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Abstract 

The wide magnesium (Mg) alloy sheets produced by twin-roll casting (TRC) are prone 

to have inhomogeneous microstructure and basal texture. Texture has an significant 

effect on the properties of TRCed Mg alloy sheets during subsequent processing, which 

can be modified greatly by alloy compositions. However, systematic study on bulk 

texture of TRCed Mg alloy sheets using neutron diffraction is lack . In this study, 

neutron diffraction technique as well as microstructure and micro-texture analysis by 

field emission scanning electron microscopy (FESEM) and electron backscattering 

diffraction (EBSD) was used to explore the bulk texture in different positions of the Mg, 

Mg-Al-Zn and Mg-Al-Sn-Zn alloy sheets produced by TRC. And, the influence of alloy 

compositions on microstructure and texture evolutions of TRCed Mg alloy sheets was 

explored and discussed. It is found that the TRCed pure Mg sheet possesses a relatively 

strong basal texture, and texture distribution is inhomogeneous. While TRCed Mg-Al-

Sn-Zn alloy sheets feature much weaker texture and its distribution in different 

positions becomes more homogeneous. The present study provides guidance for the 

control of texture via tailoring alloy compositions, which helps developing candidate 

Mg alloys suitable for the TRC process. 

 

Keywords: mg alloys, twin-roll casting, bulk texture, microstructure, neutron 

diffraction. 

1. Introduction 

With an increasing demands in consumer and environment demands for highly 



fuel efficient cars and reductions in carbon dioxide emissions of vehicles, magnesium 

(Mg) and its alloys have received great attention for potential use in automotive and 

aerospace applications due to their low density, high stiffness and strength [1, 2]. In 

particular, Mg-Al-Zn (AZ series) and Mg-Al-Zn-Sn alloys have attracted increasing 

attention as their good machinability, corrosion resistance and damping capacity [3, 4]. 

However, Mg alloys usually possess poor formability at room temperature due to their 

limited slip systems and easily formed strong basal texture, which restricts severely the 

application of wrought Mg alloys. For example, Mg alloys in cars have been mostly 

limited to die-cast parts [5, 6]. In fact, the use of Mg alloys in the automotive body has 

a great potential for allowing further weight reduction, thus promoting the development 

of Mg sheets with high performance at low cost [6]. 

Due to the different values of critical resolved shear stress (CRSS), As the basal 

slip in Mg alloys is much easier to activate compared with non-basal slip at room 

temperature because of lower critical resolved shear stress (CRSS), the orientation of 

grains plays a considerable role during plastic deformation. Weakening the  basal 

texture is an effective way to improve both the strain hardening ability and ductility to 

obtain excellent formability. Unfortunately, wrought Mg alloys generally exhibit strong 

basal texture, which is ascribed to the large shear stresses introduced by extrusion and 

rolling deformation [7]. To improve the ductility and formability of Mg alloys, 

extensive efforts have been made toward weakening, broadening, or rotation of the 

strong basal texture of rolled Mg alloys [8]. Therefore, new rolling approaches for 

weakening the texture, especially tilting the basal plane, are urgently required. 



Successful development of corresponding rolling processes, coupled with lower prices 

of Mg alloys, could encourage the use of Mg alloy sheets in aerospace, electronics 

industry, especially in automobiles. Twin-roll casting (TRC), as a new technology that 

combines casting and hot rolling into a single pass, can save energy and improve 

efficiency at costs which are only 1/3 to 1/4 compared to the conventional Mg sheet 

production processes [8-13]. The preparation of Mg alloys by TRC has therefore been 

attracting increasing attention of researchers in recent years [5, 14]. 

