











suggests that by comparing them to the fine-grained (sub)structures in Fig. 3(b), those coarse grains have
not suffered any remarkable strain after their formation. Thus, the structures in Fig. 3 indicate (a) the
inability of the material to recover completely, and (b) and (c) some independent evidence that during
warm-to-hot ECAP of a heavily alloyed Al alloy, new grains may form both dynamically and statically by
mechanisms of evolution of dislocation subboundaries and nucleation and limited grain growth,
respectively.

Fig. 3(d) shows the enlarged portion outlined in Fig. 3(c). There is some strong interaction between
migrating boundaries of recrystallized grains and nanoscale dispersoid particles, which are located in the
grain boundary regions and pin the boundaries. It is worth to suggest that in the present Al-Mg-Sc alloy,
these dispersoids may be the coherent L.1,-Al3Sc particles that were described in previous Sections.
However, the precipitates in Fig. 3(d) hardly exhibit any “coffee bean-like” contrast corresponding to the
coherent particles in the TEM images [6] and also have an unexpectedly large size of around 60-80 nm.

Discussion

We conclude from the present observations that the development of a new grain structure in the Al-Mg-Sc
alloy during ECAP at 300°C can result from the simultaneous action of ¢cDRX that occurs during
deformation followed by static recrystallization that occurs through annealing of the as-deformed material
by its exposure in the ECAP channel' and/or reheating between passes [35]. However, the formation of
“coarse” statically recrystallized grains even in a material containing a respectable amount of fine coherent
particles, which, as known, can serve as very effective pinning agents and, therefore, prevent nucleation
and grain growth [2,9] is rather surprising. A criterion for the restraining effect of small intermetallic
particles to influence recrystallization was proposed in [2] in terms of the driving force for recrystallization,
F4 (= 0.5Gb*Ap), and the restrained force of the particles, F; (= 1.5 £y /R), where G is the shear modulus;
b is the Burgers vector; Ap is the dislocation density; fis the volume fraction of particles; y is the grain
boundary energy; R is the particle radius.

Driving force. For the present deformation conditions, the values of the parameters for the
calculation of Fy are given as follows: Burgers vector, b=2.8x10"" m [10]; shear modulus at T=300°C,
G=2.16x10""Nm™ [10]. A substitution of these values leads to Fg ~10° Nm? for Ap=10""m™ and
F4~10° Nm™ for Ap=10"m™,

Restrained force. To evaluate the restrained force of the Al;Sc particles, F;, the following values
were used: the grain boundary energy, v=0.3 Jm [11]; the volume fraction of the Al;Sc phase in Al at
300°C and the 0.3 wt % Sc, in accordance with the lever rule, £=7.06x10” [9]; the particle radius,
R~5x107-10" m (see Experimental section). The calculation resulted in the F; values lying in the interval
~3x10°— 6x10° Nm™. For the occurrence of recrystallization, Fq was determined to be > F; [2,12], i.e. Ap
must be at least > 3x10"*m™. Thus, despite the very approximate nature of the calculations, a highly stored
dislocation density is apparently required to “trigger” recrystallization in the present Al-Mg-Sc alloy. Also
note that Al-based alloys having high stacking fault energy are normally considered to be the “recovery
materials”, in which dynamic/static recovery operating extensively under warm-to-hot deformation
conditions can effectively decrease the dislocation density stored during deformation and suppress
recrystallization [2].

However, certain areas with an enhanced dislocation density can develop in the present alloy (see
Fig. 3(a)); therefore, the static recrystallization takes place under warm-to-hot ECAP conditions. This may
be caused by a very inhomogeneous shear deformation with intense deformation/shear bands that are
introduced by the ECAP, as shown, for instance, in Figs. 2(a) and 3(a), and reduced mobility of the lattice
dislocations due to their strong interaction with the AlsSc particles and also the Mg atoms present in the
solid solution [13]. Because of the low rate of recovery, the dislocation rearrangement becomes difficult
and ECAP carries a high density of dislocations. Also note that the nucleation of the statically



recrystallized grains occurs more likely in the mantle regions, where the strain gradients are greater [e.g.
5-7]. On the other hand, the occurrence of recrystallization accompanied by the grain boundary migration
may weaken the restraining effect of the Al;Sc phase. It has been pointed out [2] that the passage of
high-angled boundary through the coherent particle results in the particle losing coherency. The latter may
in tumn lead to a rapid particle coarsening due to coagulation, as it was noticed in Fig. 3(d), and, hence,
decrease F,. At larger strains, this creates a large possibility for “coarse” recrystallized grains to regenerate
easily in the same local places after each ECAP pass.

In contrast, in the other places where the microstructural conditions are not satisfied with the
inequality Fq > F,, i.e. the stored dislocation density is lower and/or the restraining effect of secondary
particles is larger, no static recrystallization takes place. Instead, the progressive evolution of the
microstructure may occur through a gradual strain accumulation within deformation/shear bands in each
ECAP pass and result in a transformation of their boundaries into high-angle ones in accordance with
cDRX mechanisms, which are discussed in details elsewhere [4,6,7].

Summary

Microstructural evolution in a commercial Al-6%Mg-0.3%Sc alloy subjected to ECAP to a total strain of
12 at 300°C was examined in this work. The main results can be summarized as follows:

(1) A bimodal grain structure with grain sizes of around 1 and 8 um and volume fractions of 0.3 and 0.6,
respectively, develops during ECAP at moderate-to-high strains. The development of two structural
components with significantly different grain sizes results from the simultaneous operation of continuous
dynamic recrystallization (cDRX) that occurs during deformation, and static recrystallization that occurs
during each ECAP pass by the exposure of the as-deformed material in the ECAP channel held at 300°C.
(2) Intense shear deformation applied during each ECAP pass results in high strain / misorientation
gradients and introduces deformation and/or microshear bands in the original grain interiors. Structural
changes in some parts of the deformation microstructure are characterized by the evolution of these
deformation bands, followed by the formation of new fine grains at high strains in accordance with cDRX.
(3) Coarser statically recrystallized grains first form in the original mantle regions that developed during a
previous thermomechanical treatment, and then in some parts of the grain interiors to consume areas with
high local dislocation density. In the current heavily alloyed Al alloy, an enhanced driving force for
recrystallization is provided even under warm-to-hot deformation conditions due to the strong localization
of plastic deformation introduced by the ECAP and the inhibition of recovery by the presence of coherent
dispersion particles and a high concentration of Mg atoms in the solid solution.
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