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Abstract
This study investigates the effect of Sc addition on the deformation behaviour of near-<0001>-oriented Mg via micropillar compression. The Sc addition significantly increases the yield stress and promotes activation of non-<a> dislocation while suppressing <a> dislocation. 
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1. Introduction
The excellent strength-to-weight ratio of magnesium (Mg) alloys makes them desirable for structural applications in the automotive and aerospace industries [1]. However, the poor room temperature formability of wrought-form Mg alloys limits their wider applicability [1,2]. The poor formability is attributed to their hexagonal-closed-packed (HCP) crystal structure, because basal slips are dominant owing to the lower critical resolved shear stress (CRSS) over the prismatic and pyramidal planes. Thus, there are not enough independent slip systems to meet the Von Mises criterion for ductility [2-5]. 
Addition of rare earth (RE) elements to Mg is known to reduce the difference in CRSS between the basal and non-basal planes [6] and promote activation of non-basal slips, resulting in improved room temperature ductility [3,4]. Sandlöbes et al [7] suggested that higher activation of the non-basal deformation in Mg–Y alloys is due to a reduction in the I1 stacking fault energy (SFE) by Y. This is because the I1 stacking faults that form are reported to be sites for activation of non-basal dislocations [8]. Scandium (Sc) is one of these RE elements, and its alloying in Mg has been shown to improve properties such as creep strength [9], strength [10], ductility [10], and biocompatibility [11]. Ogawa et al [12] recently showed the presence of non-basal slips in a fractured Mg–Sc alloy that possesses a good combination of strength and ductility. Nevertheless, it remains unknown how Sc addition affects the deformation mechanisms of Mg, particularly in the early stages of deformation. As a result, this study investigates the impact of Sc addition to Mg on deformation behaviour with near-<0001>-oriented grains during micropillar compression at room temperature.

2. Materials and methods
Mg (99.96% purity) and Mg–Sc (20 at.%) alloy were used in this study. The as-received Mg was extruded into a plate shape with a reduction ratio of 18:1 at 543 K [13], and a small sample Mg extruded plate was cut and annealed for 48 hours at 748 K [14] to obtain Mg specimens. The Mg–Sc alloy sheets were produced by cold-rolling an as-cast billet, as previously reported [12]. A small sample Mg–Sc sheet was cut and annealed for 144 hours at 773 K to obtain Mg–Sc with HCP structure (hereafter referred to as Mg–Sc) [14]. The exact composition of the Mg–Sc alloy was determined to be Mg-19.7 at.% Sc using an electron probe micro analyser [14]. The microstructures of the samples were imaged from the RD–ND plane surface using a scanning electron microscope (SEM) (JEOL 7000F) coupled with an electron backscatter diffraction (EBSD) detector (EDAX-TSL). For imaging, the sample surfaces were mechanically polished and then etched with a 6% aqueous solution of hydrochloric acid. The crystallographic orientation of grains was determined from EBSD data using orientation imaging microscopy software from TexSEM Laboratories. <0001>-oriented grains large enough for micropillar fabrication were identified.
Cylindrical micropillars with a diameter of 5 µm and height of 10 µm were fabricated using focused ion beam (FIB) milling (ZEISS Crossbeam 550). The compression axis was kept parallel to the <0001> direction of the grains. Following fabrication, the micropillars were subjected to compression using a nano-indenter (Hysitron Triboindenter TI950) with a flat punch under displacement-rate-controlled conditions at a strain rate of 1 × 10−3 s−1 at room temperature. The compression test was conducted until there was approximately a 10% decrease in height or an interruption prior to that. The engineering stress–strain curves were obtained from the experimental load–displacement data using the original cross-sectional area (with the top diameter) and micropillar height during compression. 
The Sneddon correction model [4] was used to subtract the elastic deflection of Mg and Mg–Sc from beneath the micropillars, resulting in an accurate measurement of the actual micropillar displacement. The CRSSs of different dislocation slips were calculated from the yield stresses using the Schmid factors. The Schmid factor for each dislocation slip was calculated from the Euler angles (average crystallographic orientation) of the grain. To ensure reproducibility, at least five micropillars were compressed for subsequent analysis of the given materials. For selected sample conditions, TEM observations were conducted from the midplane parallel to the compression axis. TEM samples were fabricated using FIB lift-out. TEM observations were made using a JEOL 2800 microscope equipped with a scanning TEM (STEM).

