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Abstract

AZ31 magnesium alloys were deformed by five wrought processes (forging, rolling, extrusion, equal-
channel-angular-extrusion (ECAE), and caliber rolling) under the condition of an introduced
equivalent plastic strain of approximately 1.5 at 573 K. The strain components induced by these
wrought processes were computed using the finite element method (FEM). By combining the
calculation results with the microstructure observations, the texture and microstructure evolution were
discussed from the viewpoint of the strain state. The FEM showed that approximately the same
equivalent strain was induced at the center of the alloys where observations were performed. Therefore,
as the values of the equivalent plastic strain were fixed in all wrought processes, the effect of the strain
component could be compared. The forged and rolled alloys had an intensive basal texture
perpendicular to the compression and normal directions, respectively. In the others, a basal fiber
texture parallel to the material flow direction was observed. These basal textures were oriented
perpendicular to the compressive strain, and their intensities strengthened with an increase in the strain
component. The microstructure became more refined and homogenized as the magnitude of the
minimum principal strain decreased. This decrease corresponds to the transition of the deformation
mode from the uniaxial compression mode to the multidirectional deformation mode as long as the
same equivalent strain is induced. This result demonstrates that the microstructure obtained through
dynamic recrystallization depends on the deformation mode, separately from the effect of the

conventionally reported equivalent plastic strain.

Keywords

Magnesium alloy; Dynamic recrystallization; Finite element method; Basal texture; Strain



1. Introduction

Magnesium (Mg) is the lightest structural material. However, its poor mechanical properties are an
obstacle to its widespread use. An effective method for improving this is microstructure refinement
through dynamic recrystallization (DRX) during hot wrought processes [1-5]. In addition to grain size
refinement, the texture changes as a result of DRX contributes to the promotion of formability [6, 7].
To optimize the process conditions for DRX, microstructural evolution has been investigated in
various wrought processes (rolling [8-13], extrusion [14-16], equal-channel-angular-extrusion
(ECAE) [17-20], high-pressure torsion (HPT) [21, 22], caliber rolling [23-25], and cyclic extrusion
compression [26]). The deformed microstructure is known to differ depending on the wrought process.
Compressed, rolled, and HPT-processed alloys have a larger number of twins in the initial stages of
deformation [8-11, 27]. Conversely, twins were scarcely formed in the ECAE [20]. These results
suggest that the deformed microstructure depends on the deformation mechanisms (i.e., basal,
prismatic, and pyramidal slip systems and twins).

The deformation mechanisms operating in the wrought processes were investigated using crystal
plasticity analysis. When slip systems and twins rotate the orientation of the crystal, a slip plane aligns
perpendicular to the compression direction, and the texture is developed [28]. Because the critical
resolved shear stress (CRSS) of basal slip is the lowest in the slip systems of Mg, the rotation of this
slip is the most effective for basal texture development. As the rotational direction of the <c+a>
pyramidal slip is inverse to that of the basal slip, the pyramidal slip activity plays a role in weakening
the basal texture [29, 30]. The other deformation mechanisms (prismatic slip and twinning) hardly
influence the final basal texture of the extruded alloy [31]. These deformation mechanisms are related
to microstructure refinement together with the basal and pyramidal slips [20, 31].

Al-Maharbi et al. showed that the relative activities of deformation mechanisms are different in the
processing path of the ECAE [20]. If the number of passes is the same as in ECAE, the introduced
equivalent plastic strain is equal. The difference in the deformation mechanism is assumed to be caused
by the induced strain state.

Because the internal strain cannot be measured directly during the wrought process, the strain state
is quantified using calculations such as the finite element method (FEM) [25, 32-37] and the
embedded-pin method [38] for various metal materials. The effects of the strain state on the
microstructure evolution are discussed by combining the calculation results and the microstructure
observations. There are two effects of the strain on the microstructure: The first effect is ascribed to
the introduction of a higher equivalent plastic strain. According to Kamikawa et al. [38], accumulative
roll bonding (ARB) with shear strain forms a more refined microstructure than ARB without shear
strain because of the large equivalent plastic strain by shear strain. Inoue et al. [32] demonstrated that
multidirectional compression could result in an ultrafine grain structure in low-carbon steel by

introducing a homogeneous distribution of the equivalent plastic strain with a high value, compared



to uniaxial compression even at the same level of deformation. Because the driving force of DRX is
the stored strain energy, DRX is activated according to the increase in the equivalent plastic strain [21].
However, this effect cannot explain the difference in the microstructure developed in each processing
route of ECAE, as mentioned above, because the same value of equivalent plastic strain was induced.

Another effect is the deformation mode (e.g., uniaxial compression mode and plane strain
compression, etc.). Inoue et al. [33]. showed that the bidirectional simple compressive mode and
bidirectional plane strain mode deformed the cube texture and the o-fiber texture, respectively, in
low-carbon steel. Cho et al. [34] compared the areas with and without shear strain at a fixed equivalent
plastic strain in a compressed sample of Ni-30Fe and showed that shear strain accelerates the
subdivision of austenite grains. These studies suggest that the microstructural evolution depends on
the deformation mode, in addition to the effect of the equivalent plastic strain.

