, and
no comparison has been undertaken so far. Especially,
there is no study aiming to study the effects of grain size
and phase structure on RT superplasticity of Zn-Al alloys.
Therefore, the main objective of this study is to analyze
the effects of alloy composition, phase structure and grain
sizes of Zn-Al based superplastic alloys on their RT super-
plasticity at different strain rates, and compare the same
set of the results. For this purpose, three Zn-Al alloys,
dilute Zn-0.3Al, eutectic Zn-5Al and eutectoid Zn-22Al,
were processed by multi-pass ECAP in order to achieve
FG or UFG microstructure and RT superplasticity.

3. Effects of grain size and chemical
composition on RT superplasticiy of
Zn-Al alloys processed by ECAP

Three main Zn-Al alloys which are potential for RT
superplasticity were processed by multi-pass ECAP using
a die with 90° cross-sectional angle. Zn-0.3Al alloy was
processed by 6 passes ECAP applied to the alloy at RT
using route A where the billets are not rotated in-between
subsequent passes. ECAP was performed following a hot
rolling process at 100°C with 35% reduction in thickness.
Eutectic Zn-5Al alloy was processed by 8 passes ECAP at
RT [11]. ECAP was applied to Zn-22Al alloy as a two-step
process. In the first step, 4 passes ECAP was applied to the
alloy at 350°C, and 4 more passes were performed at RT
as the second step [18]. Route Bc was used during ECAP
processing of both Zn-5Al and Zn-22Al alloys where the
billets are rotated by 90° in the same direction around their
longitudinal axes in-between passes.
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(b) TEM micrographs showing the detailed

Fig. 2. (a) —
microstructure of Zn-0.3Al alloy after ECAP.

TEM micrographs of the alloys after all processes are
shown in Figs. 2—4. The processed microstructure of Zn-0.3Al
alloy has FG Zn-rich n-matrix phase with an average grain size
of about 2.0 um and nano-sized Al-rich a-particles with the
grain sizes in the range of 50—200 nm (Fig. 2a,b). The particles
precipitated homogeneously throughout the microstructure
both inside the grains and grain boundaries. Processing of
Zn-5Al alloy brought about a bi-modal microstructure with
UFG Al-rich a- and FG Zn-rich n — phases having mean
grain sizes of 110 nm and 540 nm, respectively (Fig. 3a-c)
[11]. Processing of Zn-22Al alloy resulted in an agglomerate-
free UFG microstructure with an average grain size of 200
nm (Fig. 4a—c) [18]. In this microstructure, distributions of
Al-rich a- and Zn-rich n — phases are quite homogeneous
throughout the microstructure.

RT tensile test results at different strain rates (ranging
from 1x107* to 1x10° s') are shown in Fig. 5 for all alloy
compositions. Quasi-single phase Zn-0.3Al alloy showed the
maximum RT elongation of around 1000% at a strain rate of
1x107* s after ECAP (Fig. 5a), and elongation decreased with

L
Fig.3. (a) — (c) TEM micrographs showing the microstructure of Zn-5Al alloy after ECAP [11].

increasing strain rate. Elongations of 630%, 350%, 110% and
65% were obtained at the strain rates of 1x107* s, 1x1072 s},
1x107" s'and 1x10° s, respectively, for this alloy. Compared
to Zn-0.3Al alloy, duplex-phase Zn-5Al alloy showed lower
superplastic elongations at low strain rates of 1x107* s and
1x107% 5!, but elongation values were measured to be slightly
higher than that of Zn-0.3Al at higher strain rates. Maximum
elongation was achieved to be 520% at 1x107° s [11]. Below
and above this strain rate, elongation to failure decreased,
and 450%, 400%, 200% and 100% were obtained at 1x107*s™,
1x1072 s, 1x107" s'and 1x10° s, respectively (Fig.5b) [11].
Elongation to failure values of Zn-22Al alloy are smaller than
that of both Zn-0.3Al and Zn-5Al alloys at and below 1x107>
s'strain rate (Fig. 5¢). However, Zn-22Al alloy showed higher
superplastic elongation compared to two other alloys at high
strain rates. Maximum elongation was achieved to be 400% at
a high strain rate of 5x107? s in this alloy [18]. Elongations
of 245%, 185%, and 250% were achieved at the strain rates of
1x107* s, 1x107* s' and 1x107% s’!, respectively [18]. At high
strain rates of 1x107" s and 1x10° s, still high elongations
of about 340% and 150% were obtained, respectively, in UFG
Zn-22Al alloy (Fig. 5¢) [18].

