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Abstract

Using texture analysis and optical microscopy it has been found that, due to the large anisotropy of the hcp lattice, the
deformation mechanism predominant during large strain hot rolling of an AZ61 Mg alloy changes from dislocation slip and
rotational recrystallization (RRX) to twinning as the sheet thickness is reduced.
© 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Research in Mg alloys has surged in recent years due
to the excellent specific properties of these materials.
Significant efforts have been devoted to investigate and
model the microscopic mechanisms predominant during
different thermomechanical processing routes in order to
optimize microstructural design of Mg alloys for differ-
ent applications [1-7]. Owing to their high anisotropy,
hcp metals show a complex deformation behavior. The
lack of slip systems and their asymmetric distribution
causes other deformation mechanisms such as twinning
to operate to different extents depending on the defor-
mation conditions [3]. Still further work is needed in this
area since, for example, the evolution of texture and
microstructure in hcp materials during simple processes
such as hot rolling is still not thoroughly understood.

In a former paper [8] the present authors described a
thermomechanical processing route consisting of only
two to three rolling passes of large thickness reduction
per pass (large strain hot rolling, LSHR), that allowed
significant grain refinement in an AZ61 alloy with an
initial strong basal texture. The final grain size achieved
was in the micron scale. The resulting microstructure
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proved to have excellent superplastic properties at
intermediate to low temperatures. The effect of alloy
composition, texture, or sheet thickness/roll diameter
ratio on the microstructural evolution during LSHR of
Mg alloys has still not been systematically studied. In
the present paper the influence of the initial sheet
thickness on the deformation mechanisms and micro-
structure developed during LSHR of an AZ61 alloy is
investigated.

2. Experimental procedure

The material used for this investigation is an Mg
AZ61 alloy extruded in the form of a 10-mm-thick sheet.
The main alloying elements of this material are Al (6%)
and Zn (1%).

Slabs of two different thicknesses (4 and 1 mm) were
cut out of the initial sheet. Both the as-received sheet
and the two slabs were subjected to one rolling pass of
30% reduction at 375 °C (a larger thickness reduction in
the first pass caused cracking, although larger reductions
can be imposed in the second pass [8]). After rolling
samples were quenched in water. The microstructural
evolution during LSHR of the 10-mm-thick sheet was
described in [8] and is also briefly reported in this paper
for comparison with the 4- and 1-mm-thick sheets.

The microstructure of the rolled samples was exam-
ined by optical (OM) and scanning electron microscopy
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(SEM). Sample preparation for OM and SEM consisted
on grinding on SiC paper with increasingly finer grits,
followed by mechanical polishing with 6 and 1 pum dia-
mond paste and final polishing using colloidal silica.
Additionally, for OM the grain structure was revealed
by subsequent etching using a solution of ethanol (100
ml), picric acid (5 g), acetic acid (5 ml) and water (10
ml). After chemical etching a residual layer remained in
the sample surface that was eliminated by immersion in
boiling ethanol. True grain sizes were measured by the
linear intercept method using a correction factor of 1.74.
X-ray texture analysis was carried out in all the rolled
samples using the Schulz reflection method in a Siemens
D5000 diffractometer furnished with a closed Eulerian
cradle. Sample preparation for texture analysis was done
in the same way as for SEM.

3. Results

Fig. 1 shows the microstructure (Fig. 1a) and texture
(Fig. 1b) of the AZ61 alloy in the as-received condition.
The optical micrograph in Fig. 1a shows an equiaxed
microstructure with an average grain size of about 54
um [8]. The texture is represented in Fig. 1b by means of
the (0002) (basal) pole figure. It can be seen that the
texture is formed by a strong basal fiber component (i.e.,
a large volume fraction of grains are oriented with basal
planes parallel to the rolling plane) as well as a weak
prismatic component (i.e., a few grains with prismatic
planes parallel to the rolling plane are also present).