Sabat et al. [7] reported that different textures were developed in Mg alloys by three different
wrought processes — rolling, multiaxial forging, and ECAE— even when the same true strain was
induced. However, in this study, an analysis of the deformation mode was not conducted. Furthermore,
there has been no systematic investigation of the relationship between the strain state and DRX in
terms of the deformation mode. Thus, the effect of the induced strain state on the microstructural
evolution has not been studied in different wrought processes.

In an individual wrought process, the effects of the processing conditions— temperature, processing
speed, and number of processing passes, etc.— on microstructural evolution have been investigated.
On the other hand, to the best of our knowledge, the effect of the difference in wrought processes has
not been cleared. This study aims to investigate quantitively the influence of difference in wrought
processes on microstructural evolution from the viewpoint of the induced strain state. To impose
different strain states at the same equivalent plastic strain, the AZ31 Mg alloy was deformed using five
wrought processes (forging, rolling, extrusion, ECAE, and caliber rolling) introducing an equivalent
plastic strain of 1.5 at 573 K. The strain components were computed using the FEM. By combining
the microstructural observations with the calculation results, the effect of strain on the microstructure

was discussed.

2. Experimental and numerical procedures

An extruded Mg alloy AZ31 (Mg-3.0 Al - 0.8 Zn-0.31 Mn, wt. %) was used. After annealing at
673 K for 1 h to weaken the deformed texture, the alloy was deformed using five wrought processes
(forging, rolling, extrusion, ECAE, and caliber rolling) at 573 K. The processing conditions are listed
in Table 1. These conditions were set to induce an equivalent plastic strain of 1.5. DRX is facilitated
by an increase in induced strain energy. However, the microstructure is reported not to change
significantly above the equivalent plastic strain of approximately 1.5 in various wrought processes [5,

10, 21, 25]. Thus, the induced equivalent strain was determined to be 1.5, because this strain value is



considered sufficient to investigate the effect of the wrought process on the microstructure.
Additionally, although DRX is activated by an increase in the processing temperature [21], the DRXed
grains grow rapidly, and the difference in the deformed microstructure is indistinct at processing
temperatures above 623 K [39]. The processing temperature was set at 573 K to reduce the thermal
effects on the microstructure.

The microstructures were observed at the center of the alloys by electron backscatter diffraction
(EBSD) with scanning electron microscopy (SEM), and optical microscopy (OM). The
crystallographic orientation was measured by X-ray diffraction (XRD) in two directions for each
processed alloy. The forged alloy was observed in the direction parallel to the compression direction
(CD) and in the transverse direction (TD) to the CD. The rolled alloy was observed from the normal
direction (ND) to the rolling direction (RD) and the transverse direction (TD) to the RD. The extruded
and ECAE-processed alloys were observed from the parallel to the extrusion direction (ED) and the
normal direction (ND) to ED. The caliber rolled alloy was observed from ND and RD. To compare
textures quantitatively, the orientation index was calculated from the XRD patterns [40]. The index

corresponding to the (hkl) plane is defined by the following equation:

Orientation index(hkl) = R(hkl)/R,(hkl), (1)

where R(hkl) is the relative intensity of the (hkl) plane and R,(hkl) is that obtained from the
peak pattern in powder form. In this study, R(hkl) was calculated using the integrated intensity of
the (hkl) peak, I(hkl), by

R(hkl) = I(hkl)/ZI(hkl). (2)

The strain distributions after each wrought process were computed by FEM using the DEFORM-
3D software. In the simulation, the alloy was defined as homogeneous, isotropic, and rigid-plastic
body. The plastic response was obtained from the compression tests at 573 K and various strain rates
from 0.01 to 1.0 s~1. The sample was modeled using 100,000 tetrahedral elements, associated with
our machine ability. The finite element meshes used in the simulations are shown in Fig. S1 in the
Supplementary file. The meshes in the rolling appear coarse, compared with the others. Nevertheless,
there was little difference in the calculation result of the rolling when the number of meshes was five
times as many. Thus, 100,000 elements were enough for the calculation. The shear friction with a
friction factor of 0.2 was used as the frictional condition [41]. All simulations adopted the same plastic
response and frictional condition to focus on the difference in strain state caused by shape change, not

thermal effects. For computing strain state under different processing conditions, the processing



temperature and conditions in the FEM simulation were identical to those used in the actual processes

(Table 1). The numerically analyzed regions coincided with the observed microstructural regions.

3. Results
3.1 Microstructure observation

Figs. 1 and 2 show the EBSD results and the cumulative distributions of the grain size. The caliber
rolled alloy has the most refined and homogeneous microstructure, with an average grain size of 5.4
um (Fig.1 (i), Fig.2). In contrast, the microstructure of the forged alloy is composed of coarse and fine
grains with a grain size of 70 pum and several micrometers, respectively (Fig.1 (a)). Fig. 3 shows the
(0002) pole figures obtained from EBSD. In the forged and rolled alloys, an intensive basal texture
perpendicular to the CD and ND appeared to develop. In the other alloys, a fiber basal texture parallel
to the ED or RD was observed.

