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Abstract

The influence of the initial microstructure on the deep drawability and the associated
microstructural evolution in two different magnesium alloy sheets, AZ31 and ZE10, has been
examined. Tensile testing at room temperature shows that the AZ31 sheet has high plastic
strain ratios, r = 2 ~ 3, which are caused by strong basal-type texture. The ZE10 sheet shows
lower r values, r ~ 1, as a result of its weak texture. Deep drawing experiments carried out
over the temperature range 100-300 °C revealed that the ZE10 sheet can be successfully deep
drawn at lower temperatures than AZ31 sheet. The ZE10 cups show earing despite the weak
texture and low normal anisotropy, while earing of the AZ31 cups is negligible. In the ZE10
cups, deformation is accommodated mainly by <a> slips and by compression as well as
secondary twinning. The occurrence of dynamic recrystallisation is observed in successfully

deep-drawn AZ31 cups.
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1. Introduction

The poor formability of magnesium sheets, especially at room temperature, is one of the main
factors hindering industrial application of semi-finished products of this lightest structural
metallic material. Traditional wrought alloys, e.g. those based on the Mg-Al-Zn system such
as AZ31, have a tendency to develop a strong basal-type texture during the sheet rolling
process [1-4]. This basal-type texture, in which most grains have their c-axes in the sheet
normal direction (ND), limits sheet formability because it restricts the activity of <a>
dislocation slip, especially under loading in the ND. Although strain along the ND can in
principle be accommodated by pyramidal <c+a> slip, this deformation system can only be
activated at relatively high temperature because of its high critical resolved shear stress
(CRSS) at low temperature [5]. In order to improve the formability of magnesium sheets, it is
necessary to provide a way of weakening the texture or, more generally, avoiding the strong
basal-type texture. In the case of a weak basal-type texture, it is expected that <a>
dislocations with a relatively low CRSS will contribute more to accommodating the
deformation.

One effective way of altering the strong basal-type texture is to impose a large shear
deformation during rolling. For example, sheets produced by asymmetric rolling exhibit a
weak texture with basal poles slightly rotated towards the rolling direction (RD) [6-8].
Another approach to controlling texture is to modify the alloy composition. It has been
reported recently that weakening of the texture can be achieved by alloying magnesium with
yttrium (Y) and rare earth (RE) elements such as cerium (Ce) or neodynium (Nd) [9-11].

Moreover, increased ductility has been observed in sheets having a weaker texture [9, 12, 13].
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A number of recent publications have dealt with the optimisation of processing parameters
and their effects on the formability of magnesium sheets [14-18], especially during deep
drawing, which is an important and popular forming process for the production of flat
components [19]. However, the effects of the initial texture and microstructure on sheet
formability, which in turn influence the evolution of texture and microstructure during the
forming process, are still unclear.

The present study was carried out to contribute to a basic understanding of the influence of
the initial texture on the mechanical properties and the formability using two commercial Mg
sheets which show distinct textures and comparable grain size, namely AZ31 and ZE10 alloys.
The mechanical anisotropy and the earing behaviour during cup drawing were examined with

emphasis on the role of texture.

2. Experimental procedures

Rolled sheets of two commercial magnesium alloys, AZ31 (2.8 Al-0.8 Zn-0.2 Mn in wt. %)
and ZE10 (1.3 Zn-0.2 Ce-0.1 La), with thickness of 1.3 mm were examined in the present
study.

Tensile samples in the RD, at 45° and in the transverse direction (TD) with a gauge length of
50 mm and a width of 12.5 mm were prepared using discharge machining. Tensile tests were
conducted using a universal testing machine, Zwick 050, at room temperature with an initial
strain rate of 1x10°s™. Two extensometers were employed to measure the strain in the length
and width direction simultaneously. The plastic strain ratio, r value, is calculated using the
strain values within the uniform elongation, commonly at 20 % of the elongation in cubic
materials [20]. However, the present materials show fracture strains lower than 20 %. It was
reported recently that uniform elongation is observed up to 10 % in both alloys and that the r
value varies very slightly with the tensile elongation [21]. Hence, in the present study, the r

