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Abstract: 

 

In this work, 99.999% pure magnesium (Mg) single microcrystal structures have been deformed in c-axis com-

pression and contraction conditions at room temperature under loading rates from 5×10-4 up to ~590 s-1 and 45 s-1, 

respectively, allowing to evaluate the strain rate sensitivity and apparent activation volume of prismatic and py-

ramidal slip systems. In c-axis contraction, under at strain rates of 45 s-1, the formation of a new grain whose 

crystallographic characteristics do not correspond to those of well-known twin systems, calls for the use of the 

weak twinning theory, introduced by Cayron. Through transformation matrices, a solution that requires the break-

down of the invariant plane strain condition emerged, suggesting that a unit cell reconstruction has taken place via 

pyramidal II to basal plane transformation. This unconventional twin can be related to a classical simple shear 
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twin, the {101̅5} twin, by a 2.1° angular correction. In c-axis compression, at the highest applied strain rate, no 

twin has been detected in 5μm sized pillars of 2:1 (height to width) aspect ratio. Plasticity is thus mediated purely 

by slip. However, the appearance of newly oriented grains is observed by lowering the sample size or by reducing 

the aspect ratio, whose crystallographic features suggest a recently proposed mechanism of unit cell reconstruction 

through the transformation from pyramidal I to basal plane. The present manuscript urges for the use of the new 

crystallographic weak twinning theory. 

 

1. Introduction 

 

Deformation twinning in hexagonal-close-packed (hcp) crystal is strongly dependent on the loading direction with 

respect to the crystallographic c-axis [1,2]. In magnesium (Mg) and its alloys, two types of c-axis twins are com-

monly reported, {101̅2}〈101̅1〉 tension (TTW) and {101̅1}〈101̅2〉 compression (CTW). The critical resolved 

shear stress (τCRSS) of TTW is lower than that for CTW [3]. The occurrence of TTW during c-axis tensile loading 

is the primary mode for accommodating the plastic deformation, and CTW during c-axis compression is known to 

be a minor deformation mechanism at room temperature [4–6]. 

CTWs have been generally observed during compression of extruded or hot-rolled polycrystalline specimens with 

different textures and grain sizes [3,7–9]. Due to the variation in grain orientation, the presence of grain boundaries, 

pre-existing twin boundaries and other complexities, externally applied and locally perceived stress states may 

differ, resulting in a very difficult assessment of the stress tensor at CTW nucleation sites and limiting their un-

derstanding. In the past, to overcome this problem, c-axis macro and microscale compression tests were performed 

on single crystal of pure Mg [4–6]. Indeed, although the τCRSS for slip on the close-packed basal plane is signifi-

cantly lower than for the prismatic and pyramidal π1 and π2 planes, basal slip can be suppressed during c-axis 

compression due to a null Schmid factor, which favours the activity of other deformation modes, including CTW. 

Surprisingly, despite the uniaxial compressive stress field in such tests, CTWs occur occasionally in areas of high 

stress concentration in the form of thin, needle-like lamellae, while pyramidal slip activity largely governs plastic-

ity [5,10,11]. This has an important effect on the mechanical response of Mg. The large build-up of internal strains 

accommodated by limited and harder deformation modes leads to lower ductility at high strain levels and thus 

induces material failure, making c-axis compression the most detrimental loading condition in Mg. Nevertheless, 

[0001] compression of a single-crystal sample efficiently allows for investigating of strain rate sensitivities (SRSs) 

of non-basal slip systems and, in principle, of CTWs. To this end, as twinning is suspected to be less strain rate 

sensitive compared to slip [12–16], and higher stress states can be reached at smaller scales, the easier activation 

of CTW at higher deformation rates could be suspected and could help to shed a light into the so-called "lack of 

CTWs". 

In Mg high-stress conditions can also favour the nucleation of particular "new grains". Indeed, apart from slip and 

deformation twinning, another way of accommodating plasticity during c-axis compression of Mg was introduced 

very recently in the form of deformation graining [17]. In particular, Liu et al. [17] observed that the displacements 

of atoms occurring due to either the high-stress loading conditions, due to the exhaustion of dislocation mediated 

plasticity at high strain levels or both, induce a "hybrid diffusive-displacive" mode of deformation that results in 

the nucleation of a newly oriented grains, not corresponding to deformation twins, that enhance plasticity by means 

of activation of other deformation modes (slip and twinning) within them, improving the machinability of Mg and 
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reducing crack nucleation. This mechanism cannot be directly related to deformation twinning because the exist-

ence of an invariant twin plane is not established [18]. Nevertheless, also alternative origins of this mechanism 

have been proposed. In view of the numerous evidences of unusual parent-new grain misorientations and incon-

sistent twin interfaces that have been reported and discussed in the last decade [19,20], Cayron [21] suggested that 

the concept of deformation twins needs to be extended to martensitic transformations without diffusion - the shuf-

fles are just the movements of the atoms in the lattice that do not obey the same linear law as the nodes of the 

lattices, and hence not related to diffusion-based mechanisms. Thus, the phenomenon of deformation graining can 

be understood without diffusion as a martensitic mechanism, setting the basis of the recently introduced weak 

twinning concept [22]. In particular, weak twinning refers to a mechanism in which the interface is not anymore 

necessarily fully invariant as for usual deformation twinning, and can be slightly distorted to be transformed into 

a new non-equivalent plane. 