Since there is a strong correlation between the crystallographic texture evolution 

during thermomechanical processing and the resulting mechanical behavior, controlling 

the microstructure (including texture and grain size) has broad potential to enhance 

mechanical properties of wrought Mg alloys [15]. Thus from the 1980s, research groups 

throughout the world (i.e. Korea, Japan, Australia, Germany and Turkey) have been 

dealing with the development of the TRC technology and the characterization of the 

materials in the TRC state. The investigations were mainly focused on microstructural 

evolution, texture and mechanical properties of AZ31, AM50 and some rare earth 

containing Mg alloys after TRC as well as subsequent hot rolling and/or heat treatment 

[16]. It is evident that those initial texture components formed during TRC are passed 

on to a certain extent to the rolled texture [12, 15]. Hence for industrial applications, 

accurate characterization of the texture in TRCed wide Mg alloy sheets is urgently 

necessitated [13]. 

At present, the texture of Mg alloy sheets processed by TRC is mainly 

characterized by EBSD, transmission electron microscope (TEM) and X-ray 



diffraction (XRD). Usually these techniques are  used to measure the local and 

surface texture in materials. For example, EBSD and X-ray diffractometer were 

employed to measure the texture of Mg–2Zn based-alloy sheets processing via TRC. 

The results showed that weakened basal texture was formed by addition alloy 

elements [17]. Zhang et al. studied the texture of Mg–8Al–2Sn–1Zn alloy by EBSD. 

Their results indicated that the grain rotation made the c-axes nearly parallel to the 

ND during TRC processing, resulting in a relatively strong basal texture in Mg alloy 

with high Al content [18]. The texture of TRCed AZ31 was evaluated by X-ray 

diffraction, it was observed that the unique TRC structure is responsible for texture 

alleviation upon annealing [19]. In order to investigate the influence of textured 

microstructures on corrosion properties, X ray diffraction was used to measure texture 

of AZ31 Mg alloy sheet produced by the conventional TRC process [2]. However, for 

industry and practical engineering application, bulk texture of large scaled materials is 

more important than the local texture [20, 21]. Due to the high penetration of neutron 

in most materials, bulk texture analysis is achievable by using neutron diffraction 

techniques. Today, texture analysis by neutron diffraction has become the standard 

method to investigate bulk textures of different types of materials [22]. However, to 

date only a few studies have been conducted to investigate the bulk texture by neutron 

diffraction in TRCed Mg alloy sheets. 

During TRC process, molten metal contacts with the middle of rollers first and 

then it spreads to both sides under pressure. This process is likely to cause uneven 

cooling speed of the layer, so that the overall performance of sheets presents an 



inhomogeneous state. Researching the microstructure and texture of different TRCed 

Mg alloy sheets is the key to solve this problem. In this study, microstructure of the 

TRCed Mg-Al-Zn/Sn alloy sheets was characterized by SEM, EBSD and XRD. 

Especially, neutron diffraction was used to measure the bulk texture of different 

positions in wide TRCed Mg-Al-Zn/Sn alloy sheets with different alloy compositions. 

Moreover, the influence of alloy compositions on microstructure and texture evolutions, 

as well as the texture distribution in different positions within a sheet processed by TRC 

was explored. The study aims at providing guidance for texture control via tailoring the 

alloy compositions and developing alternative Mg alloys suitable for TRC processing. 

2. Experimental Details 

The materials used in the present study are commercial pure Mg (99.89 wt.%), 

pure Al (99.90 wt.%), pure Zn (99.90 wt.%) and pure Sn (99.90 wt.%). TRC process is 

used to fabricate pure Mg, Mg-3Al-1Zn (AZ31), Mg-4Al-2Sn (A4S2) and Mg-8Al-2Sn 

(A8S2) alloys sheets. The measured chemical compositions of four Mg alloy sheets are 

listed in Table 1. A schematic illustration of the horizontal TRC process is shown in 

Figure 1. It can be seen that the molten metal is fed into the gap between two internally 

water-cooled running rolls. After having solidified and undergone some hot 

deformation, the molten metal comes directly out as strips or sheets [10, 23]. The range 

of casting temperature for this work is about 670-680 ℃. Figure 2 shows the products 

surface of four TRCed Mg alloy sheets. All sheets have a high surface quality and only 

few cracks are found at the edges. The sheets studied in this work have a dimension of 

1050×435×5 mm3. 



