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Abstract

A systematic study of the evolution of the microstructure and crystallographic texture during free end torsion of a single phase mag-
nesium alloy Mg-3A1-0.3Mn (AM30) was carried out. The torsion tests were done at a temperature of 250 °C to different strain levels in
order to examine the progressive evolution of the microstructure and texture. A detailed microstructural analysis was performed using
the electron back-scattered diffraction technique. The observed microstructural features indicated the occurrence of continuous dynamic
recovery and recrystallization, starting with the formation of subgrains and ending with recrystallized grains with high angle boundaries.
Texture and microstructure evolution were analysed by decoupling the effects of imposed shear and of dynamic recrystallization. Micro-
structure was partitioned to separate the deformed grains from the recovered/recrystallized grains. The texture of the deformed part
could be reproduced by viscoplastic self-consistent polycrystal simulations. Recovered/recrystallized grains were formed as a result of

rotation of these grains so as to reach a low plastic energy state.

© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Wrought magnesium alloys are considered as potential
materials to be used in eco-conscious automobile, aerospace
and other lightweight structures due to their low density,
superior specific stiffness and strength over other metals
and alloys [1,2]. The practical use of these alloys requires
shape forming, where the material is subjected to very large
plastic deformation, preferably at high temperatures. Large
plastic deformation, in addition to obtaining a desired
shape, can be used to tailor an optimal microstructure and
crystallographic texture. This could lead to improvements
in the properties of these alloys and, hence, their
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performance. Itis, therefore, necessary to examine the defor-
mation behaviour of Mg alloys up to very large strains.

Tensile tests are unable to provide large deformations,
since uniform deformation is limited due to strain localiza-
tion leading to necking. However, it is possible to achieve
large deformations without rupture or strain localization
by free end torsion testing. The behaviour of materials
under torsion is quite well known for cubic materials [3—
8] as well as for some hexagonal closed packed (hcp) metals
like zirconium [9] and titanium [10,11]. A few studies car-
ried out by some of the present authors were directed at
the examination of the evolution of texture in magnesium
alloys during torsion [12,13]. While deformation texture
evolution was examined in a comprehensive manner and
was modelled using the viscoplastic self-consistent (VPSC)
polycrystal model in these papers, the role of accompany-
ing thermal processes, like recovery or recrystallization,
were not addressed.
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It is well known that processing of magnesium at ele-
vated temperature (>200 °C) is predominantly accompa-
nied by recovery and dynamic recrystallization (DRX)
[14,15]. The exact mechanism, however, is not yet uniquely
agreed [15-19]. A recent work by the present authors [20]
revealed that the DRX mechanism in magnesium is rather
orientation dependent. It was proposed by Biswas et al. [20]
that differences in the stacking fault energies between the
basal and non-basal crystallographic planes play an impor-
tant role in the continuous dynamic recovery and recrystal-
lization processes at temperatures ranging from room
temperature up to 250 °C.

It is well known that the recrystallization texture of hcp
metals can be interpreted by rotations of ~30° around the ¢
axis or by about ~90° around {1010} [21-26]. However,
Gottstein et al. [22,27], Suwas et al. [28-30] and Wagner
et al. [31] have shown independently that for magnesium
alloys, TizAl and titanium the recrystallization texture is
identical to the deformation texture. Retention of the
deformation texture is said to be due to either extensive
recovery and polygonization or reorientation of the nuclei.
Gottstein et al. [27] have revealed that during annealing of
magnesium alloys there is a growth preference for nuclei
rotated by ~30° around the ¢ axis from (1120) to
(1010). This 30° rotation can be seen in the orientation
distribution functions (ODFs). The question is it due to
discontinuous dynamic recrystallization (DDRX) or con-
tinuous dynamic recrystallization (CDRX)?

The present work aims at examining the evolution of the
microstructure and texture during hot deformation of Mg
alloy AM30 at a fixed temperature and strain rate as a
function of strain. Samples were deformed to different
strain levels by torsion and analysed by scanning electron
microscopy (SEM) based electron back-scattered diffrac-
tion (EBSD). The torque was measured as a function of
twist angle, from which the strain hardening curve was con-
structed. A twisting rate of 0.001 rad s~! and temperature
of 250 °C were chosen because under these conditions large
plastic strain and DRX are favoured. VPSC simulations
were performed to understand the measured mechanical
behaviour and evolution of the texture. The effect of
dynamic recovery/recrystallization was interpreted by ana-
lysing the plastic energy in the orientation space.

2. Experiments

Free end torsion tests were carried out on extruded solid
bars of Mg alloy AM30 with the composition 3.2 wt.% Al,
0.3 wt.% Mn, balance Mg. Samples for torsion testing with
a length of 38 mm and diameter of 6 mm were prepared
from these extruded rods with the longitudinal axis parallel
to the extrusion direction (for more information on the
samples see Beausir et al. [13]). The average grain size of
the as-received material was ~25 um (Fig. 1a). The initial
texture was axisymmetric with respect to the axial direction
of the samples, displayed in an inverse pole figure in
Fig. 1b.

