Achievement of low temperature superplasticity in a commercial
aluminum alloy processed by equal-channel angular extrusion
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Abstract. A commercial Al-4.1%Mg-2.0%Li-0.16%Sc-0.07%Zr alloy was used as a starting
material. The submicrocrystalline structure with an average grain size of about 0.8 um was
developed by equal-channel angular extrusion. Superplastic behavior of this alloy was examined in
the temperature range 150-250°C at strain rates ranging from 1.4x10” to 5.6x10” s”'. A maximum
elongation-to-failure of 440% was recorded at 175°C (0.57;,, where 7Ty, is the melting point) and a
strain rate of 2.8x107s™!. The strain rate sensitivity was measured as ~0.32 at these conditions. This
temperature is exceptionally low for superplasticity in Al-based alloys, as it has been reported to
date. Features of superplastic deformation at such the low temperature are considered.

Introduction

Superplastic forming is a well-established manufacturing technology for the fabrication of
articles with complicated shapes. The high tensile ductilities associated with superplastic flow are
generally manifested at temperatures greater than 0.77},, where 7, is the melting point, and at strain
rates less than 107 s in aluminum alloys with grain size ranging from 2 to 10 um [1,2]. These
conditions of superplastic forming are the main disadvantages of this technique restricting its
commercial applications. The strain rate during superplastic deformation, ¢ , generally obeys the

following relationship:
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where 4 is a dimensionless constant, » is the Burgers vector, d is the grain size, o is the applied
stress, (7 is the shear modulus, £ is Boltzmann's constant, /D is the grain boundary diffusion
coefficient that defines the temperature dependence of the strain rate at constant stress and structure,
T is the absolute temperature, and p is the exponent of the inverse grain size that ranges from 2 to 3,
if grain boundary sliding dominates the deformation. Since the strain rate in superplasticity is
inversely proportional to the square or cube of the grain size, a decrease in the grain size leads to a
shift of the superplasticity interval to higher strain rates or lower temperatures. Both of these trends
would be beneficial for industrial forming processes because they provide a potential to produce
complex parts more rapidly and at a lower forming temperature, where the tool costs are reduced. In
addition, the lower forming temperatures can also be utilized for reducing the surface oxidation and
preventing the depletion of alloying elements. The latter is particularly important for aluminium
alloys containing lithium that exhibits a high rate of vaporization from the surface layer at elevated
temperatures [3,4].

Recently it has been shown that the grain size in aluminum alloys may be significantly reduced
by imposing an intense plastic strain through the process of equal-channel angular extrusion
(ECAE), which is the most popular laboratory procedure [5-9]. Aluminum alloys having such a fine
microstructure are capable of exhibiting superplastic ductilities at higher strain rates or lower
temperatures. It has been recently reported that the Al-Li-Mg-Sc-Zr alloy designated in the Former
Soviet Union as the 1421 aluminium alloy, subjected to ECAE resulting in an average grain size of












superplasticity takes place at strain rates lower than 10 5™ and the highest m value and the & value
are equal to ~0.3 and ~440%, respectively.
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It is worth noting that m~0.3 is expected to demonstrate ductilities lower than those observed
experimentally in the present study. For instance, an elongation to failure of 440% was recorded at
175°C, while the m value was about 0.3. Since extensive strain hardening takes place at low strain
in the low temperature interval 150-200°C and an essentially uniform deformation occurs within the
majority of the gauge length (Fig.3), it can be suggested that the visibly stable plastic flow takes
place in the region of low strain within the gauge lengths.

Apparently, the strain rate sensitivity coefficient strongly correlates with transition from HTSP
to LTSP. It is known that a high strain rate sensitivity confers a high resistance to neck development
providing a sharp increase in the flow stress within the necked region, where a high local strain rate
takes place [2]. At higher temperatures, the m value is about 0.5 (Fig.5¢) and a high tensile ductility
associated with the suppression of necking by strain rate hardening is achieved. This m value
corresponds to the conventional superplastic region (Region 2) suggesting a high contribution of
grain boundary sliding to the total elongation [1,2]. At low temperatures, the strain rate sensitivity
coefficient is about 0.3 and the tensile ductility is limited by necking. Thus, superplastic behavior of
the 1421 Al is distinctly different at low temperatures compared with its deformation behavior at
high temperatures.

It is generally believed that the m=0.3 value corresponds to dominance of dislocation creep
over the grain boundary sliding [1,2]. Recently, it was assumed that viscous dislocation glide even
could be the dominating deformation mechanism for low temperature superplasticity [11].

Microstructural conditions for manifestation of superplasticity at low temperatures. The
results of present study indicate that the 1421 Al exhibits superplastic behavior at very low
temperatures, which are used for the second step of aging in the conventional route of heat
treatment. In comparison with the other aluminum alloys the 1421 Al demonstrates a high
elongation-to-failure of 440% at an exceptionally low temperature of 175°C. In addition, the
starting alloy has a relatively coarse grain size of ~0.8 pum compared with aluminum alloys which
were found to exhibit superplasticity at T<250°C.

Thus, it is obvious that equation (1) is valid in a very wide temperature range 175-450°C for the
1421Al1, suggesting that GBS is the dominating mechanism for superplastic deformation at low
temperature. To support this conclusion the 1421 Al with initial grain size of ~3 um (which was
obtained by ECAE at 400°C) was tested at 175°C and strain rate of 2.8x107s™". It is seen that the
superplastic behavior of the 1421 is strongly dependent on initial grain size. At these conditions, the
1421 Al with a starting grain size of ~3 wm exhibits poor superplastic behavior and elongation-to
failure does not exceed 180% with a corresponding m value of 0.23. Decreasing strain rate leads to
increasing the m value. It should be noted that the m value in the 1421 Al with grain size of ~3 um
does not achieve a maximum in the investigated strain rate range.

From this point of view, a comparison of present experimental data with those obtained for the
1420 Al [6,7] leads to an ambiguous conclusion. It is obvious that the 1421 Al exhibits larger






