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Abstract
Static annealing process of 423 K for 2.5 hours is adequate to segregate alloying elements at {102} twin boundaries in various Mg binary alloys.  These segregated twin boundaries play a role in obstruction of dislocation slips; thus, they contribute to increase in hardness.  Internal friction tests reveal that, irrespective of the solute elements, induced twin boundaries are effective in enhancing damping capacity, owing to their reversible motion, i.e., growth and shrinkage.  In contrast, by comparison of the loss factor of specimens with/without twin boundary segregation, segregation leads to a decrease in damping capacity.  The energy barrier required for twin boundary sliding to occur is closely related to the loss factor.  When solute element having a characteristic of high (or low) energy barrier exists at twin boundaries, such an alloying element prevents (or enhances) the occurrence of twin boundary motion; as a result, shows a low (or high) loss factor.  
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Deformation twins are one of the essential deformation modes at room-temperature for the HCP metals including magnesium (Mg) and its alloys, since they play an important role in compensating for the lack of slip systems.  Particularly, {102} deformation twins are known to be the most prominent twins in these metallic materials; however, this twin boundary holds a negative perception.  Microstructural observations of fractured Mg and its alloy reveal that {102} twin boundaries become crack propagation sites/routes [1-3].  On the contrary, several recent studies on Mg alloys point out that static annealing can make solute atoms to segregate at coherent boundaries, such as {102} and {101} twin boundaries [4-14].  It is also specified that segregated {102} twin boundaries contribute to an increase in strengthening [4,8,9,12,15-17].  In addition to this characteristic, solute atoms segregating at twin boundaries affect crack propagation along their interfaces [13,14].  
Apart from the case of applying sufficient plastic strain to a specimen, twin boundary has other unique characteristic, i.e., occurrence of growth and shrinkage even under anelastic strain regimens.  Under the magnitude of a very small strain, {102} twin boundary motion causes internal friction: in other words, Mg and its alloys containing twin boundaries exhibit superior damping capacity as compared to those without twin boundaries [8,10,18-23].  Specimens having a higher length fraction of twin boundaries exhibit better damping property.  It is interestingly reported that damping capacity is changed by solute atoms which are segregated at twin boundaries [8-11].  This result, as well as the crack propagation issue mentioned-above, suggest that, at a microscopic-level, twin boundary modified by segregation may be an influential factor for elastic-plastic deformation.  Therefore, understanding the role of twin boundary segregation has the possibility to eliminate the negative effect of twin boundaries on fracture.  In this study, we have systematically investigated the impact of solute atoms on internal friction behavior in several types of Mg binary alloys with and without twin boundary segregation.  We have also computed the kinetics for segregated twin boundary mobility in several Mg binary models via numerical studies.


[bookmark: _Hlk153803021]Several Mg-0.3at.%X (where X is Ag, Al, Ca, In, Sn, Y and Zn) binary alloys, as well as commercial pure Mg with a purity of 99.96%, were utilized in this experimental study.  The binary alloys were produced by gravity casting, and then solution-treated at a temperature of 773 K for more than 2 hours.  Commercial pure Mg and these solution-treated binary alloys were extruded at 448 K to 598 K to introduce basal texture and to reduce defects associated with the casting process.  Extrusion ratio was 16 and diameter of the extruded bar was 10 mm.  The extruded Mg and its alloys were annealed to control the average grain size to approximately 30 m.  Extrusion temperature and annealing conditions to control the average grain size are listed in Table 1.  The average grain size of annealed Mg and its alloys was measured by the linear intercept method [24] using optical microscopy images.  Subsequently, compression test was conducted at room-temperature to induce {102} deformation twins in annealed Mg and its alloys, hereafter denoted as the twin-induced Mg or twin-induced alloy.  Compression strain rate and magnitude of applied strain were 1  10-4 /s and 0.05, respectively.  The twin-induced Mg and its alloys were again subjected to annealing at 423 K for 2.5 hours, hereafter denoted as the twin-segregated Mg or twin-segregated alloy.  This secondary annealing condition is reported to be enough for segregation of solute elements to {102} twin boundaries [8-12].  
Microstructures of the twin-induced Mg and its alloys were observed by electron backscattered diffraction (EBSD) with accompanying field-emission scanning electron microscopy (SEM, JEOL 7000F) at an accelerated voltage of 16 kV.  The EBSD scanning step size was 0.5 m.  Twin boundary segregation of specific twin-induced alloys was confirmed by transmission electron microscopy (TEM, JEOL ARM-200F) at an accelerated voltage of 200 kV.  Specimens for TEM observations were prepared by focused ion beam (FIB, JEOL JIB-4501) by lift-up method at regions containing {102} twin boundaries.  Crystal orientations in these specific regions were confirmed by EBSD before FIB, as provided in Supplementary Fig. S1.  Micro-Vickers hardness tests were performed on {102} twin boundaries of twin-induced and twin-segregated specimens.  More than 10 positions were measured under an applied load of 98 mN.  Using dynamic measurement analysis (DMA, Hitachi High Technology DMA7100), damping capacity, which is evaluated as tan, was measured at room-temperature for all the specimens, i.e., the twin-induced and twin-segregated Mg and its alloys.  Dynamic frequency was between 0.01 Hz and 100 Hz.  Specimens for damping test were rectangular in shape with length of 60 mm, width of 8 mm and thickness of 0.8 mm.  All specimens were prepared by wire-machining parallel to the extrusion direction.  They were then polished to remove surface contamination from the wire-machining.  