3. Results and discussion
3.1 Microstructure and compression behaviour
The inverse pole figure maps shown in Fig. 1 represent the initial microstructure of the processed samples. These maps show that the microstructure consists of fully equiaxed grains because they do not contain deformed structures such as shear bands or twins, indicating they were fully recrystallized during annealing. The grains identified as G1 (in Fig. 1a), G2, and G3 (in Fig. 1b), whose crystallographic orientations are approximately 6–7° from <0001>, were used for micropillar fabrication. 
[image: ]Stress–strain curves of the Mg and Mg–Sc micropillars are shown in Fig. 2a and b. The stress–strain curves are initially linear until a drop in stress leads to a noticeable change in the shape of the curve, which is more frequently observed in Mg (Fig. 2a) than in Mg–Sc (Fig. 2b). The drop in stress is often interpreted as a consequence of avalanche-like collective motion of dislocations during compression of micrometre-sized crystalline specimens [15]. The 0.2% proof stress is considered as the yield stress in this study. The yield stresses for Mg and Mg–Sc are 37±4 MPa and 530±26 MPa, respectively. The CRSS for the basal <a> dislocation slip is 4±0.5 MPa for Mg and 61±3 MPa for Mg–Sc. Similarly, the CRSS for the pyramidal <c+a> dislocation slip is 17±2 MPa in Mg and 239±12 MPa in Mg–Sc. Note that, as shown later in Fig. 3, both the <a> and <c+a> dislocations are activated. The initial slope of the stress–strain curve, which is a measure of the Young modulus, is higher in Mg–Sc than in Mg, which is consistent with previous studies [16,17].
[image: ]
Figure 2c and d show SEM images of the 10% compressed micropillars of Mg and Mg–Sc, respectively. In Mg (Fig. 2c), fine slip traces are observed on the surface of the pillar, and the offset of these slip traces is lower, which indicates the deformation is largely homogenous along the pillar axis. Compared with Mg, the Mg–Sc micropillar has a significant amount of slip offset (Fig. 2d), whereby a section of the pillar is displaced outwardly from the original pillar axis. This suggests that the deformation is less homogenous along the pillar axis in Mg–Sc than in Mg. The compression tests of some micropillars were stopped just after the first instance of a drop in stress over 15 MPa (shown in Fig. 2a and b as “interrupted for TEM”) to examine the deformation mechanism involved during compression.
[image: ]
[bookmark: _Hlk150954484]Figure 3a and b show the top surface of the interrupted compression micropillars of the Mg and Mg–Sc samples. The presence of offset on micropillar surfaces confirm slip activation during interrupted compression. TEM samples were prepared on the sections indicated by the white lines. In the conventional TEM mode, the diffraction conditions were chosen, and bright field and weak beam images were captured. Under the same tilting conditions, low-angle annular dark-field (LAADF) images were then captured in STEM mode. The LAADF images are presented in Fig. 3c–f, and the inset in each image shows the corresponding conventional selected area diffraction images. Figure 3c and d show a typical dislocation structure observed in deformed samples viewed along the [20] zone axis. In Mg (Fig. 3c), a larger number of dislocations (white and black arrows) is observed, and these are observed in a large area along the column of the micropillars (Fig. S1a). Some strain contrast/distinct lines (white arrowheads) are observed parallel to the top surface of the micropillar (i.e., the basal plane). In Mg–Sc, dislocations are hardly observed but strain contrast/distinct lines are found both parallel to the basal plane and about 45 degrees from the top surface of the micropillar (Figs. 3d and S1b). To examine the nature of the strain contrast/distinct lines, imaging was done under the diffraction condition g=0002, as shown in Fig. 3e and f. The line contrasts are still visible. Some line segments are observed to be in the basal plane, some perpendicular to it (prismatic), and some inclined to it by approximately 75 or 55 degrees to the basal plane (pyramidal) (Fig. 3e). Some of these dislocations are also observed in Fig. 3c, as indicated by the black arrows. These can be assumed to be of the <c+a> type. This is because on the basis of the visibility criterion g•b ≠ 0, all <c+a> and <c> dislocations are visible under the diffraction condition g=0002. Furthermore, fewer dislocations are visible in Mg for g=0002 (Fig. 3c) than when viewed along the [20] zone axis (Fig. S1a), suggesting that most of the dislocations observed in Mg are of the <a> type. In the case of Mg–Sc (Fig. 3f), we can say the observed line contrasts are dislocations with a strong c component and are of the <c> and <c+a> types. These dislocation types are observed in larger numbers in Mg–Sc. No twin formation is observed in either sample under any diffraction conditions via the TEM. These results imply dislocation slip is the active deformation mechanism in both Mg and Mg–Sc samples with near-<0001> orientation during micropillar compression. More importantly, the addition of Sc to Mg promotes activation of non-<a> dislocations and significantly suppresses <a> dislocation formation. These experimental observations agree well with atomic simulations in Mg with RE alloys [18]. 