Because the observation of crystallographic orientation from EBSD is greatly influenced by grain
size, the orientation data from XRD were used to quantify the basal texture intensity in this study. Fig.
4 shows the XRD patterns observed in the two directions. The orientation of the basal plane was
examined by comparing these patterns. In the forged alloy, a significantly higher peak around 34 °
corresponding to the basal plane was observed for CD than TD (Fig. 4(a)). This indicates that the
forged alloy had a basal texture perpendicular to CD. The other patterns show that the basal planes of
the rolled alloy and caliber rolled alloy are perpendicular to the ND. In contrast, the extruded and
ECAE-processed alloys were parallel to the ED (Fig. 4). The XRD results agree with the basal texture
orientation examined using EBSD data. The orientation indices of the prismatic, basal, and pyramidal
planes are summarized in Table 2. Comparing the orientation index of the basal plane in the direction
perpendicular to the basal texture, as examined above, forging CD, rolling ND, extrusion ND, ECAE
ND, and caliber rolling ND, the forged and rolled alloys have a more intensive basal texture than the
other alloys. The basal textures examined in this study agree with those of several studies [8-11, 16,

23,42, 43].

3.2 Strain calculated by FEM

Fig. 5 shows the contour maps of the strain computed using the FEM. The regions shown in Figs. 5
(b) and (c) are inside the red frame in Fig. 5 (a). Various studies have shown that the basal texture
perpendicular to the direction of compression develops during uniaxial compression [28, 43, 44].
Similarly, during rolling, the basal texture formed is perpendicular to the compressive direction (i.e.,
ND) [8-11]. These results lead to the assumption that the basal plane aligns perpendicularly to the
compression strain during wrought processes. To reveal the influence of the compression strain on the
intensity of the basal texture, the strain was analyzed using the orthogonal coordinate system, in which

the z-axis was along the direction, indicating a larger orientation index of the basal plane: forging CD,



rolling ND, extrusion ND, ECAE ND, and caliber rolling ND.
Fig. 5 (b) shows the distribution of the equivalent plastic strain &, which is defined as follows [33]:

__ ctas )
&= fO E dt,

where dé&/dt is the increment of the equivalent plastic strain explained by

= FlC T T ) ) ’
A close value of € in the range of 1.65-1.9 is imposed in the center of the workpieces, where the
microstructures are observed. This means that the processing conditions in Table 1 deformed the alloys
at almost the same strain level.

Fig. 5 (c) shows the distribution of the strain component along the z-axis. All the wrought processes
introduced compressive strain along the z-axis. Considering the crystallographic orientation from Fig.

4, this result indicates that the direction perpendicular to the basal texture is along the compression

direction.

4. Discussion
4.1 Effect of compressive strain on basal texture development

The z-strain FEM result suggests that the basal texture developed perpendicular to the compressive
strain during wrought processes. Fig. 6 shows the relationship between the intensity of the basal texture
and the compressive strain along the z-axis. The basal texture intensifies with an increase in the
compressive strain. This tendency is due to the crystal lattice rotation caused by the basal slip. When
a slip system operates, the direction perpendicular to the slip plane rotates parallel to the compression.
Owing to this orientation change, the basal slip introduces lattice rotation as the basal plane aligns
perpendicular to compression [29]. Basal slip reorients the basal texture perpendicular to compression
under various loading conditions [28, 44, 45]. Basal slip is activated to achieve a large compressive
strain, enhancing the lattice rotation only to develop an intensive basal texture.

In addition to basal slip, non-basal slips (i.e., prismatic slip and <c+a> pyramidal slip) operate at
high temperatures and change the crystallographic orientation. The prismatic slip hardly changes the
orientation of the basal plane because the crystal lattice rotates around the c-axis owing to the slip
system [15]. Conversely, the activation of the <c+a> slip changes the basal plane orientation oppositely
to the rotation by the basal slip. Studies using crystal plasticity analysis have shown that the evolution

of basal texture depends on the activity of the <c+a> slip [29, 30]. When the basal slip and <c+a> slip



operates simultaneously, the basal plane aligns the direction in which the rotations caused by them are
balanced. Thus, the angle between the compressive direction and the c-axis widened with increased
activity of the <c+a> slip. According to Agnew et al. [30], when the CRSS ratios for <c+a> slip to
basal slip are 3 and 6, the tilt angles of the basal pole from the compression direction are simulated to
be approximately 15 © and 10 °, respectively. From this result, considering the CRSS ratio for <c+a>
slip to basal slip is approximately 6.2 in AZ31 at 573 K [46], the tilt angle of the basal pole from the
compression direction is estimated as less than 10 °. This estimation suggests that the effect of <c+a>
slip on the evolution of the basal texture is significantly less than that of the basal slip.

