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The mechanisms of creep and superplasticity occurring in conventional coarse-grained materials are now understood
well. However, recent study advances in the production of bulk metals with submicrometer grain sizes which provide
the opportunity to demonstrate improved mechanical properties. Thermo-mechanical processing is used in conventional
industrial practice to achieve substantial grain refinement in bulk metals whereas the smallest grain sizes achieved in this
way are of the order of a few micrometers and generally it is not possible to achieve grain sizes within the submicrometer
or nanometer range. In this report, synthesis of an ultrafine-grained Zn-22% Al eutectoid alloy was demonstrated through
solutionizing followed by thermo-mechanical processing. Microstructural investigations revealed there are stable equiaxed
ultrafine grain sizes of ~0.63 um with homogeneous distributions of Zn and Al grains. Tensile testing demonstrated the oc-
currence of excellent room-temperature superplasticity with a maximum elongation of 400% at a strain rate of 1.0x107 s
where the elongation is one of the highest room-temperature superplastic elongation recorded to date in Zn-22% Al alloy.
However, the strain rate sensitivity of superplastic flow was measured as ~0.24 which is lower than the theoretical value of
~0.5 for conventional superplasticity. The present study estimates a threshold stress as one of possible reasons for lowering
the strain rate sensitivity of room-temperature superplastic flow in the ultrafine-grained Zn-22% Al alloy.
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HocTumKeHne CBepXIIaCTUYHOCTY YIbTPAMENKO3E€PHICTOrO
cnaBa Zn-22% Al nmpu koMHaTHOII TeMIieparype

MexaHM3MBI TPOLIECCOB MON3YYECTU U CBEPXIIACTUIHOCTY, UMEIOIINMX MECTO B KPYITHO3€PHMCTBIX MaTepuanax, B HaCTOA-
Ijee BpeMsA XOPOIIO ITOHATEL. OfHaKO HeflaBHIe UCCIeTOBAHNA IPUBEIN K yCIIeXaM B IIOJTy4eHUN 00beMHBIX 00pa3LioB Me-
TaJUIOB C CyOMMKPOHHBIM pa3MepoM 3epeH, KOTOpble IIPefOCTaBIIAIT BO3MOXXHOCTD JeMOHCTPALVM YIYYIICHHBIX MeXa-
HUYECKMX CBOJCTB. B TpafMIIMOHHOI IMPOMBIIITIEHHO NMPaKTHUKe I/A JOCTVDKEHUA CYLeCTBEHHOTO M3MENbYeHNs 3€PeH
UCIIO/Ib3yeTCsl TepMOMeXaHndeckas o0paboTKa, HO HaVIMEeHbIIVe pa3Mephbl 3epeH, HOCTUraeMble 9TUM CIOCOOOM, COCTaB-
JISIOT BEIMYVHY IOPALKA HECKOIBKYX MUKPOMETPOB, U € X IIOMOIIBIO 0OBIYHO HEBO3MOXKHO JIOCTUTATh Pa3MepOB 3e€peH B
CyOMMKpPOMETPUYECKOM VIV HAHOMETPOBOM AMalna3oHe. B HacTosmeil paboTe IpoReMOHCTPUPOBAHO HOTydeHMe YIbTpa-
MEJIKO3epHICTOTO 9BTEKTOMJHOTO CIUIaBa Zn-22% Al myTem 06paboTKy Ha TBepAblil pacTBOP C IOCIEAYIONIEl TepMOMeXa-
HIYeCKON 00paboTKOL. MUKpPOCTPYKTYpPHBIE MCCIE[OBAHY [IOKA3a/li, YTO B pe3y/bTaTe TaKoll 00paboTKM 00pasyloTcs
CTaOM/IbHBIe PaBHOOCHBIE Y/IbTpaMe/Klie 3epHa pasMepaMy 0Komo 0.63 MKM C OHOPOIHBIM pacIpefesieHueM 3epeH Zn U
Al VictipiTaHuA pacTsKeHUeM IT0Ka3ai IPOsIBIeHNe IPEeBOCXOHON CBEPXIUIACTMYHOCTY NP KOMHATHOI TeMIIepaType ¢
MaKCUMaJIbHBIM yamHeHveM 400% npu ckopoctu gedopmanuy 1.0x107 ¢!, IlonydeHHOe yIIMHEeHNe ABIAETCA OSHNUM U3
Hanbosiee BBICOKMX CBEPXIUIACTUYECKNX YIIMHEeHWIT IIpY KOMHATHOJ TeMIIepaType, 3aperuCTPUPOBAHHBIX O HACTOSIEIO
BpeMeHU Ha ciaBe Zn-22% Al. OnHako n3MepeHHOe 3Ha4eHMe CKOPOCTHOI YyBCTBUTEIBHOCTY CBEPXIUIACTIYECKOTO Tede-
HIA, paBHOe IpyuMepHO 0.24, HIDKe, YeM TeOpeTUYECKOe 3HaYeHNe [ TPaAUIIMOHHOM CBEPXIIaCTUYHOCTH, paBHOe 0.5. B
HacTosA1ell paboTe OLleHEHO IOPOroBOe HAIIPsDKEeHNe, KOTOPOe AB/IAETCA OfHOI 13 BO3MOXKHBIX IPUYMH YMEHBIIEHV CKO-
POCTHOI 9yBCTBUTEIbHOCTI CBEPXIUTACTIYHOCTY IIPY KOMHATHOJ TeMIIEpaType B YIbTPaMeNKO3€PHUCTOM CITaBe Zn-22%.

