Superplasticity of a Sc and Zr modified Al-6%Cu alloy
subjected to ECAE

. Nikulin"??, R. Kaibyshev'®, S. Mironov*© Y.S. Sato®*,
H. Kokawa *¢, Y. Motohashi®'

1Belgorod State University, Koroleva 2a, Belgorod 308034, Russia

’Research center for Superplasticity, Faculty of Engineering, lbaraki University, Hitachi,
Ibaraki 316-8511, Japan

*Department of Materials Processing, Graduate School of Engineering, Tohoku
University, 6-6-02 Aramaki-aza-Aoba, Sendai 980-8579, Japan

a *nikulin_ilya@ bsu.edu.ru, brustam_kaibyshev@bsu.edu.ru,

‘smironov@material.tohoku.ac.jp, dkokawa@argon.material.tohoku.ac.jp,
®ytksato@argon.material.tohoku.ac.jp, fymotoha@mx.ibaraki.ac.jp,

Keywords: Aluminum alloy; Fine-grained structure; Equal channel angular extrusion;
Superplasticity.

Abstract. Superplasticity in an Al-6%Cu-0.45%Mg-0.4%Mn-0.16%Sc-0.12%Zr alloy subjected to
intense plastic straining through equal-channel angular extrusion (ECAE) was studied in tension at
strain rates ranging from 5.6<10™ to 5.6x107 s™' in the temperature interval 350-450°C. The alloy
had a non-uniform microstructure with an average crystallite size of ~1.2 um. The volume fraction
of high-angle grain boundaries was about 57%. In spite of small crystallite size the alloy shows
moderate superplastic properties. The highest elongation-to-failures of ~320% appeared at a
temperature of ~425°C and an initial strain rate of ~1.4x107 s™, where the strain rate sensitivity
coefficient, m, was about 0.33. The relationship between superplastic ductilities and microstructure
stability is analyzed.

1. Introduction

Currently there is great interest in developing new commercial aluminium alloys exhibiting
superplastic behavior. The utilization of superplastic blow forming allows producing commercial
parts having a complex shape. However, the number of superplastic aluminum alloys is currently
limited because of difficulties in producing an ultra-fine grain structure by conventional routes of
thermomechanical processing [1]. Recently, it has been shown that extensive grain refinement can
be attained in aluminum alloys by imposing intense plastic straining through ECAE [2-6].
Aluminum alloys subjected to ECAE resulted in the formation of a uniform grain structure with an
average size of 1 um or even less are capable to exhibit superplastic ductilities at higher strain rates
(>107 s or lower temperatures [2-7]. Merely achieving an ultra-fine grain size is not sufficient to
guarantee that these materials will exhibit high superplastic ductilities, since the grain size needs to
remain essentially stable throughout the deformation process [1, 7]. Stability of a microstructure in
aluminum alloys under high temperature deformation can be provided by Zr and/ or Sc additions,
which form Al;(Sc,Zr) nanoscale dispersoids [2-5,7-10]. These dispersoids can act as an effective
pinning agent hindering the coarsening of ultrafine grains and suppress dynamic recovery [8]. The
ultrafine grained structure stabilized by these nanoscale dispersoids is stable against grain growth
under superplastic conditions [9,10].

The present study is dedicated to examine a Zr and Sc modified Al-6%Cu alloy. The aim of this
study is to evaluate the potential for using ECAE to attain a fine grain size and superplasticity in the
bulk billets of the Zr and Sc¢ modified Al-6%Cu alloy.
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subgrains in their interiors. Notably the size of these subgrains is similar to one of the new
recrystallized grains belonging to first type. The fraction of HAGBs is about 57% (Fig.1b).

3.2 Superplastic behavior. The typical stress — strain curves in the temperature interval 350-
450°C at an initial strain rate of 1.4x10° s, and at a fixed temperature of 425°C and strain rates
ranging from 5.6x10™ to 5.6x10° s are shown in Figs. 2a and 2b, respectively. Extensive strain
hardening takes place initially. After reaching the maximum, the flow stress continuously decreases
until failure and no true steady-state flow occurs. It was found that, all fractured specimens showed
strain localization and, therefore, an apparent softening after the stress peak can be attributed to
extensive necking in gauge length.
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Fig. 2. Typical stress - strain curves of 1207 Al subjected to ECAE. (a) The temperature
dependence and (b) the strain rate dependence.