Table 1. The compositions of studied alloys. 

Normal composition Measured composition (wt. %)  

 Al Zn Sn Mn Mg 

Pure Mg - - - - 99.99 

AZ31 2.80 0.80  0.31 Bal. 

A4S2 4.35 0.75 2.14 0.24 Bal. 

A8S2 8.14 0.74 2.13 0.24 Bal. 

 

Figure 1. Schematic illustration of TRC process with sub-rapid solidification cooling rate. 

 

Figure 2. Surface macrostructure of four TRCed Mg alloys. 

To investigate the texture distribution, we took samples from different positions in 

Mg alloy sheets, which are shown in Figure 3. The number #1, #2, #3, and #4 represents 

edge and center of top, edge and center of bottom layer, respectively. The samples were 

cut from top and bottom layers with a thickness of 1 mm along normal direction, and 

center and edge along transverse direction with a size of 15 mm (length) × 15 mm 

(width). In order to get samples suitable for neutron texture measurement, 15 pieces of 

blocks cut from the same position of sheets were piled up and glued together forming 

a cube with dimensions of 15 mm × 15 mm × 15 mm. Then the (0002) pole figures 

were measured using the neutron diffractometer, STRESS-SPEC at FRM II in Germany 



[22]. The texture of sheets was measured with a beam wavelength of 1.68 Å. The tested 

samples were mounted on an Eulerian cradle and their corresponding diffraction images 

were recorded using a position sensitive area detector. For measurement of the (0002) 

pole figures, samples are tilted (χ=0-90 °) and rotated (Ф=0-360 °) in equal distance 

steps. Inhouse program SteCa was used to analyze the data and plot the pole figures 

[24]. 

 

Figure 3. Schematic illustration showing samples preparation for texture measurement. 

Microstructure characterization were conducted by optical microscopy (OM: 

MV3000) and field emission scanning electron microscopy (FESEM: ZEISS ULTRA 

55 and FEI QUANTA FEG 450) equipped with energy dispersive spectrometer (EDS) 

analyzer (INCA X-MAX 50 and TEAM EDS) in RD-ND plane (RD: rolling direction, 

ND: normal direction) for all samples. Field emission electron backscattering 

diffraction (EBSD: ZEISS ULTRA 55) equipped with analyzer (HKL Channel 5) was 

employed to analyze microstructure and local texture. The metallographic samples for 

OM, FESEM and EBSD microstructure observations were prepared by conventional 

grinding and electro polishing at a voltage of 20 kV with a current of 0.4 A for 60 s at 

room temperature. The samples for OM were also chemically etched in acetic picric 

solution (100 ml ethanol, 5 g picric acid, 5ml acetic acid, 10 ml distilled water) for 10 



s. Phase constituents of the alloys were examined by X-ray diffraction with Cu K 

radiation using a Bruker D8 Advanced diffractometer. 

3. Results and Discussion 

3.1. Microstructural characteristics 

OM images implying microstructures of TRCed Mg alloy sheets in the RD-ND 

plane are shown in Figure 4. No dendrites have been observed in pure Mg (Figure 4a), 

while the other Mg alloy sheets show microstructures consisting of mul-tidirectional 

primary dendrites, accompanying with irregular dendrites regions (Figure 4b-d). Such 

chaotic dendrites regions are caused by the complex solidification behavior of TRC, 

through which the molten metal get deformed by partial rolling in the roll gap, 

producing a unique combination of cast and deformed microstructures [23]. Compared 

with TRCed AZ31 sheets, the dendrites are coarser with longer dendrite arms and 

bigger secondary dendrite arms spacing in TRCed A8S2 sheets. And this phenomenon 

is related to the increase in Al content, which decreases the freezing point so as to 

prolong the time for dendrites to grow [25]. In addition, the dendrites in the middle part 

are finer than that in the edge part. The microstructure difference could be explained by 

the different cooling rates in the middle and edge, which are induced by distinguished 

flow speed of liquid and solid phase contained in the molten metal. The liquid phase 

possesses higher flow speed than solid phase. Thus during TRC process, less solid 

phase flows to the edge under the normal extrusion pressure of the rollers, leading to 

higher cooling rate in the center of the sheets [26]. Consequently, the microstructure of 

the middle and the edge is different. 



