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Abstract
In-situ observations obtaining mechanical response reveal that no twins form even at the maximum stress of ~1.4 GPa during loading; nucleation of {} twins occur during unloading.  The source of twin nucleation is due to interaction between activated dislocations through slips and pre-existed dislocation, which causes a high stress concentration.  
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1. Introduction
Deformation twinning is one of the essential deformation mechanisms for magnesium (Mg) and its alloys, because of their complementary effect on plastic deformation.  In particular, {} deformation twinning, which occurs by a lattice rotation of 86 about an <a>-axis, is well-known to cause a plastic shear of 0.129 [1].  According to classical studies using single crystals [2-4], the resolved shear stress to nucleate and grow these twins is low, approaching a level similar for basal dislocation slip.  In recent times, micropillar testing method has been increasingly utilized to determine the critical stress for deformation twin nucleation and growth [5-12], and to examine their size effect [13-17].  In most of these micropillar test studies, load vs. displacement curves are obtained by in-situ scanning electron microscopy (SEM).  Subsequently, deformed microstructures are observed by other facilities, such as electron backscattered diffraction (EBSD) and/or transmission electron microscopy (TEM), to understand the microstructural change relating to induced deformation twins.  Nevertheless, regarding the characteristic of deformation twins, its growth (or propagation) rate is in the range of sound velocity [18] and twinning-detwinning behavior readily occurs at the loading-unloading [19].  Under these situations, thus, it is difficult to establish a direct correlation between the mechanical response and actual twin nucleation (formation) and/or growth behavior. 
[bookmark: _GoBack]There are several literatures of mechanical tests conducted in-situ in TEM, which is a powerful method for comparing mechanical response and microstructural evolution, focusing on the deformation twinning in Mg [5-9,20].  Yu et al. have performed three types of in-situ TEM tests (tensile, bend and compression tests), and have confirmed the formation of {} twins regardless of the testing method [5].  Ye et al. have reported that a critical stress of ~ 1 GPa is required for nucleation of {} twins [6].  Jeong et al. have successfully demonstrated that dislocation dissolution is important in the embryo of {} twins [7].  In contrast, Liu et al. have discovered a new {}-type twin formation, which lacks a crystallographic mirror plane but has a semi-coherent interface [8].  Jiang et al. have captured using shape designed TEM specimens that twin nucleation occurs a pure-shuffle by numerical simulation and topological analysis [20].  As for the crystallographic orientation in these studies [2-5], the applied stress direction is parallel to the [] direction, which is ideal and favorable for the formation of {} twins in Mg.  In addition, these experiments are conducted under an “increasing or constant” stress applied state on the pillar specimen.  Beside this aspect, Liu et al. have pointed out using in-situ TEM cyclic tests that induced twin boundaries grow and shrink under tensile and compressive stress, respectively [9].  This implies that there is a possibility to capture twin nucleation features during load-unload testing method.  Therefore, in this study, we have examined the source of {} deformation twin nucleation via in-situ TEM compression test.  


2. Experimental procedure
[bookmark: _Hlk149555747]Single crystalline Mg with a high purity of 99.9999 % was used in the current study.  It is noted that most micropillar studies have one essential concerning point: the localized stress concentration due to friction affects the incipient plastic deformation [13,16,21].  Hence, the specimen for the present in-situ TEM compression experiment was designed to localize and predict stress concentration at specific site using a finite-element method.  The detailed numerical procedure and typical results for counter maps are provided in supplementary in Fig. S1.  Dimension of the specimen was a total length of 2 m, top and bottom width of 2 m, a gauge width of 1.5 m, a radius curvature of 0.7 m and a thickness of 150 nm, as inset in Fig. 1(a).  The results obtained from finite-element simulation in Fig. S1 reveal that a high magnitude of equivalent plastic strain operates at the curvature region at the start of the compression test.  Consequently, the contact region between the flat-end tip and the specimen exhibits a high strain.  Accordingly, the specimen used here was prepared by focused ion beam (FIB) technique (Crossbeam550, CarlZeiss).  In-situ TEM compression test was conducted with the pico-indentation method (Hysitron Picoindenter PI95, Bruker) setting in TEM (JEM-ARM300F, JEOL) containing a digital movie (OneView IS, Gatan).  Number of capture flames per second was 50.  The compression direction was normal to the basal plane, i.e., parallel to the [0001] direction.  The open-loop with displacement control mode was conducted at loading and unloading rates of 2 nm/s and 10 nm/s.  The reason for choosing slightly high rate during the unloading is to prevent electrical interaction at the contact region between the indentation tip and specimen.  When the unloading rate would be set slower, the tip would not detach from the top of the specimen.  The microstructures before and after the compression test were also observed by TEM (JEM-2800, JEOL).  Crystal orientation was analyzed by precession diffraction technique through automated crystallographic orientation mapping in TEM ((ACOM-TEM), NanoMEGAS) with a step size of 5 nm.  