KiroueBsle cl1oBa: yainHeHe, mapaMeTp CKOPOCTHOI YYBCTBUTEIbHOCTH, CBEPXIUIACTUYHOCTD, Y/IBTPAMEIKO3EPHUCTAS CTPYKTYPa,
criaB Zn-Al
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1. Introduction

Superplastic ductility refers to exceptionally high elongation
of at least 400% [1] without necking when testing in tension
at elevated temperature of T=>0.5Ty,; (Ty;: the absolute
melting temperature). In conventional superplastic metals,
it is well known that the flow within the superplastic
regime occurs by grain boundary sliding (GBS) [2] and the
extensive cavitation develops internally when materials pull
out to significant superplastic elongations [3]. It is worth
recalling in the special issue on superplasticity that there
are three major papers published in the last three decades
that still record the maximum superplastic elongations in
conventional metallic materials [4—6].

A Zn-22% Al eutectoid alloy is recognized as a highly
superplastic material in conventional testing [7—9]. Re-
search over the last two decades has had a special focus
on the microstructural refinement of materials and es-
tablished the potential for attaining smaller grain sizes,
typically in the submicrometer range, which lead to supe-
rior mechanical properties [10]. There have been numer-
ous trials of grain refinement for improving superplastic
properties of Zn-22% Al alloys by means of the techniques
of cross-channel extrusion (CCE) [11], equal-channel an-
gular pressing (ECAP) [12], friction stir processing (FSP)
[13], high-pressure torsion (HPT) [14] and thermo-me-
chanical controlling process (TMCP) [15]. These process-
ing techniques led to refine grains of Zn-22% Al alloys to
the submicrometer range so that the alloys exhibited su-
perplastic characteristics including excellent ductility at
elevated temperature [16—21] and superplastic flow be-
havior even at room temperature [22—31]. Recent reports
examined the capability of room-temperature superplastic
properties in Zn-22% Al alloys as tuned mass dampers to
reduce seismic vibrations in building structures [32,33].

In earlier references, however, several different Zn-Al
alloys with mostly small amount of Al content were pro-
duced through conventional thermo-mechanical process-
ing, such as cold/hot-rolling, to have ultrafine-grained
microstructures [34—39]. Accordingly, the present study
was initiated to demonstrate the feasibility of producing
an ultrafine-grained Zn-22% Al alloy with using conven-
tional thermo-mechanical processing without utilizing
any special grain refinement technique. The produced
alloy was examined in tension for evaluating superplas-
tic properties at room temperature. The results are com-
pared with published experimental reports demonstrat-
ing superplastic and superplastic-like properties at room
temperature in a range of Zn-Al alloys. Moreover, special
emphasis was placed to discuss the possible reasons of
lowering the strain rate sensitivity of the observed true
superplastic flow in an ultrafine-grained Zn-22% Al alloy.