The orientation index of the basal plane increased abruptly at a compressive strain of
approximately 1.0 (Fig. 6). This is explained by the activity of the tensile twins. Fig. 7 shows the
optical micrographs of the microstructures of the rolled and ECAE-processed alloys, which have an
& of approximately 0.75. The rolled alloy with a large compressive strain had plenty of twins (Fig. 7
(a)), whereas the ECAE-processed alloy with a low compressive strain had no twins (Fig. 7 (b)).
Several studies have reported that the {1012} twins (tensile twins) are generated during the initial
stage of rolling [8-11]. Thus, the twins observed in Fig. 7 (a) are considered tensile twins. The tensile
twin is formed to achieve the strain along the c-axis, which cannot be achieved by the <a> slip. The c-
axis of the tensile twinned region tilts 86.3 ° from the c-axis of the matrix [47]. This change in
crystallographic orientation develops a basal texture perpendicular to the compression direction [43-
45, 47]. To achieve a large compressive strain, the tensile twin operates as an additional deformation
mechanism by rotating the grain orientation with the basal plane perpendicular to the compression. As
a result, the basal texture becomes more intensive when the tensile twin acts in addition to basal slip.

At high temperatures, <c+a> slip serves as the deformation mechanism to achieve strain along the
c-axis, suppressing the activity of the tensile twin [48, 49]. This is inconsistent with the activated
generation of twins shown in Fig. 7 (a). The enhancement of the <c+a> slip is due to activated cross-
slip from the basal plane to the non-basal plane with the aid of thermal vibration at high temperatures
[50, 51]. However, at a high strain rate deformation, the stress reaches a high value before obtaining
sufficient thermal energy to operate the <c+a> slip, even at a high temperature [52]. The deformation
mechanisms with less influenced thermal activity (i.e., basal slip and tensile twin) operate before the
<c+a> slip begins to act. Accordingly, the tensile twin plays a dominant role in the deformation along
the c-axis instead of the <c+a> slip at a high strain rate, even in a high-temperature process. The FEM
simulation computed the strain rate of the rolling to be approximately 100 times larger than that of the
ECAE along the z-axis. This result supports the idea that tensile twins can be actively generated in a

high degree of compression owing to the high strain rate despite the high temperature.

4.2 Relation between strain components and the orientation of deformed basal texture

All other strain components, except &,,, do not directly affect the intensity of the basal texture



(Figs. 8 (a)—(e)). However, the effects of normal strains can be discussed based on their correlations.
The correlations &y = &y, = —€,,/2, &, <0 holds for the forged alloy, &y, = — &,;, &, = 0
hold for the rolled alloy, and €, = €,, ® —&xx/2, & > 0 hold for the extruded, ECAE-processed,
and caliber rolled alloys (Table 3). These correlations indicate that the deformation mode occurs in a
uniaxial compression mode in forging, plane strain compression mode in rolling, and biaxial
compression mode in the others. Compared to the basal pole figure (Fig. 3), the alloys of the former
two modes have a basal texture perpendicular to the z-axis, and the alloys of the last mode have a fiber
basal texture parallel to the x-axis. This result is in agreement with previous studies on crystal plasticity
analysis [15, 30]. The wrought processes of the uniaxial compression mode and the plane strain
compression mode impose compressive strain along the z-axis, whereas that of the biaxial
compression mode compresses around the x-axis. Because the basal plane is perpendicular to the
compression, the basal texture depends on the deformation mode.

Although the deformation mode is discussed only in terms of the normal strain components, the
ECAE-processed alloy has the same order of shear strain as the normal strain and cannot ignore the
shear strain components. As the shear strain components rotate the principal axis [34], the principal
axis rotates around the x-axis during two passes of ECAE owing to the shear strain and the rotation of
route Be. After the 1st pass of ECAE, considering the correlation of the normal strain (€, = — &,
gyy = 0) (Table 4), the deformation mode is the plane strain compression mode, and a basal texture
perpendicular to the z-axis is formed, as is the rolled alloy (Fig. 9). The tilt angle of the principal axis
from the orthogonal coordinate axis is small; the principal compressive axis is nearly parallel to the z-
axis — the angle between them is 3.8 °. After the 2nd pass of ECAE, the principal compressive axis
rotated around the x-axis by 134 °. Subtracting the 90 ° rotation from route Bc, the shear strain rotates
the principal compressive axis by 44 °, turning the plane strain compression mode into the biaxial
compressive mode. This change develops a basal fiber texture parallel to the x-axis.

As mentioned above, basal texture development is due to the compressive and deformation modes.
To determine the direction of the rotation caused by deformation behavior, three directions (i.e., the
slip direction, the orientation of the slip plane, and the compressive direction) are necessary. The first
and the second were obtained by the observation of crystallographic orientation, and the third was
identified by the results of FEM. However, & does not contain any information regarding the
compressive direction. Because of the lack of orientation information, the texture development cannot

be directly responsible for £ (Fig. 8(f)).

