Enhancement of damping capacity by deformation-induced martensitic
 transformation in Mg-Sc alloy
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[bookmark: _Hlk113440436]Abstract
The effects different crystallographic orientations of the grains on damping capacity(tanδ) were investigated using nano-dynamic mechanical analysis in pure magnesium, hexagonal close packed structure (HCP) Mg-20Sc (at.%), and body centred cubic structure (BCC) Mg-20Sc (at.%) alloy. In comparison to HCP Mg-Sc, the grain orientation has a significant impact on the tanδ of pure Mg and BCC Mg-Sc. Furthermore, the tanδ value of pure Mg at any given frequency were higher than those of HCP and BCC Mg-Sc samples due to the absence of the solute atom Sc.
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1. Introduction
Owing to their low density and high specific strength [1], magnesium (Mg) and its alloys are appealing structural materials for a wide range of industries where component weight reduction is required. It is also well known that Mg and its alloys have a good damping capacity [2,3]. Typically, the damping capacity of Mg and its alloys is attributed to energy dissipation resulting from dislocation motion [4,5]. It is known that dislocation motion in response to external loading are influenced by factors like solute atoms, crystal structure, precipitates and crystallographic orientation [3,6-12]. For example, addition of higher amounts of a highly soluble element in Mg, such as Al, Zn, Sn, or Cd, reduces the damping capacity because the solute atoms impede the dislocation movement due to pinning effect [7]. The hexagonal close packed structure (HCP) exhibits a higher damping capacity than the body centred cubic structure (BCC) as in Mg-Li [10] and Mg-Sc [11]. However, it is currently not yet clear how different crystallographic orientations of the grains affect the damping capacity of a material. Thus, the present research examines the effect of individual grain orientation on damping capacity in pure Mg and a model Mg-20Sc(at.%) alloy system using nano-indentation testing coupled with nano-dynamic mechanical analysis (nano-DMA). The Mg-Sc alloys were chosen for this study because they have the potential to be used in shape memory applications, and the current study advances our understanding of the effect of grain crystallographic orientation on its damping capacity. This research will also provide scientific guidance for the development of high damping capacity in magnesium and Mg-Sc alloys via texture control. It should be noted that, depending on the heat treatment, alloying Mg with more than 18 at.% Sc results in either a BCC or an HCP structure at room temperature [13-14].

2. Experimental
[bookmark: _Hlk89328199]Pure Mg (99.96% purity) and Mg-Sc (20 at.%) alloy were used in this study. The pure Mg was extruded at high temperature, rolled into sheet, and then annealed at 748 K for 48 h. The Mg-Sc alloy was processed by cold-rolling of as-cast billet as described elsewhere [15]. Electron probe micro analyser (EPMA) was used to determine the actual composition of Mg-Sc, which is Mg-19.7 at.% Sc. From Mg-Sc sheet, samples with HCP structure were obtained by annealing at 773 K for 144 h followed by water quenching (referred to as HCP Mg-Sc), and samples with BCC structure were obtained by annealing at 963 K for 0.5 h followed by water quenching (referred to as BCC Mg-Sc). The Sc atoms in Mg were presumably in the solid solution form due to the extended annealing time (for HCP Mg-Sc) and higher annealing temperature (for BCC Mg-Sc) [15,16]. The microstructures were imaged with a SEM coupled with an electron backscatter diffraction (EBSD) detector. Imaging was performed on the normal direction plane (i.e., RD-ND plane) surface of pure Mg and Mg-Sc samples. In addition, the surface of the rolling direction plane (i.e., RD-TD plane) was utilized for imaging of pure Mg. EBSD was utilized to determine the crystallographic orientation of grains for the subsequent damping capacity measurement.
[bookmark: _Hlk134708743]Applying nano-indentation testing equipped with nano-DMA, the internal friction (tand), was measured and taken as a measure of damping capacity. A conical-shaped tip with a radius of curvature of 250 nm was used for the nano-DMA. The tip initially contacted the specimen with a maximum load of 1 mN, after which an amplitude load of 150 μN was set at dynamic frequencies of 0.1 to 170 Hz. It should be noted that the nano-indenter was also equipped with an optical microscope for locating the grain of choice for internal friction measurement. At least seven tests were conducted from the same grain for each grain orientation. The surface preparation method of the sample for these measurements has previously been reported [15,17]. For selected sample conditions, TEM observations were conducted after damping capacity measurement. The TEM samples were prepared using focused ion beam (FIB) lift-out technique. TEM observations were made using a JEOL 2800 microscope with a field emission gun operated at 200 kV.