Torsion tests were carried out in a specially designed
computer controlled apparatus with axial freedom of
motion in a vertical set-up. The samples were fixed to grips
with the help of three screws at each end. Due to the weight
of the axial bearing the samples were subjected to a con-
stant axial loading of about 10 N, however, this load repre-
sented an axial stress of only about 0.35 MPa, which was
practically negligible with respect to the flow stress of the
material. The frictional forces for twisting were also negli-
gibly small with respect to the measured torque. The torque
and the axial strain were measured as a function of the
twist angle.

The samples were heated slowly up to 250 °C. Twisting
started immediately after the temperature was attained and
the tests were interrupted after deformation to the desired
level. Seven tests were carried out at a temperature of
250 °C and a revolution rate of 10 > rad s~ (shear strain
rate 7.5 x 107*s7!) to different strain levels, leading to
fracture at the maximum strain. After testing the samples
were rapidly cooled in water. The microstructures and
the textures before and after deformation were measured
by EBSD in a field emission gun equipped scanning elec-
tron microscope. The EBSD measurements were carried
out on longitudinal sections of the samples (parallel to
the axis of the cylinder). The surfaces were first mechani-
cally polished, followed by electrolytic polishing [20].

3. Results and discussions
3.1. General features of deformation and stress—strain curves

The twisted bar maintained its perfect cylindrical geom-
etry without any corrugation of its surface during torsion
for all strain levels, showing that the sample remained axi-
symmetric during the test. The maximum shear strain that
could be reached before fracture at 250 °C was y ~ 1.73.
The variation in sample length due to the Swift effect
[32,33] is presented in Fig. 2. A shortening was observed,
attaining a maximum of about —6% at a shear strain of
approximately y &~ 1.35. Beyond this strain level shortening
stopped.

Fig. 3 displays the torque—twist angle curve. The circles
on the plot correspond to the different torque and twist
angles at which the tests were stopped to examine the
microstructure and texture. The shear stress—shear strain
plots were obtained from the measured torque-twist angle
curves using the Fields and Backofen formula [34]:

. T 3_’_8lnT +BlnT
0_27'Ea3 811’19{;) 8][19

Here 7, is the shear flow stress at the outer radius a of
the bar, T is the torque, and 0 is the twist angle. The shear
strain was calculated from the angle of rotation and refers
to the outer radius of the sample. In the present work the
tests were carried out at only one strain rate
(6 =0.001 rad s~ '), so the strain rate sensitivity parameter
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Fig. 1. (a) Inverse pole figure of the initial material, which was in the form of extruded rods (the z-axis is the extrusion direction). (b) Inverse pole figure of
the extrusion direction (z-axis) showing the texture of the starting material. (¢) Colour code. (d) Reference system also showing schematically the

formation of elliptical grains during shear deformation.

0.01 | .
I Shear strain (y)
0
001 D p2s 05 0.75 1 1i25 15 175
c |
™ -0.02 - |
£ gl
2 003 gl
©
% 004 ) 2l
< £ |
-0.05 - 5
o |
1]
-0.06 |
-0.07 I
1

Fig. 2. Shear strain vs. axial strain curve of AM30 during a free end
torsion test at 250 °C and strain rate of 7.5 x 107*s71,
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Fig. 3. Measured twist angle vs. torque curve of AM30 during free end
torsion at 250 °C at a shear strain rate of 7.5 x 10™*s~!. The circles
indicate places where the microstructure and the texture were examined.

m, which is the third term in Eq. (1), was measured by
strain rate jump tests. An average value of m =0.2 was
obtained, which is in agreement with the range given in
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Fig. 4. Shear stress vs. shear strain curve obtained from the measured
twist angle vs. torque curve in Fig. 3.

the literature [35,36]. Fig. 4 shows the obtained shear
stress—shear strain curve. It can be seen from the figure that
the shear stress increases with strain up to a strain level of
= 0.7. On increasing the strain beyond this the shear
stress decreases, leading to fracture at y ~ 1.73. It is antic-
ipated that the decrease in shear stress is associated with
some dynamic restoration process, presumably DRX (con-
firmed posteriori). To determine the beginning of DRX, the
method of Poliak and Jonas [37] was employed, where the
onset of DRX corresponds to an inflexion point in the sec-
ond derivative of the strain hardening curve. Fig. 5 presents
the conventional strain hardening rate 6 = (3t/dy), and its
derivative 6 = —(060/0t), with respect to the shear stress
at a constant strain rate. The minimum of the derivative
of the rate of hardening appears at a shear stress of
50 MPa, corresponding to a shear strain of y &~ 0.2 (shown
also in Fig. 4).
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Fig. 5. The (a) first and (b) second derivatives of the torsion stress—strain
curve.