4.3 Quantification of the deformation mode with the principal strain
The basal texture development is mainly due to compressive strains. However, the effect of the
wrought process on the microstructure cannot be related to one strain component in the orthogonal

coordinate (the xyz-coordinate), because the driving force for the DRX is the stored strain energy. As



energy increases with an increase in the degree of the applied process, the relationship between DRX
and the wrought process has been discussed in terms of & [32, 34, 38, 53]. Nevertheless, in this study,
different microstructures were observed in wrought processed alloys with approximately the same &
(Fig. 1). This result suggests that even if the same & is induced, the different microstructures evolve
owing to the influence of the deformation mode. The deformation mode is discussed separately for the
effects of the normal strain components and the shear components in Section 4.2. However, as all
components contribute to the strain energy, the microstructure evolution should be discussed not by
the individual strain component but by the deformation mode, considering the effect of all strain
components.

The deformation mode is expressed by the correlation of the strain components; however, there
are generally six strain components, and their correlation is complicated. In this study, the principal
strains were calculated from the strain components listed in Table 3 and were used to assess the
deformation mode. The principal strains are listed in Table 5. Using the principal strain components,
every strain state was converted into a strain state without shear strain components [34]. The
deformation mode can be expressed by the correlation of three normal strain components (i.e., the
maximum principal strain &;, the middle principal strain ¢,, and the minimum principal strain &3).
Furthermore, as introduced in the Appendix, these principal strains are related to each other;
consequently, two of them are expressed as the functions of the other. Based on this dependence on
the principal strain components, the deformation mode can be discussed using only one principal strain
component. As the compressive component is assumed to be effective for the microstructure evolution,
the deformation mode is assessed in terms of &5.

Fig. 10 shows that &; and &, are functions of &3 presented by Eqs. (A-12) and (A-13) in the
Appendix under the condition of &,, = 1.5. At the minimum &3 (&3 = —&.4), & and &, are equal
to &gq/2, which means that the deformation mode is uniaxial compression. With an increase in &3,
the value of & increases, and that of &, decreases. When the value of &3 is —\/§seq /2, the
correlations (¢; = —&3 and &, = 0) are established, and the deformation mode is the plane strain
compression mode. At the maximum &3 (€3 = —&gq/2), the other strain components lead to & = &4
and & = —&gq/2, this deformation mode corresponds to the biaxial compression mode. Owing to
Egs. (A-12) and (A-13), the deformation mode changes from the uniaxial compression mode through
the plane strain compression mode into the biaxial compression mode, as &3 increases.

However, the correlations between the principal strains varied according to the values of &,
obtained using Egs. (A-12) and (A-13). Fig. 11 shows the correlation between the principal strains in
each wrought process. The curves indicate the correlations of the principal strains in &, for each
wrought process, and the points indicated by the symbols correspond to the principal strains listed in
Table 5. Although these wrought processes induce approximately the same &, as &, is obtained

from the strain components using Eq. (A-8), &, is influenced by the deformation mode. In the



uniaxial compression mode, which is forging, the principal axis direction does not rotate; consequently,
strain is accumulated along the same direction. Conversely, during multidirectional deformation
modes, such as caliber rolling, the principal axis direction rotates, and the reversed strain is imposed,
resulting in a decrease in the magnitudes of the strain component. Accordingly, the decrease of &,
implies the transition from the uniaxial compression mode to the multiaxial deformation mode when
approximately the same €& is induced. Simultaneously, with this decrease, the domain of &3
approaches the axis of &3 = 0 in Fig. 11 by the relationship presented in Eq. (A-14). Therefore, as
long as a near value of & is induced, the lower magnitude of &3 corresponds to the change from the
uniaxial compression mode to the multidirectional deformation mode. Comparing the magnitudes of
&3, the multiaxiality of the deformation mode is more significant for caliber rolling, extrusion, ECAE,
rolling, and forging.

Using only the correlation of the principal strain components, the deformation modes of the rolling
and ECAE are classified as plane strain compression mode because the correlation of & =~ —¢&3 is
established. However, this result is inconsistent with the fact that the different textures are obtained in
these two processes owing to the difference in the deformation mode (4.1). Conversely, as assessed by
the magnitude of &3, the deformation mode of ECAE is closer to that of extrusion than that of rolling.
This is consistent with the result that similar basal textures were developed in wrought processes with

similar deformation modes. Therefore, the magnitude of &3 can quantify the deformation mode.

4.4 Effect of deformation mode on microstructure evolution

Fig.12 illustrates the relationship between the magnitude of &3 and grain size. Error bars indicate
the standard deviation of the grain size. The average grain size and its deviation decreased with
decreasing magnitude of &3. This tendency indicates that the multidirectional deformation mode
developed a more refined and homogeneous microstructure than the unidirectional compression mode.
The achievement of microstructure refinement by multidirectional deformation has been attributed to
the introduction of a larger & [32]. However, since the applied & is the same during all the wrought
processes, the microstructural evolution cannot be related to &. Thus, the tendency in Fig.12 shows
that the difference in the deformation mode influences the microstructural evolution, apart from the
effect of €.