2. Experimental materials and synthesis of
an ultrafine-grained Zn-22% Al alloy

A Zn-22% Al eutectoid alloy was prepared by casting an
Al (99.999%) and a Zn (99.99%) in an Ar atmosphere. In
specific, the Zn-Al alloy contains 22.0 wt.% of Al with 110

wt.ppm Si as a major impurity. The manufacturing processes
were operated with care so that each impurity contents of
Fe, Cu, Pb, Mg and Cd was controlled to fall under 10 ppm.

After casting, solution treatments were conducted pre-
cisely to introduce uniformly distributed equiaxed Al-rich
and Zn-rich grains in a binary microstructure. In specific, the
as-cast alloy was heated slowly to achieve 633 Kin 9 hours and
solutionized at the consistent temperature for 15 hours fol-
lowed by quenching using iced water. It should be mentioned
that the solutionization process is very critical for removing
an initial non-homogeneous microstructure introduced dur-
ing casting and the optimal conditions of solutionizing as de-
scribed above were selected after several experimental trials.
Figure 1 demonstrates representative SEM photos showing
(a) an incomplete microstructure of solutionizing (reach-
ing 633 K in 4 hours and holding time of 8 hours) and (b)
a complete microstructure of solutionizing (reaching 633 K
in 9 hours and holding time of 15 hours) in the Zn-22% Al
alloy. It should be noted that the grains appearing white are
the Zn grains and the dark grains are Al It is apparent that
the optimal solutionizing condition gives fully homogeneous
two-phase microstructure as shown in Fig. 1b whereas the in-
completely solutionized microstructure shows non-uniform
distributions of Al and Zn phases consisting of equiaxed
grains and lamellae as shown in Fig. 1a.

The alloy is then cold rolled into a plate having a thick-
ness of ~2 mm and a set of tensile specimens was machined
from the plate to have a gauge length of 10 mm and a cross-
section area of 6.0x1.5 mm? where the gauge lengths were
oriented parallel to the rolling direction. In order to stabilize
the microstructure in the specimens after cold rolling, the

Fig. 1. Representative SEM photos showing (a) an incomplete
microstructure of solutionizing (reaching 633 K in 4 hours and
holding time of 8 hours) and (b) a complete microstructure of
solutionizing (reaching 633 K in 9 hours and holding time of 15
hours) in the Zn-22% Al alloy.
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samples were annealed at 423 K for 1 hour prior to testing.

The initial microstructure was examined within the gauge
perpendicular to the rolling direction of each alloy before ten-
sile testing using an electron backscatter diffraction (EBSD)
technique and an orientation imaging microscopy (OIM).
The EBSD analysis was undertaken using a JEOL JSM 7001F
scanning electron microscope (SEM) and the EBSD patterns
were collected with TSL OIM software at the observed areas
of 20x7 um? with taking a step size of 0.05 um and a cut-oft
angle of 2° for the minimum boundary misorientation. The
clean-up procedure was performed in an OIM-TSL analyzer
and all scanned datum points having confidence index val-
ues of ~0.01 were excluded from the data sets to improve the
overall precision of the OIMimages.

3. Experimental results

Figure 2a shows the OIM micrographs of the Zn-22% Al al-
loy including, from left, all grains, only Zn-rich grains and
only Al-rich grains where a set of grain colors for Zn having
an h.c.p. crystal structure and for Al having a f.c.c. crystal
structure correspond to the orientations in the color unit
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Fig. 2. (a) The OIM micrographs of the Zn-Al alloy for, from left,
all grains, only Zn-rich grains and only Al-rich grains and (b) the
fractions of grain boundaries plotted as a function of the boundary
misorientation angle.

triangles at the bottom of each micrographs, respectively.
The fractions of grain boundaries plotted as a function of the
boundary misorientation angle are shown in Fig. 2b for the
Zn-22% Al alloy prior to tensile testing.

It is apparent from Fig. 2a that the high-purity alloy con-
sists of fairly equiaxed fine grains separated by a high fraction
of high-angle grain boundaries before testing. The OIM im-
ages for the specific phases of Zn and Al show that the alloy
includes homogeneously distributed Zn and Al grains in the
binary microstructure. Detail investigation revealed the av-
erage grain sizes of ~0.63 pm for all grains, ~0.66 um and
~0.59 um for the individual Zn and Al grains, respectively,
and the average misorientation angle of grain boundaries of
~41.24°. It is worthwhile to note that the fabricated micro-
structure of the Zn-22% Al alloy after cold rolling followed
by annealing is reasonably stable even additional one hour
of annealing at 423 K where limited grain growth within
+0.1 um was shown in both Zn and Al grains.