In order to further investigate the afore-mentioned research areas, micropillar compression in [0001] and micro-

tensile tests in [1̅010] orientations were performed under loading rates from 5×10-4 up to ~590 s-1 and 45 s-1, re-

spectively. The shape and position of testing structures close to the edge of the sample, allowed precise character-

izations of the crystallographic orientation by Electron Backscatter Diffraction (EBSD) both before and after 

testing. The experiments required the redesign of the quasi-static and high strain rate (HSR) testing rigs, making 

them suitable for both compression and tensile loadings at the microscale, limiting divergences in the compliance 

of the test machines. The choice of loading directions allows for further study of the direction-dependent micro-

mechanical response of Mg by observing the material behaviour during c-axis direct and indirect straining (c-axis 

compression and contraction, respectively). In particular, c-axis compression refers to when the externally applied 

stress field has a component along the [0001] direction, whilst c-axis contraction when the [0001] axis is reduced 

by the effect of a strain. This implies that c-axis compression and c-axis contraction have different associated strain 

fields, and hence different values of interaction work, W [23]. Russell et al. [7] suggested that the onset of CTW 

may be facilitated under c-axis contraction compared to c-axis compression due to a lower τCRSS attributed to 

differences in the stresses experienced by the unit cell. This behaviour was ascribed by the authors to the greater 

hydrostatic pressure in the case of contraction compared to the case of uniaxial c-axis compression, favouring the 

complex shuffles required for this twinning mode. As CTWs manifest themselves as thin and needle-like lamellae, 

as already observed above, 3D EBSD reconstructions have been performed to ensure the eventual "lack of CTW" 

through the whole thickness of some deformed structures. A thorough investigation of the possible nucleation of 

new weak twins is also presented. Irrespective to the formation of CTW or weak twins, the current study neverthe-

less allows to evaluate the SRS and apparent activation volume (V*) of non-basal slip systems in pure Mg at the 

microscale in both loading modes. 
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Figure 1: Images of the structures fabricated by focused ion beam (FIB) and the corresponding crystallographic orientations. 

(a,c) Single crystal microtensile and micropillar samples prepared at the specimen edge allowing EBSD before and after defor-

mation on the front surface of the structures. The EBSD maps and pole figures in the inserts show the respective crystal orien-

tations. (b,d) Stress and strain fields of the crystal during [1010] extension (b) and [0001] compression (d). The blue arrows 

indicate the externally applied stress; the yellow arrows refer to the strains induced by the action of the applied load. The slip 

planes along which the deformation is expected to take place are highlighted in the crystals. All undefined scale bars correspond 

to 2 µm. The inverse pole figure (IPF) colour code refers to the out-of-plane crystal direction (ND, normal direction). 

 

2. Materials and methods 

 

A 99.999% pure, fully single-crystalline Mg sample (PSC, Easton, USA) was mechanically polished to 1 µm and 

then electro-polished at 12 V with a refrigerated (10°C) electrolyte, comprised of 85% ethanol, 5% HNO3 and 10% 

HCl. The sample was then used for microtensile bar (T-bar or Tb) and micropillar fabrication using a Ga+ focused 

ion beam (FIB) microscope (Tescan, Lyra3) with gauge cross-section dimensions of 5x5 µm2 for both structure 

types, and height of 20 µm and 10 µm, respectively (see Figure 1). Two additional sets of pillars have been fabri-

cated with gauge cross-section dimensions of (i) 1.2x1.2 µm2 with 2:1 height to width aspect ratio, and (ii) 5x5 µm2 

with 3:2 aspect ratio (tolerance on dimensions: ±100nm). To avoid curtaining artifacts on the lateral surfaces of 

the structures, a 200 nm thick ion-beam deposited platinum layer was applied on top of them. The cross-section 

area was used to calculate the engineering stresses. Stresses and strains (σ, ε) are nominal. The structures were 

fabricated at the front surface of the bulk sample, allowing for EBSD acquisitions before and after the deformation. 

The micromechanical tests were conducted using dedicated in situ Alemnis nanoindenter set-ups for quasi-static 

and HSR conditions [24] mounted inside a scanning electron microscope (SEM, Tescan Lyra3). The tensile tests 
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were then performed along the [1̅010] axis at different strain rates using a silicon gripper [25], whereas along the 

[0001] axis in compression with a nanoindenter fitted with a 20 μm diameter doped diamond flat punch. In HSR 

compression, the testing rig employs a piezo-electric load sensor, where the flat punch was mounted, rather than 

the standard strain gauges-based load cell used at low strain rates in the conventional testing conditions (< 1 s-1). 

