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The paper addresses the relation-
ship between microstructure, texture,
and mechanical properties of rolled
magnesium sheets. The effect of roll-
ing temperature and alloying elements
on texture development and mechani-
cal properties is demonstrated. Special
focus is paid to the potential of rare
earth elements to modify the anisotro-
pic behavior and to weaken the strong
basal texture of magnesium sheets.
Alloy design that considers these pos-
sibilities together with appropriate
selection of process parameters show
the road to magnesium sheets with im-
proved forming properties.

INTRODUCTION

The use of sheet material as a semi-
finished product enables a wide scope
for design. The development of new
materials such as magnesium alloys
for lightweight application requires
the development of semi-finished
products for an expansion of possible
applications. Magnesium sheet offers
a significant possibility of produc-
ing components in a large variety of
shapes from its simple flat structure.
However, despite their great poten-
tial wrought magnesium alloys have
hitherto only played a small role in
lightweight structural applications. A
major technical reason is the fact that
commercial magnesium sheets like
AZ31 are limited in their ductility and
formability, especially at room tem-
perature. This is related to the occur-
rence of magnesium with a hexagonal-
close-packed lattice structure. In con-
sequence, there are a small number of
deformation mechanisms that can be
activated during plastic deformation
at room temperature compared to met-
als with cubic lattice structures. Basal
slip and so-called tensile twinning are
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How would you...

...describe the overall significance
of this paper?

The paper contributes to a
fundamental understanding of the
recrystallization and deformation
behavior of wrought magnesium
alloys aiming to develop magnesium
sheets with improved formability

at low temperatures. It could be
shown that the design of magnesium
sheets with better forming properties
is possible by controlling the
crystallographic texture.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

The paper addresses the relationship
between microstructure, texture,

and mechanical properties of rolled
magnesium sheets. The effect of
rolling temperature and alloying
elements on texture development
and mechanical properties is
demonstrated. Special focus is
placed on the potential of rare earth
elements to modify the anisotropic
behavior and to weaken the typical
strong basal texture of magnesium
sheets. Alloy design that considers
these possibilities together with
appropriate process parameters show
the road to magnesium sheets with
improved forming properties.

...describe this work to a
layperson?

This work deals with magnesium
sheets and forming behavior. Usually,
it is difficult to form magnesium
sheets especially at low temperatures.
This is caused by the metal structure
itself and a so-called texture, which
develops during the production
process (i.e., the rolling process).

By adding special metals in a low
amount to magnesium it is possible to
significantly alter and weaken those
textures which promises improved
forming behavior of the final sheets.
The present work provides basic
knowledge about the influence of
selected metals on the magnesium
sheet properties. The objective is to
be able to design magnesium sheets
with required properties.

the most important ones that are easily
activated. The limitation in ductility
is further enhanced by the occurrence
of strong textures after rolling, which
also lead to a distinct anisotropy in
yield behavior.! In such textures the
majority of grains are oriented such
that their basal planes are parallel to
the sheet plane. In this orientation, the
grains are hard to deform.

To overcome these limitations, it is
necessary to develop sheets with op-
timized microstructures and designed
textures. Thus, the formability may be
improved by appropriate alloy modi-
fication. In this regard magnesium
alloys containing rare earth (RE) el-
ements such as cerium and yttrium
have received attention in a number of
research and development programs
(e.g., References 2-8). However, a
general influence of alloy composi-
tion on optimum process parameters
can be anticipated because the rolling
textures of magnesium sheets result
from deformation as well as recrys-
tallization occurring during the roll-
ing procedure itself. Thus, any alloy
modification must be considered in
the context of process parameters like
degree of deformation, rolling temper-
ature, and heat treatment. In this paper
different magnesium alloys like ZM21
as a conventional alloy and ZEK100—
containing cerium-mischmetal—are
compared regarding their recrystal-
lization characteristics and the corre-
sponding textures in dependence on
process temperatures. Furthermore,
such textures are discussed in corre-
lation to their mechanical properties
(see, e.g., Reference 9). They espe-
cially include the yield anisotropy
which is quantified by testing the ma-
terial in various orientations as well as
the planar anisotropy or r-value. The r-