The forged alloy, which has the largest €5, shows a large peak corresponding to the tensile twin
boundaries (86 =5 °) in the misorientation distribution observed by EBSD (Fig. 13). In the rolled alloy,
even though a large peak is not shown at 86 £5 ° in Fig. 13, the twin is formed actively in the early
stage of the process (Fig. 7(a)). This suggests that the tensile twins grow and consume the matrix with
the number of passes in the rolling, resulting in the disappearance of the boundaries between the matrix
and the twin. The observations mean that the tensile twin is activated by deformation modes with a

large compressive strain. Conversely, there are seldom twins in the alloys of the multidirectional



deformation mode. Thus, the microstructure evolution in the processes with a large compressive strain
is more influenced by the tensile twin than that in the other processes.

In the coarsest microstructure, the forged alloy, refined grains with a size of several micrometers
are present around the coarse grains (Fig. 1(a)). The boundaries of the tensile twin were observed near
the boundaries of a coarse grain with the basal plane perpendicular to the CD; furthermore, there are
boundaries of {1011} twins with a misorientation angle of 56 +5° (Fig. 14). Jin et al. [9] reported
that the grains with c-axis parallel to the compression direction remain no recrystallized, while the
surrounding microstructure is replaced by DRXed grains. The coarse grain in Fig. 14 is considered a
grain formed during the initial deformation, and its surroundings are a twinned area. It should be noted
that the {1012} twin is formed under the loading condition of the c-axis compression in Fig. 14. The
{1012} twin is formed in tension along the c-axis or in compression with a direction parallel to the
basal plane because this twin generates a tensile strain along the c-axis. Nevertheless, Koike et al. [54]
demonstrated that this twin operates under compression along the c-axis to relax the strain
concentration caused by strain incompatibility in the grain boundary. As the {1012} twins are formed
with the aid of this stress concentration, the twin boundaries are observed only near the grain boundary.
The twinned region is known to be a preferential nucleation site for Mg [31, 56]. The refined grains
in the forged alloy are considered to be DRXed grains induced the twins. Fig. 14 shows the operation
of another twin—{1011} twin. Several studies have shown that the inside of this twin has high
accumulated strain and DRX occurs actively, while the mobility of this twin boundary is low and its
effect on the microstructure evolution is ineffective [16, 55, 56]. Moreover, the peak indicating this
twin was not large, as shown in Fig.12. Therefore, the {1011} twin was formed locally, and the effect
of this twin was not significant.

Based on microstructure observations, DRX is limited in the vicinity of the grain boundary, the
coarse grains remain, and the average grain size and its deviation are large in the forged alloy. The
mixture of coarse un-DRXed grains and fine DRXed grains has been reported to be attributed to the
inhibition of the grain growth by the pinning effect and the particle-stimulated nucleation (PSN) in
various Mg alloys [57, 58, 59]. In Al-rich AZ series Mg alloy (AZ61, and AZ91), PSN is caused by
the Mgi7Al12 particles [60, 61, 62]. Conversely, to the best of our observations, AZ31 usually has very
limited formation of the Mgi7Al12 phase [60, 61, 63]. Actually, the Mgi7Al12 phase particles were
hardly observed by optical microscope and SEM. In the present work, the effect of the Mgi7Al12 phase
on the microstructure evolution is ignored. The difficulty of DRX in the core part of the coarse grain
is due to the low activity of the prismatic slip system attributed to the orientation relation. In the coarse
grain, as the c-axis is parallel to the compression, the <c+a> slip is favored, while the prismatic slip is
not. The results of the crystal plasticity analysis showed that the relative activity of the prismatic slip
was significantly smaller than that of the basal slip and the <c+a> slip in uniaxial compression

perpendicular to the basal texture [64, 65]. According to Myshelyaev, et al. [66], the activity of



multiple slip systems forms substructures and recrystallization nuclei, leading to DRX grains.
Sinivasarao et al. [67] reported that the optimum DRX condition for slip systems is that all three slip
systems (basal, prismatic, and <cta> pyramidal) are active. The coarse grains in the forged alloy are
attributed to the lack of prismatic slip caused by the unidirectional compression mode.

Although the compression direction was also parallel to the c-axis in the late stage of rolling, the
activity of the prismatic slip was higher than that of the uniaxial compression simulation [65, 68].
Consequently, DRX occurred more actively, and a more refined microstructure was obtained.
Furthermore, the activities of the two non-basal slips are almost equal and have higher value during
route Bc of the ECAE [20] and extrusion [15], which belong to the multidirectional deformation mode.