3.2. Microstructural evolution

The microstructure of the starting material (Fig. 1a) is
characterized by a mixture of equiaxed and elongated
grains (in the axial {z} direction). Fig. 6a displays IPFs
of the microstructure at different shear strain levels
between 0.38 and 1.73. It can be seen that some of the
grains are elongated and oriented at a certain angle to
the shear direction (0). In addition, many small and equi-
axed grains having serrated grain boundaries are present,
forming a necklace-like structure.

Fig. 7 shows the grain size distribution for the starting as
well as the maximum deformed sample as both area and
number fraction statistics. Due to the presence of some
large grains the distribution was found to be bimodal for
both the initial and deformed samples in the area fraction
representation. The number fraction distribution is uni-
modal because the small grains are far more numerous
than the few large ones. The average grain sizes corre-
sponding to these two types of distributions were ~80
and ~20 um from the area fraction calculations and ~23
and ~3.7 pm from the number fraction measurements for
the initial and maximum deformed samples, respectively.
Thus significant grain size refinement took place during
torsion of this Mg alloy.

In order to carry out further analyses the microstruc-
tures were partitioned between deformed and (presumably)
dynamically recrystallized grains. The bimodal grain size

distribution with a minimum at ~10 um for all the micro-
structures was used for the partition. Thus grains smaller
than 10 um were considered to be dynamically recrystal-
lized grains and those larger than 10 pm were taken to be
deformed ones. The partitioned microstructures are shown
in Fig. 6, in which column (a) presents the overall micro-
structure, column (b) the dynamically recovered/recrystal-
lized grains, and column (c) the deformed grains. In
order to ensure that this partitioning was correct, two fur-
ther criteria were taken into account.

1. The shapes of the partitioned grains were analysed for
each condition. The grains smaller than 10 pm were found
to be equiaxed (Fig. 6b), while the larger grains were elon-
gated (Fig. 6¢). In order to analyse the shape of the larger
grains (Fig. 6¢c) the theoretical change in shape of the grains
was calculated as a function of shear strain. The spherical
shape of the initial grains became ellipsoidal after torsion,
so the orientation and shape of the elliptical grain can be
related to the amount of shear according to the relation
[38]:

a/b=0.52+7 + 9/ +4) (2)
tan 20 = 2/y (3)

where a and b are the major and minor axes of the ellipse
and « is the angle between the shear direction and the ma-
jor axis of the grain (see schematic shape in Fig. 1d). The
theoretical shapes and orientations calculated for each
deformation level are superimposed on Fig. 6¢, where the
ellipse represents the shape (only the morphology, not the
size) and their orientation is the measure of strain. The
agreement between the theoretical prediction of grain
shape and the experimental measurements appear quite
satisfactory, supporting the criterion adopted to separate
the deformed grains from the dynamically recovered/
recrystallized ones.

2. The partitioned small grains showed a rotation of the
texture component from ¢, = 0° or 60° to 30° for the large
elongated grains (see Section 3.5), which will be discussed
in Section 3.6. This also indicates the appropriateness of
partitioning the microstructure into dynamically recrystal-
lized and deformed grains.

Using the data displayed in Fig. 6 it is possible to calcu-
late the area fraction of the dynamically recrystallized and
deformed grains, the results of which are displayed in
Fig. 8. It can be seen that the fraction of dynamically
recrystallized grains increases with straining and, conse-
quently, the volume fraction of the deformed grains
decreases. Almost half of the grains were dynamically
recrystallized before fracture. Furthermore, the microstruc-
tural features indicate that smaller equiaxed grains sur-
round the elongated ones, indicating the formation of
“necklaces” of dynamically recrystallized grains on the
pre-existing grain boundaries. With an increase in strain
bands consisting of dynamically recrystallized grains were
observed which became thicker. Fig. 9 shows the average
number of small equiaxed dynamically recrystallized grains
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Fig. 6. Inverse pole figures of the torsion tested samples at different strain levels. (a) The entire microstructure, (b) the dynamically recrystallized part and
(c) the deformation part. The z axis is vertical, the 0 axis is horizontal, with shear in the negative 0 direction.

that surround deformed grains as a function of strain. As
be seen, this number increases from ~14 at y =0.38 to
~35aty=1.73.

The average grain size evolution is presented in Fig. 10.
This figure gives both the average size of the dynamically
recrystallized and deformed grains. The grain size of the
overall microstructure decreased continuously with strain,
leading to an average grain size of ~20 um after a shear

of 1.73 according to the area fraction and of ~3.7 um
according to the number fraction calculations. The average
grain size of the dynamically recrystallized grains remained
almost constant for all strain levels, at ~5 pm for the area
fraction and ~3.2 pm for the number fraction calculations.
For the deformed grains the grain sizes were always in the
range 35-130 pm by area fraction and 20-30 um by num-
ber fraction.
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Fig. 8. Area fraction of dynamically recrystallized grains and deformed
grains as a function of shear strain.