3.2 Solid solution strengthening by Sc
The yield stress is determined by micropillar compression from single grains, so grain boundaries should have negligible effect. Furthermore, because these grains were fully recrystallized as a result of annealing (Fig. 1), the contribution of the dislocations to the measured yield stress is assumed to be negligible. As a result, we focused on the increase in yield stress observed in Mg–Sc due to the solution strengthening by Sc addition. The solid solution strengthening in Mg–Sc was estimated using the Fleischer model [19], which includes a concentration term related to the geometry of solute spacing in the matrix:

where is the yield stress increment due to solid solution strengthening caused by Sc addition,  is a constant (=1/550 in Mg [20]), G is the shear modulus of pure Mg (=16.7 GPa [21]), M is the Taylor factor (=3 [22]), ε is the misfit strain, and C is the concentration. The misfit strain ε is calculated as 
 
where  is a constant (=3 [19]), is the modulus mismatch parameter,  is the atomic size factor, and dSc is the atomic radius of Sc (= 166 pm [21]). The parameter  is approximated as 0.566 using 2(GSc−G)/ GSc +G [23], where GSc =29.7 GPa is the shear modulus of Sc [21], and  is approximated as 0.0375 using (dMg−dSc)/dMg, where dMg is the atomic radius of Mg (=160 pm [21]).
The solid solution strengthening estimated from Eqs. (1) and (2) is 76 MPa, which is nearly sixfold less than the experimentally observed value of 493 MPa. The model’s underestimation of solid solution strengthening is likely due to the fact that it only considers the combined effect of atomic size misfit and modulus mismatch. However, studies demonstrate that the strong interaction of substitutional atoms with dislocations also plays a significant role in Mg strengthening [24-26]. Tsuru et al. [24] showed that strong interaction of Y atoms with the basal dislocation core contributes to Mg strengthening. Furthermore, Fang et al. [25] proposed that Sc atoms tend to reduce the energy of basal dislocation cores similarly to Y and other REs like Er and Gd, indicating strong binding between the basal dislocation cores and the Sc atoms, which eventually contributes to the Mg strengthening.[image: ]
[bookmark: _Hlk143700338]Figure 4 shows the yield stresses of Mg with RE-added alloys of various concentrations [27-30]. These values were obtained from micropillars with diameters of 5 to 10 µm, compressed along the <0001> grain orientation. It is noteworthy that the yield stress of Mg in this study is lower than the previously reported values [26,27]. This is presumably because of the dominant activation of the <a> dislocation slip rather than the <c+a> dislocation slip [26, 27], as shown in Figs. 3c and S1a, which requires less stress [20,23]. The Sc addition considerably enhanced the Mg yield stress compared with Y [29] and Gd [30] additions because the concentration of Sc is much higher than that of other alloying elements. Wu et.al [28] showed that for deformation of Mg-0.7 at.% Y at elevated temperatures, activation of pyramidal dislocation slips contributed to an increase in yield stress, whereas for room temperature deformation, activation of basal dislocation slips resulted in a lower yield stress. The other Mg alloys with RE additions such as Mg–Y [29], Mg–Gd [30], and Mg–Sc exhibited higher yield stresses, showing the predominance of non-<a> dislocation slips. These behaviors are consistent with those observed in Mg. Thus, these findings suggest that the strengthening effect in Mg is significant when there is a combination of RE addition and a propensity for non-<a> dislocation slip activation. 