value was calculated at 8% engineering strain in the tensile direction as
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where & s, & s, and g_gare the plastic strains in the sample thickness t, width w and length |
directions at 8 % engineering tensile strain. The results of the tensile tests presented in this
study are the average values obtained from at least 3 stress-stain curves for each condition.
Round blanks with diameter of 85 mm were prepared for the deep drawing tests. Deep
drawing experiments were conducted using an Erichsen universal sheet testing machine with
a drawing ratio, = blank diameter / punch diameter, of 1.7 at different temperatures, 150,
200, 250 and 300 °C. The blanks were heated to working temperature together with the blank
holder in an extra furnace and were mounted in the testing machine after reaching the desired
temperature. The punch speed and the blank holder force were kept constant for all test
temperatures at 20 mm/min and 5 kN, respectively. The whole blank and the contact area of
the punch were coated with boron nitride spray as lubricant. The planar anisotropy of the
rolled sheets, which is also visible as strong variation of r values in different sample directions,
is recognised to cause so-called ears on the drawn cup, which means a variation of height
along the wall of the deep drawn cup. To describe the degree of earing, by convention, the
average percentage of earing height (z) is typically calculated as

BURAL Sl PT A ON (2a)

where h represents the height at 0°, 45° and 90° from the RD. h, the average height is
calculated as

h, +hys + Ny,
3

h= (2b)

The ears observed in the present study are located mainly at 60° to the RD. Moreover, there
are also differences in the height of the ears in each cup itself depending on their location.

Thus, in the present work, another definition of Z is preferred
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where n is the number of the ears in the drawn cup. This notation is capable of describing
earing even if a local asymmetry occurs and takes ears of different orientations into account.

Global texture information on the initial sheets was obtained using X-ray diffraction
(Panalytical, 40 kV and 40 mA). The microstructure and the texture of the rolled sheets and
the deep drawn cups were investigated using electron backscatter diffraction (EBSD) in a
field emission gun scanning electron microscope (Zeiss, Ultra 55, working at 15 kV, equipped
with an EDAX/TSL EBSD system with a Hikari detector). Samples for EBSD measurements
were taken from longitudinal sections of the initial sheets as well as from the drawn cups
along the RD. The samples were prepared by mechanical polishing using alumina powder,

followed by electrolytic polishing using a Struers AC2 solution (for 60 s at 16 V and -15 °C).

3. Results and Discussion

3.1. Microstructure and mechanical properties of the rolled sheets

The microstructures of the rolled sheets of AZ31 and ZE10 are shown in Fig. 1 as EBSD
inverse pole figure maps in the ND. A small fraction of non-indexed points during the EBSD
measurements are marked as black. Both alloys show equiaxed grain structures without twins.
Mono-modal grain size distributions are observed in both alloys as shown in Fig. 1(c). The
grain size of the AZ31 sheet is more homogeneous than that of the ZE10 sheet. The largest
frequency in the grain size is found at 10 um in the AZ31 sheet and 14 um in the ZE10 sheet.

Fig. 2 displays recalculated (0001) and {1010} pole figures of the two sheets as obtained
from XRD measurements. The (0001) pole figure of the ZE10 sheet has a maximum intensity
of Pmax = 2.7 which is much weaker than that of the AZ31 having Pmax = 13.1. The pole
figures of the AZ31 sheet show that most grains have their c-axes in the ND, which