The fractions of low angle grain boundaries (LAGB),
high angle grain boundaries (HAGB) and twin boundaries
are plotted as a function of strain in Fig. 11. The propor-
tion of LAGB is dominant up to a strain of y =0.77. At
larger strains the HAGB fraction becomes predominant,
the transition occurring at a shear strain between
y=10.77 and 0.96. A significant increase in the number of
dynamically recrystallized grains (Fig. 9) also occurred in
this strain range. From these results it is clear that the mor-
phology changed significantly at a shear strain of about 1.0.
Observations of the mechanical behaviour of the samples
(Fig. 4) indicated that softening begins at a shear strain
of about 0.77.

No. of DRXed Grains
per Deformed Grain
S
1

T T T T
0.96 1.15 1.35

v

T T
0.77 1.73

Fig. 9. Average number of dynamically recrystallized grains per deformed
grain as a function of shear strain.

The fraction of twin boundaries is also reported on
Fig. 11a. Three types of twins can form in magnesium: (i)
{1012} tensile twins (TT) with an 86° (1120) orientation
relationship between the twin and the matrix; (ii) {1011}
compression twins (CT) with the orientation relationship
of 56° (1120); (iii) the {1011}—{1012} secondary twins
(ST) with a 38° (1120) rotation between the twin variants
and the untwined matrix [39]. Very low fractions of CT and
ST were observed (~0.1-0.4%). The fraction of TT
increased with strain up to ~6% at y = 1.15, then decreased
until fracture. Fig. 12 shows the grain boundary map at the
strain y = 1.15, highlighting the twin boundaries. A sudden



S. Biswas et al. | Acta Materialia 61 (2013) 5263-5277 5269

(a) 140—-
120 1 Il All Data
1 [ DRX
100 [T DEFORMED

80

60

Average Grain Size (um)
[Area fraction]

40

20

Initial  0.38 058 077 096 115 135 1.73
Strain (v)

(b)

30 I All Data
1 DRX

25 [ DEFORMED

20

Average Grain Size (um)
[Number fraction]

Initial  0.38 058 077 096 115 135 1.73
Strain (7)

Fig. 10. Average grain size as a function of shear strain corresponding to
(a) the area fraction and (b) the number fraction.

1.0
All Data
I | AGBs
1 HAGBs
0.8 I Tensile Twins
c
2 06
%)
©
.-
S
]
[S 0.4 1
=]
z
0.2 1
0.0 - =

Start 0.38 0.58 0.77 0.96 1.15 135 1.73
Y

Fig. 11. Grain boundary character distribution as a function of shear
strain.

increase in the TT fraction indicates a significant contribu-
tion of these twins to the deformation mechanism in this
strain regime.

Fig. 12. Grain boundary map of magnesium strained y = 1.15 showing
tensile and compression twins in black and grain boundaries in red.

3.3. Texture analysis

The textures were determined from EBSD measure-
ments. Sufficiently large areas were scanned each time to
obtain statistical accuracy. Fig. 13 displays (1010),
(1120) and (0002) pole figures derived from the EBSD
measurements. In all pole figures the projection plane is
the plane with normal R (the radial axis), the shear direc-
tion is horizontal (0 axis) towards the left and the axial
direction (Z) is vertical (the same reference system as in
Fig. 1a). In order to confirm that the microtexture mea-
surements are representative, bulk texture measurements
were also carried out on the y = 1.73 sample using X-ray
diffraction (not shown for brevity) and a good match was
found between the results obtained by the two techniques.

The texture of the initial material was characterized by a
(1010)|| Z type partial fibre with moderate strength
(Fig. 13). At the same time, the c-axis is perpendicular to
the longitudinal axis of the bar (see the (0002) pole figure).
The main ideal end orientation for hcp materials subjected
to simple shear (torsion) is the B fibre [12,13] (see Fig. 14
for the ideal orientations). The initial texture fibre was
far, at ~90° from the B fibre (with respect to the main tex-
ture evolution feature, i.e. rotation around the radial axis
of the bar [13]). Consequently, under applied shear there
is a progressive anticlockwise rotation of the texture
around the radial axis towards that of the B fibre. How-
ever, for a shear strain of y = 1.73 the position of the max-
imum in the experimental texture is still located ~40° from
that of the B fibre, with a slight increase in texture inten-
sity. Clearly, a shear strain of 1.73 is not enough to reach
the ideal fibre for the present initial material.