3. Results and discussion
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Figure 1. shows the typical microstructures in inverse pole figure (IPF) maps of the samples. It is observed that the microstructures are composed of equiaxed grains. From the IPF maps of pure Mg sample, the grains aligned with orientations close to <0001> (along TD, Fig. 1a); and <>, (along ND, Fig. 1b), are identified in white dot for subsequent nano-DMA test. Similarly, grains aligned with orientations close to <0001>, <> and <> are identified in the HCP Mg-Sc sample (Figs. 1c, 1d). In the BCC Mg-Sc sample (Figs. 1e,1f), grains aligned with orientations close to <001>, <101> and <111> were identified. Table. 1 shows the precise orientations of these identified grains for nano-DMA test.
[image: ]
Figure 2 shows the variation of tand values as a function of dynamic frequency. In pure Mg sample (Fig. 2a), the tand  values decrease continuously with increase in the dynamic frequency. The tand  values of the grains orientated along <> direction are higher than those oriented along <0001> direction. In case of Mg-Sc samples (Figs. 2b and 2c), tand does not follow a simple trend. At first, tand decreases with rising frequency to a minimum near 1 Hz, and then rises to a maximum near 20 Hz. This behaviour is well documented for macroscopic damping capacity measured on bulk samples [11,18]. The tand of HCP Mg-Sc are low compared to pure Mg and show small grain orientation dependence. In case of BCC Mg-Sc, tand along <111> is higher than along the other two directions.
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[bookmark: _Hlk133356537][bookmark: _Hlk133356515]According to dislocation damping theory proposed by Granato and Lücke [19,20], the damping capacity of materials increases with a decrease in dislocation density and an increase in the distance between pinning points. Based on the relationship between tendency for dislocation generation and its interaction behaviour with respect to the crystal loading directions, it is possible to comprehend the effect of grain orientation on the damping capacity. In the case of nano-indentation of pure Mg along the <> direction, only the basal <a> and/or prismatic <a> dislocation was observed by Somekawa et al. [21]. For indentation along the <0001> direction, however, in addition to basal <a> dislocation, the pyramidal <c> and/or <c+a> dislocations were observed. These pyramidal dislocations are due to frequent cross-slip of the screw component of the basal <a> dislocation. Their simulation results demonstrate that indentation along <0001> results in cross-slip of the basal <a> dislocations rather than direct surface injection of a dislocation loop (along the <>). Furthermore, the strain hardening capacity of the <> loading directions is lower than that for the <0001> direction in Mg [22-24]. As a result, the observed higher damping capacity of pure Mg with grain alignment close to the < > can be attributed to a limited tendency for dislocation interaction behaviour also likely, its lower strain hardening capacity. This is because each of them leads to lesser pinning of the dislocations, allowing for easy motion of dislocations during measurement and hence increased damping capacity. It should be noted that, during nano-indentation, Mg exhibits pronounced twinning [25,26], which can potentially affect damping capacity [27,28]. However, it was confirmed that such deformation twins do not form when using a conical-shaped indenter tip [21].
In HCP Mg-Sc sample (Figs. 2a-b), effect of grain orientation on the damping capacity is significantly less pronounced, compared to that of pure Mg. In HCP Mg-Sc samples, Ogawa et al [15] observed activation of <c+a> dislocation slip. The addition of Sc decreases the c/a ratio [29], which is regarded as one of the causes for the activation of the <c+a> dislocation slip [15]. Note that the c/a ratio determines the dislocation core structures and, essentially, the dislocation type in HCP structures [30]. Consequently, it is most likely that in the HCP Mg-Sc sample, due to the activation of <c+a> dislocation slip, the difference in dislocation generation and its interaction behaviour based on the crystallographic loading direction is significantly reduced, so that no clear difference is observed in terms of grain orientation and the damping capacity. The aforementioned point, however, requires further investigation. Moreover, the presence of solute Sc atoms accounts for the lower damping capacity of HCP Mg-Sc compared to pure Mg. This is because solute atoms are known to act as pinning points and impede dislocation motion [19,20], resulting in a decrease in damping capacity [7,8].
In BCC Mg-Sc (Fig. 2c), the grains orientated close to <111> direction shows significantly higher tand values than the <100> and <101> directions. Therefore, in the BCC Mg-Sc, the tanvalues are strongly orientation dependent. The tand values at any frequency in grains orientated close to <100> and <101> is close to those of HCP Mg-Sc. It is interesting to note that for the same chemical composition, the damping capacity exhibits small grain orientation dependence in the HCP Mg-Sc, but strongly dependent on grain orientation in the BCC Mg-Sc. It should be noted that the HCP and BCC Mg-Sc samples were made by quenching from different temperatures, which would cause the initial vacancy concentration to differ and the inherent hardness of these samples to vary, both of which could have affected the observed damping capacity [31,32]. However, the damping capacity within the sample should be affected mainly by crystallographic orientation of the grain.