38

www.tms.org/jom.html

JOM e August 2009



Table I. Chemical Compositions of
Alloys ZM21 and ZEK100

Content

(wt.%) Mg Zn Mn RE Zr
ZM21 970 214 09 — —
ZEK100 976 14 — 034 03

value describes the tendency of a sheet
to flow more from its thickness or its
width if stressed in the longitudinal
direction. This parameter is an impor-
tant characteristic for the general flow
behavior of the material in sheet metal
forming processes. Moreover, the ori-
entation dependence of this value, the
in-plane anisotropy, determines its
behavior during anisotropic material
flow (i.e., local thinning or earing).'”
In this regard tests were carried out
to determine the influence of various
parameter settings and the addition of
RE elements on the development of
microstructure, texture, and the result-
ing mechanical properties.

ROLLING AND SHEET
PREPARATION

The slab materials used in this
study were continuously cast ZM21
(2.1 wt.% zinc, 0.8 wt.% manganese)
and ZEK100 (1 wt.% zinc, 0.5 wt.%
Cer-mischmetal, 0.5 wt.% zirconium)
alloys. The chemical compositions are
provided in Table I.

Rolling slabs with an initial thick-
ness of 7.4 mm were prepared and ho-
mogenized at a temperature of 350°C
for 15 h prior to rolling. The rolling
experiments were performed with a
speed of approximately 16 m/min. and
without use of lubrication. A constant
degree of deformation of about ¢ =0.3
per pass is applied, where:

¢=-Inth_, /h) (1

n is the consecutive number of the pass
and h_ the sample thickness after pass
n. Two different rolling temperatures,
300°C and 450°C, were applied. Af-
ter each pass the sheet was re-heated
for 15 min. to keep the rolling tem-
perature constant. After the complete
rolling procedure the sheet received
a final heat treatment at the respec-
tive rolling temperature for 20 min.
The final gauge of all sheets was ca.
1.35 mm. During rolling of ZEK100 at
300°C small cracks started to be gen-

erated throughout processing which
then propagated with each follow-
ing pass. The other sheets, however,
were crack-free. On the surfaces of all
sheets some flakes were present due to
the tendency of magnesium to adhere
on the rolls since no lubrication was
used in the experiments. See the side-
bar for experimental procedures.

CORRELATIONS BETWEEN
MICROSTRUCTURE AND
TEXTURE

Sample micrographs from the lon-
gitudinal sections of the sheets are
shown in Figure 1 after rolling at the
two different temperatures, 300°C
and 450°C. In Figure la and b com-
pletely recrystallized microstructures
are observed for both cases of ZM21.
However, the average grain size is 8
wm after rolling at 300°C and 24 pm
after rolling at 450°C (i.e. a significant
increase of the average grain size with
rolling temperature).

Figure 1c and d shows the same
for sheet alloy ZEK100. It is easily
seen that the material behavior is dis-
tinctively different. In the case of the
sheet rolled at 300°C a strongly de-
formed microstructure is found which
does not show any tendency to form
small and new grains as a result of ma-
terial recrystallization. In contrast, the
higher temperature of 450°C allows a
complete recrystallization of the sheet
microstructure and reveals an average
grain size of 13 pm.

In Figure 2 the recalculated pole
figures obtained from the texture mea-
surements are shown. Typically, the

basal planes of Mg sheets are orien-
tated parallel to the sheet plane but
show different angular distributions
from the normal direction to either
the rolling or transverse direction.
In the case of the ZM21 sheets pre-
sented in this work (Figure 2a-b) the
angular distribution of basal planes is
broader toward the rolling direction
(RD) rather than toward the transverse
direction (TD). This is considered to
be a typical finding for a magnesium
sheet texture like that of the broadly
used alloy AZ31 (see also Figure 5 for
comparison) (e.g., Reference 12). It is
noteworthy that the maximum inten-
sity of the basal pole figure decreases
with increasing rolling temperature
resulting in a weaker texture at higher
temperature.