3.4. Deformation texture simulations

Deformation texture simulations were carried out using
the VPSC code developed by Lebensohn and Tomé [40]
(Version 7). DRX was not taken into account in the
simulations. Consequently, the influence of DRX can be
considered as the deviation between the experimental and
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Fig. 13. (1010),
being the projection plane).

simulated textures. The initial texture measured by EBSD
was used to generate the input grain orientations of about
2000 grains for the simulations. The following families of
slip systems were used in the simulations: basal {0001)
(1120), prismatic {1100}(1120), pyramidal (a){1011}
(1120), pyramidal (¢ + a) type I {1011}(1123) and pyra-
midal (¢ + a)type II {1122}(1123). Several sets of refer-
ence strengths were considered for these slip families and
the one that best corresponded to the experimental observa-

; basal /_prism /_pyr(a) / pyr{c+a)l ; pyr{cta)ll|
tions was selected, |79 /zg "/t /70 /7o :

(15/105/105/67/67), where the values in parentheses are in
MPa. Deformation twinning was not considered in the
simulations since negligible twin fractions were observed in

(1120) and (0002) pole figures as a function of strain obtained experimentally and by simulation (0 on the right, Z at the top, with R

the EBSD measurements. This is also in accordance with
the literature, in which it has been reported that twinning
activity in magnesium can be neglected at high homologous
temperatures [41,42]. Our relative frequency measurements
on twinning corroborate this finding (see Fig. 11). As for
the strain rate sensitivity parameter of slip, a value of
m = 0.2 was selected, in agreement with our measurements
at 250 °C (see also Asaro and Needleman [43], Neale et al.
[44], Vander Giessen et al. [45]and T6th et al. [46]). The con-
stitutive law of rate sensitive slip proposed by Hutchinson
[47] was used in the VPSC simulations:
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Fig. 14. Ideal orientations for magnesium under simple shear as they appear in the (a) (1010) and (b) (0002) pole figures [12]. The fibres are: B, basal; P,

prismatic; Y, pyramidal I; C; and C,, pyramidal II.

Here 7*/ is the resolved shear stress in the slip system s of
the family indexed by £, 7*/ is the slip rate, and <) is the ref-
erence stress level (at which the slip rate is ). The refer-
ence shear rate j, was assumed to be the same for all slip
systems. It is also assumed here that the reference shear
stress rg was the same within a given slip system family,
but could differ from one family to another. Slip system
hardening due to deformation was not modelled as it was
already accounted for by textural hardening (see below).
As a reference system for the Euler angles of the hexagonal
crystal a Cartesian system was fixed to the unit cell so that
the x, y and z axes of testing were parallel to the non-
rotated [1010], [1120] and [0002] crystallographic axes,
respectively. The simulations were carried out for simple
shear, i.e. the experimentally observed slight shortening
of the sample (Swift effect) was neglected. The simulation
results are presented along with the experimental ones in
Fig. 13 for increasing strain. Interestingly, in spite of not
modelling any restoration process (dynamic recovery or
recrystallization) the experimental results were quite well
reproduced in all cases, including the rotation of the tex-
ture. The reasons for this will be discussed in Section 3.5.

Fig. 4 shows the strain—stress curves obtained from the
simulations. Note that strain hardening was not simulated,
so any hardening originated from texture evolution. At a
strain of y = 0.96 softening occurred, which was also cap-
tured in the simulation, however the rate of softening in
the simulation was lower. It is reasonable to assume that
the difference might be due to the occurrence of DRX.
Indeed, the number of small grains generated by DRX
was more than 35% at y = 0.96 (see Fig. 8).

In order to obtain more information about hardening or
softening induced by evolution of the texture, the activities
of the slip systems were also examined (Fig. 15). As can be
seen, there were significant variations in activation of the
different slip families as a function of strain. Basal slip
decreased from an initial activity of 85% to 32% at a shear

of 1.0, while the activity of the pyramidal slip systems
increased. Prismatic and pyramidal (a) slip contributed less
than 10% to the total slip. Thus the observed hardening is
due to increased activity of the harder slip systems, which
become more active as a consequence of the evolution of
the texture. The initial enhancement of pyramidal slip
introduces initial hardening, while an increase in basal glide
leads to softening at y = 0.96, as shown in the simulated
curves. A similar effect was observed and simulated in pre-
vious works on AZ31 [13,48] without hardening and at
room temperature. The only difference from the present
investigation was that twinning had to be taken into
account in those studies [13,48] due to the lower deforma-
tion temperature.