corresponds to a so called basal-type texture. The other important feature of the AZ31 sheet
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texture is a broader intensity spread of the basal poles from the ND toward the RD than to the
TD, Fig. 2 (c). This type of texture has often been referred to as the typical texture of rolled or
rather tempered Mg alloy sheets [22-24]. Kaiser et al reported that this type of texture
develops during the static recrystallisation of strain hardened AZ31 sheets which show
symmetrical splitting of the basal poles towards the RD [24]. Agnew et al have claimed that
this symmetrical splitting of the basal poles towards the RD results from the high activation of
<c+a> slip during rolling [22, 23]. Another mechanism that promotes this spread of the basal
poles is the operation of {101 1}-{101 2} secondary twinning. A matrix grain, with its c-axis
almost parallel to the ND, is deformed firstly by {1011} compression twinning and is then
re-twinned by {1012} tensile twinning [25, 26]. Interestingly, the (0001) pole figure of the
ZE10 sheet exhibits an ellipsoidal form of the intensity distribution. The splitting angle of the
basal pole from the ND toward the RD is about 25°, which is larger than that in the AZ31
sheet. Furthermore, rotation of the basal poles by about 40° toward the TD is observed, which
does not occur in AZ31. This asymmetric distribution of the basal poles around the ND is
clearly visible in Fig. 2 (d), which presents the intensity profiles in the (0001) pole figures
from the ND to the RD, the TD and 45° direction. This unusual type of texture developed
during sheet rolling has been noted by many authors. It has been reported that additions of RE
elements to Mg alloys leads to the development of weaker textures during rolling or extrusion,
however, a number of different mechanisms for this have been suggested [9, 10, 13, 27-30].
The formation of the more randomised texture in the RE-containing alloys is related mainly to
the recrystallisation process, since the rolling texture prior to recrystallisation is similar to that
of traditional wrought Mg alloys [30]. Mishra et al [13] and Ball et al [28] suggested that the
weaker textures in RE-containing Mg alloys are caused by particle-stimulated nucleation
(PSN) and boundary pinning at Mg-RE precipitates. Mackenzie et al [27] deduced that a
change in the mobility of high angle boundaries by alloying additions, in the form of a solute

drag effect, leads to texture weakening as well as the development of the prominent basal
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component rotated toward the TD as also seen in the ZE10 sheet of this study. Nucleation at
shear bands formed during the deformation process and a consequent weak texture has been
discussed by Stanford & Barnett [29]. All the above mechanisms are viable and have the
potential to weaken the resulting textures although it is not yet understood which of these
plays the main role during the recrystallisation of Mg-RE alloys.

Stress-strain curves of AZ31 and ZE10 sheets tested in the three selected loading directions
(RD, 45° and TD) are shown in Fig. 3. The corresponding mechanical properties are listed in
Table 1. Both alloys exhibit in-plane anisotropy in the yield strength and the r value, while the
ultimate tensile strength (UTS) is not significantly affected by the sample orientation. The
yield strength in the TD of the AZ31 sheet is higher than that measured at 45° and in the RD,
while the maximum vyield strength of the ZE10 sheet is measured in the RD. In general, the
AZ31 sheet shows higher yield strengths and rg values in all sample orientations compared to
the ZE10 sheet. Moreover, the planar anisotropy, which is the variation of the rg values as a
function of the tensile loading direction, is also different for the two alloys; the highest rg
value of the ZE10 sheet is found at 45°, while the rg value of the AZ31 sheet tends to increase
from the RD to the TD.

This gradual increase in yield strength and r value from the RD to the TD agrees with the
results presented by Kaiser et al [24] for rolled AZ31 sheet. This is explained by the broader
angular tilt of the basal planes in the RD than in the TD. A larger tilt angle to the RD eases the
activation of <a> dislocation slip during loading in this direction compared to the TD. The
same explanation holds for the increase of the r value from the RD to the TD. Strain along the
thickness direction can be accommodated more easily by basal <a> slip during testing in the
RD than in the TD. Because the r value is inversely proportional to the thickness strain, the r
value in the RD is smaller than in the TD. In other words, the accommodation of strain in the
width of the samples is easier if the basal planes are more tilted to the width direction of the

sample, which holds for the test in the TD. Furthermore, the TD sample has prismatic planes
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parallel to the width direction, Fig. 2. This orientation is favourable for accommodating width
strain &, by prismatic <a> slip. For the above reasons, the r value in the RD is lower than that
in the TD.

