








continuously increased with increasing temperature. 7hird, there is a “processing window” around
300°C (~0.6Ty,), in which the structural development during ECAP is characterized by the appearance
of a coarse-grained structure with much larger grain size than that developed at a higher temperature.
Note that these coarse grains may be related to a “sudden discontinuous grain growth”, which was
reported earlier for some Al-Mg alloys ECAPed at elevated temperatures [4,6,8]. In the current Section,
these features of the microstructural development during ECAP will be discussed in details.

The evolution process of new fine grains, occurring in the present alloy during ECAP at T =250
to 450°C, is represented and discussed in the previous works [5,10,12]. It has been shown that high
strain and misorientation gradients can be introduced into the present alloy in the earlier stages of ECAP
and, concurrently, new low-to-moderate and moderate-to-high angle boundaries that are related to the
boundaries of deformation- and/or microshear bands evolve often in the areas with high local lattice
rotations. It has been pointed out [10,12] that evolution of deformation bands can play a key role in
occurrence of grain refinement during ECAP of the present alloy. Namely, several sets of these bands
that are developed in various directions fragment original grains into small separate misoriented
domains. A gradual increase in the number and misorientation of the boundaries of deformation bands
and their conversion into HABs can result in the development of the new fine-grained structure through
cDRX [13].

It can be noted in this connection that the similar schemes of the new grain formation related to cDRX
were also employed in the recent works [e.g.7,9,11] to describe the fine-grained structure development in
some Al alloys at low-to-moderate ECAP temperatures. However, the heterogeneous deformation
introduced by ECAP should normally decrease with increasing temperature [e.g.3,7.8]. Dislocation
motion occurs more homogeneously at elevated temperatures and, even if any strain gradients are formed
on a mesoscale due to a specific deformation mode introduced by ECAP they should rapidly disappear by
frequent operation of some relaxation processes, including dynamic recovery and grain boundary sliding
[14]. As a result, deformation bands following high strain gradients could scarcely develop under hot
ECAP conditions [e.g.15]. Hence, it was reported that the kinetics of grain refinement in conventional
Al alloys is significantly retarded with increasing temperature [e.g. 3.11]. In contrast, since the present
alloy has a relatively high content of Mg and also Sc and Mn additions; deformation bands can be
frequently developed even at elevated temperatures. A strong interaction of the lattice dislocations with
Mg atoms in Al solid solution and/or with AlsMn- and, mostly, Al;Sc dispersion particles [2,5,9,10,12]
can restrict dislocation rearrangement within deformation bands and, thus, provides a thermal stability
of the dislocation structures introduced by ECAP.

On the other hand, it is well known that cDRX is controlled by the rate of dynamic recovery. In this
way, increasing temperature may be very important for acceleration of dynamic recovery to provide
grain refinement. It has been concluded [9] that strong inhibition of recovery in high Mg- and/or
dispersoid-containing alloys at low temperatures makes deformation bands more diffuse and so,
represses their transformation into HABs. Note also that too strong inhibition of recovery in the present
alloy at 150°C results in the strong localization of the plastic deformation within the deformation bands
followed by the premature failure of the material [8]. It is apparent that an elevated deformation
temperature, in contrast, may promote a higher rate of dislocation rearrangement within the boundaries
of deformation bands. This allows a greater possibility for them to become permanent boundaries, and,
thus, accelerates the kinetics of grain refinement (Fig. 3(b)). It can be also generally considered that
accelerating dynamic recovery at larger temperature may assist the formation of coarser and more
equiaxed grains, as it is evident in Fig. 3(a).

Coarse-grain formation at 300°C. Another structural mechanism that results in a “sudden” grain
growth in the present alloy can be related to static recrystallization. It has been shown in the recent work
[12] that the latter may start to occur under warm-to-hot ECAP conditions as an alternative restoration
process, when dynamic recovery is strongly inhibited by the structural factors. Static recrystallization may
accompany grain refining during ECAP at elevated temperatures, since an important feature of this
technique is that the ECAPed samples a/ways undergo a spontaneous static annealing both inside the
heated die and also between ECAP passes, since the deformation temperature should be maintained during
the whole ECAP procedure. An enhanced driving force for recrystallization is produced even under warm-
to-hot deformation conditions due to the factors that were discussed in the previous Section, i.e. (1) strong
localization of plastic deformation introduced by ECAP and (ii) inhibition of recovery by the presence of
coherent dispersion particles and Mg atoms in the solid solution; both may provide locally a high
dislocation density, which gives rise to a large stored deformation energy [12,14]. In this Section, we
would like to discuss, why the development of the coarse grains in the present Al-Mg-Sc alloy takes place






grain boundary migration and R (=8.31 J/mol K) is the universal gas constant [14]. The dependencies of
the exp(-Q/RT) vs T are represented in Fig. 6 by dotted lines. The activation energy for grain boundary
migration in Al, which is ~63-67 kJ/mol [14], was taken into account to evaluate temperature
dependencies of M. It can be seen, that M values are relatively low at the temperatures less than 200°C,
but start to rapidly grow at T>250°C. Thus, there may be an overlapping of the accelerated grain
boundary mobility and enhanced driving force for recrystallization in the vicinity of T~300°C. Hence, a
large potential for the grain growth may “suddenly” appear during ECAP at this temperature. In
contrast, at T<<300°C or T>>300°C, either the M or F4 values are not large enough to trigger
recrystallization and, thus, the microstructural development in the present alloy may occur in accordance
with the cDRX mechanism, described above.

Summary

The effect of deformation temperature on microstructural development in an Al-6%Mg-0.3%Sc alloy
during ECAP to €=12 was investigated in the temperature interval from 150 to 450°C. The main
results are summarized as follows:

1. ECAP at 150°C is only possible to 5-6 passes due to a strong localization of shear deformation
and severe cracking along the shear direction of ECAP die at this temperature. At T > 200°C, the
ductility of the alloy becomes enough to successfully apply 12 ECAP passes.

2. Grain refinement takes place during ECAP at 200-450°C; the size and the volume fraction of
new grains developed at high ECAP strains are continuously increased with increasing temperature in
this temperature interval from about 0.4 um and 0.63 to about 2.5um and 0.85, respectively.
Acceleration of the kinetics of grain refinement and increase in the grain size at larger ECAP
temperatures may be related to accelerated rate of dynamic recovery that promote the higher rate of
dislocation rearrangement in the heavily-alloyed Al alloy.

3. There is a “processing window™ at around 300°C, in which the structural development during
ECAP is characterized by the appearance of the coarse-grained structure with the grain size that is
much larger than that developed at 450°C. Such microstructural development is resulted from the
large potential for the grain boundary migration due to an overlapping of the accelerated grain
boundary mobility at high temperature and enhanced driving force for recrystallization, which is
caused by a strong inhibition of dynamic recovery in the heavily alloyed Al alloy.
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