In tension, however, the piezo-electric load sensor was mounted on the sample side. 

After micromechanical testing, several micropillars were lifted out and thinned down in order to provide an over-

view of the textural development upon deformation. Transmission Kikuchi Diffraction (TKD) maps were recorded 

using an EDAX DigiView camera with 2×2 binning (442×442 px2). For this, an electron beam of 30 kV and 10 nA 

was applied. After the TKD map acquisitions, further thinning was performed for atomic resolution imaging using 

a ThermoFischer Themis 200 G3 aberration (probe) corrected Transmission Electron Microscope (TEM) operating 

at 200 kV. For some pillars, scanning precession electron diffraction (SPED) has been used to generate high spatial 

resolution orientation/phase maps with a DigiSTAR system from NanoMEGAS company (Brussels, Belgium) 

equipped in the same aberration-corrected TEM. A step size of 7 nm was used to reveal the nanoscale character-

istics. 

Three-dimensional EBSD reconstructions of two deformed tensile structures have been performed to detect and 

reconstruct the complete shape and spatial distribution of the grains that constitute the entire crystallographic mor-

phology within the specimen. This was done using post-mortem EBSD acquisitions together with FIB tomography 

in a static setup [26]. In this case, EBSD maps were acquired with a Symmetry detector and the Aztec 4.1 software 

(Oxford Instrument, UK), with 20kV using 7nA beam conditions and 150 nm step size. EBSD maps were captured 

after every FIB slice of 200 nm from the front surface throughout the thickness of the structure. FIB slicing was 

done at 30kV and 1nA. Photoshop CC 2017 was used to manually align the slices by changing the visibility of one 

slice over the other. Amira v5.2 software was used to create the 3D reconstructions from the 2D maps. 

 

3. Results 

 

Figure 1a,c shows the (21̅1̅0) and (0001) pole figures for the T-bar and pillar structures. The chosen reference 

system for the hcp unit cell (a1, a2, c) can be seen in Figure 1b,d. The Schmid factor (mSF), τCRSS and σy = τCRSS/mSF 

(yield stress) values to predict the possible and preferred modes of deformation are reported in Table 1. In both 

the cases basal activity is inhibited through mSF_basal = 0. The value of τCRSS for the {101̅2} twin mode reported for 

bulk Mg in the literature is low (~12 MPa) [27], however, the unidirectionality of twinning in hcp hinders its 

formation in c-axis compression. Thus, although the τCRSS for <a> prismatic, <c+a> pyramidal 1st and 2nd order slip 

planes are much higher (Table 1), they remain the only possible modes of accommodating the plastic deformation, 

together with CTW. 

 

Table 1: mSF and τCRSS of the slip and twin systems considered for [1̅010] extension and [0001] compression of Mg structures. 

    
<1̅010> 

tension 

<0001> 

compression 

Mode 
crystal di-

rection 
plane 

experimental 

τCRSS (MPa) 
mSF 

σy 

(MPa) 
mSF 

σy 

(MPa) 
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3.1 [1010] tension (c-axis contraction) 

In tension, the deformation behaviour is characterized by a series of discrete load drops in the stress-strain curve 

and a simultaneous hardening and/or stress plateau (Figure 2a-c). In all tests, the first load drop occurred with the 

onset of yield after elastic loading and has been therefore used to determine the τCRSS of the corresponding activated 

deformation mode. The variation of the τCRSS with strain rate, from which the SRS is derived at yield 

(𝑆𝑅𝑆 =  
𝜕𝑙𝑛(𝜏)

𝜕𝑙𝑛(�̇�)
), is reported in Figure 2d. The calculated values of SRS are ~0.01 and ~0.046 for the range of strain 

rates investigated here, which correspond to values of apparent activation volume (V*) (using Eq. (1)) of 

2.36 ± 0.2 nm3 and 0.43 ± 0.07 nm3, respectively. Here, 

𝑉∗ = 𝑘𝐵𝑇
𝜕𝑙𝑛𝜀̇

𝜕𝜏𝐶𝑅𝑆𝑆
|
𝑇

 (1) 

with kB the Boltzmann constant and T the temperature at which the test was performed (293 K). 

The SEM images reported in Figure 3 show an overview of the processes that assisted plastic deformation of the 

microtensile structures at the different applied strain rates. For a specific loading condition, different strain values 

have been applied intentionally in order to avoid the specimen break and allow for post-test observations of the 

different deformation stages. Slip traces at the front and lateral surfaces of the structures can be attributed to the 

activation of prismatic planes (Figure 3e, Tb05). It was thus revealed that prismatic slip represents the predominant 

mode accommodating the plastic deformation during [1̅010] microtensile loadings. Expressing therefore V* in 

terms of b3, with b the Burgers vector of <a> prismatic dislocation (b = 0.3209 nm), the apparent activation volume 

was found to be ~72b3 for 𝜀̇ ≤ 10-1 s-1 and ~13b3 above. It should be noted that the experimental determination of 

V* is of primary importance as it is related to the area swept by the dislocation and it is indicative of the dislocation 

mobility mechanism. In particular, as evidenced by the reduction of V*, the help of the applied stress to overcome 

the energy barrier for dislocation motion becomes significant at higher strain rate, which is caused by the greater 

contribution of dislocation inertia (kinetic energy imparted from strain energy and stored in the moving core). 