The variation in the yield strength of the ZE10 sheet can also be explained by its texture.
Since the pole density of the tilted basal planes and the tilt angle is higher in the TD than in
the RD, loading in the TD is advantageous for basal <a> slip. Consequently, the yield strength
in the TD is lower than in the RD. In contrast to the r values measured in AZ31, the r values
close to 1 in the ZE10 alloy indicate that the cross-sectional contraction occurs isotropically,
i.e. the strains in the width (&,) and thickness (&) directions are similar. The variation of the r
value in different loading directions has a strong relationship with the texture. Fig. 4 shows
the relationship between &, and g during tensile loading in different planar directions of the
AZ31 and ZE10 sheets. During tensile loading in the RD of the AZ31 sheet, a relatively high
& is achieved based on the tilted basal planes in the tensile loading direction. During tensile
loading in the TD, the sample width direction possesses relative easiness of <a>-dislocation
slip which results in a high &, in the TD sample compared to the RD and 45° samples, Fig. 4
(@). In contrast to the AZ31 sheet with its high normal anisotropy, the through-thickness
deformation in the ZE10 sheet is easy as a result of the weak texture with the high angle of tilt
of the basal planes from the ND. The relatively high r value of the 45° sample compared to
those of the RD and TD samples of the ZE10 sheet can be explained by the high width strain,
Fig. 4 (b). In the case of the RD (or TD) sample, the basal planes tilted towards the TD (or
RD) have a low Schmid factor for <a> slip for the width strain component. However, in the
case of the 45° sample the basal poles tilted towards the RD as well as the TD are beneficial
for strain in the width direction. With the relatively high &, in the 45° sample, a high r value is

obtained in this direction compared to the RD and TD samples.



3.2. Deep drawing behaviour at different temperatures

The deep drawability of the AZ31 and ZE10 sheets is listed in Table 2. For successful
forming, the AZ31 sheet should be heated up to 200 °C, whereas the ZE10 sheet can be drawn
at 150 °C. The cups formed at different temperatures are shown in Fig. 5, in which the rolling
direction is marked by white arrows. The AZ31 cup drawn at 150 °C shows failure at the
corner where a high degree of deformation is applied and strain in the thickness direction
(necking) is required. Thus, the probability of failure is high in general. However, the failure
of the ZE10 cup occurs at the top part of the wall, which is a typical failure caused by non-
optimised process parameters, such as blank holder force and clearance. It is therefore
anticipated that the ZE10 sheet could be successfully deep-drawn even at 100 °C, if optimised
process parameters are applied.

It is generally expected that high r values favour sheet formability and will lead to higher
limiting drawing ratios [19]. For other hexagonal metals, e.g. Ti and Zn, increases in the
limiting drawing ratio with the average r values have also been observed [31]. The average
plastic strain ratio is typically defined as:

(rRD + r-TD + 2r45)
4

F=

(4)

Table 3 compares the results for the two sheets, showing that the T value for AZ31 is more
than twice as large as that for ZE10 sheet. However, the ZE10 sheet exhibits better
drawability in terms of the lower working temperature for successful deep drawing. The
results indicate that the relationship between the r values and sheet formability of magnesium
alloys should be interpreted in a different way than is usually done for cubic metals. For
example, the high r values of the AZ31 sheet can be interpreted as a large mechanical
anisotropy and general difficulty of deformation, which result in the lower formability and

early fracture.



Fig. 6 shows the degree of earing, Z as defined in Eq. 3, as measured from the successfully
drawn cups. In ZE10, four ears are observed, which are located mainly at 60° to the RD with
a relatively large deviation of + 10° in each cup as well as between cups which were drawn at
different temperatures. This deviation in the earing positions is likely to be a result of the low
texture symmetry of the ZE10 sheet. As seen in Fig. 2, the pole figures of the ZE10 sheet do
not show orthorhombic sample symmetry, i.e. the maximal pole densities and their angular
positions in each quarter of the (0001) pole figure vary. Notably, the successfully drawn
AZ31 cups show almost negligible earing

The earing height of a deep drawn cup is supposed to be dependent on the planar anisotropy
[19]. The magnitude of the planar anisotropy is typically defined as Ar,

F'ep + o — 2I’45
2

Ar = (5)

The Ar values calculated using the above equation are listed in Table 3. In order to relate the
planar anisotropy to the earing behaviour, normalisation of Ar by the average value 1 is
required, e.g. 2Ar /T as suggested by Wilson et al [32]. The normalised values are also given
in Table 3. The higher absolute value of 2Ar/r for ZE10 compared to that for AZ31
corresponds to the formation of higher ears in the ZE10 cups. Furthermore, earing valleys in
the RD and TD are expected in the case of a negative Ar value [19] and this also corresponds
to the earing behaviour of the ZE10 cups in the present study.