 

Figure 4. Optical microstructures of TRCed Mg alloys with different compositions and 

different positions: (a) Pure Mg; (b) AZ31; (c) A4S2; (d) A8S2. 

Figure 5 shows FESEM images of three TRCed Mg alloys. Segregation of 

secondary phase particles existed in all three TRCed alloy sheets and become more 

severe with the increase of alloy content. In order to get more detailed information of 

particle segregation in the three TRCed Mg alloy sheets, higher magnification images 

are shown in Figure 6. One can see that no dendrites in TRCed pure Mg, which is 

consistent with optical images. Instead, numerous lens-shaped structures are formed 

which should be twins [27]. The TRCed Mg alloys are composed of solid solution of 

α-Mg and secondary phase particles (Figure 6b-d). The distinguished microstructure 

could be attributed to discrepancy in solidification rates. For pure Mg with the highest 



solidification rate compared with other three Mg alloys, the TRC process is similar to 

the solid-state deformation process, leading to the formation of numerous twins. While 

TRCed Mg alloys have slower solidification rate owing to the addition of alloying 

elements, and hence its TRC process is much closer to casting. Note that particles 

distributed relatively homogeneously in TRCed AZ31 alloy. In contrast, slight 

segregation of secondary phase particles with irregular morphologies is observed in 

TRCed A4S2 alloy (Figure 6c), whereas abundant chain-like particles in TRCed A8S2 

clustered much closely. The distinguished particle segregation phenomenon should be 

mainly attributed to the broader temperature range of solidification in TRCed A4S2 and 

A8S2 alloys caused by the addition of alloying elements, while narrow solidification 

ranges in pure Mg and AZ31 is conductive to the decrease of segregation [28]. 

 

Figure 5. FESEM images of (a) AZ31; (b) A4S2; (c) A8S2, showing particle segregation. 



 
Figure 6. High-magnification FESEM images of: (a) Pure Mg; (b) AZ31; (c) A4S2; (d) A8S2. 

XRD analysis in Figure 7 shows that TRCed AZ31 alloy contains only Mg17Al12 

particles, while both Mg17Al12 and Mg2Sn exist in TRCed A4S2 and A8S2 alloys. 

Figure 7b illustrates diffraction peaks of (100), (002) and (101) crystal planes of TRCed 

Mg alloys. Compared with AZ31, α-Mg diffraction peaks shift towards higher angles 

in both A4S2 and A8S2. Considering that atom radius of Al, Zn and Sn are all smaller 

than Mg, we can conclude that more solute atoms have been dissolved into Mg matrix 

in TRCed A4S2 and A8S2, which may influence the solidification process and thus 

contributing to the distinguished microstructure in TRCed Mg alloys as shown in 

Figures 4-6. Moreover, EDS analysis indicates that the particle clusters in TRCed A4S2 

consist of both Mg17Al12 and Mg2Sn particles, as a high content of Mg, Al and Sn ele-

ments are detected in the region containing particle clusters (Figure 8). Meanwhile, the 

growth of Mg17Al12 attached to Mg2Sn has been observed, which is consistent with 



literature [29]. 

 

Figure 7. (a) X-ray diffraction spectra and (b) diffraction peaks of (100), (002) and (101) 

crystal planes of three Mg alloys. 

 

Figure 8. EDS mapping of the main alloying elements, spot and linear analysis of TRCed 

A4S2. 