The above discussion suggests the following relations between the deformation mode and DRX
phenomena: Under the uniaxial and plane strain compression, to achieve a large compressive strain in
a direction, the tensile twin operates frequently in addition to the slip activities, leading to twin-induced
DRX and evolution of heterogeneous grained microstructure with intensive basal texture. On the other
hand, under the multidirectional deformation mode, the non-basal slips are preferred to the twins,
resulting in the enhancement of DRX and the development of a more refined microstructure with weak
basal texture. Generally, microstructure evolution during ECAE has been attributed to the shear
deformation [17]. However, from the viewpoint of deformation mode proposed in this study, ECAE is
categorized as multidirectional deformation as well as extrusion and caliber rolling, and their
processed alloys have similar microstructure. This suggests that the DRX phenomena depend on

deformation mode rather than a specific strain component such as a shear strain.

5. Conclusions

AZ31 Mg alloys were deformed by five wrought processes: forging, rolling, extrusion, ECAE, and
caliber rolling, which introduced an equivalent strain of approximately 1.5 at 573 K. The strain
components induced during them were computed using FEM. Based on the calculation results and
microstructural observations, the following conclusions were obtained:
(1) The caliber rolled alloy had the most refined and homogenized grain structure with an average size
of 5.4 um. Conversely, the forged alloy was composed of grains of non-homogeneous sizes. Each
processed alloy exhibited a different basal texture. In the forged and rolled alloys, the intensive basal
texture was developed perpendicular to the CD and RD, respectively. In the other cases, the basal fiber
texture formed parallel to the material flow direction, which was weaker than the texture in the forged
and rolled alloy.
(2) The FEM results demonstrated that the induced close value of the equivalent plastic strain was in
the range of 1.65—1.9 at the center of each alloy, where the microstructure was observed. By analyzing
the strain component, it was found that the basal texture developed perpendicular to the compressive

direction in all five wrought processes. The intensity of the texture increases as the compressive strain



increases.

(3) The magnitude of the minimum principal strain can assess the deformation mode (e.g.,
unidirectional compression mode, plane strain compression mode, etc.). The decrease in the value
corresponds to the transition of the deformation mode from unidirectional compression to
multidirectional deformation. The grain size tends to be refined as the value decreases. This indicates
that the multidirectional deformation mode is more effective for microstructure refinement than the

unidirectional compression mode.
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Appendix A

In this appendix, the correlations between the principal strain components are introduced. The

principal strains are the solutions A of the following equation:

det(e —AI) = 0, (A-1)
where & is the strain tensor:
Exx  Exy Exz (A-2)
e=|&x &y E&yz|,
Ezx gzy €2z

and I is a unit matrix. Calculated from Eq. (A-1), the following relation is derived:

23— (xx + &y + €22) 2% + (Exxtyy + Eyyeas + Expry — €5 — €2, — €5)A —det(e) = 0. (A-3)

From the law of volume conservation (&, + &y, + &, = 0),

2

(sxx + &, + eZZ) =0, (A-4)
1

ExxEyy + EyyEaz + E78ux = 3 (e,%x + 5y, + SZZZ). (A-5)

The shear components of the strain tensor are those of the nominal strain y;;:

yij = ESij. (A'6)

By Egs. (A-5) and (A-6), the coefficient of the primary term of 4 in Eq. (A-3) is

2 2 2
gxxgyy + gyygzz + Ez2Exx — gxy - gyz — &zx

3 2 1 (A7
=-7'3 [(gfx +e2, + szzz) + > (]/;?y + Y;z + szx)]

3
_dezqa

where the &4 is the von-Mises equivalent plastic strain defined by



2[re2 2 2 10,2 2 2 (A-8)
Eeq = 3 [(gxx + Eyy + Szz) + 2 (yxy + Yyz + yzx)] .

Therefore, considering the law of volume conservation and Eq. (A-4), Eq. (A-3) is rearranged as

23— zggqa — det(e) = 0. (A-9)

As the solutions of Eq. (A-9) are the principal strains (i.e., &, &, £3), the left-hand side of Eq. (A-

9) is converted as follows:

3 (A-10)
A3 — Zegql —det(e) =(A1—g)A— &)X —g3)
= 2.3 - (61 + &y + 53)2.2 + (8182 + Er&3 + 8381)). — &E1&6&3.
Comparing the coefficient of the primary term of 4, the following equation is obtained:
£18; + &85 + €36 = —%sezq, (A-11)

By using the law of volume conservation (& + &, + &3 = 0) in Eq. (A-11), & and &, can be

expressed as the following functions of &5:

A-12
& = %(—53 + /3(s§q - e§)>, (A-12)
& = %(‘53 - 1’3(5&1 - g§)> N

To satisfy the relation such as &; > &, > &3, the domain of &5 is below:

—Eoq < &3 < ~Eeq/2. (A-14)
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Captions

Figures

Fig. 1: Grain boundary maps and inverse pole figure maps of (a) and (b) the forged alloy observed
from CD, (c) and (d) the rolled alloy observed from ND, (e) and (f) the extruded alloy observed from
ND, (g) and (h) the ECAE-processed alloy observed from ND, and (i) and (j) the caliber rolled alloy
observed from ND. The red and blue lines correspond to high-angle grain boundaries with
misorientations larger than 15 © and low-angle grain boundaries with misorientations between 4 © and

15°.