Typical microstructures of twin-induced Mg-Al alloy and Mg-In alloy are shown in Fig. 1.  Figures 1(a) and 1(b) are the results of boundary analyzed maps including the type of twin boundaries through the EDAX/TSL software.  The matrix is found to contain {102} twin boundaries without any other types, and the length fraction of this boundary, ftwin, is measured to be 0.29 for Mg-Al alloy and 0.22 for Mg-In alloy.  All inverse pole figures of twin-induced Mg and its alloys are provided in supplementary Fig. S2.  In these images, {102} twin boundaries exist in the matrix regardless of the alloying element.  The length fractions of ftwin, as listed in Table 1, are approximately ~0.25 to 0.30, except for the Mg-Ca alloy and Mg-Y alloy.  The reason for a low fraction of ftwin is the basal texture distribution in the extruded state.  Mg alloys containing these elements are well pointed out to have a weak basal texture [25-28], which makes it difficult to induce deformation twins.  Figures 1(c) and 1(d) are TEM high-angle annular dark field (HAADF) images of twin boundary with corresponding energy dispersed spectroscopy (EDS) point measurements, as provided in Figs. 1(e) and 1(f).  Twin boundaries in these HAADF images show bright contrast.  In addition, EDS analysis reveals some peaks related to the respective alloying element.  Average values acquired from at least five twin boundaries are 0.7 at.% for Al and 1.1 at.% for In, which are larger than the content of 0.3 at.% in each alloy.  These results suggest segregation of the alloying element to twin boundaries.  Our previous TEM observations confirm twin boundary segregation of other binary Mg alloys with the same procedures to induce the twins (strain application of 5 % at 10-4 /s) and static annealing condition (423 K for 2.5 hours) [10-12,14].  
The results for the micro-Vickers hardness tests at specific localized regions are listed in Table 2.  Microstructural features before and after hardness testing are provided in supplementary Fig. S3.  Hardness is assumed to vary with the number of twin boundaries beneath the indentation.  However, as observed in Figs. 1 and S2, twin boundaries are sufficiently grown, and the matrix does not have a high density of deformation twins associated with the small compressive strain.  It is also clearly shown that the numbers of twin boundaries under indentation are similar (only a few), as in Fig. S3(b).  Thus, this factor is unlikely to be the major influence.  Rather than this point, hardness tends to depend on whether or not static annealing is performed.  Since secondary annealing process leads to reduced residual strains, twin-segregated Mg and its alloys are assumed to have lower hardness compared to twin-induced Mg and its alloys.  Nevertheless, except for pure Mg, the difference in hardness, H, between the twin-segregated alloy and twin-induced alloy shows a positive value.  This indicates that twin boundary segregation of solute atoms causes the increase in hardness, as reported in the previous studies [4,8,9,12,15-17].  Notably, the change in hardness associated with segregation is smaller than the standard deviation.  This is assumed to be due to the low chemical content and the geometry of twin boundaries existing beneath the indentation surface.
The variation of tan as a function of dynamic frequency is shown in Fig. 2 for (a) twin-induced and (b) twin-segregated Mg and its alloys.  The value of tan is affected by both the alloying elements and internal microstructures relating to the twin boundary.  Grain size and chemical concentration are the most effective parameters for damping capacity.  The present Mg and alloys have an average grain size of ~ 30 m with a chemical content of 0.3at.%; hence, these factors can be ignored and twin boundary segregation impact is simply focused on this consideration.  Except for pure Mg and Mg-Sn alloy, the damping capacity tends to decrease through segregation.  The difference in the value of tan is expressed as the average ratio (= tantwin-segregated/tantwin-induced) calculated from all ranges of the dynamic frequency.  They change with the alloying element; for instance, the Mg-Y alloy and Mg-Sn alloy exhibit the lowest and highest ratios, respectively, among these binary alloys.  The magnitude of twin boundary mobility is influenced by solute atom segregating at twin boundaries.  Numerical studies have revealed that twin boundary growth and shrinkage originate from dislocation climb at boundary steps [29,30].  In addition, these dislocations are supplied from gliding along twin boundaries.  In contrast, solute atoms existing at twin boundaries are assumed to bring about prevention of dislocation glides.  In particular, when the specimen shows a low ratio of tan as listed in Table 2, e.g., Mg-Y alloy, the degree of twin boundary mobility becomes small, owing to the lack of dislocation glides at the twin boundary.  It is interesting to notice that this ratio is close to 1 in the Mg-Sn alloy, indicating that the segregation of Sn to twin boundaries is not harmful for damping capacity.  That is to say, this element does not lead to further obstruction of dislocation glides, as compared with that by other elements.  Regarding the results of pure Mg, segregation does not occur in the specimen, labelled twin-segregated Mg, due to non-presence of solute atoms.  Annealing process of 423 K for 2.5 hours simply reduces residual strains; thus, damping capacity appears to be enhanced.  