Figure 2c-d shows the same pole
figures for the ZEK100-sheets. In the
basal (00.2) pole figure of the ZEK100
sheet rolled at 300°C two interesting
features are found (Figure 2c). First,
a strong component puts the basal
planes not exactly parallel to the sheet
plane but tilted toward RD and in a de-
generate double peak. A broad angular
distribution of the basal planes toward
the RD is also found. Second, an even
broader angular distribution towards
TD is found.

Figure 2d shows the texture of the
sheets rolled at 450°C. Clearly, the
intensity of this texture is the low-
est compared to the others discussed
in this study. Further, the shape of
the basal pole figure has drastically
changed. It is best characterized as a
degenerate double peak tilted toward

EXPERIMENTAL DETAILS

The microstructure of the sheets was analyzed using light optical microscopy. Standard
metallographic sample preparation techniques were applied employing an etchant based
upon picric acid,'" which revealed grains as well as grain boundaries. The average grain
size was determined using a computer-aided linear intercept measurement.

For texture measurements an x-ray diffractometer with CuK  radiation was used.
Therefore sheet samples were ground to mid-plane and polished. The (10.00), (00.2),
(10.1), (10.2), (11.0), and (10.3) pole figures were measured to a sample tilt of 70° and
used for the calculation of the complete orientation distribution function (ODF) which
allows the recalculation and presentation of complete pole figures.

Tensile tests were performed using a universal testing machine with a constant strain
rate of 10s™! at room temperature to investigate the mechanical properties. Specimens
were prepared in two sample orientations, the sheet rolling direction (RD) and transverse
direction (TD). Extensometers were used to measure the strain along the length and
width of each sample. Mechanical properties such as the tensile yield strength (TYS), the
ultimate tensile stress (UTS), the uniform elongation (E ) and the fracture strain (E,) were
determined as well as the r-value at room temperature at 8% strain.
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Figure 1. Microstructures of the final sheets after the post-heat treatment. (a) ZM21- 300°C,
average grain size 8 um, fully recrystallized; (b) ZM21-450°C, average grain size 24 um. fully
recrystallized; (c) ZEK100-300°C, severely deformed even after HT; high density of shear
bands causing cracks; (d) ZEK100—450°C, average grain size 13 um, fully recrystallized.

the TD and a significantly broader an-
gular distribution of basal planes to-
ward TD than towards RD.

MECHANICAL PROPERTIES

In Figure 3 stress-strain curves of
the sheets are shown for the two sam-
ple orientations, RD and TD. Only in
the case of the ZEK100 sheet rolled at
300°C no mechanical curves were ob-
tained as a result of significant strain

(0002) Inax: 8.4
a

(0002) Ippax: 10.1
c

(10-10) Ipax: 2.8

hardening of the sheets which led to
initial fracture during testing. For bet-
ter comparison the characteristic me-
chanical values—tensile yield strength
(TYS), ultimate tensile strength
(UTS), uniform elongation (E ) and
elongation at fracture (E)—are also
plotted in Figure 4.

Figure 3a and b shows mechani-
cal properties for alloy ZM21 rolled
at 300°C and 450°C, respectively. In