Changes in flow stresses with the initial strain rates for
ECAPed Zn-0.3Al, Zn-5Al and Zn-22Al alloys are shown in
Figs.5d—f, and strain rate sensitivity parameter, m, for the
optimum superplastic regions were calculated from the slope
of the stress-strain rate curves in these figures. Flow stresses
of the alloys seem to be very sensitive to the initial strain
rates, and increase with increasing strain rates. Region-II
as the optimum superplastic region located between 1x107™*
and 1x107* s strain rates for Zn-0.3Al having the m-value of
around 0.31. On the other hand, Region-II for Zn-5Al alloy
located between 1x107* and 1x107* s strain rates with an m-
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Fig. 4. (a) — (c) TEM micrographs showing the microstructure of Zn-22Al alloy after ECAP [18].

331



Demirtas et al. / Letters on materials 5 (3), 2015 pp. 328-334

(a) 1000 9% (b) 600 T c) 400 :
g | o ; © X [oaow]
|\ Lso{l A 5 I
o N g y % © 300 X
S 700 N 2 400 T = = b
= 600 | "\ o i . /X
2 500 \ 2 300 2 200 e ot
S 4001 s 5 * \\
T 300 1 e ©
2 20 | £ ™ 100
o g S 100 e S
w100 | W w [}
0 " 0 il
400
(d) (e) 40 1 o™ il
300 300 300
E 200 § 200 &
o 200 4
= = = ¥ ogo
I j & 73
2 100 2 100 D 100
—— - =
2 z 3
o 0.31 o o
(T8 Y A TR L
Region-Il Region-Il Region-lI
Cason 3 2 1 0 90 2 ~ig 2 ] 0 30
10° 10° 10° 10 10 10 10° 10° 10 10 10 10 10” 10" 10°

Strain Rate (s-1)

Strain Rate (s-1)

Strain Rate (s-1)

Fig. 5. (a) — (c) Changes in elongation to failure with initial strain rates, and (d) — (f) variation in flow stresses and m-values with initial

strain rates.

value of 0.25. UFG microstructure formation in Zn-22Al al-
loy shifted Region-II to relatively higher strain rates between
3x107*s" and 2x107" s In this region, the m-value was 0.30.

It is known that decreasing grain size shifts the optimum
superplastic region (region-II) to higher strain rates [30].
The results obtained for different Zn-Al alloys in the current
study are consistent with that conclusion. Maximum elon-
gation in Zn-22Al alloy having the smallest grain size oc-
curred at a high strain rate of 5x107*s™. On the other hand,
dilute Zn-0.3Al alloy with the highest grain size of 2 pm
showed the maximum elongation at the lowest strain rate of
1x107* s'. Another effect of grain size on the superplastic
materials is that decreasing grain size increases the super-
plastic elongation. However, considering the elongation
to failure values obtained for different Zn-Al alloys hav-
ing different microstructural features and compositions in
the current study, the results are not consistent with that
conclusion. The maximum elongation was achieved to be
around 1000% in dilute Zn-0.3Al alloy with the highest
grain size (2 pm) of Zn-rich matrix phase. On the other
hand, Zn-22Al showed the lowest superplastic elongation
although it has the smallest grain size of 200 nm. Regard-
ing these results, it can be seen that phase composition
has also a considerable effect on superplastic elongations
of Zn-Al alloys. It is known that increasing content of the
second phase also increases the microstructural stability of
superplastic materials during the superplastic deformation
at high temperature regime [3]. For this reason, eutectoid
Zn-22Al alloy is the most favorable one for superplastic
elongations especially at high temperatures among two oth-
er alloys. However, considering the superplastic deforma-
tion at RT chemical composition of the phase boundaries
becomes more important than microstructural stability in
Zn-Al alloys due to the low deformation temperature. It is
known that GBS as the dominant deformation mechanism
occurs mainly at the n/n and n/a phase boundaries and the
a/a phase (or grain) boundaries do not slide easily in the
Zn-Al alloys [31—34]. Decreasing the Al content in the Zn-
Al alloys decreases the possibility of a/a phase boundary

formation. This can be clearly seen in the TEM micrographs
given in Figs. 2—4. In Zn-0.3Al alloy, almost all grain
boundaries are in the form of n/n phase boundary (Fig. 2).
Regarding eutectic Zn-5Al alloy, grain boundaries are either
n/n or a/n and a/a phase boundaries are limited in the mi-
crostructure (Fig. 3). While some a/a boundaries are still
exist in the microstructure of Zn-22Al alloy, homogeneous
distribution of the a- and n-phases minimizes these bound-
aries (Fig. 4). From this conclusion, it is seen that increasing
n/n phase boundaries also increases the possibility of grain
boundary sliding which resulted in relatively high superplas-
tic elongation. Thus, considering RT superplasticity in Zn-Al
alloys, lower Al content results in higher superplastic elonga-
tions even if the alloy has relatively larger grain size.

