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Abstract. Twin roll casting (TRC) has a big potential to produce thin strip material from
magnesium alloys and enables the production in an economic manner. However, the final
properties of TRC strips, such as microstructure and texture, are influenced by the twin roll casting
conditions. In this work the development of a Mg-6.8Y-2.5Zn-0.4Zr alloy (WZ73) during different
twin roll casting conditions, varying the twin roll casting speed, were studied. As a reference the
strain and strain rate were determined. After twin roll casting the microstructure is inhomogeneous
over the strip thickness and consists of a network-like structure of the LPSO phases and the a-Mg
matrix. The a-Mg matrix is made up of dobulites (flake-like structures), which is already known
for this alloy. [1,2] Typical defects of the twin roll cast strips were observed as well. It was also
revealed that the twin roll casting conditions have a big influence on the precipitation, morphology,
and phase fraction of the LPSO phases. For example, the phase fraction increases with the strain
decreasing whilst the thickness of the precipitated phases increases with an increased strain. In all
samples kink bands and yttrium enriched precipitations within the network like structures were
detected. No dynamic recrystallization nor grain boundaries were detected. The resulting textures
revealed the activation of basal slip and non-basal slip, but the intensities are small, regardless of
the twin roll casting conditions.

Introduction

In recent decades, twin roll casting has become an essential method in the sheet production of light
metals. This technology has proven to be especially beneficial for the fabrication of magnesium
alloys. Conventional systems for forming thin strips of magnesium alloys through sheet metal
involve a series of steps like continuous casting, a surface pretreatment, homogenization, pre-
rolling in multiple passes, hot rolling, and multiple heat treatments. In contrast, the twin roll casting
(TRC) method allows for the direct production of thin strips with thicknesses ranging from 3 to
7 mm from the molten state. This approach combines casting and rolling into a single process,
making it possible to create near-net-shape semi-finished products. By leveraging the combination
of TRC and strip rolling, the production of magnesium strips can be carried out in an economically
and energy-efficient manner. Currently, TRC is primarily used for producing low alloy magnesium
alloys like AZ31 or ZAX210. [3-6]

Over the last years magnesium alloys containing of rare earth elements became of much interest
due to their good mechanical properties. [7,8] Within certain alloying systems, such as Mg-Y-Zn,
the presence of Long Period Stacking Ordered (LPSO) structures significantly contributes to the
enhancement of both strength and ductility. These LPSO structures exhibit a stacking sequence
along the c-axis that manifests in a 10-, 14-, 18-, or 24-fold increase. [9,10] The formation of LPSO
structures has been observed under various conditions, particularly in conventionally cast, heat
treated, and/or hot deformed samples. [10—13]
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Available literature mainly focuses on extrusion of Mg-Y-Zn alloys, different compositions or
on the further processes after the initial production of sheets like the heat treatment or hot
rolling. [2,14,15] Therefor in this work the focus is for the first time on the investigation of the
different twin roll casting parameters and how they affect the microstructure and texture of the
magnesium alloy WZ73. The investigated twin roll casting process is unique to the Institute of
Metal Forming at the TU Bergakademie Freiberg.

Material and Methods

In the current study, the pilot-plant scale implementation of the horizontal TRC process was carried
out using a TRC plant at an industrial scale at the Institute of Metal Forming (IMF,
TU Bergakademie Freiberg). [2] The rolls had a diameter of 840 mm and were water cooled. A
protective gas atmosphere was maintained while melting of the Mg-6.8Y-2.5Zn-0.4Zr (wt.%)
(WZ73) magnesium alloy ingots. The chemical composition of the WZ73 alloy is provided in
Table 1. The melting of WZ73 alloy ingots occurred within a steel crucible in a melting furnace,
also under a protective gas atmosphere (SFs), set at 730°C. The melting furnace was connected to
a preheated launder and the adjacent nozzle through a riser. A pump facilitated the continuous
supply of molten magnesium, which was then fed into the roll gap (4.5 mm) via the casting nozzle.
The contact between the melt and the top and bottom rolls enabled heat transfer at the contact
surfaces. Consequently, a meniscus-shaped solidification zone formed, leading to delayed
solidification in the mid-section of the strip. By employing this method, it was feasible to produce
a magnesium strip with a width of 710 mm and an average thickness between 5.3 mm and 5.5 mm.
The TRC speed was adjusted between 1.5 and 2.1 m/min.