Tensile testing was conducted at room temperature of 298
K at strain rates of 10*-102 s and a plot of true stress-true
strain curves are shown in Fig. 3 and the tensile testing results
are summarized in Fig. 4 as plots of elongations to failure
(upper) and flow stress (lower) versus strain rate for the
Zn-22% Al alloy.

The stress-strain curves in Fig. 3 show that there is a
strain rate dependency of yield strength where the flow stress
is higher at faster strain rate during testing. It is also apparent
that the Zn-Al alloy demonstrates reasonably stable plateau
stresses so that excellent ductility is achieved during defor-
mation at room temperature.

The alloy exhibited elongations of >200% at all strain
rates as shown in an upper plot of Fig. 4 and a maximum
elongation of 400% was observed at 107 s' in the pres-
ent experiments. The result suggests the ultrafine-grained
Zn-22% Al alloy demonstrates true room-temperature su-
perplasticity and the significant superplastic elongation is the
highest recorded in Zn-22% Al alloy at room temperature to
date. From the lower curve in Fig. 4, the strain rate sensitiv-
ity, m, of ~0.24 was calculated under the experimental con-
ditions. Although this value is lower than m=0.5 measured
in the alloy showing excellent superplasticity at 473 K [8],
it is in good agreement with the earlier reports demonstrat-
ing m=0.2—0.4 for superplastic-type characteristics in Zn-
22% Al alloys when testing in tension at room temperature
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Fig. 3. True stress-true strain curves for the Zn-22% Al alloy tested at
room temperature.
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strain rate for the Zn-Al alloy tested at room temperature.

[22—27,29—31]. Moreover, a reasonably consistent value of
m=0.35 was measured through nanoindentation testing in an
ultrafine-grained Zn-22% Al alloy after HPT [40].

The stress-strain curves in Fig. 3 show that there is a
strain rate dependency of yield strength where the flow stress
is higher at faster strain rate during testing. It is also apparent
that the Zn-Al alloy demonstrates reasonably stable plateau
stresses so that excellent ductility is achieved during defor-
mation at room temperature.

The alloy exhibited elongations of >200% at all strain
rates as shown in an upper plot of Fig. 4 and a maximum
elongation of 400% was observed at 107 s in the present ex-
periments. The result suggests the ultrafine-grained Zn-22%
Al alloy demonstrates true room-temperature superplasticity
and the significant superplastic elongation is the highest re-
corded in Zn-22% Al alloy at room temperature to date. From
the lower curve in Fig. 4, the strain rate sensitivity, m, of ~0.24
was calculated under the experimental conditions. Although
this value is lower than m=0.5 measured in the alloy showing
excellent superplasticity at 473 K [8], it is in good agreement
with the earlier reports demonstrating m=0.2—0.4 for super-
plastic-type characteristics in Zn-22% Al alloys when testing
in tension at room temperature [22—27,29—31]. Moreover, a
reasonably consistent value of m~0.35 was measured through
nanoindentation testing in an ultrafine-grained Zn-22% Al
alloy after HPT [40].

4, Discussion

The present study demonstrated the feasibility of producing
an ultrafine-grained Zn-22% Al alloy by means of conven-
tional heat treatment and subsequent cold rolling. The al-
loy was tested in tension at room temperature and exhibited
a room-temperature superplastic elongation of 400% at a
strain rate of 10° s™'. This finding is attributed to the nature
of a Zn-22% Al eutectoid alloy having low melting tempera-
ture leading to fast diffusion activity at room temperature.

In practice, the alloy was tested at 298 K which is reasonably
high homologous temperature of the order of ~0.43T};, so
that GBS accommodated by the motion of intragranular dis-
locations controlled by grain boundary diffusion is a viable
deformation process at room temperature. It is supported
by an early report showing GBS occurs in superplastic flow
at lower temperatures when the grain sizes are reduced in a
number of metallic, intermetallic and ceramic systems [41].
Moreover, there are reports showing direct evidence for the
occurrence of GBS within the room-temperature super-
plastic regime by using an atomic force microscope (AFM)
[42,43] and using SEM [22].