3. Results and discussion
The mechanical responses obtained from in-situ TEM compression are shown in Fig. 1 for (b) load vs. depth and (c) load vs. time curves.  Points A to D in these figures correspond to the microstructural images shown in Fig. 2.  The movie file of the compression test including unloading stage is provided in supplementary Movie S1.  The compressive load monotonically increases until it reaches its peak value.  The plot looks serrated after reaching a maximum load, calculated to be approximately 1.4 GPa.  Subsequently, a sudden load drop occurs at a displacement of ~90 nm, owing to a slight bending of specimen along the compression direction associated with its thickness.  Serration-like behavior discontinuously take place even after such a load drop during the loading stage.  In contrast, it is interesting to notice that the load decreases without any serration-like behaviors during the unloading. 
Figure 2 is a bright-field image taken during in-situ TEM observations at points A to D represented using dots in Fig. 1.  The crystal orientation is inset in Fig. 2(a), and the incident beam-direction is parallel to the [] axis in these images.  This relationship between the beam-direction and crystal orientation indicates that the dark contrasts, which are not parallel to the basal plane, are the traces of non-basal dislocations, e.g., Fig. 2(b).  As generally in plastic deformation, the basal dislocations are activated at the beginning of the compression test, as shown in Fig. 2(a).  In Fig. 2(b), some dislocations are activated on the non-basal planes.  Basal dislocations are difficult to operate in the present crystallographic orientation, due to a null Schmid factor of the (0001) plane.  Nevertheless, even under compression test along the [0001] direction, this is commonly observed type of dislocation slip in the micropillar studies [13], because the top of the pillar specimen has a high localized stress concentration associated with slight tilting of <c>-axis to the compression direction, as well as due to a bulging effect.  These results suggest that serration-like behavior is owing to the activation of dislocation slips, as reported in previous studies [6].  Compared with points C and D, the beak-like shaped feature marked by an arrow in Fig. 2(d) exists at the edge region in the specimen, which shows a high magnitude of equivalent plastic strain in the numerical study.  However, at the point C as shown in Fig. 2(c), i.e., before unloading, this beak-like unique feature has not formed.
Micrographs of deformation microstructures after compression test are shown in Fig. 3.  Figure 3(a) is a bright-field scanning-TEM (STEM) image at low magnification.  Presence of the beak-shaped feature marked by an arrow is still confirmed after the compression test, which exists in the same position.  Figure 3(b) is a bright-field TEM image in this region with two diffraction patterns acquired before and after compression tests.  While diffraction pattern before compression test shows a [20] zone axis orientation, as expected, the after-compression test diffraction shows a {} twins.  Figure 3(c) is this twin at a larger magnification.  Twin orientation is along <102> direction.  Figure 4 shows a crystallographic orientation map for the entire test sample obtained by ACOM.  With incidents along axes A2 and A1 (Fig. 4(a) and (b)) entire sample shows the same orientation, except the beak-like feature described above.  The color representation suggests a misorientation difference of about 90.  This is confirmed by a line profile analysis along a solid line I to II drawn in Fig. 4(a).  The line profile of point-to-origin misorientation angle is shown in Fig. 4(d).  The deviation of the misorientation angle is measured as approximately 86, which agrees with the crystal orientation of {} twins.  Thus, the well-known deformation twins are formed and grown during the unloading stage in the compression test.  In case of incidence along axis A3, the twin is not distinguished, because it is oriented along the same axis with a rotation (of about 86).  No other crystallographically distinguished features can be detected in this figure either.
