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Abstract

In this article a continuous severe plastic deformation (SPD) process entitled dual rolls equal channel extrusion
(DRECE) for producing ultrafine-grained (UFG) microstructure of thin sheets is presented. The DRECE
process combines conventional equal channel angular pressing (ECAP) process and continual CONFORM
process, and it can be easily scaled for industrial use. Keeping constant both the cross section and the length
of the severely deformed strip of sheet, the DRECE method promotes a refinement of the microstructure. The
effect of post SPD annealing at different temperatures (150 °C, 180 °C, 200 °C, 250 °C, 300 °C and 350 °C)
for 30 minutes on the stability of severely deformed microstructure of investigated AIMg3 aluminium alloy. The
initial grain size was ~ 7.9 ym and was reduced to 6.8 um with maximum density of dislocation after 6 passes
at room temperature, which were accompanied by the formation that is typical for low strain structures. The
annealing treatment at temperatures lower than 180°C did n ot affe cted the microstructure significantly. A
continuous grain growth occurred at higher temperatures (180°C-300°C) due to the continuous
recrystallization. A bimodal microstructure having a bimodal dislocation density distribution was obtained
through the discontinuous recrystallization at 350°C. The annealing led to some sort of bimodal grain mixture
with the larger grains embedded in the severely deformed structure that provide and excellent combination of
strength and ductility. Therefore, the DRECE process could be a promising industrial SPD method to
continuously produce advanced construction materials with the advantages of energy and cost saving and
high process efficiency.
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1. INTRODUCTION

It is well known that metallic materials processed by severe plastic deformation have ultrafine-grained
microstructure and exhibit enhanced utility properties [1-3]. Low thermal stability of the UFG microstructure
due to the high energy accumulated during SPD is one of the problems associated with the application of UFG
materials in industry [4-5].

During severe plastic deformation of Al-Mg based alloys, the mechanical properties and physical properties of
the alloy change. The strength significantly increases, while ductility and deformation capacity decreases. The
properties depend on the deformation. This is because the crystal lattice distorted in the deformed particles
and the dislocation density increased [6-7].
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In the deformed crystal lattice, the atomic distance is changed from the initial minimum energy state.
Depending on the degree of displacement, the atoms get extra energy. Whereas, the distance among the
atoms mostly determined by the deformation, it might say, that higher forming gets extra stored energy. During
the cold SPD, the grain boundaries and the dislocations move on, while new dislocations are generated. The
amount of dislocations is varied by the penetration or the tearing out of atomic-lines. The increased dislocation
density prevents each other in the movement, following forming needs higher stress [8]. The materials aim to
reach the lowest-energy state. The raising of the temperature provides the opportunity to start the necessary
diffusion process. The diffusion (thermally activated process) is stimulated by the energy state difference
between the initial and the final conditions. Result of the annealing, the internal stress, the hardness, and the
strength values return to the state before forming. The amount of dislocations also returns to its equilibrium
value. In the structure of the material new seeds appear, and solid-state crystallization occurs. Higher value of
accumulated deformation energy causes higher stored energy, which results the decrease of the transition
temperature [9].

In this article, the microstructure evolution of AIMg3 aluminium alloy processed by cold severe plastic
deformation method DRECE (Dual Rolls Equal Channel Extrusion) [10] during annealing is investigated.

2. INVESTIGATION PROCEDURES

The investigation has been carried out on commercial AIMg3-H111 aluminium alloy sheets. The chemical
composition of the alloy is given in Table 1.

Table 1 Chemical composition of investigated alloy AIMg3

Element Mg Si Mn Fe Cr Cu Zn Ti Al

max. max. max. m.X. max. max. max.

0, -
wt.%) | 2.6-36 | (4o 0.50 0.40 0.30 0.10 0.20 0.15

rest.

The AlMg3 strips of sheet were lubricated by Li/Ca with addition of MoS2 grease. The strips were subjected
to six passes through DRECE with a constant extrusion speed of 70 mm/min and without changing the sample
orientation between subsequent passes (deformation route A). A detailed description of DRECE forming
method is given in [11].

To investigate the thermal stability of the microstructure after six passes, the samples were subjected to
isothermal annealing at 150 °C, 180 °C, 200 °C, 250 °C, 300 °C and 350 °C respectively for 30 min.

The microstructures were examined using a light microscope Axio Observer Z1. To reveal the grain size and
morphology, the samples were mechanically ground and polished and then electrolytically etched using
Barker’s reagent. To study the microstructural evolution in a greater detail, the AIMg3 aluminum alloy samples
were twin-jet electropolished in an electrolyte containing 20% nitric acid and 80% methanol at a temperature
of -30°C and 20 V for 15 s. Then, the grain structure was recorded by orientation imaging microscopy (OIM)
using the electron backscattered diffraction (EBSD) technique integrated with a Zeiss Supra 35 Scanning
Electron Microscope controlled and analyzed using OIM software.

3. INVESTIGATION RESULTS

Figure 1a show an optical micrograph of the investigated alloy in an initial state. It can be seen the typical
microstructure built of equiaxed grains. The AIMg3 matrix coexist of a Mg in solid solution with fine dispersoids
of Mg2Si and AlsMn phases.