Fig. 7 presents the thickness strain measured at different positions of the successfully drawn
cups. Measuring position 1 corresponds to the mid-point of the bottom plate, pos. 3 ~ pos. 5 to
the curvature, pos. 6 to the necking region near to the punch radius and pos. 7 to the mid-
height of the wall, as illustrated in Fig. 7 (b). The strain values given in Fig. 7 (a) were
calculated by assuming that the thickness at the mid-point of the bottom plate is the same as
that of the initial sheet. The amount of thickness reduction in the ZE10 cups is in general high

at all forming temperatures, while the thickness strains of the AZ31 cups depend on the
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forming temperature. The AZ31 cups drawn at 200 °C and 250 °C have smaller thickness
reductions at the curvature and larger thickening at the wall than the ZE10 cups drawn at the
same temperatures. The AZ31 cup drawn at 300 °C, however, shows thickness strains similar
to that of the ZE10 cups. The greater reduction in thickness of the ZE10 cups corresponds to
the characteristic texture of the initial sheet as described above, where the thickness strain can
be accommodated easily by basal <a> slip. The dependency of the thickness strain of the
AZ31 cups on the forming temperature indicates that the main deformation modes and the
deformation behaviour change with the temperature. The AZ31 cups can be formed
successfully at working temperatures above 200 °C. This temperature is high enough for
dynamic recrystallisation (DRX) as well as for the activation of deformation modes which are
hard to activate at room temperature [33, 34]. Furthermore, the role of the working
temperature can not be considered in terms of the r values measured at room temperature,
although there is general agreement between the earing behaviour and the measures of the
planar anisotropy of the AZ31 and ZE10 sheets. The effect of the working temperature and
associated microstructural changes on the deep drawing behaviour will be discussed in the

following section based on EBSD results.

3.3. Microstructure of deep drawn AZ31 cups

Fig. 8 displays EBSD boundary maps at the wall of the AZ31 cups drawn at different
temperatures. High angle boundaries (>15°) are marked in black. Twin boundaries are marked
with different colours depending on their types, which are identified by their misorientation
relations expressed as axis-angle pairs: {101 2}-tensile twin (<1120>, 86°, red), {1011}-
compression twin (<112 0>, 56°, yellow) and {101 1}-{10 1 2}secondary twin (<1120>, 38°,
greeen) [35]. The related textures using EBSD data measured at the walls are shown as re-
calculated (0001) and {1010} pole figures in Fig. 9. They are rotated in such way that they

have the same sample coordinate system as that of the initial sheets in Fig. 2. The bottom
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regions of the drawn cups experienced almost negligible deformation during deep drawing.
Moreover, they were kept near room temperature, because of the direct contact with the
unheated punch, while the wall parts were kept at the drawing temperature. The
microstructure and texture at the bottom, therefore, are similar to those of the initial rolled
sheets. For these reasons, the microstructures developed at the wall are considered in the
present study.

The AZ31 cup drawn at 150 °C, which fractured during deep drawing, shows a large amount
of tensile twins, whereas the cup drawn at 200 °C has fewer tensile twins, Fig. 8 (a) and (b).
The texture component corresponding to the tensile twinning is visible in the pole figures and
marked as dashed circles in Fig. 9 (a) and (b). The areas with the texture component
corresponding to tensile twinning are marked with the colour blue in the EBSD boundary
maps, Fig. 8. Considering the texture of the AZ31 sheet and the strain conditions during deep
drawing, the observed tensile twins are mainly caused by compressive strains along the blank
circumferential direction at the flange. For the activation of tensile twins, a tensile strain along
the crystallographic c-axes of the matrix grain is required. Most grains of the AZ31 sheet have
their c-axes in the sheet thickness direction. Hence, the compressive stress along the blank
circumferential direction, which causes the thickening of the blank, provides tensile strain in
the thickness direction. Since the strain which can be accommodated by tensile twinning is
limited (e.g. € = 0.065 can be accommodated even in the case of full tensile twinning) the
activation of further deformation systems has to be considered in order to explain the
successful deep drawing of the AZ31 cup at 200 °C. In this cup, large internal misorientations
within a grain and many low angle boundaries in the vicinity of the matrix grain boundaries
are visible. As marked with arrows in Fig. 8 (d), the formation of small grains with high angle
boundaries is observed in the mantle of the matrix grains. This experimental observation
implies DRX by a dynamic rotation mechanism as suggested by lon et al. [33]. Furthermore,