The microstructures corresponding to the three rolled
sheets after a pass of 30% reduction at 375 °C are shown
in Fig. 2a—e, respectively. The micrographs were taken
in the mid-thickness both along the rolling plane (RP)
(Fig. 2a—c) and along the plane formed by the rolling
(RD) and normal (ND) directions (RN plane) (Fig. 2d-
f). As can be seen in Fig. 2a, significant grain refinement

takes place in the 10-mm-thick sheet after rolling. Grain
size is rather homogeneous, although still some large
initial grains remain present. The average grain size
decreases down to 11.4 um. Only a few twins could be
observed. The microstructural evolution of the 4-mm-
thick sheet is rather different, as can be seen if Fig. 2b.
Recrystallized small grains are apparent along grain
boundaries and twinned regions (see arrows in Fig. 2b),
as previously observed in an AZ31 alloy [7], and there-
fore a sharply bimodal grain size distribution develops.
The average grain size of the small grains is 2.8 pm. The
larger grains are about 53 pm in size. The volume
fraction of twinned material increases significantly with
respect to the 10-mm-thick sheet. Finally, in the 1-mm-
thick sheet (Fig. 2c and f) no grain size reduction is
observed. Instead, extensive twinning takes place in all
the grains. SEM examination revealed that a large
fraction of narrow twins form, most of which are as thin
as 100-200 nm in width.

A close look at the transverse sections (RN planes),
illustrated in Fig. 2d-f, reveals that banding takes place
in the three sheets in order to accommodate the imposed
deformation. Thus, bands at 35-45° angles with respect
to the RD develop. This effect is more pronounced in the
4- and I-mm-thick sheets. The mechanism for band
formation is different for each sheet thickness. In the 10-
mm sheet, the bands are formed by the refined recrys-
tallized grains [8]. In the 4-mm sheet, they consist of the
small grains apparent at the grain boundaries and
twinned regions. Finally, in the 1-mm sheet, the bands
are constituted by the narrow twins developed. It can be
seen that twin bands traverse grain boundaries.

Fig. 3 illustrates the texture of the rolled sheets by
means of the (0002) pole figures. This representation
was considered the most adequate because, in all cases,
no new texture components appear after deformation.
However, important changes in the intensity of the basal
fiber texture can be appreciated. A significant intensity
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Fig. 1. Microstructure of the as-received AZ61 alloy. (a) Optical micrograph; (b) (0002) X-ray pole figure. Levels: 1, 3, 5, 7, 9, 11, 13. The sheet
normal is in the center of the pole figure. The extrusion direction (ED) is the vertical direction. The transverse direction (TD) is the horizontal

direction.
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Fig. 2. Microstructure of the rolled AZ61 alloy. (a) RP: 10 mm thickness sheet; (b) RP: 4 mm thickness sheet; (c) RP: 1 mm thickness sheet; (d) RN
plane: 10 mm thickness sheet; (¢) RN plane: 4 mm thickness sheet; (f) RN plane: 1 mm thickness sheet. The rolling direction in all cases is the
horizontal. In (c) the arrows point towards recrystallized grains located at twin boundaries.
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Fig. 3. Macrotexture of the rolled samples illustrated using the (0002) pole figure: (a) 10-mm-thick sheet; (b) 4-mm-thick sheet; (¢) 1-mm-thick
sheet. Levels: 1, 3,5, 7,9, 11, 13.
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decrease and a spread in the basal pole towards the
transverse direction (TD) is apparent after rolling the
10- and 4-mm-thick sheets. In the 1-mm-thick sheet,
however, the texture intensity is similar to that of the as-
received material and no texture spread is observed. It
should be noted that the prismatic component disap-
pears in all cases, probably due to twinning of prismatic
grains in the {11-20} system, which would bring the
basal planes into alignment with the rolling plane [4].

4. Discussion

The results described above evidence that the micro-
structural evolution during large strain hot rolling of an
AZ61 Mg sheet with an initial strong basal texture is
highly dependent on the initial thickness for a given
rolling temperature and reduction per pass. This also
substantiates the complexity of deformation in hcp
polycrystals. In general, a variation in the sheet thick-
ness has the effect of changing the angle between the
sheet ND and the radial force,

_ ho—h¢

Tza (1)

cosf =

where R is the roll radius (=65 mm), 4, is the initial
sheet thickness, 4; is the final thickness, and 0 is the
angle between the ND and the radial force (F;), see Fig.
4 [9]. The 6 angles corresponding to the 10-, 4-, and 1-
mm-thick sheets are, respectively, 12.3°, 7.8°, and 3.9°.
These small angle variations are enough to change the
predominant deformation mechanism during rolling of
the AZ61 alloy.

Fig. 5 shows the so-called “fiber plot” corresponding
to the as-received AZ61 alloy, i.e., a 2D representation
of the density of orientations (f(1)) vs. the angle be-
tween their c-axis and the ND (4). This fiber plot has
been calculated from the X-ray pole figure by a proce-
dure described in [10]. The representation of the density
of orientations vs. the angle between their c-axis and P,
for each sheet thickness would thus be f(1—0).
Therefore the origin of the “fiber plot” (taken as the
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Fig. 4. Schematic showing the direction of the radial force as a func-
tion of the sheet thickness and the roll radius.