Figs. 3a to 3¢ show plots of flow stresses, o, taken at strain ~50%, the coefficient of strain rate
sensitivity, m, and the elongation-to-failure, o, as functions of initial strain rates. It is clearly seen
that at T<425°C the o—¢ curves show weak evidence of a sigmoidal shape which is typical for
superplastic materials [1, 16]. The values of the coefficient of strain rate sensitivity have maximum
at strain rates close to 10 s™. In the same time, the highest m values do not exceed ~0.35. The
highest elongation-to-failure of~ 320% (Fig. 3¢) with the corresponding m value of ~0.33 (Fig. 3b)
appears at 425°C and €~1.4x107 s™". An increase or a decrease in strain rate results in decreasing
ductility. Thus, we can conclude that the 1207 Al subjected to ECAE exhibits superplastic behavior.

Typical dependencies of the strain hardening coefficient, n, and the strain rate sensitivity
coefficient, m, against strain, for the 1207 Al alloy subjected to ECAE are presented in Fig. 3d. It is
seen that values of the strain-hardening coefficient decrease to zero with increasing strain. At
temperatures below 425°C, the m values tend to decrease with strain, while these values remain
essentially unchanged at T>425°C. It is known, that plastic stability in tension occurs if the sum,
n+m is high [16,17]. The presence of a neck in a material under tension leads to locally high strain
rate and increased strain. As a result, for a high sum of m and n, a sharp increase in the flow stress
within necked region occurs providing a resistance to further neck growth. Numerous reports
[1,14,16,17] have demonstrated that if n+m>0.5, the fracture does not occur due to unstable plastic
flow. In classic superplastic material, the » value is almost zero; the plastic stability is mainly
provided by high values of m [1, 16, 17]. In the present alloy extensive strain hardening takes place
initially and the m values does not exceed ~0.35. Therefore, stable plastic flow occurs only at
strains less than the peak strain due to high value of the strain hardening coefficient. After reaching
the peak strain, the m<0.35 value is not enough to inhibit neck development; unstable plastic flow
results in material fracture.
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Fig. 3 Strain rate dependence of (a) flow stress, o, (b) coefficient of strain rate sensitivity, m, (c)
elongation-to-failure, ¢ and (d) variation of the strain rate sensitivity coefficient, (dash line), and
the strain-hardening coefficient, » (solid line), with strain. The symbols of temperature defined in
(a) are also valid for (b), (¢) and (d).

3.3. Microstructural evolution. The microstructural evolution of the 1207 Al alloy subjected to
ECAE during static and dynamic annealing was studied in grip and gauge sections, respectively
(Fig. 4, Table 1). Under static annealing discontinuous grain growth takes place in grip section
(Tables 1) resulting in increased non-uniformity of the deformed structure. Fraction of elongated
grains increased under static annealing especially at a temperature of ~450°C (Fig. 4a). Notably
the portion of HAGBs after static annealing and ECAE are almost the same (Tables 1). Thus,
discontinous grain growth is not accompanied by the formation of LAGBs. In general, non-
uniformity of a structure evolved during ECAE remains under static annealing essentially
unchanged; static annealing does not lead to considerable evolution of the microstructure produced
by ECAE.

Under dynamic annealing conditions, substantial grain growth takes place (Table 1). The grain
size increases in 2-3 times during superplastic deformation. In addition, grains tend to elongate
along tension direction. Increased values of grain aspect ration ARy [3.4] suggest significant
contribution of dislocation glide to total deformation [1,16], and may be indicative for decreased
contribution of grain boundary sliding (GBS) to total elongation which is supported by a decrease in
the m value with strain at these temperatures (Fig. 3d) [1,16]. Superplastic deformation provides the
uniformity of the microstructure (Fig. 4b). The fraction of the HAGBs structure increases in
comparison with those in grip section (Table 1, Fig.°4a and 4b). At 425°C, the formation of almost
recrystallized structure was revealed (Fig. 4b).






in this material due to unstable plastic flow. Thus, the present 1207 Al alloy showed marginal
superplastic properties due to occurrence of discontinuous grain growth in the initial partially
recrystallized structure under static annealing.

5. Conclusions

1. It was found that ECAE is suitable for the formation of the ultra-fine grained structure in the
bulk billets of the Zr and Sc modified 1207 Al alloy.

2. The 1207 Al subjected to ECAE exhibits limited superplasticity. The maximum elongation-to-
failure of ~320% and a corresponding strain rate sensitivity coefficient of ~0.33 were found at a
temperature of 425°C and an initial strain rate of 1.4x10™ s\,
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