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a b s t r a c t

Twin-roll casting (TRC) technology has been applied to produce Mg–3Al–1Zn–0.2Mn alloy plates. The
microstructure of the plates mainly consists of primary �-Mg and secondary Mg17(Al,Zn)12 phase. With
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directional solidification during the TRC process, deformation occurs preferentially near the surface and
adjacent to the grain boundaries. Dislocation tangle, twins and recrystallized grains are visible in the
TRC Mg–3Al–1Zn–0.2Mn plates. The plates show {0 0 0 2} texture in the sub-surface region and {1 0 1̄ 4}
texture at the center.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Twin-roll casting (TRC) is a promising technology for producing
etals because of several advantages as compared with conven-

ional ingot casting. It combines casting and hot rolling into a single
peration: molten metal is fed into the gap between two internally
ater-cooled running rolls and, after having solidified and under-

one some hot deformation, comes directly out as strips, sheets or
lates [1–6]. This near-net-shape process can save energy, reduce
ost and improve efficiency. TRC is especially attractive for Mg
lloys, which have excellent specific strength and stiffness but low
orkability compared with other common structural alloys such

s Al alloys and steels. TRC will potentially reduce the produc-
ion costs, and thus increase the commercial applications of Mg
lloys.

Up to date, TRC Al alloys have been widely studied and com-
ercially produced [7–11]. The research work on TRC Mg alloys,

owever, is much less reported. The main investigations in the
iterature include: feasibility study of twin-roll casting process
or magnesium alloys [1], the microstructure evolution and ten-
ile properties of TRC Mg–Zn–Mn–Al alloys [2,3], the deformation
ehavior of TRC Mg–Zn–Mn–Cu–Zr alloy [4], and the effect of cast-
ng parameters on microstructure evolution of TRC AZ31B alloy [5].
n these studies, the textures of the TRC Mg alloys were not dealt

ith. Furthermore, the microstructure of a TRC Mg alloy is also
ependent upon alloy composition and the manufacturing process.

∗ Corresponding author: Tel.: +86 731 8830264; fax: +86 731 8876692.
E-mail address: lizhou6931@163.com (Z. Li).

254-0584/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.matchemphys.2009.03.026
This paper investigates the microstructure and texture of a common
TRC Mg alloy.

2. Experimental

AZ31B (nominal composition Mg–3Al–1Zn–0.2Mn in wt.%), one of the most
extensively used wrought Mg alloy, was chosen in this study. TRC plates were pre-
pared with a tilting twin-roll caster in CHINALCO Luoyang Copper Co. Ltd. The rolls
have a diameter of 950 mm and length of 1800 mm. The gap between the two rolls
was set at 5–6 mm. The rolls were preheated to 423–473 K before casting and car-
bon powder was used as lubricant. The raw metals were blended according to the
composition, melted in a crucible and then delivered to the caster. The melt was
protected by a shield gas (high purity N2 with a small amount of SF6) to prevent the
molten alloys from burning and was at a temperature of 953–983 K before casting.
Casting rate was regulated between 600 and 1200 mm min−1. The plates obtained
had a thickness of 6.5 mm.

Optical microscopy (OM) was used to examine the microstructure of the rolling
plane, longitudinal section and transverse section of the TRC AZ31B plates. The sur-
face to be examined was mechanically milled, polished, and then etched with a
solution of ethanol (30 ml), picric acid (2 g), acetic acid (6 ml) and water (5 ml) to
reveal the microstructure. A D/max 2500 X-ray diffractometer (18 kW) with Cu K�
radiation was used to obtain the diffraction patterns of the rolling plane, longitu-
dinal section and transverse section. The plate was first sliced into two sheets such
that the textures in the sub-surface and center regions of the plate were analyzed
separately. Harris’ method revised by Morris was employed to process the date [12]
and subsequently inverse pole figures were drawn. A TecnaiG220 transmission elec-
tron microscope (TEM), operated at 200 KV and equipped with energy dispersive
spectroscopy (EDS), was used to obtain details of microstructure. The thin foils for
TEM observation were taken parallel to the transverse section, mechanically ground
and then ion-beam milled to perforation.
3. Results and discussion

Fig. 1 shows representative optical micrographs of the rolling
plane, longitudinal section and transverse section. On the rolling

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:lizhou6931@163.com
dx.doi.org/10.1016/j.matchemphys.2009.03.026
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ig. 1. Optical micrographs of the TRC AZ31B alloy. RD, TD and ND indicate the rolli
b) longitudinal section of sub-surface region; (c) transverse section of sub-surface r
f center.