3.5. Dynamic recrystallization mechanism
As can be seen in Fig. 5, the minimum of the second
derivative of the strain hardening curve occurred at © =

50 MPa, indicating the onset of dynamic restoration, which
corresponds to a relatively small amount of plastic strain of
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Fig. 15. Simulated relative activities of the slip system families.
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1 = 0.2 (Fig. 4). The microstructure of the specimen for a
strain level of y = 0.38 clearly shows the presence of small
equiaxed grains surrounding the much larger elongated
deformed grains (Fig. 6). At this strain the area fraction
of these equiaxed dynamically recrystallized grains was
estimated to be ~10% (Fig. 8). The overall increase in
HAGBs (Fig. 11) with deformation is an indication of an
increase in the fraction of dynamically recrystallized grains.
This could be corroborated from Fig. 8 showing the area
fraction of dynamically recrystallized grains as well as the
number of dynamically recrystallized grains per unit of
deformed grains (Fig. 9). With an increase in strain dynam-
ically recrystallized grains form, subsequently grow and
deform with further deformation.

In order to determine the mechanism of DRX magnified
views of the EBSD scans were analysed. It is important to
know whether the DRX observed is orientation dependent
in the Mg alloy AM30, as it is in pure Mg. Thus the orien-
tation dependence of the DRX mechanism was compared
with an earlier investigation on pure magnesium [20].
Two representative scans are shown in Fig. 16 from two
locations having different crystallographic planes nearly
parallel to the 0—Z plane at a strain of y =0.77. These
planes are prismatic/pyramidal (Fig. 16a—c) and near basal
(Fig. 16d—f). In these maps the boundary disorientations
were differentiated for three different ranges: 2-5° (in red)

corresponding to very low angle boundaries (VLABs), 5—
15°5°-5°(in green) for LAGBs and >15° (in blue or black)
for HAGB:s. It can be observed that most of the VLABs
and LAGBs are in the vicinity of HAGBs (Fig. 16a and
d). Their concentration decreases towards the centre of
the original grains. A careful observation reveals that
nearer to the HAGBs VLABs are converted into LAGBs
and form cells and subgrain boundaries. Finally, these sub-
grains are converted into HAGBs to form new grains,
which could be associated with the process termed “contin-
uous dynamic recovery and recrystallization” (CDRR)
[49]. However, even if LAGBs are converted to HAGBs
at the boundaries of the deformed grains, there is the pos-
sibility of nucleation of new grains with different orienta-
tions to the parent grain, as occurs during DDRX. In
order to examine the differences in orientation between
the deformed grains and the surrounding recrystallized
grains IPFs with a superimposed hcp unit cell was con-
structed for almost every grain (Fig. 16c and f). It can be
observed that the unit cells of the recrystallized grains are
rotated by ~30° around their c-axis compared with the
deformed grains in almost all cases (Fig. 16c).

Earlier it was suggested [15] that at higher deformation
temperatures the contribution of non-basal slip is quite sig-
nificant, leading to more homogeneous deformation, which
might promote DDRX. However, it has recently been

5° ~30” about the c-axis from
15° o the deformed grain
97.5

Fig. 16. Magnified grain boundary and inverse pole figures with superimposed unit cells showing (a—c) prismatic/pyramidal and (d-f) near basal
crystallographic planes parallel to the 6-Z sample plane after a strain of y = 0.77. (¢, f) The change in orientation (rotation of the hcp unit cell) leading to
the formation of 2-5° and 5-15° LAGBs and, subsequently, (a, d) DRX grains with ~30° rotation along the ¢ axis, which can be visualized from the

geometric centre of the deformed grain.
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shown [20] that during equal channel angular extrusion of
pure magnesium CDRR was predominant when micro-
structure on the prismatic/pyramidal planes was observed,
while on sections oriented near basal planes DDRX was
reported. It was suggested that the difference in stacking
fault energies (SFE) between the basal and non-basal
planes is responsible for the difference in the observed
DRX mechanisms. For pure magnesium the SFE of the
basal plane is ~32 mJ m 2 and those of the prismatic and
pyramidal planes are ~265 and ~344 mJ m >, respectively
[50]. In the present investigation CDRR was observed in all
cases, irrespective of the orientation of the deformed
grains. The authors believe that dilute addition of alumin-
ium, manganese and zinc to magnesium leads to a normal-
ization of the differences in SFE of different
crystallographic planes. This would lead to an overall med-
ium high SFE (for both basal and non-basal planes) in this
Mg-Al alloy, which might trigger CDRR.

Our understanding of the development of CDRR is
illustrated schematically in Fig. 17. Due to the shear defor-
mation applied to the initially equiaxed microstructure
(Fig. 17a) the grains elongate and new dynamically recrys-
tallized grains form at the grain boundaries (Fig. 17b).
With further deformation a necklace structure develops
(Fig. 17c), which thickens with subsequent deformation
(see Fig. 6).

Fig. 17d is a magnified image of the initial grain shown
in Fig. 17a, which may contain some misorientations in the
form of VLAGBs (red) and LAGBs (green). On shear
deformation the grains elongate and dislocations pile up

at the grain boundaries (HAGBs in blue). The concentra-
tion of misorientations increases in the vicinity of HAGBs
(see Fig. 17e, shown experimentally in Fig. 16a and d).
Fig. 17f is a magnified version of Fig. 17b. The newly
formed dynamically recrystallized grains subsequently
deform with an increase in strain (Fig. 17g). Due to the
increase in the number of dynamically recrystallized grains
they form a necklace structure (Fig. 17h).