The results of damping tests imply that the difference in twin boundary mobility is coincided with the physical or material parameters of the twin boundaries.  There are several studies using numerical methods that focus on energetical viewpoints of {102} twin boundary in Mg alloys [5,31-38].  Zhang et al., have systematically examined the impact of solute atoms (21 elements) on {102} twin boundary segregation energy by the first-principles calculations [31].  Ju et al., and Kumar et al., have pointed out that (i) most of solute atoms are favorable for existing at the extension site of {102} twin boundary and (ii) such solute atoms stabilize the twin boundary energy [32,33].  Chen and Song have computed 56 types of solute segregation energy in the {102} twin boundary [34], which are satisfied to depend on both atomistic size and electronegativity.  Pei et al., have treated with 23 elements, and solute segregation energy is closely related to the stacking fault energy [35].  On comparing these values [31-37] with our previously calculated solute segregation energies [38], they indeed show similar trends as listed in Supplementary Table S1.  Nevertheless, it is important to note that segregation energy reflects thermodynamics without kinematics.  Hence, in this study, we will go one step further and consider dislocation kinetics for twin boundaries.
First-principles calculations were performed within the density functional theory (DFT) framework to clarify the origin of twin boundary mobility.  The energy barrier of twin boundary sliding as well as the alloying element impact were evaluated by this boundary mobility.  The {102} twin boundary was targeted as shown in Fig. 3(a), where the size of the atomic model of the {102} twin boundary is 1.99a0 × 4.71a0 along the x and y directions including 248 atoms.  DFT calculations were implemented using the Vienna ab-initio simulation package [39,40] under the same sets as those in previous studies [13,38].  Г-centered 6 × 3 × 1 k-point samplings were used for the {102} twin boundary Brillouin-zone, k-point samplings were selected using the Monkhorst-Pack algorithm [41], and convergence condition for the self-consistent field calculations was defined as an energy difference below 10−5 eV.  The slab model including a vacuum layer was used, and the nudged elastic band (NEB) method was performed to calculate the energy barrier for twin boundary sliding in pure Mg [42].  The solutes were embedded into each extension and compression site, and the energy barrier was evaluated.  For a stable site, the energy barrier in Mg-X (where X is solute atom, Ag, Al, Ca, In, Sn, Y and Zn, as the same as those in experiments) was evaluated by the constraint condition using the saddle-point configuration of pure Mg.  The conjugate gradient method was adopted to explore the relaxed configuration and its energy, where the search was terminated when the force on all atoms decreased to below 5×10-3 eV/Å and 2×10-2 eV/Å.  The severe threshold was used for the most stable configuration; while, the moderate value was used for the energy barrier of twin boundary sliding. 