lane, the dendritic structure is clearly displayed. The micrographs
Fig. 1a and d) show that the microstructure of the TRC AZ31B alloy

ainly consist of primary �-Mg with the second phase (2–5 �m)
ispersed in the interdendritic regions and along the grain bound-
ries [5,13]. On longitudinal and transverse sections (Fig. 1b, c, e, f),
owever, dendritic structure is nearly invisible and the deformation
tructure appears obviously, which can be attributed to the effect of
olling, the plate blank is compressed along the normal direction of
he rolling plane by the rollers and then the dendritic structures on
he longitudinal and transverse sections are destroyed by the plastic
eformation during TRC process. Different microstructural features
n the three planes indicate that the TRC plate is anisotropic, and

he anisotropy is due to the complex TRC process, which will be
nalyzed in company with the texture results.

Moreover, the microstructures in sub-surface region and at the
enter are different either. On the longitudinal section, flow lines,

Fig. 2. TEM micrograph (a) and EDS spectrum (b)
nsverse and normal directions respectively. (a) Rolling plane of sub-surface region;
; (d) rolling plane of center; (e) longitudinal section of center; (f) transverse section

prolonged grains and second phase particles are shown markedly
in the sub-surface region (Fig. 1b), but not at the center (Fig. 1e).
It is suggested that the deformation is macroscopically inhomo-
geneous, occurring severely in the region adjacent to the surface
and slightly at the center. This phenomenon, also existent in TRC
Al alloys [9,14], is due to the friction between the sheet and the
rolls. The deformation in the sub-surface region is also microscop-
ically inhomogeneous. As shown in Fig. 1c, the deformation occurs
preferentially at grain boundaries because of stress concentrations
at these regions. Large local strain and high temperature during
the TRC process induce dynamic recrystallization [15,16], which is
confirmed by the TEM analysis as described below.
The OM observations show that a large number of the second
phase particles are more visible on the transverse section (Fig. 1c)
because they are elongated along the rolling direction (Fig. 1b).
For the convenience of observing these particles, TEM specimens

of the second phase in the TRC AZ31B alloy.
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Fig. 3. TEM micrographs of the TRC AZ31B alloy: (a)

ere taken parallel to the transverse section. The TEM micrograph,
elected area diffraction patterns (SADP) and EDS analysis results

spectrum and the embedded table) of the second phase are shown
n Fig. 2. It can be seen that the atomic ratio between Mg and
Al + Zn) in the second phase is approximately 17:12.46 (in view of

easure error). It is reported in the literature [17] that the Al atoms
n the Mg17Al12 phase can be partly replaced by Zn atoms to form

ig. 4. Inverse pole figures of (a) rolling plane of sub-surface region; (b) longitudinal sec
lane of center; (e) longitudinal section of center; and (f) transverse section of center.
ation tangle; (b) recrystallized grains; and (c) twins.

an extended phase of Mg17Al12, Mg17(Al,Zn)12, which has a sim-
ilar crystal structure to Mg17Al12 (body-centered cubic structure

with the lattice parameter of 1.054 nm). By combining the analy-
ses of EDS and SADP, the second phase in the TRC AZ31B plates is
confirmed to be Mg17(Al,Zn)12. The existence of the Mg17(Al,Zn)12
phase in this alloy is due to non-equilibrium solidification. The cool-
ing rate was higher for the alloying elements to diffuse adequately

tion of sub-surface region; (c) transverse section of sub-surface region; (d) rolling
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n the solid during the TRC process. As a result, the solutes (Al and
n) are enriched in the remnant liquid between the dendrite arms
s the dendrites grow, and form Mg17(Al,Zn)12 in the end.

Fig. 3 shows the TEM micrographs of dislocation tangle,
ecrystalized grains and twins. It is reasonable to consider the defor-
ation mechanism of hot working during TRC process to be similar

o that of common hot working, which has been widely studied
15,16,18–20]. Although the number of slip systems in hexagonal
lose-packed (HCP) materials is limited at low temperatures, slip
s the primary mechanism of plastic deformation in Mg alloys. At
oom temperature, plastic deformation in polycrystalline alloys has
een considered to occur almost entirely by basal slip. At elevated
emperature, the non-basal slip systems on prismatic and pyrami-
al planes could be activated [15,16]. The multiple slips lead to the
islocation tangle (Fig. 3a), and cross-slip and climb of dislocations
orm dislocation walls and polygonal cells [18]. As the deforma-
ion proceeds, large quantities of dislocations are reproduced and
bsorbed by the dislocation walls. The misorientations between the
ells gradually increase, and the cells finally develop into recrys-
allized grains (Fig. 3b). It is well known that twinning is also an
mportant mechanism of plastic deformation for Mg alloys at low
emperature. Twins are also visible after hot working, although
heir quantity decreases as the deformation temperature increases
18]. In the TRC plates investigated in this study, a few twins, which
re too thin to be observed by OM, are found in TEM (Fig. 3c).