the occurrence of DRX indicates that non-basal slip systems are activated during deformation,
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because the formation of high angle boundaries is promoted by non-basal slip. Since basal
<a> slip causes a lattice distortion mainly around the basal planes of the matrix grains, this is
not enough for the formation of new boundaries. In order to build a new boundary a
continuous arrangement of dislocations is required, i.e. dislocations on the basal planes as
well as on non-basal planes. This can be achieved by the activation of non-basal slip and / or

cross slip of the basal dislocations onto non-basal planes [34].

The AZ31 cups show the development of a (0001)<1010> texture component, where the
crystal plane (0001) is oriented perpendicular to the thickness direction and the crystal
direction <10 10> is oriented parallel to the deep drawing direction, specifically after forming
at 200 °C, Fig. 9 (b). The formation of this texture corresponds to a rotation around the c-axes
of the initial texture and cannot be explained by basal <a> slip alone. The basal <a> slip
system generally causes a crystal rotation in such way that the basal planes align parallel to
the tensile axes, e.g. as a <10 10> fibre texture component parallel to the tensile axes. Koike
et al [36] reported, from TEM and slip line trace studies that prismatic <a> slip leads to the
formation of such a (0001)<10 10> texture component during the tensile loading of a rolled
AZ61 sheet. Moreover, the critical resolved shear stresses (CRSS) for non-basal slip systems
decrease with increasing temperature [33, 37]. Thus, the development of the (0001) <101 0>
texture component and the occurrence of DRX in the deep-drawn cups of AZ31 can be
understood by the activation of prismatic <a> slip.

The AZ31 cup drawn at 300 °C shows a different microstructure compared to those drawn at
lower temperatures. Tensile twins are no longer observed. Conglomerates of fine,
dynamically recrystallised grains are seen to be aligned along directions rotated about 30°
from the drawing direction, as indicated by the dashed lines in Fig. 8 (c). Accordingly, the
texture component related to tensile twinning is absent, Fig. 9 (c). The fine grains surrounding
the large grains are characteristic for Mg alloys after sufficient progress of DRX. The fine

grains aligned within the bands are developed in the vicinity of the boundaries of the large
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matrix grains by a dynamic rotation mechanism. Further deformation is concentrated in these
fine grains at the mantle of the matrix grains, such that DRX within these areas is promoted.
Subsequently, band-shaped conglomerates of fine grains are developed, in which a large
amount of the deformation can be accommodated by dislocation slip [38]. Thus, the
formability of the AZ31 sheet increases due to the occurrence of DRX. Moreover, the cups
drawn at 300 °C show a large thickness strain similar to that of the ZE10 cups, Fig. 7. The
texture of the drawn cup at this high temperature, Fig. 9 (c), corresponds to the preferred
alignment of the crystal c-axes parallel to the thickness direction, which is similar to that of
the initial sheet, Fig. 2 (b). Thus, the large thickness strain cannot be accommodated by <a>
dislocation slip. A deformation mechanism accompanying the strain along the c-axes is
required for accommodating strain along the thickness direction, especially for the large
negative strain at the necking area which cannot be explained by tensile twinning in this
specific case. Deformation mechanisms that accommodate a contraction along the c-axes are
compression twinning and <c+a> pyramidal slip. However, compression twins are not
observed in these AZ31 cups. Thus, the large thickness strain in the AZ31 cups drawn at
300 °C can be explained by <c+a> slip.