As compared with the initial state of microstructure (Figure 1a), the grain size is after six passes (Figure 1b)
not reduced significantly. Areas of different crystallographic orientations inside individual grains are visible.
Throughout subsequent passes, the grains remain equiaxed and almost constant in size.
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a) b)
Figure 1 Microstructure of AIMg3 alloy: Initial state (a) and after the six DRECE passes (b)

Figure 2 shows the EBSD colored inverse pole figure (IPF) maps of the AIMg3 alloy samples in an initial state
and after six DRECE passes. The IPF image of the initial state sample (Figure 2a) demonstrates that the
microstructure is composed of equiaxed grains. The measured average intercept length prior deformation is
~7.9 um. Figure 2b shows the microstructure of the sample subjected to six DRECE passes. In this state, the
microstructure consists of grains covered with deformation bands having a low angle misorientation. This type
of microstructure is typical for aluminum alloys subjected to low strains. The measured average intercept length
after six DRECE passes slightly increases to ~ 6.8 um.

a) b)
Figure 2 IPF maps of AIMg3 alloy: Initial state (a) and after the six DRECE passes (b)

Light microscopy characterization of the grain microstructure of the AlIMg3 alloy annealed at 150 °C, 180 °C,
200 °C, 250 °C, 300 °C and 350 °C is shown in Figure 3. It is apparent that during annealing at 150 °C, the
process of recovery dominates (Figure 3a). This is accompanied by a substantial dislocation density decrease
from 7.6 x 101* m in the as-deformed condition to 4.7 x 10** m, as shown in Figure 4a. During annealing at
180-300 °C, the entire microstructure undergoes continuous recrystallization followed by grain growth
(Figures 3b-e). The first influence of annealing is visible in the sample annealed at 180°C (Figure 3b). In this
condition, small recrystallized grains can be observed in the microstructure. The formation of the new grains
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is accompanied by a continuous dislocation density decrease to 4.4 x 10 m=2. The DRECE processed
structure changes completely into coarse-grained and is approximately equiaxed with an increase in annealing
temperature, obviously, as illustrated in Figure 3e. This is followed by a gradual dislocation density decrease
to 2.1 x 10 m=2. It is worth mentioning that for the sample annealed at 350°C, the microstructure exhibit
characteristics of both uniform coarsening and, in several places, of discontinuous recrystallization
(Figure 3f). Thus, the obtained microstructure is bimodal, and the formation of the bimodal microstructure is
accompanied by a slight dislocation density growth to 3.2 x 10* m2. This is due to the presence of the new
annealed microstructure that gives rise to compressive stress fields to the surrounding small-sized grains,
resulting in a relatively lattice distortion and enhancing the dislocation density.

Figure 3 Microstructure of severely deformed AIMg3 alloy: annealed at 150°C (a); 180°C (b); 200°C (c);
250°C (d), 300°C (e) and annealed at 350°C (f)
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Figure 4 Effect of annealing temperature on: Dislocation density (a) and Vickers microhardness (b)

It is evident, as shown in Figure 4b, that the HV hardness decreases rapidly from an initial value of ~ 95.6
after six DRECE pass samples to 86.1 HV after 30 min of isothermal annealing at 150 °C. It is due to the
ongoing recovery processes and is accompanied by a rapid dislocation density decrease. In this condition, the
changes in the grain size are almost indistinguishable (Figure 3), and there is no evidence of the
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recrystallization processes. With an increase in an isothermal annealing temperature up to 180-200 °C,
hardness decreases slightly to ~79.2 HV. The first evidence of the recrystallization and grain growth can be
observed in the sample isothermally annealed at 250 °C. This phenomenon is accompanied by a dislocation
density reduction and hardness decrease to ~ 59.2 HV. Annealing at 300 °C causes a more significant grain
growth. However, despite the observed microstructural changes, the hardness remains almost unchanged.
When the material is subjected to isothermal annealing at 350 °C, a slower softening rate is observed. In
addition, the obtained microstructure is different: bimodal. This occurs because some grains have a much
faster growth rate than others. Such a bimodal microstructure is inhomogeneous and is built of recrystallized
and recovered grains and volumes with an unchanged distorted thermodynamically metastable structure;
therefore, it combines the effects of the larger grains, which cause softening and the ultrafine grains that
increase the mechanical properties.

4. CONCLUSION

In this article the evolution of microstructure, dislocation density and microhardness of commercial AIMg3
aluminium alloy, subjected to continuous severe plastic method, called DRECE, and subsequent annealing at
different temperature were investigated. The main conclusions of presented research are summarized below.

The grain boundary maps for the EBSD data revealed that the fraction of low angle grain boundaries (LAGBS)
increases along with an increasing number of DRECE passes. The DRECE process introduces a network of
LAGBs, which may transform into HAGBs with further processing, especially if new shear planes will be
activated.

The post-DRECE annealing of six passes of AIMg3 alloy samples at temperatures lower than 180 °C did not
affect the microstructure significantly, indicating that recovery dominates. A continuous grain growth occurred
at higher annealing temperatures (180°C-300 °C) due to the continuous recrystallization. A bimodal
microstructure having a bimodal dislocation density distribution was obtained through the discontinuous
recrystallization at 350 °C.

The hardness measurements of the annealed sample were consistent with the microstructural and XRD study.
Grain coarsening led to a stepwise hardness decrease and resembled softening due to recovery before
recrystallization. After annealing at the highest temperature (350°C), the alloy microhardness significantly
decreased to a value lower than that of the initial state alloy.

The difference in softening behavior reported in this study as a function of increasing annealing temperature
is in line with competitive recovery-recrystallization kinetics, where a lower isothermal annealing temperature
results in a gradual hardness decrease and resembled softening due to recovery, while at higher temperatures
where recrystallization processes arise quickly, softening is faster.
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