To further confirm the microstructure of TRCed pure Mg sheets, EBSD 

characterizations were performed on the edge and center areas of the top surface, as 



well as the edge and center areas of the bottom surface of TRCed pure Mg sheets. The 

typical IPF maps, texture and misorientation angle distributions of samples obtained 

from different locations are shown in Figure 9. The misorientation angle distribution 

shows that there exists <11-20> tensile twinning rotated by ~86° from the original 

orientation, indicating that it has undergone large plastic deformation at relatively low 

processing temperature. From the EBSD maps, we can also find that there are many 

recrystallized grains near the twins, and most of the twins have a zigzag boundary, 

indicating that the recrystallized grains should be formed via twinning-induced 

recrystallization. Moreover, it exhibits strong basal texture with double peaks extending 

along the RD. This is due to deformation introduced by TRC aligns the c-axis of the 

grains parallel to the ND, which is a typical rolling texture in Mg alloys [30]. 

Additionally, the deflection of basal pole along the RD is due to the activated pyramidal 

<c+a> slip during rolling [31]. The existence of twinning, equiaxed grains and typical 

rolling texture implies that the TRC process of pure Mg is similar to a solid state 

deformation, which is in accordance with the results from OM and FESEM. However, 

it should be emphasized that pole figures derived from EBSD in a micro region are 

significantly affected by orientations of coarse grains that account for the majority of 

the whole investigated area. Moreover, we failed to obtain clear and reliable grain 

information as well as pole figures of TRced Mg alloys using EBSD technique, as the 

multiple and chaotic dendrites in TRCed Mg alloy sheets lead to weak EBSD diffraction 

signals. 



 

Figure 9. EBSD maps, misorientation angle distributions and pole figures for pure Mg sheet: 

(a) and (c) the top at edge, (b) and (d) the top at center, (e) and (g) the bottom at edge, (f) and 

(h) the bottom at center. 

In general, techniques such as XRD and EBSD, which are usually used to observe 

micro region or surface of sheets, are lack of representativeness, especially for present 

TRCed Mg alloy sheets with coarse grains. While the neutrons only interact with nuclei, 

and for neutron diffraction, much larger sample volume is irradiated in neutron beam, 

correspondingly bulk texture and high statistics can be obtained. Therefore, neutron 



diffraction is probably the best choice to characterize and analyze the texture of TRCed 

Mg alloys consisting of coarse grains. Table 2 presents the typical penetration depth 

and sample volume of three kinds of radiation [32]. Thus, we investigate the texture of 

TRCed Mg sheets by using neutron diffraction for attaining more accurate orientation 

information. 

Table 2. Typical penetration depth and sample volume of neutrons, X-rays and Electrons. 

 Neutrons X-rays Electrons 

Penetration depth (mm) 10 10-1-10-2 10-4 

Sample volume (mm3) 103 10-1-10-6 10-10-10-16 

 

3.2. Bulk texture by neutron diffraction 

Figure 10 presents the (0002) pole figures of TRCed pure Mg, AZ31, A4S2 and 

A8S2 alloy sheets measured by neutron diffraction, respectively. It shows that there is 

no obvious difference in texture of the top and bottom surfaces of the TRCed sheets. 

Notably, the pure Mg sheet possesses a more concentrate strong basal texture, whose 

double peaks are tilted by ~15° to the ND, in accordance with the EBSD texture results. 

We suspect that the double peak may relate to the <11-20> tensile twinning and 

dynamic recrystalization in TRCed pure Mg sheets, as some twins and recrystallized 

grains could be observed in Figure 9. On the contrary, TRCed AZ31, A4S2 and A8S2 

sheets all exhibit relatively weak basal texture with splitting to TD (TD: transverse 

direction), showing a similar texture formed in extruded AZ61 sheets [33]. It indicates 

that by adding alloying elements, the transformation from a typical strong basal texture 



to a weaker basal texture is realized. This can be attributed to the addition of alloy 

elements which changes the fluidity and stress state of molten metal, making the whole 

process resemble casting process. Therefore, a more random grain orientation is formed. 