Figures 3a-c presents SEM images taken from the nano-DMA tested regions of the BCC Mg-Sc sample. After nano-DMA, new plate-like structures (pointed by white-line) were observed in grains oriented along the <111> direction (Fig. 3c), while no such features were observed in the grains oriented along the <001> (Fig. 3a) and <101> (Fig. 3b) directions. Even after conventional nano-indentation with 1 mN load, grains oriented along the <111> direction exhibited similar plate-like structures (Fig. 3f). Furthermore, the nano-hardness of the grain aligned close to <111> was found to be 0.36 GPa, which is comparable to nano-hardness of the grain aligned close to <001> and 101>, which are 0.40 GPa and 0.39 GPa, respectively. This suggests that the formation of these plate-like structures could be the primary reason to account for the higher damping capacity observed in the BCC Mg-Sc sample with grain aligned close to the <111> direction as the hardness value is similar in these grains.

[image: ]
To identify these deformation-induced plate-like structures, detailed TEM observation was conducted as shown in Fig. 4. The IPF map (Fig. 4a) shows that the grain oriented along <111> direction in BCC Mg-Sc on which nano-DMA test was carried out. The SEM image shows the plate-like structures induced by nano-DMA(Fig. 4b). Three plates can be identified, at about equal angles to each other. TEM observations were conducted on a plane parallel to < 111> axis along the direction of the solid line. The BCC diffraction pattern along zone axis in Fig. 4c shows that this plane of observation is (110). Thus, it can be assumed that the three plates are growing along <110> directions from the indentation. Another diffraction pattern from region A was identified as [010] zone axis of orthorhombic martensite. These diffraction patterns show the presence of a second phase formed by martensitic transformation triggered by indentation. The high magnification image (Fig. 4d) from the red rectangle region in Fig. 4c, shows the presence of Moiré patterns.
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It is now evident that the higher damping capacity observed in the BCC Mg-Sc sample grain aligned close to the <111> direction is due to deformation-induced martensitic transformation. Ogawa et al. [33] showed that the required transformation strain along <111> for martensitic transformation from the BCC to the orthorhombic structure is only 3.3%, which is less than the 5.7% and 8.8% of <100> and <101> grains, respectively. Thus, deformation-induced martensitic transformation preferentially occurs in grain aligned close to the <111> direction. The presence of martensite phase is known to improve damping capacity as in alloys systems such as Fe-high Mn [34], Cu-Al-Mn [35], and Ni-Ti [36]. The movement of damping sources such as martensite variant boundaries, martensite/parent phase interfaces and stacking faults in martensite have been proposed as reasons for the increased damping capacity caused by martensite [35-38]. In Mg-Sc binary alloy, 

4. Conclusion 
[bookmark: _Hlk129593381][bookmark: _Hlk129593424]The effect of different crystallographic orientations of the grains on the damping capacity of pure Mg, HCP Mg- Mg-20Sc (at.%), and BCC Mg- Mg-20Sc (at.%) was examined. The damping capacity of HCP Mg-Sc was found to be relatively less dependent on grain orientation, whereas it was significantly dependent on grain orientation in pure Mg and BCC Mg-Sc. In pure Mg, the limited dislocation interaction behaviour and, presumably, the lower strain hardening capacity of grains aligned close to <> contribute to its higher damping capacity. On the other hand, the activation of <c+a> dislocation in HCP Mg-Sc is most likely responsible for the small grain orientation dependence of the damping capacity. Deformation-induced transformation of BCC to orthorhombic martensite in grain aligned close to <111> contributed to the enhanced higher damping capacity of BCC Mg-Sc. Lastly, the addition of Sc to Mg decreases the damping capacity due to the expected dislocation pinning effect of solute Sc atoms.
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Figure.1. Inverse pole figure (IPF) map of (a) Pure Mg (from the RD-ND plane), (b) Pure Mg (from
the RD-TD plane), (¢), (d) HCP Mg-Sc (from the RD-ND plane), and (e),(f) BCC Mg-Sc (from the RD-
ND plane), RD: rolling direction, TD: transverse direction, ND: normal direction. The white spot
indicate the grain used for nano-DMA measurement.
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Figure 2. Dynamic frequency versus tand for different grain orientations
(a) Pure Mg, (b) HCP Mg-Sc (20 at.%), and (c) BCC Mg-Sc (20 at.%).
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Figure 3. Deformed structures in a BCC Mg-Sc sample with grain orientations
(a) <001> (b) <101>, and (c) <111>, after nano-DMA. Slmxlarly, after
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Figure 4. (a) Inverse pole figure map with grain used for nano-DMA analysis in BCC
Mg-Sc, (b) Deformation-induced structures after nano-DMA in the grain identified in
(a). (c) Low magnification image of the grain in (b) taken from a plane perpendicular to
<111>, with diffraction pattern inserts. (d) Image at high magnification image from red
rectangle region in (¢).