Furthermore, at the highest applied strain rate (45 s-1) and for the most strained structure (Tb09), a new thin and 

needle-like lamellar grain was formed (Grain 1). EBSD analyses in Figure 3f,g suggest that the matrix (Grain 0) 

and the new grain are related by a ~44° (±1°) misorientation around the a-axis, in short: (44°, a-axis). This does 

not correspond to the 56.2° expected in the occurrence of CTW. Giving the confined nature of Grain 1, it is im-

portant to ascertain whether other new grains, not detectable at the front surface of the specimens, have developed 

within structures deformed at lower strain rates. Thus, with the intent of performing a more complete and accurate 

Basal <1̅21̅0> (0001) 0.52-0.81 [28,29] 0 - 0 - 

Prismatic 

<a> 
<1̅21̅0> (101̅0) 39-50 [30,31] 0.44 88-113 0 - 

Pyramidal I 

<c+a> 
<21̅1̅3> (1̅011) 40-44 [32,33]  0.41 97-107 0.41 97-107 

Pyramidal II 

<c+a> 
<1̅21̅3> (112̅2) 80 [34] 0.35 225 0.45 177 

CTW <101̅2> (101̅1) 115 [3] 0.43 267 0.43 267 
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analysis, a 3D reconstruction has been made for Tb01 as well as for Tb09, which represent the most strained 

structures at the lowest and highest applied strain rate (Supp. Figure S-1). From these reconstructions, no other 

grain was observed apart from Grain 1 in Tb09. Moreover, the latter disappears after the first 200 nm below the 

front surface (after the first FIB slice in the process of the 3D reconstruction – see section 2). An in situ video of a 

tensile test carried out at the highest imposed strain rate can be found in Supplementary Video 1. 

 

 

Figure 2: Stress-strain curves related to [1̅010] tensile tests at different strain rates (5×10-4 to 45 s-1) (a-c). The inserts illustrate 

the displacement vs time curves from which the strain rate has been calculated considering a characteristic height of 20 µm. 

For further information regarding the displacement calibration procedure, refer to [25]. The variation of the τCRSS with strain 

rate is shown in (d). The value of τCRSS has been measured in correspondence of the stress that preceded the load drop detected 

in (a-c). Note that the error bars consider also uncertainties (±100 nm) in the SEM measures of the dimensions of the structures. 
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Figure 3: SEM images and EBSD maps illustrating post-mortem deformation features in tensile structures strained at different 

deformation rates. (a,b) 𝜀̇ = 5×10-4 s-1, (c-e) 𝜀̇ = 0.1 s-1, (f,g) 𝜀̇ = 45 s-1. In all the cases, plasticity has been accommodated by 

prismatic slip, as clearly evincible from the slip traces detected via SEM imaging (a,c,e,f). For 𝜀̇ ≤ 0.1 s-1, the EBSD maps (b,d) 

do not show any twin activity. At the highest applied strain rate, the formation of a new grain ~44° (±1) misoriented with 

respect to the parent crystal around the a-axis has been observed in the location of high stress concentration (indicated with 

letter "A" in Figure 1) (f,g). The cumulative misorientation is plotted in (g). The IPF colour code refers to the out-of-plane 

crystal direction (ND). 

 

3.2 [0001] loading (c-axis compression) 

In compression, the trend of the stress-strain curve is not characterized by any discrete load drop but rather by 

continuous plastic flow (Figure 4). The yield stress σy has been therefore measured at 0.2% of strain. As for the 

tensile case, the variation of the τCRSS with strain rate, from which the SRS is derived at yield, is reported in Figure 

4e. The calculated values of SRS, necessarily associated with pyramidal slip due to the restricting Schmid factor, 

are ~0.015, ~0.042 and ~0.131 for low, intermediate and high values of strain rate, respectively, and found to be 

similar to those reported for prismatic slip. This corresponds to activation volumes V* of 1.58 ± 0.1 nm3, 

0.47 ± 0.08 nm3 and 0.15 ± 0.05 nm3, which, expressed in terms of b3 (with b the Burgers vector of a <c+a> dis-

location, ~0.612 nm) would become ~7b3, ~2b3 and ~0.7b3, respectively. Despite the comparable or higher τCRSS 

of pyramidal I or II and prismatic slip systems (Table 1), a reduction in the absolute yield values is detected from 
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c-axis contraction to c-axis compression for all the investigated strain rates. This is likely due to the complex 

tri-axial strain field in the first few-tens of nanometres below the tip-pillar contact surface in compression, which 

is likely to favour the activation of dislocations at smaller strain levels. 