The energy barrier is determined by relaxation with constraint conditions along the x and y directions.  The energy landscape of {102} twin boundary sliding in pure Mg is shown in Fig. 3(b).  There are two large landscapes, but the minimum energy path during the twin boundary sliding is found to be along the x direction.  Figure 3(c) is the variation in corresponding energy barrier as a function of the x direction.  The maximum value of energy barrier is obtained to be 0.408 J/m2 in pure Mg.  The effect of alloying elements on the energy barrier can be effectively discussed based on this reference.  The results for the other alloying elements are summarized in Table 2.  
The derivative curve of the energy barrier in Fig. 3(c) is known to be the restoring force [43], which is closely connected with the stress required to overcome obstacles.  A high and low energy barrier means that solute atom (for instance, Y or Sn) existing at twin boundaries plays a role in prevention and enhancement of twin boundary mobility, respectively.  Based on this finding, the relationship between the energy barrier and the results acquired from damping tests, i.e., the average ratio of tantwin-segregated/tantwin-induced, is plotted in Fig. 4.  This figure reveals that internal friction owing to twin boundary mobility tends to depend on the energy pass requirement for twin boundary sliding.  When a solute element that has a characteristic of high energy barrier is segregated at twin boundary, reversible motion of the twin boundaries is difficult to occur.  As a result, damping capacity is low, owing to the small contribution of twin boundary growth and shrinkage, e.g., in the Mg-Y alloy.  From the consideration of atomic bonding, the d bands of a solute element are favorable to produce hybridization with the p bands of Mg [44].  This bonding feature causes a strong interaction between solute element and Mg.  Such a region readily creates the atmosphere with a large elastic stress state, as inhibiting dislocation glides.  
[bookmark: _GoBack]On the contrary, a low energy barrier results in twin boundary movement with ease; thus, the ratio of tantwin-segregated/tantwin-induced becomes high or close to 1, i.e., a slight decline of damping capacity.  The binary alloys other than Mg-Y alloy fall into this category.  Since these solute elements do not have d bands, they do not behave as hybridization bonding.  However, even without the presence of d bands, it draws attention that solute elements are apt to affect the correlation between energy barrier and loss factor, as shown in Fig. 4.  The electronic state in the Mg-Ag model shows that the p bands of solute element interact with the s bands of Mg [13].  Such a hybridization brings about covalent bonding at twin boundaries; thereby playing a part in disturbing dislocation motions.  In case of the Mg-Zn alloy and Mg-Ca alloy, they show analogous tendencies, despite being in completely different groups in the periodic table.  In the Mg-Zn alloy, this solute atom is stable and is unlikely to be influenced by others, because of the closed-shell structures.  Since the electronegativity of Ca (= 1.0 [45]) is close to that of Mg (= 1.2 [45]), the Mg-Ca alloy is favorable for metallic bonding at twin boundaries.  Regarding the other solute elements (Al, In and Sn), they are recognized as the poor metallic elements (or the p-block elements).  The p- and s-bands are reported to be non-interacting with each other’s electrons in the electronic state [46].  Atomistic bonding in these p-block elements is assumed to be similar, because of belonging to the same group in the periodic table.  Metallic bonding is not likely to provide a strong elastic state as compared to covalent bonding; therefore, these alloying elements show low energy barriers and contribute large amounts of twin boundary reversible growth and shrinkage.  


In conclusions, alloying elements are segregated at the {102} twin boundary through static annealing process in Mg binary alloys, regardless of the solute element.  The type of solute element clearly affects damping capacity, due to the difference in magnitude of twin boundary mobility (growth and shrinkage).  Numerical studies using first-principles calculations reveal that the energy barrier required for twin boundary sliding is changed by the nature of the solute atom.  By comparison between experimental and numerical results, the solute atom having a characteristic of high (or low) energy barrier plays a role in preventing (or enhancing) twin boundary mobility.  Hence, the alloy containing each element shows poor (or good) damping capacity.  This results from the difference in electronic bonding behavior between the solute atom and Mg at the twin boundary.
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Captions

Figures
Fig. 1: Microstructures of twin-segregated Mg-Al alloy and Mg-In alloy; (a), (b) boundary analyzed map observed by EBSD, (c), (d) HAADF images in vicinity of twin boundaries and (e), (f) spectra of energy dispersed spectroscopy point measurement.  