Table 1. Chemical composition of Mg-6.8Y-3.0Zn-0.4Zr [wt.%] alloy.

Mg [wt.%] | Y [Wt.%] | Zn [wt.%] | Zr [wt.%] | Others [wt.%]
Balance 6.8 3.0 0.4 0.01

To conduct the applied equivalent strain during the twin roll casting the solidification model by
Weiner et al. [16] was used. This model is based on the Freiberg Layer Model and is able to
simulate the strain ¢ and compressed length /;. These were then used to calculate the equivalent
strain ¢y and equivalent strain rate ¢ via the Eq. 1 and 2 using the twin roll casting speed v .

2
h=% 9 (1)
b=, 2)

Samples for microstructure analysis were prepared using traditional grinding and polishing
methods. Two different acids were used for etching. In a first step a mixture of distilled water,
glacial acetic acid, ethanol, and picric acid was used and for the second step nitric acid. The
microstructure analysis was conducted using optical microscopy with the Keyence VHX 6000 at
the IMF in Freiberg, Germany. The specimens were measured in the longitudinal direction.
Additionally, a scanning electron microscope evaluation was carried out using a
ZEISS GeminiSEM 450 at the same location. X-ray diffraction analysis was performed on a
Seifert-FPM RD 7 instrument at the Institute of Materials Science at the TU Bergakademie
Freiberg, utilizing CuKa radiation (A = 1.540598 A) to identify the phases. The diffraction patterns
were measured within a 20-range of 20° to 150°, with a step size of 0.02° and a step time of 25 s.
Furthermore, texture analysis was conducted using electron backscattering diffraction (EBSD)
analysis on a ZEISS GeminiSEM 450 instrument at the IMF. EBSD was performed with a voltage
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of 15 kV and a step size of 2.5 um. The EBSD data was analyzed and the pole figures were
calculated using the MTex MATLAB Toolbox (version 5.9.0, MTex, Ralf Hielscher, TU
Bergakademie Freiberg, Germany). [17]

Results and Discussion

Calculations. For a better comparison of the different microstructures the Freiberg layer model
developed by Weiner et al. [16] was used to estimate the equivalent strain ¢, and equivalent strain
rate ¢ . The results are presented in Table 2. The TRC conditions influence the strain, because due

to the higher TRC speed, the material solidifies later. The reason for this is the shorter contact with
the water-cooled rolls, which leads to a lower heat flow and a later material solidification. In
addition, the temperature of the strip being produced is higher due to the shorter contact time with
the rolls. The higher temperature delays solidification as well and provides more time for
segregation processes. [18,19] A comparison of the points of solidification shows that the material
solidifies approx. 10 mm closer to the roll gap outlet at the twin roll casting speed of 2.1 m/min.
The subsequent solidification in return leads to a shorter compressed length and consequently a
lower strain. The dependence of the strain on the TRC speed leads to the change of the equivalent
strain, but the equivalent strain rate is nearly the same. Therefor for further investigation only the
dependence of the equivalent strain will be considered.

Table 2. Results of the calculations based on the Freiberg layer model developed by Weiner et
al. [16] regarding twin roll casting of the WZ73 alloy.

TRC speed vip | compressed length | strain @ | equivalent strain | equivalent strain rate
[m/min] lg [mm] [-] Qv [-] ¢, [s"]
1.5 46.0 0.6 0.7 0.4
1.6 442 0.5 0.6 04
2.1 38.3 04 0.5 0.5