Furthermore, the preferential grain growth also has significant influence on texture 

development [34]. As reported in a recent investigation, the cosegregation of Zn and Ca 

may pin grain boundaries and inhibit grain growth along a preferential orientation in 

TRCed Mg-3Al-1Zn-1Mn-0.5Ca (AZMX3110) alloy [35]. According to our FESEM 

results shown in Figures 5-8 and additional evidence from other investigations [30, 34-

36], we suspect that the weak basal texture could also be induced by the segregation of 

secondary phase particles, causing the depressed grain growth along preferential 

orientation. 



 

Figure 10. (0002) pole figures obtained by neutron diffraction and contour levels: (a) Pure 

Mg, (b) AZ31, (c) A4S2 and (d) A8S2 sheets. 

In addition, the basal texture of the center areas of TRCed pure Mg sheet is 

stronger than that of the edge areas. While the texture distribution of TRCed Mg alloy 

sheets is relatively uniform. This could be related to the differences in solidification 

rates during TRC process. For TRCed pure Mg sheet, it has faster solidification rate 

and the content of solid phase in the middle part is higher than that in the edge part. 

When the liquid metal is poured into rollers, the instantaneous normal rolling pressure 

in the center areas is much larger than that in the edge, thus resulting in the formation 

of stronger basal texture in the center. For the other three Mg alloys, the temperature 

range during solidification becomes wider due to the addition of alloy elements, making 



the molten metals contain more liquid phase. As a result, the molten metal may flow to 

both sides under pressure, causing stress between the middle and edge has little 

difference. Although the texture distribution of TRCed Mg alloy sheets is relatively 

uniform, the texture intensity in center areas is lower than that in edge areas. Because 

during TRC process, less solid phase flows to the edge under the normal extrusion 

pressure of the rollers, leading to higher solidfication rate in the center of the sheets. 

Therefore, we suspect that preferential grains have more time to grow in edge areas, 

which leads to stronger texture in edge areas. In addition, the texture in the middle part 

of TRCed Mg alloy sheets has a stronger tendency to expand along TD compared with 

the edge, caused by exerted force along TD that make molten metal flow from center 

to the edge. 

4. Conclusions 

In this paper, the microstructure and texture of TRCed pure Mg, AZ31, A4S2 and 

A8S2 sheets were observed and analyzed by several characterization methods. 

Especially, the bulk texture of TRCed Mg sheets with different components was 

investigated by neutron diffraction technique. The influence of alloying element on 

microstructure and bulk texture during TRC was explored. It provides theoretical 

support for industrial production and subsequent process design of TRCed Mg alloy 

sheets. The main conclusions were drawn:  

(1) The TRC process of pure Mg is similar to solid state deformation as no 

dendrites exist in TRCed pure Mg sheet, while there are lots of lens-shaped tensile 

twinnings and fine equiaxed grains. For the other three Mg alloy sheets, the 



microstructure consists mainly of α-Mg dendrites and secondary phase particles, with 

no significant difference in the dendrite structure between the upper and lower part of 

TRCed sheets, which resembles much closely as-cast microstructure. Moreover, 

particle segregations become severe in TRCed A4S2 and A8S2 alloy sheets owing 

mainly to the broaden solidification range.  

(2) Strong texture with double peaks titled from ND to RD in basal plane was 

formed in TRCed pure Mg sheet, whereas much weaker texture was formed in TRCed 

Mg-Al-Zn and Mg-Al-Sn-Zn alloy sheets. Compared with TRCed Mg alloy sheets, the 

texture distribution is more inhomogeneous in different parts of the TRCed pure Mg 

sheet, i.e., stronger in the middle part than in the edge. This is mainly due to the addition 

of alloy elements that affects the freezing point, fluidity and stress state of molten metal 

during TRC, thus making the whole process of TRCed Mg alloy sheets similar to 

casting process and leading to more random grain orientations. Another reason for the 

different texture characteristics is the severe segregation of secondary phase particles, 

which could inhibit the grain growth along preferential orientations. 
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