 

 

Figure 4: Stress-strain curves for [0001] compression tests at different strain rates: from 5×10-4 to 460 s-1 (a-d). The inserts 

illustrate the displacement vs time curves from which the strain rate has been confirmed considering a characteristic height of 

10 µm. The variation of the τCRSS with strain rate is shown in (e). The τCRSS has been measured at a plastic strain of 0.2% (a-d). 

Note that the error bars consider also uncertainties (±100 nm) in the SEM measures of the dimensions of the structures. In (d), 

the material response is overwhelmed by the oscillation amplitude, not allowing a precise extraction of the material properties. 
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An adjacent average smoothing procedure every 35 data points has been therefore adopted (note that the experimental sampling 

rate used for this condition was 1MHz). (f) Maximum nominal stress reached in the structures at different strain rates. All 

undefined scale bars correspond to 2 µm. The IPF colour code refers to the out-of-plane crystal direction (ND). 

 

 

Figure 5: SEM images and EBSD maps for pillars compressed at different strain rates. The pillar number, strain rate and level 

of strain achieved are indicated in each image (a-d). A bulging mechanism is observed in all structures. A front view SEM 

image is shown for the pillar compressed at 460 s-1 (d). (e) EBSD map taken at half of the thickness of pillar P13 in (d). 

Plasticity is mainly accommodated by pyramidal and basal slip. No twinning mechanism was detected. All undefined scale 

bars correspond to 5 µm. The IPF colour code refers to the out-of-plane crystal direction (ND). 

 

At the lowest strain rate (5×10-4 s-1), the setup has been adapted to perform in situ HR-EBSD measurements at 8% 

strain (see Figure 4a-right)) by keeping the flat punch displacement at a constant value while the sample was under 

load [35,36]. The intermediate map was captured to investigate whether the "lack of CTWs" can be caused by 

detwinning during unloading. However, no CTW has been detected in loaded conditions. The reduction in stress 

shown in Figure 4a at ε = 8% is due to the stress relaxation occurring throughout the holding time (17 minutes) 

during which the intermediate EBSD map was taken. This relaxation is due to creep of the piezoelectric actuator 

and the load cell and possibly minor stress relaxation in the material. It is noted that in situ EBSD acquisition was 

not possible for the other applied strain rates as the total testing time was less than 1s (inserts in Figure 4b-d). In 

Figure 4 it can also be seen that, regardless of the imposed strain rate, a stress peak is reached at around 20% strain 

after which a lower load is required for further straining (softening). The magnitude of the stress peak however 

changes with strain rate, as reported in Figure 4f, reaching ~900 MPa at 460 s-1. Thus, Figure 4f illustrates the 

maximum load that a 5µm-sized pillar (with a 2:1 height-width aspect ratio) can support during [0001] compres-

sion before ceding at different strain rates. In some cases, the misalignment between the c-axis and loading direc-

tion, induced by the instability of the structure, allows basal slip activity (see Figure 5). Despite the appearance of 

cleavage planes, indicative of the typical fragile nature of Mg at large strains (Figure 5), a remarkable resistance 
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to applied load occurs at the microscale even at HSRs for strain levels below ~20%. After testing, post-mortem 

EBSD maps were acquired on the front surface of each pillar without revealing the presence of CTWs or "anom-

alous" new grains (not relatable to well-known twinning modes). However, to investigate their possible presence 

inside the pillar structures, subsequent EBSD maps have been acquired through the thickness of the pillars by FIB 

tomography. Again, no new twin/grain formation was revealed for structures with gauge cross-section dimensions 

of 5×5 µm2 and aspect ratio 2:1, as also reported elsewhere [4–6]. 

 

 

Figure 6: Stress-strain curves and SPED orientation maps of [0001] shock-compressed pillars of different dimensions and 

aspect ratios: (a) 1.2×1.2 µm2 (2:1 aspect ratio), (b) 5×5 µm2 (3:2 aspect ratio). SEM images embedded in the graphs illustrate 

undeformed structures. Scale bars: 2 µm. (c,d) Orientation maps obtained via SPED illustrating the formation of new grains in 

(c) 1.2×1.2 µm2 (2:1 aspect ratio), and (d) 5×5 µm2 (3:2 aspect ratio) pillars. The reliability index in the maps is greater than 
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20%, above the acceptability threshold. A graphic representation of the crystal orientations is reported to facilitate the visuali-

zation. The lift out plane is illustrated (the reference system corresponds to that of Figure 1d). In (d), the (0001) -in white-, 

{1013} -in red-,{1011} -in green-, and {1010} -in orange- traces are highlighted within the parent and the new grain. (e) 

Cumulative misorientation profiles along the vectors indicated with q, g and p in (c,d). The new grains are characterized by a 

~62° misorientation around the a-axis with respect to the initial crystal. The IPF colour code refers to the out-of-plane crystal 

direction (ND). 