4. Summary 
Addition of Sc to near-<0001>-oriented Mg during micropillar compression leads to significant increases in both yield strength and CRSS for a basal slip. Sc addition promotes formation of a <c+a> dislocation slip while <a> dislocation slip formation is scarcely observed. This shows that Sc addition to Mg is effective in improving ductility owing to higher activation of non-<a> dislocation. 
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	Figure 1 
	Inverse pole figure maps of initial microstructure (a) Mg and (b) Mg-Sc, with identification of grains (G1, G2, and G3) used for micropillar fabrication.

	Figure 2
	Stress-–strain curves of the micropillars of (a) Mg and (b) Mg–-Sc micropillars. Typical SEM images of micropillars after 10% compression in (c) Mg and (d) Mg-Sc. The occurrence of micro yielding is indicated by black arrowheads in (a).

	Figure 3
	SEM images of top surface of the interrupted compression micropillars of  the (a) Mg and (b) Mg-Sc. The white lines indicate the plane along which TEM samples were picked up. LAADF image taken from a plane parallel to the compression axis and viewed along zone axis [20] in (c) Mg and (d) Mg-Sc. (e) and (f) show images under the diffraction condition g=0002 in Mg and Mg-Sc, respectively. The inset in each LAADF image shows the corresponding conventional selected area diffraction images. white arrow: <a> type dislocations; black arrow: <c+a> type dislocations; white arrowheads: strain contrast.

	Figure 4

	The yield stresses of Mg with RE-added alloys of various concentrations determined from compression of micropillars along <0001> grain orientation.

	
	

	Figure S1
	Low magnification LAADF image taken from a plane parallel to the compression axis and viewed along zone axis [20] in (a) Mg and (b) Mg-Sc, where a larger number of <a> type dislocations is observed in Mg, but such type of dislocations is hardly observed in Mg-Sc.
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Figure.1. Inverse pole figure maps of initial microstructure (a) Mg and (b) Mg-Sc, with
identification of grains (G1, G2, and G3) used for micropillar fabrication.
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Figure.2. Stress-—strain curves of the micropillars of (a) Mg and (b) Mg—Sc micropillars.
Typical SEM images of micropillars after 10% compressionin (¢) Mg and (d) Mg-Sc. The
occurrence of micro yielding is indicated by black arrowheads in (a).
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Figure.3. SEM images of top surface of the interrupted compression micropillars of the (a) Mg
and (b) Mg-Sc. The white lines indicate the plane along which TEM samples were picked up.
LAADF image taken from a plane parallel to the compressionaxis and viewed along zone axis
[2110] in (c) Mg and (d) Mg-Sc. (e) and (f) show images under the diffraction condition g=0002
in Mg and Mg-Sc, respectively. The inset in each LAADF image shows the corresponding
conventional selected area diffraction images. white arrow: <a> type dislocations; black arrow:
<c + a> type dislocations; white arrowheads: strain contrast.
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Figure.4. The yield stresses of Mg with RE-added alloys of various concentrations
determined from compression of micropillars along <0001> grain orientation.
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Figure S1. Low magnification LAADF image taken from a plane parallel to the compression
axis and viewed along zone axis [2110] in (a) Mg and (b) Mg-Sc, where a larger number of
<a> type dislocationsis observed in Mg, but such type of dislocations is hardly observed in
Mg-Sc.