There are numbers of experiments reporting reasonably
high m values of over 0.2 during room-temperature defor-
mation in a series of Zn-Al alloys with different Al content
[34—38,44] (including Al-Zn alloys [45,46]) and it is worth
summarizing the data with the values of m in Table 1 where a
processing route, grain size, testing method for measuring m,
strain rate range and maximum elongation are listed in each
material. It is apparent that all alloys recording high m values
in a range of 0.22—0.4 at room temperature when contain-
ing grain sizes in the submicrometer range and most alloys
demonstrated high elongations such as at least 100% so that
most reports concluded there is an occurrence of room-tem-
perature superplasticity in the alloys. However, most of the
reported elongations are not as high as generally recognized
elongations in superplasticity of ~400% and it may be appro-
priate to describe as superplastic-like ductility whereas it is
important to state that the measured elongations of samples
are depending in part on the dimensions of the specimen
gauge [47]. Nevertheless, the present investigation showed an
elongation to failure of 400%, thereby concluding the exhibi-
tion of true superplasticity at room temperature in the Zn-
22% Al alloy after conventional heat treatment followed by
cold-rolling.

On the other hand, the m value lower than 0.5 for a theo-
retical superplastic model may be attributed to the existence
of a threshold stress, o, which was reported earlier in a Zn-
22% Al alloy after ECAP and tested at room temperature
[24,48]. In practice, an effective stress for plastic deformation
is expressed as, 0-0,,, where o is the applied stress. Then, su-
perplastic flow is represented by a relationship in which the
steady-state strain rate, £, is expressed as [49]

i AngGb (é)z(o‘—o‘m ]2
kT d G

where A is a dimensionless constant and was estimated
as 114 for Zn-22% Al alloy [24], ng is the coefficient for
grain boundary diffusion which is calculated with the ac-
tivation energy for grain boundary diffusion in Zn of
ng=60.5 kJ/mol [50], G is the shear modulus, b is the Burgers
vector, k is Boltzmann’s constant and T is the absolute tem-
perature. It should be recalled that there are two important
parameters in the theoretical superplastic model as shown in
eq. (1): the exponents of the inverse grain size, p, of 2 and
the stress, n=(dln £/dlno=1/m), of 2 [49]. Thus, in the theo-
retical model, there is a linear relationship between ¢ and

¢ and the value of g, appears as an intercept at =0 of
the trend line in a plot of o vs. €2 Figure 5 displays a plot

(M
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Table 1. A list of Zn- Al alloys after different processing showing high values of strain sensitivity, m, at specific strain rate ranges and maximum
elongations at room temperature measured in different testing methods