Fig. 2: Variation of tan as a function of dynamic frequency for (a) twin-induced and (b) twin-segregated Mg and its alloys.  

Fig. 3: Simulation setup for energy barrier calculations during twin boundary sliding, (a) atomic model of {102} twin boundary, (b) energy landscape of twin boundary sliding in Pure Mg.  The atomic mode including the vacuum layer and the atoms located on the upper half of the model were displaced along the direction parallel to the twin boundary.  (c) The energy difference during sliding along the x direction corresponding to the minimum energy path. 


Fig. 4: Relationship between the ratio of tantwin-segregated/tantwin-indued at damping tests and the energy barrier obtained from first-principles calculations.  



Tables
Table 1: Extrusion temperature and annealing conditions to control the average grain size for annealed Mg and its alloys, and length fraction of twin boundary analyzed from EBSD results.

Table 2: Results of micro-Vickers hardness test, energy barrier obtained from first-principles calculations and dynamic measurement analysis test for twin-induced and twin-segregated Mg and its alloys.





Table 1: Extrusion temperature and annealing conditions to control the average grain size for annealed Mg and its alloys, and length fraction of twin boundary analyzed from EBSD results.
	
	Text, K
	Tann, K
	tann, h
	d, m
	ftwin

	Pure Mg
	---
	573
	0.25
	33.5
	0.21

	Mg-Ag
	508
	573
	1.0
	33.4
	0.24

	Mg-Al
	498
	573
	0.5
	32.7
	0.29

	Mg-Ca
	563
	673
	1.0
	28.5
	0.15

	Mg-In
	448
	573
	0.5
	35.1
	0.22

	Mg-Sn
	493
	573
	0.5
	33.5
	0.26

	Mg-Y
	598
	673
	0.5
	32.1
	0.13

	Mg-Zn
	493
	523
	2.0
	33.4
	0.29


where Text is the extrusion temperature, Tann is the annealing temperature, tann is the annealing time, d is the grain size measured by linear intercept methods using optical images and ftwin is the twin boundary fraction analyzed from EBSD result.



Table 2: Results of micro-Vickers hardness test, energy barrier obtained from first-principles calculations and dynamic measurement analysis test for twin-induced and twin-segregated Mg and its alloys.
	
	twin-induced, Hv
	twin-segregated, Hv
	energy barrier, J/m2
	tantwin-segregated
/tantwin-induced

	Pure Mg
	34.6  2.2
	32.6  3.5
	0.408
	---

	Mg-Ag
	44.0  2.0
	45.7  2.4
	0.392
	0.76

	Mg-Al
	36.8  2.1
	38.0  3.1
	0.395
	0.91

	Mg-Ca
	48.3  4.0
	50.1  2.4
	0.387
	0.82

	Mg-In
	35.3  3.0
	37.6  3.3
	0.388
	0.88

	Mg-Sn
	35.8  3.6
	36.0  2.7
	0.378
	1.05

	Mg-Y
	40.8  3.6
	43.2  2.7
	0.412
	0.49

	Mg-Zn
	41.7  3.0
	44.3  2.1
	0.386
	0.83








[image: ]
Fig. 1: Microstructures of twin-segregated Mg-Al alloy and Mg-In alloy; (a), (b) boundary analyzed map observed by EBSD and (c), (d) HAADF images in vicinity of twin boundaries and (e), (f) spectra of energy dispersed spectroscopy point measurement.  
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Fig. 2: Variation of tan as a function of dynamic frequency for (a) twin-induced and (b) twin-segregated Mg and its alloys.  





[image: ]
Fig. 3: Simulation setup for energy barrier calculations during twin boundary sliding, (a) atomic model of {102} twin boundary, (b) energy landscape of twin boundary sliding in Pure Mg.  The atomic mode including the vacuum layer and the atoms located on the upper half of the model were displaced along the direction parallel to the twin boundary.  (c) The energy difference during sliding along the x direction corresponding to the minimum energy path. 
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Fig. 4: Relationship between the ratio of tantwin-segregated/tantwin-indued at damping tests and the energy barrier obtained from first-principles calculations.  
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