Imm 4mm 10 mm
6=3.9"0=7.8" 9=12.3"

Density of orientations

Fig. 5. 2D fiber plot showing the density of orientations with c-axes
forming an angle A with the ND. The lines indicate the origin of the
plot f(4 — 0) corresponding to each initial sheet thickness.

direction of the radial force in each case, i.e., 1 — 0 = 0)
shifts with increasing 0 as illustrated in Fig. 5.

In the 1-mm-thick sheet, the majority of the c-axis
form angles smaller than 25° with respect to the radial
force and there is only a small volume fraction of grains
with c-axis parallel to P,. In this situation, the Schmid
factors for both basal and prismatic planes are low [3],
and twinning is favored in spite of the fact that twinning
usually becomes less important at high temperatures.
The retention of the basal fiber texture suggests that a
double twinning mechanism may take place [3]. First,
twinning on the {11-22} system would rotate the c-
axes away from the sheet normal by about 64°. Second,
twinning on the {10—-12} system would bring back the
c-axes almost into alignment with the direction of the
applied stress, i.e., into better alignment with the ND
than they were before deformation. The absence of
zones of localized deformation along grain boundaries
suggests that the activated twinning systems allow in-
tergranular strain compatibility.

In the 10-mm-thick sheet, the significant decrease in
the intensity of the basal texture and the small fraction
of twinned material suggest that deformation takes
place mainly by dislocation slip. This is consistent with
the fact that, first, a rather large number of grains have
c-axes forming high angles (as high as 40-45°) with re-
spect to the radial force (type-A grains) and second, a
significant number of grains have c-axes aligned (or
forming small angles) with P, (type-B grains) (see Fig. 5).
In type-A grains both basal and non-basal slip systems
have rather high Schmid factors and low CRSS and thus
may be activated. As a consequence of slip, grains may
rotate to stable positions under the imposed stress.
Grain refinement in these grains may take place by
continuous dynamic recrystallization (CDX) [11], a
process that occurs readily in Mg alloys [12,13]. Type-B
grains are not able to accommodate the imposed
deformation by dislocation slip in both basal and pris-
matic planes, which have Schmid factors close to 0.
Twinning could constitute an alternative deformation
mechanism in these grains, but significant twinning is
not observed. Instead, type-B grains accommodate the
imposed deformation by rotational recrystallization
(RRX). This process, which was described in detail in
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[8], occurs as a result of stress concentrations along
grain boundaries due to strain incompatibilities in
neighbouring grains [14]. The appearance of these
stresses is consistent with the availability of an insuffi-
cient number of deformation modes. Thus, RRX would
give rise to rotation of the ““‘mantle” regions (areas along
the boundaries where the stress is higher than that of the
grain core is present) away from the orientation of the
original grain into orientations more favorable for slip
[15]. This is consistent with the decrease of the basal
texture intensity. The spread of the basal poles towards
the TD is associated with the operation of non-basal slip
and it has been previously observed in Mg-Li alloys and
in Zr and Ti alloys [3,4,16], where prismatic slip pre-
dominates.

The 4-mm-thick sheet is an intermediate case. Both
twinning and slip act as deformation modes to some
extent and thus the stress due to plastic incompatibility
at the grain boundaries decreases. Therefore the “man-
tle”” region extends to smaller distances within the grains
[17] and smaller grains are formed by RRX. Addition-
ally, regions of small grains resulting from CDX in
grains originally oriented more favorably for slip (sim-
ilar to type-A grains) can also be clearly seen (see clus-
tering of small grains in Fig. 2c). All the above
observations are consistent with the decrease in the
intensity of the basal fiber texture after rolling. Once
again, the spread of basal poles towards the TD suggests
the importance of non-basal slip.

5. Conclusions

The effect of the initial sheet thickness on the
microstructural evolution during large strain hot rolling
of an AZ61 Mg alloy sheet has been investigated using
OM and texture analysis as the main characterization
tools. It has been found that significant changes in the
predominant deformation mechanisms occur as a con-
sequence of the increase in the angle between the radial
force and the sheet normal (ND) with increasing sheet
thickness. Double twinning predominates in the thinnest
sheet, and RRX and dislocation slip become increas-

ingly more important as thickness increases, leading
ultimately to significant grain refinement. In particular,
non-basal slip seems to play an important role during
deformation of the sheets with larger thickness.
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