Assuming that the degree of DRX is dependent on the amount of non-basal slip activated, the
deformation accommodated by non-basal slip and especially by <c+a> slip is higher at 300 °C
than at 200 °C. In fact, the thickness reduction of the former cup is much larger than the latter
cup, Fig. 7. The thickness reduction observed in the AZ31-200 °C cup indicates that <c+a>
slip contributes to the deformation at 200 °C, however, in a small amount. In addition, DRX
should also play an important role in accommodating thickness strain, because the
dynamically recrystallised grains have different orientations to the matrix. Then, the thickness
strain can also be accommodated by basal <a> slip in the case that the c-axes of the
recrystallised grains are tilted from the sheet thickness direction. The relationship between the

activity of non-basal slip, the degree of DRX and the amount of thickness strain at the

-14-



different temperatures is consistent with results in the literature showing that the r-value of the
AZ31 alloy decreases with increasing temperature. The recently published study of Nebebe et
al [21] clearly shows the decrease of the r-values at 200 °C, especially in the AZ31 alloy. The
r-values measured at 200 °C of the ZE10 alloy does show only slight difference comparing to
those at room temperature (AZ31: r=1.53 and 2Ar/t = 0.07, ZE10: r =1.24 and 2Ar /Tt =-
0.36, measured at 200°C and at strain rate of 0.02/sec, calculated from the results in the above
literature.). Though the r-values at high temperature are influenced by the activation of
additional deformation mechanisms and the occurrence of the DRX, the r-values measured at
room temperature surprisingly show a similar tendency with that measured at 200 °C,

particularly in the normalised r-values.

3.4. Microstructure of deep drawn ZE10 cups

The EBSD boundary maps and the textures measured at the walls of the ZE10 cups are
presented in Figs. 10 and 11, respectively. The microstructural features are significantly
different to those of AZ31. At 150 °C, the microstructure contains not only tensile twins but
also compression and secondary twins, Fig. 10 (a). The twinned area decreases with
increasing drawing temperature, such that at 300 °C only few twins are found. Moreover, the
ZE10 cups do not show DRX, even at 300 °C, but the grains are stretched in the deep drawing
direction. The texture of the ZE10 cups is characterised as a <101 0> fibre component parallel
to the drawing direction, Fig. 11. As discussed above, the development of such a <1010>
fibre texture is caused mainly by basal <a> slip. At 200 °C and 300 °C the basal poles are
distributed continuously from the cup thickness to the circumferential direction, whereas at
150 °C the basal poles are located mainly in the circumferential direction. The high
concentration of basal poles in the circumferential direction in the cup drawn at 150 °C is
likely to be a result of a large amount of twinning. The orientation changes due to secondary
and tensile twinning are presented in the stereographic projection of the basal poles, Fig. 12.
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The orientation change generated by tensile twinning is the same as that found in the AZ31
cups, i.e. about 90° rotation of the basal pole from the cup thickness direction into the cup
circumferential direction, Fig. 12 (b). Secondary twinning occurs mainly in the matrix grains
having c-axes largely tilted from the thickness direction. As shown in Fig. 12 (c), the
secondary twinned areas also have c-axes tilted far from the thickness direction. Consequently,
the basal poles of the cup drawn at 150°C are mainly located near to the cup circumferential
direction. It is worthwhile to notice that the twinning types observed at 150°C show a strong
dependence on the orientation of the matrix grains. In the case of grain ‘A’ in Fig. 12 (a),
which shows a secondary twin, the c-axis is parallel to the cup circumferential direction,
which is subjected to a compressive stress. The c-axes of the grains ‘B’ and ‘C’ are inclined
by about 30° to the compression direction (the cup circumferential direction). Interestingly,
the c-axes of the grains containing compression and/or secondary twins lie along the thickness
— circumferential direction, i.e. the equator of the (0001) pole figure. This indicates that the
compressive strain during deep drawing of the ZE10 cup at 150 °C is accommodated by
compression and secondary twinning. Tensile twins in the grains (‘D’ and ‘E’) have their c-
axes parallel to the thickness direction and can be explained in a similar way to those in the
AZ31 cups, Fig. 8 and 9.

In the cups drawn at 200 °C and 300 °C a continuous distribution of basal poles is observed.
The amount of twinning decreases with increasing drawing temperature and is very small at
300 °C. Barnett et al [39] have reported that the activity of twinning decreases with increasing
deformation temperature. They have shown that the change from twinning dominated to slip
dominated deformation occurs at a transition temperature which coincides with that for the
activation of non-basal slip. Although the extent of non-basal slip increases with increasing
temperature, the deformation caused by deep drawing of the ZE10 cups is accommodated
mostly by basal <a> slip since the initial texture is favourable for this deformation system.