Microstructure. Fig. 2 shows an overview of the microstructure over the whole strip thickness.
Typical twin roll casting defects were observed and are shown in Fig. 1. For example, surface
bleeds, centerline segregations, an inhomogeneous microstructure and some cracks could be
detected. These are defects which have been reported before for twin roll cast WZ73 alloy and
others. [19-22] The centerline segregations are the most dominant defect. It can be seen that with
a decreased equivalent strain the thickness of the centerline segregation increases. This is the result
of the higher deformation, the higher TRC speed and the higher temperatures of the strip as
explained before. The higher speed and related phenomena lead to a bigger volume of liquid being
squished into the middle, because the melt does not solidify as quickly and the contact with the
rolls is shorter resulting in a lower heat rate. [18,19] The segregations observed in Fig. 2 can be
described as deformation segregations. They appear due to rapid deformation process according
to Lockyer et al. [23] The melt and the solid material are deformed together and small liquid
regions are formed between the solid grains. [23,24] Centerline segregations in general occur due
to the rapid cooling of the material which is in contact with the water-cooled rolls. The
solidification front migrates towards the center of the strip which results in an alloying element
enriched residual melt solidifying in the center. Furthermore, the microstructure does not consist
of large dendrites which grow from the surface into the middle of the strip. These are
characteristics of the microstructure observed for AZ31 or ZAX210 after twin roll casting. [4,20]
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Fig. 1. Optical images of defects observed in the twin roll cast WZ73 alloy a) surface bleed;
b) inhomogeneous microstructure, c) cracks.

—

Fig. 2. Optical micrographs of the twin roll cast WZ73 alloy showing the entire strip thickness a)
ov=0.7;b) v = 0.6 and c) ¢, = 0.5 including marked areas for Fig. 3.

Regarding the more detailed microstructure images in Fig. 3 it is visible that the microstructure
consists of two parts: the a-magnesium matrix and an LPSO phase. The matrix (light parts in the
optical images) is made up of dobulites (flake-like structures) whereas the LPSO phase has a
network-like structure precipitated at the grain boundaries (dark parts in the optical images), which
is similar to previous reported microstructure of a twin roll cast WZ73 alloy. [2,25] The phase

628



Metal Forming 2024 Materials Research Forum LLC

Materials Research Proceedings 44 (2024) 625-634 https://doi.org/10.21741/9781644903254-67

fraction of the LPSO phase increases slightly when the equivalent strain decreases as can be seen
in Table 3. In parallel the thickness of the participated LPSO phase decreases with the equivalent
strain decreasing. The increasing phase fraction is consistent with other observation in AZ31 alloys
which show more precipitates when the solidification rate rises. [26] Furthermore no fine grains
were detected which would indicate a dynamic recrystallisation due to the deformation process.
Ullmann et al. [14] discovered that the recrystallisation behavior of the WZ73 alloy during hot
rolling depends more on the equivalent strain rate than the equivalent strain. [14] The during twin
roll casting applied equivalent strain rate is rather low which can be a reason for the missing sites
of dynamic recrystallisation. In all samples kink bands could be identified.

Table 3. Phase fraction and thickness of the LPSO phase depending on the equivalent strain ¢,.

equivalent strain ¢v [-] | phase fraction [%] | thickness [pm]
0.7 33£1.5 1.7£0.7
0.6 36 £ 1.8 1.5+0.7
0.5 41+£2.5 1.1+04

Fig. 3b,d,f show SEM images of the twin roll cast WZ73 alloy including points of EDS
measurements. In addition to the dark matrix and the LPSO phase (light grey) some white points
are visible. Those were identified as yttrium rich precipitates which are too small for further
identification. Other measuring points have been indicated in Fig. 3 with numbers 1 to 4. The
points 1 show the a-magnesium matrix. Other yttrium and zinc rich phases have been indicated
with numbers 2 and 4. The composition measured via EDS can be compared to the MgixYZn
phase. In previous papers this phase was noted as an LPSO phase which can be either 18R or 14H
like ordered. But the precipitation along the grain boundaries indicates more likely the presence of
the 18R phase. [27-29] Points 3 show zirconium rich phases. The precise composition could not
be identified, because of the small size. But it can be noted, that zirconium was only found in
precipitates which favorably where in the middle of dobulite structures as seen for B3 and C3.
Neither in the matrix nor the in the network like structures zirconium was detected.

Table 4. Chemical composition of structural constituents according to marking in SEM images
Figure 3b,d,f determined via EDS analysis (energy dispersive X-ray spectroscopy) of the twin
roll cast WZ73 alloy.