The site of the twin nucleation is generally recognized as grain boundaries in polycrystalline Mg and its alloys [22-24].  Such boundaries do never exist in the present case; however, the twin nucleation occurs heterogeneously at the stress concentration site.  Typical snapshots before and after twin nucleation (i.e., the vicinity of point X in Fig. 1) are shown in Fig. 5.  The movie file of related stage is provided in Supplementary Movie S2.  These bright-field snapshots are captured from a movie during in-situ TEM observation with rate set at a maximum of 50 flames/sec with an image size of 512  512 pixels, which is the best condition in the current used facility.  The observed region is similar to that marked by an arrow in Fig. 2(d).  Illustration of microstructural evolution is the inset at the bottom of each figure.  Two dislocation lines on the basal plane are provided in Fig. 5(a), marked by arrows.  In addition, there are some strain fields assumed to be induced by the compression test.  Figures 5(b) and 5(c) show that a new dislocation, which splitting from the parent dislocation, moves from left to right direction.  In Fig. 5(d), the activity of this specific dislocation is prevented by other dislocations.  Thereafter, immediately, new boundaries are created, in Fig. 5(e).  The inhibition of dislocation slips readily brings about producing a high stress field.  This localized site under a large stress concentration due to dislocation interactions becomes the source of twin nucleation.  Interestingly, the other twin is additionally and simultaneously nucleated at this point, as confirmed in the right-side in Fig. 5(e).  Twin formation causes the lattice in the vicinity to rotate.  In the present case, since the specimen is thin, most of the lattice rotation occurs along the <a>-axis associated with the <c>-axis extension twin.  In such a situation, dislocation slips, whose diving force is the left-side twin formation, are assumed to be again prevented by the dislocations.  It is necessary to note that it is unclear which of the twin nucleation occurs first (on the left- or right-side), because analyzing the snapshot images does not provide sufficient information; nevertheless, it can be emphasized that the nucleation mechanism in both twins is the same.  
In several studies, dislocation is reported to play an important role in the nucleation of deformation twins in HCP metals [7,25-27].  The results obtained from numerical studies reveal that the {} twins nucleate at the core of dislocations with <c>-component [25].  From an energetical viewpoint, the dissociation from perfect dislocations to multiple twinning dislocations promotes formation of the twin embryo [26].  In an experimental study, interaction between dislocation pile-up and dislocation dissociation trailing stacking fault initiates the twin nucleation [7], which is well-consistent with the present result.  Further atomistic analysis in-situ high-resolution TEM observation shows that the compressive strain field of the dislocation core is the twin embryo at the specific condition, i.e., very high applied stress of greater than 5 GPa [27].  However, in fact, it is difficult to directly capture the atomistic configuration via the current experimental method and tool, owing to the limitation in time scale and spatial resolution. 
Finally, the crystal orientation effect is considered by comparing it with the previous reports, in which the applied stress direction is set parallel to the <c>-axis [28-31].  Studies on micropillars have displayed non-formation of {} deformation twins [28,29].  This is consistent with the classical results obtained using bulk single crystals [2-4].  Interestingly, when the maximum stress exceeds 1 GPa, a new grain formation mechanism, which is not recrystallization, is pointed out to occur as an alternative for twin formation [30,32,33].  The present load vs. depth curve shows a similar stress level of more than 1 GPa; while, such microstructural evolution is not observed in this study.  This resulted from the difference in specimen geometry: indeed, quite severe stress is confirmed to operate at the top of the pillar specimen [30].  On the contrary, in-situ optical cyclic tests on micropillar clearly demonstrate the impact of applied load direction on twin formation: {} twins do not form at the loading stage but do in the unloading stage [31].  This trend is similar to the preset result.  It is noted that most studies using micropillars [e.g., 2-6] have conducted under stress induced state or constant stress state.  In such cases, it is difficult to further understand and confirm the microstructural evolution because of the sequentially increasing induced dislocation density.  However, in the present case of unloading stage, the above-mentioned well-known negative influences can be made insignificant and be ignored.  It is worth to saying that controlling the crystal orientation with respect to load applied direction is an effective and useful method even for in-situ observation studies.  