Intensity
m.r.d

0.5

—_

(0002) Ingy: 3.3
d

D

(10-10) lpax: 1.9

both cases a higher TYS and UTS is
obtained along TD than along RD. A
pronounced elastic limit is found for
the sheet rolled at 300°C (Figure 3a),
which is more significant along TD
and less pronounced along RD. It al-
most vanishes for the sheet rolled at
450°C (Figure 3b). In contrast, the
ZEK100 sheet reveals an inversion of
the yield properties (i.e., the higher
TYS is found along RD rather than
along TD), see Figure 3c. Further,
the yield anisotropy is more distinc-
tive in ZEK100 than in both ZM21
sheets (Figure 4a). A similar behavior
is observed regarding the elongation
properties (Figure 4b). The r-value is
shown in Figure 4c. For both ZM21
sheets a significantly higher r-value is
found along TD rather than along RD.
For the sheet rolled at higher rolling
temperature generally lower r-values
are found compared to that rolled at
300°C. Further, the in-plane anisot-
ropy (i.e., the orientation dependence
of the r-value) is lower after rolling at
450°C. For the ZEK100, a very com-
parable r-value of approximately 1 is
found for both the RD and TD orienta-
tions. Thus, a significant in-plane an-
isotropy cannot be described for this
sheet.

EVALUATING THE
TEXTURE OF MAGNESIUM
SHEET

Study of the microstructure of the
investigated sheets shows a significant

Figure 2. Recalcu-
lated pole figures
of the basal (0002)
and prismatic (10-

P 10) planes of the
:2‘-‘"\‘\\\ - rolled and heat-
-~ treated sheets. Maxi-

\ Y \ mum intensities are
given in [m.r.d.]. (a)
_ ZM21 sheet rolled
A at 300°C, (b) zZM21

4 sheetrolled at 450°C,
(c) ZEK100 sheet
rolled at 300°C, (d)
ZEK100 sheet rolled
at 450°C.
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Figure 3. Stress-strain curves of the final
sheets: (a) ZM21 rolled at 300°C, (b)
ZM21 rolled at 450°C, (c) ZEK100 rolled
at 450°.
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dependence of the recrystallization on
alloy composition. While the ZM21
sheet is fully recrystallized even at the
lower rolling temperature the micro-
structure of the ZEK100 sheet rolled
at 300°C remains severely deformed.

Both ZM21 sheets show essentially
the basal texture which is typically
found for commercial sheet AZ31,
as shown in Figure 5. The remark-
ably strong texture of the AZ31 sheet
is connected to a well-recrystallized
microstructure with grain boundary
bulging as the principal recrystalliza-
tion mechanism."

It is noteworthy that the texture of
the ZM21 rolled at higher temperature
is slightly weaker than after rolling
at 300°C. However the texture shape
does not change. In the case of the
ZEK100 rolled at 450°C a well-recrys-
tallized microstructure corresponds

to a weak texture. This weak texture
is best characterized by the angular
distribution of the basal planes being
broader from ND to TD rather than
from ND to RD. This kind of texture
has been described in earlier works,
which is connected with alloys con-
taining RE-elements.®'* After rolling
at 300°C, howeyver, a different texture
was developed, which can be correlat-
ed with a microstructure that does not
show any recrystallization. However,
investigations using SEM techniques
reveal that small new grains that result
from the rolling procedure can be ob-
served as shown in Wendt et al.’ It can
be concluded that the recrystallization
that occurs during processing takes
place more slowly than in ZM21.

The texture of this sheet rolled at
300°C consists of two components,
one being the deformation texture
as a result of the rolling process and
one being the result of the formation
of new grains during recrystalliza-
tion. Mackenzie and Pekguleryuz?
have shown that after the rolling of
ZEK100 at an even lower temperature
of 150°C a strong basal texture results,
which basically is similar to the tex-
ture observed in the ZM21 sheets in
this study. Additionally, the angular
spread of basal planes towards the TD
may be regarded as being due to the
new texture component introduced
by recrystallization during the rolling
procedure. In this view after rolling
and heat treatment at 450°C complete
recrystallization of the microstructure
occurs and the strong basal texture
component vanishes. Instead of that a
degenerate double peak at an angle of
35° is developed. The overall texture
is remarkably weak. It is not a purpose
of this paper to discuss the origin of
this component. However, some au-
thors attributed this to the presence of
the RE-elements being in solid solu-
tion in the alloy.*%* This hypothesis
assumes indeed a different kind of re-
crystallization mechanism compared
to that which is typically active in the
commercial alloy AZ31 or the ZM21
in this study.”*'S This interpretation
can be directly connected with the
finding that the two different alloys in
this study obey different recrystalliza-
tion kinetics.

