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ABSTRACT

Pure Mg wires with a maximum cumulative area reduction of 98% were obtained by successful cold drawing. Me-
chanical properties, microstructures and texture evolution of the as-drawn wires were investigated by tensile tests,
transmission electron microscopy (TEM) and electron backscattering diffraction (EBSD). Depending on the mechanical
properties and microstructure evolution, continuous dynamic recrystallization (DRX) had taken place during the cold

drawing process. DRX during cold deformation has not been reported in other literatures before.
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1. Introduction

Magnesium alloys have potentially suitable applications
in some automobile and electronics parts due to their
excellent specific properties and low weight, so these
materials have attracted significant interest [1]. Magne-
sium and its alloys show generally low ductility because
of the few slip systems in hexagonal close-packed (HCP)

lattice and so are categorized in hard plastic materials [2].

Nowadays, tension and compression tests at room tem-
perature are the most common methods used to study
room deformation behavior of Mg alloys, and the true
strain is less than 0.5 [3-7]. Researches on severe plastic-
ity deformation behaviors of Mg alloys at room tem-
perature can be hardly seen in literatures.

It has been explained in Mg alloys [8-11] that new fine
grain evolution can result from continuous DRX includ-
ing twinning DRX and rotation DRX at ambient to mod-
erate temperatures and, in contrast, from conventional
(i.e. discontinuous) DRX including a nucleation of new
grains and their larger-scale growth taking place under
hot deformation. The reasons why the DRX mechanisms
are changed by deformation conditions and how the
mechanisms operated remained unclear. DRX of Mg and
its alloys at low temperature have not been reported in
other literatures.

In this article, a maximum cumulative area reduction
of 98% corresponded to a true strain value of 3.86 was
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obtained by successful cold drawing, and evolutions of
microstructure, mechanical properties and the deforma-
tion mechanism during severe cold deformation of pure
Mg was investigated.

2. Experimental Procedures

The materials used in the present study are a hot drawn
pure Mg (Mg > 99.99%, other alloying elements < 0.01%)
wire with a diameter of 2 mm. Figure 1 shows the mi-
crostructure and the texture of the initial material con-
sisted of equiaxed grains with a mean linear intercept
grain size of 38 = 0.5 um. Then it was followed by a suc-
cessful cold drawing processing with each passed area

reduction of 8% ~ 12% (¢=[1—(dn+1/dn)2] x100% ,

where n is the numbers of processing passes, d is the
diameter of wire and ¢ is the area reduction of each
pass.). The initial pure Mg wires were cold drawn to a
maximum cumulative area reduction of 98%

(¢:[1—(dn/d0)2]><100%, where ¢ is the cumulative

area reduction) which corresponded to a true strain value
of 3.86 according to the relationship of & =In(d, /d,)’
(where d, is the wire diameter via n processing passes
and d is the starting diameter.).

To investigate the mechanical properties, uniaxial ten-
sile tests were carried out on the Instron 5569 at room
temperature with a constant initial strain rate of 1.67 X
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Figure 1. Microstructure and texture of the initial pure Mg wire. (The sample direction of the inverse pole figures is drawing

direction).

107-s™" and micro-hardness tests were carried out with
pressure of 100 N and time of 15 s respectively.

Metallographic observations were identified by TEC-
NAI 20 Transmission electron microscopy (TEM) and
electron backscattering diffraction (EBSD) performed
on JEOL 733 electron probe equipped with TSL OIM
Analysis system, with the observation planes parallel to
the drawing direction.

3. Results
3.1. Microstructures

Figure 2 displays the microstructures, misorientation dis-
tribution and grain size distribution charts of the as-
drawn wires with different area reduction obtained by
EBSD in the plane parallel to the drawing direction cor-
responding to the crystal reference system with the draw-
ing direction, respectively. High-angle boundaries (HAB)
angles with misorientations more than 15° are delineated
by black lines, while low-angle boundaries (LAB) angles
in the range of 5° - 15° by red lines and those in range of
2° - 5° by yellow lines.