Ponge et al. [S1] have shown that the initiation of DRX
is preceded by fluctuations in the grain boundary growth
shape. Serrations and bulges develop, and eventually new
grains are generated along these grain boundaries.
Fig. 17i-k shows the mechanism of formation of serra-
tions at the grain boundaries. It is well known that geo-
metrically necessary dislocations (GND) and statistically
stored dislocations (SSD) are formed during deformation
[52,53]. A minimum density of non-polar dislocations, i.e.
SSDs, are required for deformation to be sustained. How-
ever, these SSDs do not contribute to misorientations in
the grain. On the other hand, polar dislocations (GNDs)
slip and cluster together to increase misorientation inside
the grains [54]. The presence of misorientations near a
grain boundary in the initial microstructure is schemati-
cally represented in Fig. 17i. Clusters of GNDs are subse-
quently formed in the vicinity of grain boundaries,
forming misorientations within the grains (see Fig. 16)
[55,56].

Due to the applied shear the grain boundaries tend to
rotate around the radial axis (see Fig. 6¢). This rotation
cannot occur “homogenously” (Fig. 17j), but instead forms

P iﬁ?
L N

'

_ .
. ) ) u

Initial Grain
Boundary

|Serrated Grain , =
Boundary ||

Fig. 17. Schematic showing the mechanism of dynamic recrystallization during continuous deformation by shear.
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serrated boundaries (Fig. 17k). Further GNDs are gener-
ated near the grain boundaries to accommodate this defor-
mation and to maintain the grain boundary compatibility.
These GNDs are generated inhomogeneously at the grain
boundaries [56] and are related to the slip system activity
and strain in regions separated by the misorientations
[57]. GND densities become heterogeneous in the vicinity
of grain boundaries (Fig. 17j) [58], as observed in Fig. 16.
When the density of dislocations entering the grain bound-
aries exceeds their absorption capacity or when the process
of dislocation absorption requires an incubation time the
grain boundaries become serrated [59], as shown in
Fig. 17k. In other words, the high number of dislocation
pile-ups and subsequent high local stress concentrations
at the grain boundaries result in the formation of serrated
grain boundaries. Fig. 171 shows a magnified view of a ser-
rated grain boundary.

With further deformation bulging develops (Fig. 17m
and n). At the same time GNDs evolve in the vicinity of
grain boundaries, leading to increasing numbers of
VLAGB misorientations becoming to LAGBs [60] and,
finally, HAGBs (Fig. 17m—p) [61], with new recrystallized
grains being formed (Fig. 17q). The new DRX grains were
subsequently deformed, became elongated, and new mis-
orientations developed (Fig. 17r). The second stage of
CDRR is shown in Fig. 17s, following the same mechanism
as in Fig. 17i—q.

In this way a necklace structure develops. Independent
studies [15-18] have revealed that in magnesium progres-
sive lattice rotation takes place due to local shearing near
the grain boundaries due to the lack of five independent
slip systems. However, the present investigation reveals
the occurrence of CDRR, while non-basal slip systems
are active, so that there are at least five active slip systems.
Lattice curvatures are commonly observed near grain
boundaries, which eventually lead to CDRR. A grain frag-
mentation model was recently proposed [62] in which lat-
tice curvature is attributed to slowdown of the rotation
of the crystal lattice near the grain boundary.

3.6. Effect of DRX on texture evolution

Following analysis of the microstructures presented
above it could be estimated that the occurrence of CDRR
in the present Mg alloy during torsion deformation
involves an orientation change of ~30° around the basal
axis. However, in spite of the occurrence of DRX, the main
features of texture evolution could be satisfactorily repro-
duced by VPSC simulations without taking into account
any recrystallization process. This apparent contradiction
will be resolved in the following.

In order to obtain a better understanding of texture evo-
lution during dynamic recrystallization the measured orien-
tation distribution functions (ODFs) are represented in the
¢ = 90° orientation space in the left column of Fig. 18 as a
function of strain. A projection of the rotation field
g = (¢1, $, ¢») (white arrows) is also plotted for the initial

texture, to illustrate the tendencies in evolution of the tex-
ture (for more details on the rotation field, see T6th et al.
[46,63] and Gilormini et al. [64]).