Fig. 2: Cumulative fraction of grain size in the forged, rolled, and caliber rolled alloy.

Fig. 3: (0002) pole figures of (a) the forged alloy, (b) the rolled alloy, (c) the extruded alloy, (d) the
ECAE-processed alloy, and (e) the caliber rolled alloy.

Fig. 4: XRD patterns of (a) the forged alloy, (b) the rolled alloy, (c) the extruded alloy, (d) the ECAE-



processed alloy, and (e) the caliber rolled alloy.

Fig. 5: Schematics of (a) the regions where FEM results are analyzed, (b) contour maps of equivalent

plastic strain, and (c) component of strain in the z-direction.

Fig. 6: Relationship between compressive strain along the z-axis and orientation index of the basal

plane.

Fig. 7: Microstructures of (a) the rolled alloy after the 7th pass observed from ND and (b) the ECAE-

processed alloy after one pass observed from ED.

Fig. 8: Orientation index of the basal plane is plotted against (a) the component of strain in the x-
direction, (b) the component of strain in the y-direction, (c) shear strain in the xy plane, (d) shear strain

in the yz plane, (e) shear strain in the zx plane, and (f) equivalent plastic strain.

Fig. 9: (a) Grain boundary map, (b) inverse pole figure map, (c) (0002) basal pole figure, and (d) XRD
patterns of the ECAE-processed alloy after one pass. (a), (b), and (c) were observed from ND by EBSD.

Fig. 10: The maximum principal strain and the middle principal strain are plotted against the minimum

principal strain at the von-Mises equivalent plastic strain of 1.5.
Fig. 11: The maximum principal strain and the middle principal strain are plotted against the minimum
principal strain at the von-Mises equivalent plastic strain of each wrought process. The place indicated

by the symbol corresponds to the strain state listed in table 5.

Fig. 12: Relationship between the magnitude of the minimum principal strain and grain size. Error bar

indicates the standard deviation of grain size.

Fig. 13: Misorientation distribution of the forged, rolled, and caliber rolled alloy.

Fig. 14: Grain boundary map and inverse pole figure of the forged alloy observed by higher
magnification than Fig. 1 (a) and (b).



Tables

Table 1: Processing condition and induced equivalent plastic strain in wrought processes

condition number of passes equivalent strain

orai 80 % reduction 161
orgin - .
ang compression speed 11 mm/s

_ 10% reduction /pass
rolling 14 1.70
outer speed of roller 0.2 m/s

. extrusion ratio 5
extrusion ] - 1.61
extrusion speed 0.5 mm/s

¢ =110° and yp =20° [35] .
ECAE ] 2 passes in route Bc 1.52
extrusion speed 0.1 mm/s

) ) C =40.0—-25.9 mm [25]
caliber rolling 6 1.27
outer speed of roller 0.5 m/s

Table 2: Orientation index of the prismatic plane, basal plane, and pyramidal plane obtained from two

directions

prismatic basal pyramidal
plane plane plane
forging CD 0.3 9.3 0.8
forging TD 2.4 0.6 1.9
rolling ND 0.1 10.5 0.4
rolling TD 4.0 0.3 1.1
extrusion ND 0.9 2.8 2.1
extrusion ED 4.9 0.3 1.6
ECAE ND 1.2 2.5 2.2
ECAE ED 2.9 0.3 1.7
caliber rolling ND 0.3 4.0 1.1

caliber rolling RD 3.2 <0.1 1.4




Table 3: Equivalent strain and strain components at the center of each processed alloy computed by
FEM

3 Exx Eyy Ezz Yxy Vyz Vzx
forging 1.87 0.94 0.93 -1.87 <|0.01] 0.01 <|0.01]
rolling 1.90 1.36 0.09 -1.44 0.02 <|0.01] 0.03
extrusion 1.67 145 -0.72 -0.73 -0.04 <|0.01] 0.06
ECAE 1.68 050 -0.24 -0.26 0.94 -0.56 0.83

caliber rolling 1.65 0.84 -0.31 -047 0.09 0.01 -0.08

Table 4: FEM result of the ECAE-processed alloy after one pass

£ Exx Eyy Ezz Yxy Vyz Vax

0.68 0.57 <|0.01] -058 -0.01 -0.01 0.50

Table 5: Principal strains and the von-Mises equivalent plastic strain calculated from strain

components in Table 3

& & &3 €eq
forging 0.94 093 -1.87 1.87
rolling 1.36 0.09 -1.44 1.62
extrusion 145 -0.72 -0.73 1.45
ECAE 0.80 0.03 -0.83 0.94

caliber rolling 0.84 -0.31 -0.47 0.82
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13

0.25

T 1 forging
0.2t 1 rolling
! caliber rolling

0.15}

Fraction

0.1¢

45 30 45 60 75 90
misorientation angle [degree]

] JEITI




Figure 14
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