It can be seen that the grains became finer and finer
while proportion of the LAB angles in range of 2° - 5°
and the HAB angles in range of 80° - 90° declined with
the drawing process, the LAB in range of 2° - 5° corre-
sponded to the deformation boundaries and the HAB in
range of 80° - 90° corresponded to the {11 - 20} <10 -
11> twinning boundaries. When the cumulative area re-
duction smaller than 30%, A large number of severely
deformed zones composed of LAB angles were found in
the microstructures and some initial grains still existed.
The grain size distributions of the samples were decom-
posed into regions of coarse grains and fine grains. When
the cumulative area reduction in the range of 40% to
50%, only a few of LAB groups in range of 2° - 5° can be
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found. While the cumulative area reduction exceeded
70%, LAB groups totally disappeared; LAB existed in
individual form. Microstructures of the samples were
composed of almost only recrystallized grains with high-
angle boundaries. Finally grains size of the as-drawn
wires was refined from 38 um into 6um due to continu-
ous DRX.

Figure 3 shows the microstructure evolution of pure
Mg during cold drawing process obtained by TEM.
When the area reduction is 15%, form Figures 3(a) and
(b) it can be seen that a great deal of parallel shear bands
and {10 - 12} twinning were observed in the microstruc-
tures. This evidenced that basal slip and {10 - 12} twin-
ning is the main deformation mechanisms during cold
deformation of pure Mg. Simultaneously some final
grains with grain size of 0.5 ~ 2 um were observed in the
severely deformed zones, as shown in Figure 3(c). When
the area reduction is 30%, the microstructure is almost
the same as 15%, the only difference is that the number
of the parallel shear bands, twinning and the final grains
increased, as shown in Figures 3(d)-(f). When the areca
reduction is 50%, the number of the parallel shear bands
and twinning decreased. Meanwhile, the number of the
final grains increased, some small grains began to grow,
as shown in Figure 3(g). With the cumulative area re-
duction increasing (specimens deformed to 70% and
90%), wide parallel shear bands and twinning almost dis-
appeared, the microstructure is composed of large re-
crystallized grains; Some slender shear bands and twin-
ning was observed in the inside of the recrystallized
grains, as shown in Figures 3(h) and (i).

3.2. Texture Evolution

Figure 4 shows the evolution of the pole figures and
inverse pole figures of the as-drawn wires with area re-
duction. It is remarkable to note that the original wire has
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Figure 2. Microstructures, misorientation distribution and grain size distribution charts of the as-drawn wires. (a) 20%; (b)
30%; (c) 40%:; (d) 50%; (e) 70%; (f) 90%.
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Figure 3. Microstructures of the as-drawn wires.

a recrystallization texture with basal plane (0002) and
<11 - 20> direction parallel to the drawing direction
(DD), as shown in Figure 1. After the drawing process,
the as-drawn wires showed a blended texture. Some
grains showed deformation texture with basal plane
(0002) and <11 - 20> direction parallel to the drawing
direction and some grains exhibited recrystallization tex-
ture with basal plane (0002) and <11 - 20> direction pa-
rallel to the drawing direction, shown in Figure 4. From
Figure 5, the grains boundaries with deformation texture
were relatively straight, but the grains boundaries with
recrystallization texture were relatively wavy. The pro-
portion of the recrystallization texture declined with the
drawing process, it can be seen from both Figures 4 and
5.

3.3. Mechanical Properties

Figure 6 shows the mechanical properties of the as-
drawn wires. It can be seen that both the microhardness

Copyright © 2013 SciRes.