The starting material displays a fibre texture in Euler
space oriented at (¢1,¢,¢,) = (90°,90°,0-60°) with maxima
at (90°,90°,0°) and (90°,90°,60°) (these are equivalent orien-
tations). As can be seen, the main trend of texture evolu-
tion is a rotation in the direction of rigid body spin (in
the direction of the ¢, axis, which corresponds to rotation
around the radial direction of the bar with the final param-
eters of the B fibre, which is located at (¢; =0 or 180°,
¢ =90°, @, =0-60°). Note that the lattice rotation spin
around the R axis (¢;) is not uniform in the ¢ = 90° section
and is maximum along the ¢, = 90° line. At this location
(@1 =90°, @ =90°, @, =0°) the lattice rotation is about
twice as great as the rigid body spin (this peculiarity of
rotation in hexagonal crystals has been reported and
explained by Beausir et al. [12]). This is the reason why
rotation of the texture is initially so high around the R axis,
~15° for a shear strain of only y = 0.38 and ~5° during the
next strain increment y = 0.58. Rotation continues along
@1 during the next two strain increments, but practically
stops at y = 0.96. The final position of the fibre is located
at ¢, = 140° at a strain of y = 1.73. A further 40° rotation
would be needed to reach the ideal orientation.

In order to visualize the differences between the defor-
mation texture due to torsion and the texture due to
DRX ¢ = 90° sections of the ODF for the partitioned equi-
axed grains surrounding the elongated deformed grains are
presented in the right column of Fig. 18. For y = 0.38 the
texture of the dynamically recrystallized region is almost
identical to the overall texture, with a somewhat greater
spread. At y=0.58 the fibre intensity is highest at
¢@>=230°, and a more homogeneous fibre located at
(91,0,02) = (110°,90°,0-60°) forms. This fibre persists at
y = 0.77, with the shift in texture along ¢, being associated
with shearing. With the increase in strain (y = 0.96, 1.15,
1.35 and 1.73) a more intensified texture forms at
(@1,9,9-) = (140°,90°,30°), evidence of a rotation of 30°
around the c-axis, which corroborates our analysis based
on the microstructure in the previous section.

The variations in the ODF due to DRX can be inter-
preted using plastic power. As proposed earlier [65], the
DRX process is controlled by the plastic power in a grain
g and is defined as:

E(g) =YY ()i (g) (5)
75

The plastic power was plotted over the entire Euler
space on a grid separated by 1° using the viscoplastic
self-consistent approach for a small strain increment
(0.01) (see the plastic power map for ¢ =90° in Fig. 18,
right column, top). DRX grains are expected to appear at
locations in the orientation space which correspond to
the minimum plastic power position. By comparing the
energy map and the ODFs of the partitioned dynamically
recrystallized grains it can be seen that formation of the
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Fig. 18. ¢ =90° ODF sections of the measured textures (left column) and for the DRX grains only (right column) as a function of strain and the

corresponding energy map (top right).

DRX texture indeed follows the local minimum energy ori-
entations. This tendency can be clearly identified in Fig. 18,
with an exception at a shear strain of y = 0.32. This, how-
ever, can be explained using again the plastic power map.
At this location in Euler space (¢; =~ 110°) the plastic
power is constant along the ¢, axis, so no preference is
expected for the location in ¢,. Further strain is needed
to rotate the texture into the region where a local minimum
in plastic power appears at ¢, = 30°.

An explanation as to why the texture does not reach the
ideal position is still needed. For this purpose it is necessary

to study the variations in lattice spin, which were repre-
sented by the so-called persistence parameter in the study
of Beausir et al. [12]. According to that study there are
ideal positions of the texture along the fibre line
(@1,0,02) = (120°,90°,0-60°) which relate to the activity
of (¢ +a) slip. The lattice rotation, however, is not zero
at that position, only decreasing temporarily, which results
in a slowdown of rotation of the texture. This slowdown
and the limited amount of strain finally lead to the
observed texture. Note that the simulation faithfully repro-
duces the position of the experimental texture (Fig. 13).
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The occurrence of DRX according to the mechanism of 30°
rotation around the c-axis does not significantly influence
the texture, because it transfers orientations along the fibre.
This is the reason why the simulation could reproduce the
correct fibre orientation without taking into account DRX.

4. Conclusions

Torsion tests were carried out at 250 °C at a strain rate
of 7.5 x 107*s~! up to a maximum shear strain of 1.73.
The evolution of the microstructure and the texture were
monitored as a function of strain. The analyses of the
results have led to the following main conclusions.

1. Partial DRX took place during deformation, resulting in
a necklace structure. The microstructure displayed a
bimodal grain size distribution.

2. The orientation difference of the newly formed grains
compared with the deformed grains and the evolution
of HAGBs due to the transformation of LAGBs suggest
that the mechanism of DRX is continuous dynamic
recovery and recrystallization in the magnesium alloy
AM30 at 250 °C.

3. The texture of the partitioned dynamically recrystallized
grains indicated that the DRX process is governed by
the plastic power.

4. Evolution of the experimental texture was faithfully
reproduced using the VPSC polycrystal code and was
interpreted with the help of the persistence characteris-
tics of shear textures previously established in Beausir
et al. [12].
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