Material . Grain size . Strain rate MaXiml.lm
Processing Testing method m L elongation References
(wt.%) (um) range (s*) (%)
Al-30Zn HPT for 5 ~0.38 Tensile testing | ~0.29 | 10%-10° ~160% Valiev et al. [45]
turns at RT
HPT for 5 Microindentaion 6.25 x10°® .
Al-30Zn turns at RT ~0.38 testing ~0.22 175 x 10 - Chinh et al.[46]
-Tensile testing
until strain of
. 10% 0.41 104- 1073
Zn-0.3A1 Cold rolling 1 “Tensile testing 0.32 10°- 10 1400 Ha et al. [34,35]
until strain of
2.5%
. . . 4 1ns Naziri and Pearce
Zn-0.4A1 Cold rolling ~0.6 Tensile testing | 0.4-0.5 | 10*- 10 ~500 [36]
Zn-2A1 Casting + 0.4 400
i | ancings || e | 02 | w0 | 20| S
Zn-50Al 523K 0.43 900
Zn-5Al EC‘:f g%r 8 | 011054 | Tensiletesting | 025 | 10%-10° 520 Demirtas ef al.[44]
Hot rolling + Tensile deforma-
Zn-20A1 ng 0.55 tion at in-situ 0.25 103-10! - Naziri et al. [38]
quenching TEM
Cold rolling . . 4 1n Torres-Villasefior
Zn-22A1-2Cu at 203K ~0.3 Tensile testing 0.3 10*- 10 135 and Negrete [39]
Zn-22Al TMCP 1.3 Tensile testing 0.3 10°-10* 200 Tanaka et al.[22]
(Rolling)
7Zn-22Al TMC.P ~0.9 Tensile testing 0.3 10°- 102 ~190 Tanaka et al.[23]
(Extrusion)
TMCP
(Extrusion) + . . S 1no B Tanaka and
Zn-22Al Cold rolling 1.25 Tensile testing 0.25 10°- 10 300 Higashi [25]
at RT
-TMCP
(Extrusion) 1.84 . . 10%- 10 ~210 Tanaka and
Zn-22A1 ~TMCP 1.16 Tensile testing | ~033 | 10 152 ~170 Higashi [27]
(Rolling)
Zn-22Al1 FSP 0.6 Tensile testing 0.25 104- 102 150 Hirata et al. [29]
Tanaka and
Znapal | ECAPfordp | 5 Tensile testin 025 | 10% 102 ~240 Higashi [24],
g g
at RT
Tanaka et al. [26]
-Quenching +
aging at RT 0.35 038 | 102 10" 125
-ECAP for 8p ) . . ' 5 o1na .
Zn-22Al1 ¢ RT 0.55 Tensile testing 0.35 102- 10 335 Xia et al. [30]
2 . 0.25 0.32 103- 102 315
-Cryo-rolling
at 203K
ECAP for 4p > .
Zn-22Al | at623K+4p | 0.15-021 | Tensiletesting | 03 | °>*10°- 400 Demirtas et al.
at RT 2x 10 [31]
HPT for 5 . | 0.226- Y s .
Zn-22A1 turns at RT 0.35 Nanoindentation 0.256 104- 10 - Choi et al. [40]
Zn-2241 | Solutionizing | ¢4 Tensile testing | 0.24 107 400 This study
+ cold rolling
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of o vs. ¢ for the Zn-22% Al alloy constructed using the
testing data shown in Figs. 3 and 4 and the threshold stress of
0,=52.5 MPa is estimated under the present testing con-
ditions. This value is in agreement with the reported
value of 46 MPa for a Zn-22% Al alloy tested at 303 K
and it is much higher than 2 MPa for the same alloy when
testing at 473 K [48]. Therefore, the analysis suggests the
theoretical superplastic model with m=0.5 developed for
high temperature superplasticity is applicable for room-
temperature superplastic flow of Zn-22% Al alloy when
taking into account of the threshold stress which tends to
appear intensely in superplastic flow at ambient temperature.

Finally, it is worthwhile to mention that, although the
influence may not be as critical as the threshold stress, the
lower value of m is also caused in part by the level of GBS
attributed to the microstructural homogeneity of Al- and
Zn-rich phases in the sample. Early GBS measurement by
TEM showed there is different levels of contributions of sliding
to the entire plastic strain at individual interfaces during
high temperature deformation and a maximum contribution
was observed on the Zn-Zn interfaces and slightly less on
the Zn-Al interfaces while the Al-Al interfaces exhibited a
minimum contribution of GBS in a conventional Zn-22% Al
alloy [51] and after ECAP [17,18,20]. In a very recent report,
room-temperature plastic deformation by nanoindentation
examinations revealed the homogeneity in distributions of
the Zn and Al phases is strongly correlated with the change
in the m value [40]. In practice, the agglomerations of
Zn- and Al- phases in a Zn-22% Al alloy in an early stage of
HPT leads to high m value than the microstructure involving
the homogeneously distributed two phases after additional
HPT processing. Accordingly, the present study synthesized
an ultrafine-grained microstructure with homogeneous
distributions of Zn- and Al- phases as shown in Fig. 2 which
may lead to reduction in the level of overall GBS to the total
strain, thereby lowering the m value in true superplasticity at
room temperature.

5. Summary and conclusions

The present study demonstrated the synthesis of an ultrafine-
grained Zn-22% Al eutectoid alloy through the solution
treatment and conventional thermo-mechanical processing.
The microstructure consists of homogeneously distributed
Zn and Al grains with average sizes of ~0.63 um. The alloy
demonstrated true room-temperature superplasticity with
the highest elongation to failure of 400% at 10° s* and
a strain rate sensitivity of m=0.24. The detailed analysis
concluded the theoretical superplasticity model is applicable
to explain room-temperature superplastic flow in the
Zn-22% Al alloy by estimation of the threshold stress for
the alloy during deformation and the consideration of grain
boundary sliding contribution to the total strain which is
attributed to the homogeneous distribution of Zn and Al
phases in the material.
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