 

Nevertheless, the nucleation of new grains was observed in pillars with smaller dimensions and aspect ratios. In 

particular, to reach higher stress levels for a given strain value, with the intent of triggering CTW or new grains 

formation, different pillar dimensions have been chosen and tested at HSR. Figure 6 shows the stress-strain curves, 

pre- and post-deformation SEM images and SPED maps of 1.2×1.2 µm2 (aspect ratio 2:1) and 5×5 µm2 (aspect 

ratio 3:2) pillars. The smaller pillars (1.2×1.2 µm2) have been deformed up to ~50% strain with the τCRSS increasing 

to ~1 GPa ("smaller is stronger", Figure 6a, [37–39]), which is twice as high as what was measured for the 5×5 µm2 

pillars (Figure 4). Using SPED it can be observed that new small grains have formed (Figure 6c), but with charac-

teristics that do not correspond to well-known twin modes. Similar to the increase in stress level achieved by 

decreasing the characteristic dimension (width) of the pillar, a reduction in the aspect ratio of the structure from 

2:1 to 3:2 (while keeping same reference dimensions: 5×5 µm2) also affects the plasticity mechanism and the 

nominal stress level reached (Figure 6b). Indeed, new grains have been observed (Figure 6d). With respect to their 

crystallographic nature, the parent-new grain misorientations correspond to ~62° around the a-axis. The in situ 

videos of compression tests carried out at the highest applied strain rates can be found in Supplementary Video 2, 

3 and 4. 

 

4. Discussion 

 

In tension (c-axis contraction), the activation of prismatic slip systems promotes the relative movement above and 

below the slip planes (Figure 3e, Tb05) that results in (i) a stress plateau representing the constant friction stress 

required for continuous gliding (Figure 2a-c) and (ii) limited further plasticity compared to that observed in c-axis 

compression, for all the applied strain rates. Indeed, in the case of c-axis compression, the symmetry of the crystal 

with respect to the loading axis leads to twelve (six for {1011} and six for {2112}) equivalently stressed pyram-

idal slip systems, which accommodate plastic deformation and promote the strong hardening observed in Figure 4 

up to 20% of strain. Nevertheless, in both cases the absence of twinning significantly reduces the ductility of Mg 

during c-axis compression and especially c-axis contraction. This is in contrast to c-axis extension experiments 

where DT represents the predominant mechanism that accommodates plastic deformation, allowing the material 

to withstand a large amounts of strain without cracking even at HSRs [40,41]. 

 

4.1 c-axis contraction: the case of the reoriented (44°, a-axis) grain 

CTW or TTW do not contribute to accommodating plastic deformation in Mg during c-axis contraction. However, 

the nucleation of a new grain in Figure 3f,g is observed and is likely induced by the high stress level achieved in 

the region indicated with letter "A" in the insert of Figure 1a. "A" represents, due to the geometry of the structure, 

the area of higher (triaxial) stress concentration. Therefore, complex and higher strain fields can be perceived at 
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the atomic scale, favouring the activation of equally complex deformation modes, especially upon exhaustion of 

dislocation-mediated plasticity. Although the nucleation of the new grain shown in Figure 3f,g most likely occurred 

at high strain level and is therefore of very limited relevance to the mechanism of accommodation of the large 

imposed deformation (especially in relation to its limited spatial evolution), it is nevertheless interesting to delve 

into its crystallographic characteristics. In particular, the 44° matrix-new grain misorientation relationship between 

Grain 0 and Grain 1 (Figure 3f,g) cannot be classified in terms of a known twinning system, predicted by the 

crystallographic shear-based theory of twinning [18] (Table 1). Other possibilities must therefore be considered. 

 

Table 2: Twin type and corresponding misorientation angle observed experimentally in the Mg crystal [2,30,42–46]. 

Type of twin Misorientation angle/axis 

{1011} 56.2° <1210> 

{1012} 86.3° <1210> 

{1013} 64° <1210> 

{1014} 53° <1210> 

{3032} 39.2° <1210> 

{3034} 70.8° <1210> 

{1011}-{1012} 37.5° <1210> 

{1011}-{1012} 30.1° <1210> 

{1011}-{1012} 66.5° <5943> 

{1011}-{1012} 69.9° <2421> 

{1012}-{1012} 7.4° <1210> 

{1012}-{1012} 59.9° <1010> 

{1012}-{1012} 60.4° <8170> 

{1012}-{1012} 22.2° <1210> 

 

It is to note that other matrix→new grain transformations not correspondent to well-known twin systems have 

been recently observed. In particular, at high stress levels induced by either reducing the specimen size or under 

higher strain rate loading, a pyramidal I to basal plane transformation was reported to take place during [0001] 

compressions of Mg nanopillars [17], similarly to the prismatic to basal plane transformation that originates during 

[101̅0] compression [41,47–49], suggesting that also a deformation-induced plane transformation (unit cell recon-

struction) has likely taken place in region A of Tb09 (Figure 1a and Figure 3f) under high loading rates. However, 

it is difficult to understand the precise mechanism that governed its nucleation. Contrary to the strain field exerted 

on the crystalline structure under c-axis compression (expansion along the axes perpendicular to the c-axis), the 

strain field in c-axis contraction reduces the crystallographic a-axis compatibly to the orientation of the crystal 

relative to the loading direction (Figure 1b). The atomic displacements corresponding to the mechanical loading 

are hence different to those in [0001] and [101̅0] compressions, and thus the prismatic to basal and pyramidal I to 

basal plane transformations cannot explain the (44°, a-axis) misorientation observed here. 