Moreover, the microstructural features of the ZE10 cups, e.g. retardation of DRX and
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development of the <101 0> fibre texture, corresponds to the high activity of basal <a> slip.
Since basal <a> slip is activated more easily in ZE10 than in AZ31, deep drawing of ZE10

can be carried out successfully at lower forming temperatures.

Summary

The present study has demonstrated the influence of the initial texture on the mechanical
response, anisotropy and the formability of AZ31 and ZE10 sheets, using tensile tests and
round cup drawing. The AZ31 sheet has a strong basal-type texture with basal poles slightly
inclined towards the rolling direction (RD). The ZE10 sheet has an oval-shaped distribution of
basal poles at angles of about 40° to the sheet normal direction (ND). The distinct textures of
the sheets result in significant differences in the deformation behaviour as well as

microstructural evolution. The main results of the study are summarised as follows:

1. The AZ31 sheet shows high r values (1.9 in the RD ~ 2.9 in the TD), which are mainly
caused by the basal-type texture and the following difficulties of the thickness straining. The r
values increase gradually from RD to TD of the AZ31 sheet. The ZE10 sheet shows low r
values as a result of the favourable texture for basal <a> slip. The r value in the direction 45°
to the RD is higher than that in the RD and the TD (0.9 in the RD, 0.8 in the TD and 1.2 in the

45° direction).

2. The minimum temperature for the successful deep drawing is 150 °C for the ZE10 sheet
and 200 °C for the AZ31 sheet. Despite the high normal anisotropy values the deep drawn
AZ31 cups show negligible earing, while the ZE10 cups show considerable earing phenomena.
The earing behaviour of drawn cups of both alloys can be correlated with the measured r
values by employing the normalised planar anisotropy (2Ar/r = 0.27 for AZ31, -0.64 for

ZE10 sheet).
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3. At the wall of the successfully drawn AZ31 cups, the occurrence of DRX and the formation
of an (0001) <101 0> texture component were observed. The development of the (0001)
<101 0> texture component at 200 °C is mainly a result of extensive prismatic <a> slip. With
increasing forming temperature, the volume fraction of DRXed grains becomes larger and the
intensity of the (0001) <10 10> texture component decreases. This indicates the activation of
other deformation mechanisms, e.g. <c+a> slip and localised deformation in the DRXed
grains. The magnitude of the thickness strain et increases with forming temperature and at

300 °C reaches a value similar to that of the ZE10 cups.

4. The ZE10 cup drawn at 150 °C shows extensive compression and secondary twinning by
which the contraction along the c-axes can be accommodated. Moreover, the compression and
secondary twins are observed in matrix grains having c-axes tilted towards the cup
circumferential direction, subjected to compressive stresses during deep drawing. With
increasing forming temperature, the extent of twinning decreases and the <101 0> fibre
texture parallel to the drawing direction becomes clearer. Because thickness strains can be
accommodated easily in the ZE10 sheet by compression and secondary twinning and also by
dislocation slip including basal <a> slip, the ZE10 cups show large er values independent of

the forming temperature.
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elongation, g, during tensile loading in different sheet directions.

Fig. 5 Deep drawn cups formed at different temperatures; (a) failed and (b) successfully

drawn cups. White arrows indicate the rolling direction of the sheets.
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(b) 200 °C, (c) 300 °C.
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dfl‘zziﬁl YS (MPa) | UTS (MPa) | Elong. (%) I,
RD 163 263 16 192
A7Z31 45° 175 263 19 211
D 186 275 17 2.92
RD 143 228 16 0.93
ZE10 45° 120 221 22 1.23
D 110 220 18 0.85
Tab. 1
Deep drawing temperature (°C), = 1.7
100 150 200 250 300
AZ31 F F G G G
ZE10 F G G G G
Tab. 2
7 (RT) Ar(RT) | 2Ar/F (RT)
AZ31 2.27 0.3 0.27
ZE10 1.06 -0.34 -0.64
Tab. 3
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