Mg [wt.%] | Y [wt.%] | Zn [wt.%] | Zr [wt.%]
_[aL]977 1.5 0.8 -
S [A2]774 13.2 9.4 -
I [A3]56.5 24.4 3.8 15.3
S [A4]73.9 15.9 10.2 -
o [BL[982 1.3 0.5 -
S [ B2 587 233 18.0 -
I B3 |61.4 29.6 1.5 7.5
S [ B480.9 12.3 6.8 -
. | C1[9%38 2.3 0.9 -
2 [ 2585 23.0 18.5 -
I [ 3487 40.5 1.4 9.4
S Cca743 15.7 10.0 -
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Fig. 3. O ages (a,c;e) and SEM images (b,d,f) of the twin roll cast WZ73 (below
mid-thickness as marked in Fig. 2) a,b) ¢, = 0.7; ¢,d) ¢, = 0.6, e,f) @, = 0.5 with measuring
points of the EDS analysis (point 1: magnesium matrix, points 2 to 4: precipitates).

The results of the X-ray diffraction (XRD) analysis in Figure 4 show the presence of the
following phases: a-Mg, Mgi12YZn, Mg3Y2Zn3; and LPSO phases. This confirms some of the via
EDS identified phases. But some of the peaks of the XRD are assigned to the Mg3zY»Zn3 phase
which usually is described as the W-phase in WZ73 alloys and has been detected in twin roll cast
Mg-Y-Zn alloys before. [13,29] The little peaks at 31° and 33° are assigned to LPSO phases
according to literature. [2,21,30] But a clear identification of either the 14H or 18R phase is not
possible.
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Fig. 4. Results of the XRD analysis of the twin roll cast WZ73 alloy along the cross section.

Texture. Fig. 5 shows the (0001) and (1010) pole figures of the twin roll cast WZ73
alloys (below mid thickness) depending on the different equivalent strain rates. Regardless of the
equivalent strain, the pole figures show a central intensity maximum, which is slightly stretched
in the transverse direction and rather low intensities. In general, however, the texture components
are pronounced in the TRC direction. Only the pole figure of the samples with ¢y = 0.5 shows a
second intensity maximum, which is pronounced in the twin roll cast direction. The (1010) pole
figures show a so-called sixfold symmetry regardless of the equivalent strain. This symmetry and
the broadened maxima of the (0001) pole figure indicate the activity of non-basal slip systems like
pyramidal slip systems. This sixfold symmetry was already observed by Ullmann et al. [14] during
hot rolling of WZ73 alloys. [1,14] Comparable textures were also described for twin roll cast
ZAX210 or AZ31 alloys and hot rolled WE43 alloys. [4,6,31]

a) ¢, =0.7 b) ¢,=0.6
(0001) (1070) (0001) (1070)

TRCD

Max. 3.6
c) 9, =0.5
(0001) (1010) I“
3
TD TD {2
1
TRCD TRCD 0

Max. 3.2 Max. 2.1

Fig. 5. (0001) and (1010) pole figure of the twin roll cast WZ73 alloy below mid-thickness a) .
= (. 7,' b) Oy = 06, C) Oy = 0.5.
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Conclusions

The present work shows the influence of twin roll casting parameters on the microstructure and
texture evolution based on the equivalent strain and equivalent strain rate. The results can be
summarized as follows:

1. Different TRC speeds varying from 1.5 m/min up to 2.1 m/min were tested. The
solidification model was used to calculate the strain and compressed length. For all the
investigated TRC speeds it was found that the equivalent strain rate is similar whilst the
equivalent strain decreases with an increasing TRC speed.

2. As typical twin roll casting defects centerline segregations, an inhomogeneous
microstructure, surface bleeds and cracks could be detected.

3. The microstructure consists of the a-magnesium matrix and the network-like shaped LPSO
phases which participated at the grain boundaries. The phase fraction of the LPSO phases
increases with the equivalent strain decreasing. The Mgi2YZn phase could be assigned to
the LPSO phase via XRD measurements. The specific ordering could not be identified
clearly. But the precipitation along the grain boundaries indicate the 18R LPSO phase.
Some yttrium and zirconium rich precipitates were also observed but are too small in size
to clearly identify a chemical composition.

4. The texture is characterized by basal pole which is elongated in transverse direction and a
low intensity. Together with the sixfold symmetry observed in the (1010) pole figure an
activation of pyramidal slip systems is indicated. Those findings are the same for all
investigated equivalent strains.
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