4. RT superplastic deformation mechanisms
of Zn-Al alloys processed by ECAP

It has been well established that GBS is the dominant defor-
mation mechanism in superplasticity, and in the presence of
GBS an m-value of 0.4 or higher is obtained in superplastic
materials at elevated temperatures [35,36]. In the present
study, ECAP-processed Zn-Al alloys have relatively lower
strain rate sensitivity values ranging between 0.25 for Zn-5Al
alloy and 0.31 for Zn-0.3Al. To determine the main deforma-
tion mechanisms in the optimum superplastic regions of the
Zn-Al alloys, Zn-0.3Al, Zn-5Al and Zn-22Al were strained
at 1x107* sTup to 65%, at 1x107° s up to 100% and at
5x107* s' up to 100% and 130%, respectively. Each strain
rate was chosen to be in the optimum superplastic region
of the corresponding alloy. SEM micrographs showing
the surface appearances of the samples after the deforma-
tion are shown in Figs. 6—8. From these micrographs, the
evidence of GBS can be clearly seen. For all three alloys,
most of the grain boundaries were revealed after strain-
ing as in the case of true superplasticity. In addition, the
grains did not elongate along the tensile test direction
(T'TD) and they are still in the equiaxed grainy morphol-
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Fig. 6. SEM micrographs showing the surface appearance of Zn-0.3Al
sample strained up to 65% at 1x107*s™.

Fig. 7. SEM micrographs showing the surface appearance of Zn-5Al
sample strained up to 100% at 1x107*s™* [11].

Fig. 8. SEM micrographs showing the surface appearance of Zn-22Al sample strained at 5x1072 s™" up to: (a) 100% and (b) 130% [18].

ogy even after straining. It is well known that the grains
elongate along the TTD during the uniaxial straining in the
absence of GBS in non-superplastic regions (region-I and
region-III) [37]. In these regions, tensile test samples also
elongate in this manner. Thus, the aforementioned observa-
tions suggest that GBS is the dominant deformation mecha-
nism in the optimum superplastic regions of all three Zn-Al
alloys. Another evidence of the occurrence of GBS in Zn-22Al
alloy can be given as the change in vertical and horizontal dis-
tances between the grains numbered as «1» and «2» in Fig.8.
It is clearly seen that 130% straining resulted in a decrease in
the vertical distance between these grains (y >y,) and brought
about an increase in the horizontal distance along the TTD
(x,>X,) as compared to those after 100% elongation. Since the
equiaxed morphology of the grains did not change during de-
formation process, these grains separated each other due to
the occurrence of the GBS [18]. It can be concluded that GBS
is the dominant deformation mechanism in the optimum su-
perplastic regions of all three Zn-Al alloys at RT despite the
fact that the alloys have relatively lower strain rate sensitivity
than that typical for occurrence of GBS during the superplas-
tic deformation at high temperature regime.

5. Summary and conclusions

In this study, three Zn-Al alloys; dilute Zn-0.3Al, eutec-
tic Zn-5Al and eutectoid Zn-22Al, were processed by
multi-pass ECAP in order to achieve FG or UFG mi-
crostructure and RT superplasticity. The main results

and conclusions of this study can be summarized as
follows:

1. The ECAP processed microstructure of Zn-0.3Al al-
loy has FG Zn-rich n-matrix phases with an average grain
size of about 2.0 um and homogeneously distributed nano-
sized Al-rich a-particles with the grain sizes in the range of
50—200 nm. ECAP resulted in a bi-modal microstruc-
ture with UFG Al-rich a- and FG Zn-rich n-phases
having mean grain sizes of 110 nm and 540 nm,
respectively, in Zn-5Al alloy. Processing of Zn-22Al alloy
brought about an agglomerate-free UFG microstructure with
an average grain size of 200 nm.

2. The maximum RT superplastic elongations of Zn-
0.3Al, Zn-5Al and Zn-22Al alloys were measured to
be 1000% at 1x107* s, 520% at 1x107* s and 400% at
5x107* s, respectively.

3. It was confirmed that phase composition has also con-
siderable effect on RT superplastic elongations of Zn-Al al-
loys beside the grain size. Considering the RT superplasticity
in Zn-Al alloys, lower Al content results higher superplastic
elongations even if the alloy has relatively larger grain size.

4. The effect of the phase composition on RT superplas-
ticity of Zn-Al alloys is attributed to the differences between
the grain boundary sliding (GBS) characteristics of different
phase boundaries in these alloys. Since GBS as the dominant
deformation mechanism occurs mainly at the n/n and n/a
phase boundaries and the a/a phase (or grain) boundaries
do not slide easily, decreasing Al content also decreases the
possibility of a/a phase boundary formation and increases
the superplastic elongation.

333
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5. GBS was found to be the main deformation mechanism

in region-II as the optimum superplastic region during the
RT deformation in Zn-Al alloys having strain rate sensitivity
ranging between 0.25—0.31.
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