4. Summary
Nucleation of } deformation twin is successfully captured by in-situ TEM observations utilizing state of art technique, and is directly correlated with the mechanical response acquired from the compression test in loading/unloading mode.  The dog-bone shaped specimen designed by application of numerical method is effective for i) avoiding friction between the compressive-tip head and the top of the specimen and ii) occurrence of stress concentration in the curvature region.  Any type of deformation twins is unlikely to form in the loading stage, i.e., compression along the <c>-axis, even with applied stress exceeding 1 GPa.  However, } twins readily nucleate in the unloading stage.  In-situ observation clearly shows that the dislocation interaction is critical in the nucleation of } twins.  
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Captions
Figures
Fig. 1: (a) compressive specimen geometry.  Mechanical response obtained from compression tests for (b) load vs. depth curve and (c) load vs. time curve.  Crystal orientation is inset in Fig. (a).

Fig. 2: TEM bright field images taken in-situ during compression experiment at points of (a) A, (b) B, (c) C and (d) D of the mechanical response curves (Fig. 1(b) and (c)).

Fig. 3: TEM bright-field images showing deformed microstructures after compression test: (a) a low magnification image showing the whole sample, (b) a specific region (near the arrow in Fig. (a)), (c) a high magnification image at the vicinity of twins in Fig. (b).  Diffraction patterns taken before and after the compression test are inset in Fig. (b), and arrows point to formation of a twin (diffraction pattern inset top).

Fig. 4: (a), (b), (c) maps of crystallographic orientations obtained by application of precession diffraction in TEM, and key to colors is shown in the stereographic triangle.  (d) point-to-origin orientation along line I to II in Fig. (a).
Crystallographic orientations are color coded shown by a stereographic triangle, and indexing was performed assuming incidence along three mutually orthogonal axes A1, A2 and A3, their orientations with respect to the stereographic triangle.

Fig. 5: Snapshots during unloading from the video, just before and after twin nucleation (point of X in the mechanical response curves in Fig. 1(b) and 1(c)).  Outline of the main features are provided below each image. 
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Fig. 1: (a) compressive specimen geometry.  Mechanical response obtained from compression tests for (b) load vs. depth curve and (c) load vs. time curve.  Crystal orientation is inset in Fig. (a).
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Fig. 2: TEM bright field images taken in-situ during compression experiment at points of (a) A, (b) B, (c) C and (d) D of the mechanical response curves (Fig. 1(b) and (c)).
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Fig. 3: TEM bright-field images showing deformed microstructures after compression test: (a) a low magnification image showing the whole sample, (b) a specific region (near the arrow in Fig. (a)), (c) a high magnification image at the vicinity of twins in Fig. (b).  Diffraction patterns taken before and after the compression test are inset in Fig. (b), and arrows point to formation of a twin (diffraction pattern inset top).
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Fig. 4: (a), (b), (c) maps of crystallographic orientations obtained by application of precession diffraction in TEM, and key to colors is shown in the stereographic triangle.  (d) point-to-origin orientation along line I to II in Fig. (a).
Crystallographic orientations are color coded shown by a stereographic triangle, and indexing was performed assuming incidence along three mutually orthogonal axes A1, A2 and A3, their orientations with respect to the stereographic triangle.
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Fig. 5: Snapshots during unloading from the video, just before and after twin nucleation (point of X in the mechanical response curves in Fig. 1(b) and 1(c)).  Outline of the main features are provided below each image. 
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