(HV) and the tensile strengths, i.e., yield strengths (YS)
and ultimate tensile strengths (UTS) increase with in-
creasing cumulative area reduction at ¢ < 30%, while
opposite for ductilities. With the cold drawing process
keeping on, the microhardness, the tensile strengths and
the ductilities of the as-drawn wires had not obviously
changed. This phenomenon is very common during hot
deformation due to dynamic recovery (DRV) and DRX
but it is very peculiar in cold deformation. It can be
speculated that DRV or DRX had taken place during the
cold drawing process of pure Mg. Mechanical properties
of AZ31 Mg alloy wires with the same drawing process
are also shown in Figure 6; it shows an obvious strain
hardening behavior during the cold drawing process.

4. Discussion

All the results mentioned above indicate that continuous
DRX of pure Mg has taken place during successful
drawing at room temperature.
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Figure 4. Changes in pole figures and inverse pole figures with different area reduction. (a) 20%; (b) 30%; (c) 40%; (d) 50%;
(e) 70%; (f) 90%. (The samples direction of the inverse pole figures are drawing direction).
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Figure 5. Inverse pole figures with different area reduction. (a) 20%; (b) 90%. (The samples direction of the inverse pole fig-

ures are drawing direction).
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Figure 6. Mechanical properties of the as-drawn wires.

The characteristic of continuous DRX is that nuclea-
tion and growth stages of primary recrystallization do not
occur. Various terms have been used to describe such
micro structural transformations, including “continuous
recrystallization” (the most widely used), “in-situ recrys-

Copyright © 2013 SciRes.

tallization” and “extended recovery” [12-17]. Restoration
mechanism operated in continuous DRX is principally
dynamic recovery [18,19]. This DRX primary takes place
during deformation at low temperature, because of the
energy needed to occur DRV is much lower than those of
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during discontinuous DRX. Deformation bands where
the sub-boundary (2° - 5° misorientation) is greater than
that in the surrounding material are developed during
deformation, as shown in Figure 7(a). With the deforma-
tion coming on, sub-boundaries turn into LAB (5° - 15°
misorientation) via dislocation motion and the develop-
ment of higher angle boundaries by the merging of lower
angle boundaries, as shown in Figures 7(b) and (c).

The o—-& curve controlled by dynamic recovery
shows generally no work softening and only a steady
state flow in high strain, as shown in Figure 8(a). The
o—¢ curve controlled by conventional DRX shows a
single peak in relatively low strain and then a strain sof-
tening, followed by a stead state in high strain, as shown
in Figure 5(b). The mechanical properties curves in this
article confirmed that continuous DRX has taken place
during cold drawing.

Why continuous DRX does not take place for AZ31
Mg alloy wires with the same processing? It has been
reported that the DRX temperature for pure metals is
higher than its alloys, i.e., the DRX temperature increases
from 400°C to 440°C when adding 0.04% Li element in
pure Cu. It has been reported that DRX is not observed in
99.99% Al, but is in >299.999% Al, because the mobility
of the GB is so much enhanced by absence of impurities
that it undergoes SRX at 20°C after cold working [20,21].
Alloy elements will obstruct the moving and arraying of
dislocations, and will restrain nucleation and sliding of
grain boundary during recrystallization. So the recrystal-
lization temperature for alloy is much higher than pure
metal. Hence, pure Mg exhibits an obvious DRX pheno-
menon during drawing at room temperature, while AZ31
Mg alloy shows an obvious strain hardening behaviors.

)

Dislocation bands

(b)
Figure 7. Diagram for CDRX of Mg alloy.

G (€ S — (b)
) (e}

c DRV conventional DRX

€ €

Figure 8. ¢ — ¢ curves controlled by DRV (CDRX) and con-
ventional DRX.
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5. Conclusions

The main results obtained in this article are as follows:

1) Pure Mg wires with a cumulative area reduction of
98% were obtained using successful cold drawing.

2) When the cumulative area reduction exceeds 30%,
all the mechanical properties have not obviously changed.
It is a symbol of DRX.

3) The microstructure evolution confirms the conclu-
sion and how the whole process of DRX: nucleation and
grain growth.
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