Technologically, the alloy ZEK100

requires a higher rolling temperature
compared to ZM21 to produce a sheet
with a fully recrystallized microstruc-
ture. The resulting weak textures are
likely to improve the mechanical per-
formance of the sheet. It is found for
ZM21 that the strength properties fol-
low the Hall-Petch relation where
6 ~ d'?, with d being the average
grain size (i.e., higher yield strength
results from lower grain size caused
by the lower rolling temperature). The
strong concentration of basal planes in
the sheet plane with a wider angular
distribution toward the RD than to the
TD in the case of the ZM21 always
causes a lower TYS along RD. This
can be explained by an easier activa-
tion of the basal slip systems in RD. A
similar behavior due to its texture is
found for the commercial alloy AZ31
where the TYS along TD with almost
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Figure 4. Comparison of the characteris-
tic mechanical values of the sheets: (a)
Tensile yield strength (TYS) and ultimate
tensile strength (UTS); (b) uniform elon-
gation (E)) and elongation at fracture
(E)); (c) Lankford-coefficient (R-value) at
8% strain.
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Figure 5. Pole figures of the basal (0002) and prismatic (10-10) planes of commercial AZ31
sheet. Maximum intensities are given in [m.r.d.]. (recrystallized microstructure).

190 MPa is higher than the TYS of
160 MPa measured along RD. In con-
trast, the ZEK100 sheet shows an in-
verse yield behavior. Due to the distri-
bution of the planes the TYS is signifi-
cantly lower along TD rather than
along RD. The lower texture intensity
of the ZM21 after rolling at 450°C
compared to rolling at 300°C leads to a
decrease in the r-value independent of
the sheet orientation. Also the in-plane
anisotropy is decreased in that case.
The ZEK100 sheet after rolling at
450°C exhibits minimized in-plane an-
isotropy due to its extremely weak tex-
ture. Regarding the AZ31 sheet the
strong basal texture causes high r-val-
ues of 1.9 at 8% strain along RD and of
2.9 along TD expressing the typical
anisotropic behavior. Hence, both
ZM21 sheets possess an inhomoge-
neous forming behavior similar to the
AZ31 sheet which is characteristic for
magnesium  alloys, whereas the
ZEK100 rolled at an appropriate tem-
perature promises improved formabil-
ity as a result of the texture formation.

CONCLUSIONS

Due to the different recrystallization
kinetics in ZEK100 compared to con-
ventional alloys such as AZ31 or ZM21
it becomes necessary to adjust the pro-
cess parameters accordingly. One of
the theories currently receiving atten-
tion and supported by the present re-
sults connects nucleation and recrys-
tallization with solute drag of the RE
on the grain boundaries.* Another pos-
sible effect may, however, be to prevent

grain boundary bulging as the common
recrystallization mechanism in con-
ventional magnesium alloys.'? Never-
theless, the fact remains that the fully
recrystallized microstructure of the
ZEK100 rolled at higher temperature
causes a significantly different and
weaker texture.

Thus, the decreased planar and in-
plane anisotropy of mechanical prop-
erties may be explained by the recrys-
tallization mechanism in connection
with the weakened and broadened tex-
ture. The correlation of texture and
mechanical behavior found in this
study outlines the great potential of the
RE-elements to improve the formabil-
ity of magnesium sheets.

The findings described in this paper
settle the need for further investiga-
tions of the effects of the rare earth ele-
ments. Of special interest is a deeper
understanding of the nucleation and
grain growth mechanisms. Further-
more quantitative formability studies
by means of several series of forming
tests would give a sound basis for fu-
ture alloy development.
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