Without restricting the investigation to classical twinning modes predicted by the crystallographic theory of twin-

ning, to mathematically correlate the reorientation process of a crystal from an initial (matrix) m to a new n con-

figuration, three matrices can be used [15]: the distortion matrix F, the coordinate transformation matrix T, and 

the correspondence matrix C, with C = T F (see Appendix A). Contrary to what is computed for deformation 
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twinning, solutions that require the breakdown of the invariant plane strain condition were also considered here, 

which correlate the lattice of the matrix and the lattice of the new grain not necessarily by the same crystallographic 

plane (same Miller indices) or by two equivalent planes of the same family. This employs the concept of weak 

twinning. In relation to this, a possible solution emerged, for which the initial lattice is restored in a 43.1° reoriented 

new configuration around the a-axis (close to the 44° detected with EBSD). This (43.1°, a-axis) is given by: 

𝐅ℎ𝑒𝑥 = (
1 0.1235 −0.6523
0 0.9135 0.3618
0 0 1.0945

) (2) 

𝐓ℎ𝑒𝑥
𝑛→𝑚 = (

1 −0.1351 0.6407
0 0.7296 1.2814
0 −0.3648 0.7296

) (3) 

from which 

𝐂ℎ𝑒𝑥
𝑛→𝑚 = 𝐓ℎ𝑒𝑥

𝑛→𝑚𝐅ℎ𝑒𝑥 = (

1 0 0
0 2/3 5/3
0 −1/3 2/3

) (4) 

Details of this calculation are given in Appendix B. Concerning the solution found, using Eq. (4) and Eq. (A.2) 

(Appendix A.1), the (0112)m plane ((012) in the 3-index notation) is transformed into the (0003)n plane (i.e. 

(001)). Accordingly, Grain 0 and Grain 1 (Figure 3f) can be related by a (0112)m//(0001)n  weak interface (Figure 

7b-c). It is important to note that the trace of the interface experimentally observed (Figure 3g) indeed follows the 

dashed line reported in Figure 8b. The relative pole figures shown in Figure 8a-b confirm the overlapping stereo-

graphic projections between the selected plane combinations. The 43.1° misorientation around the [2110] axis (or 

a-axis) can be checked using the matrix of coordinate transformation between the parent and the new grain bases 

(Appendix A.3). 

 

Figure 7: Schematic representing the orientation relations between the parent and new grain crystals for the solution found in 

correspondence to the observed new grain formation in region A in Figure 1a. (a) 43.1° misoriented parent (m, blue coloured) 

and new grain (n, red coloured) crystals around the a-axis. (b,c) (0112)m→(0001)n plane transformation. (b) represents the 

projection of the crystals viewed along the normal to the denoted planes. 

 



15 

 

 

Figure 8: Pole figures of the crystallographic planes that constitute the solution proposed to describe the grain formed in Tb09 

(Figure 3f,g). Colours refer to the IPF triangle of Figure 3. The circles identify the overlapping stereographic projections of the 

normal of the parent and new grain planes that constitute the parent-new grain interface (Figure 3g); the latter denoted with a 

dashed line. (b) Pole figure associated to the conventional {1015} twin. (c) Interface between the initial and reoriented grains 

(replicated from Figure 3g for reference). 

 

Interestingly, the obtained solution implies that a pyramidal II to basal plane transformation occurred, similarly to 

the pyramidal I to basal or prismatic to basal transformations reported elsewhere [17,47,48]. The geometric paral-

lelism between the basal plane in the new grain and the (0112) pyramidal plane in the matrix can be indeed 

observed in Figure 7c and Figure B-1 (Appendix B). Note that for the described parent→new grain transformation, 

the distortion matrix does not correspond to that of a simple shear S typically used to describe the process of 

deformation twinning. 

 

4.1.1 The relation between the (0112)m→ (0001)n  weak twin and the {1015} conventional twin 

The rearrangement of atomic positions during the propagation of specific interfaces can be used to explain different 

grain boundary structures and grain misorientations, as well as the formation of conventional twins [47,50]. In 

particular, a dual-step mechanism has been reported to govern the formation of TTW in Mg, where the nucleation 

of the predominant {1012} twin is preceded by formation of {1011}m//(0001)n weak interfaces that establish the 

lattice correspondence of the twin (90°) with a minor deviation from the ideal orientation (86.3°) [41,47–49]. 