As the OM analyses indicate that the TRC AZ31B plates are
nisotropic and locally deformed, there is a necessity to investi-
ate the texture of the plate. Fig. 4 shows the inverse pole figures
f the rolling plane, longitudinal section and transverse section for
he sub-surface region and the center. Comparing the inverse pole
gures of the three planes shows that the result of the rolling plane

s markedly different from that of the other two sections, with the
asal plane of grains being more frequently parallel to the rolling
lane. There is also an obvious difference in texture between the
ub-surface region and the center. The sub-surface region exhibits
simple (0 0 0 2) [1 1 2̄ 0] basal texture; the situation at center is
ore complex, with {1 0 1̄ 4} plane (at an angle of 25.1◦ with the

asal plane) parallel to the rolling plane and
〈

1 0 1̄ 0
〉

direction par-
llel to the rolling direction. It is well known that the HCP structure
nly shows six-fold symmetry on basal plane, the results of texture
nalysis are well consistent with the OM observations (a plenty of
he approximate six-fold symmetrical dendrites are showed on the
olling plane (Fig. 1a and d)).

The OM and texture analyses have clearly shown that orientation
exture is formed in the TRC AZ31B plates. Directional solidifica-
ion (DS) and subsequent hot rolling are considered to be the two
ominant factors in the formation of texture [9]. During TRC, heat
ransfers from the molten metal to the rolls directionally, leading to
irectional solidification (DS). The solidified metal is then deformed
y the running rolls. The final texture of the TRC plate is the combi-
ation of solidification texture and hot deformation texture. Texture

ormed after hot rolling is normally {0 0 0 2} basal texture, the for-
ation of which is considered to be the result of the slip systems

perating on basal planes [21–24]. The formation of DS texture,
owever, is more complex. As solidification process can be regarded
s atoms moving from the liquid onto the surface of the solid crys-
al, DS texture is affected by crystal structure, temperature gradient,
lloy component, solidification interface, and so on [25]. The solidi-
cation texture can also be influenced the flow of the molten metal
26], which is unavoidable in TRC. The formation of TRC texture and
he microstructure anisotropy in the TRC AZ31B alloy are therefore

n integrated effect of the multiplex factors mentioned above, and
ore work is required for a full analysis of the texture formation.
Homogenization treatment has to be performed after casting to

issolve the solvable phase and to reduce the amount of residual
onstituents in the matrix, so that the plasticity and the fatigue

[
[
[

[
[
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fracture resistance of the alloy can be increased. The process of
homogenization treatment is based on the diffusion of the ele-
ments, therefore it should be carried out at certain temperature for
a long time [5,6] and leads a prodigious consumption of energy and
oxidation of materials. The plate investigated in this experiment
has been undergone plastic deformation, and the crystal defects,
such as vacancies and dislocations (Fig. 3a), were produced by the
plastic deformation. These large quantities of crystal defects can
accelerate the diffusion of elements and shorten homogenization
heat treatment time. More over, the stored energy of plastic defor-
mation will lead the static recrystallization during homogenization
treatment [27], the softening of recrystallization facilitates the sub-
sequent plastic deformation. The microstructure anisotropy which
may decrease the plasticity and the fatigue fracture resistance can
be mostly eliminated by homogenization treatment. Therefore, the
magnesium alloy plate that fabricated by TRC in this paper is favor-
able for the subsequent heat treatment and plastic deformation.
Whereas, more works are required to analysis the effects of TRC
texture and microstructure anisotropy on properties of the alloy.

4. Conclusion

TRC technology has been applied to fabricate AZ31B plates, and
the microstructure and texture of the as-produced plates have been
investigated. The microstructure mainly consists of primary �-Mg
with the second Mg17(Al,Zn)12 phase dispersing in interdendritic
regions and along grain boundaries. During TRC, the plate under-
goes hot deformation, which occurs preferentially near the surface
and adjacent to the grain boundaries. Dislocation tangle and twins
are visible in the TRC AZ31B plates. Dynamic recrystallization is
induced in the regions with large strains. The TRC AZ31B plates
show {0 0 0 2} basal texture in the sub-surface region, and {1 0 1̄ 4}
texture at the center, due to DS and inhomogeneous deformation
in TRC.
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