Additionally, in Ref. [17], even if not specified by the authors, {1013} twins and {1010}m→{1013}n weak in-

terfaces are observed to form upon the growth of the {1011}m→(0001)n facets. From this, it appears that the 

prismatic→basal and the pyramidal I→basal plane transformations, belonging to the new class of deformation 

mechanism defined as weak twinning [22] (that encompasses the concept of deformation graining), are at the basis 
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of the formation of conventional twin modes. Consequently, the pyramidal II→basal plane transformation may 

also represent the initiating mechanism for the evolution of a specific conventional twin. 

Using similar arguments as those introduced by Crocker and Bevis [43] to calculate the shear value s from the 

correspondence matrix in the case of simple shear, Cayron [51] proposed the alternative generalization of s (called 

"generalized shear", sg) that continues to work whatever the form of F (simple shear or not). sg can be extracted 

from the distortion matrix F by 

𝑠𝑔
2 = 𝑇𝑟[𝐆(𝐅 − 𝐈)𝐆−1(𝐅 − 𝐈)𝑇] (5) 

with G the metric tensor and I the 3×3 identity matrix. Eq. (5) is a generalization formula that encompasses the 

usual shear amplitude for simple shear distortions, and more generally, it allows to quantify the amplitude of any 

distortion. Other generalization formulae have also been proposed. Similarly to what reported by Bevis and 

Crocker [52], Cayron [22] introduces the concept of "generalized strain” 𝜀𝑔, expressed as: 

𝜀𝑔
2 = 𝑇𝑟[𝐆𝐅𝐆−1𝐅𝑇] − 𝑁 (6) 

with N the dimension of the space (N = 2 in 2D, and N = 3 in 3D). (Note that for conventional twins: 𝑠𝑔 = 𝜀𝑔 = 𝑠). 

The concept of 𝑠𝑔 can be used to justify the formation of basal/prismatic interfaces before {1012} twinning, and 

pyramidal I/basal interfaces before {1011} or {1013} twinning. In particular, 𝑠𝑔= 0.092 for basal/prismatic, 𝑠𝑔= 

0.107 for pyramidal I/basal, 𝑠𝑔= 0.130 for conventional {1012} twin mode, and 𝑠𝑔= 0.137 for conventional 

{1011} and {1013} conventional twin modes. Interestingly, the basal/prismatic weak twin, (90°, a-axis), and the 

conventional {1012} twinning mode, (86°, a-axis), have the same value of 𝜀𝑔= 0.130 and same correspondence 

matrix [my paper and Cyril's paper]. Analogously, also the pyramidal I/basal weak twin, (62°, a-axis), and the 

conventional {1011} or {1013} twinning modes, (56°, a-axis) and (64°, a-axis), respectively, have the same value 

of 𝜀𝑔= 0.137 and same correspondence matrix (Appendix A.3). For what concerns the case of pyramidal II/basal, 

(43°, a-axis), of interest here, 𝑠𝑔= 0.595 and 𝜀𝑔= 0.608. Yet, a correlation can also be found between the pyramidal 

II/basal weak twin and a conventional type I twin mode: the {1015} twin. Despite thus far never having been 

reported, it is characterized by a 41° misorientation around the a-axis, with its correspondence matrix exactly that 

of Eq. (4), as it maintains the (0115) unchanged (see Appendix B), its shear value equal to 0.608, and its plane 

trace follows that of the experimentally observed interface (Figure 8b-c). Indeed, using the mathematical approach 

adopted in [21,23] for TTW and CTW, the distortion matrix 𝐅ℎ𝑒𝑥
0115 associated to the {1015} twin can be derived 

by applying a small angular correction of 2.1°, as: 

𝐅ℎ𝑒𝑥
0115 = 𝐑ℎ𝑒𝑥

2.1°𝐅ℎ𝑒𝑥 = (
1 0.1235 −0.6523
0 0.9129 0.4027
0 −0.0343 1.0801

) (7) 

Differently to F, 𝐅ℎ𝑒𝑥
0115 is a shear matrix. The set of eigenvalues is reduced to {1} and its eigenspace is of dimension 

2, formed by the vectors [100] and [051] (expressed in the three-index notation), i.e. the (015) plane. The shear 

vector, as well as its amplitude, can be determined in the orthonormal basis by: 

𝐬 = (𝐅𝑜𝑟𝑡ℎ𝑜
0115 − 𝐈) ∙ 𝐧𝑜𝑟𝑡ℎ𝑜 = (

−2.59
1.0715
0.4515

) (8) 

where 𝐧, expressed in the orthonormal basis in Eq. (8), represents the vector normal to the (015) plane, i.e. 
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𝐧𝑜𝑟𝑡ℎ𝑜 = [0 −𝛾 5
√3

2
] (9) 

with 𝛾 = 𝑐 𝑎⁄  (ratio of lattice parameters). The shear amplitude is therefore 

𝑠 =
‖𝐬‖

‖𝐧‖
≈ 0.608 (10) 

This value of shear is relatively high compared to that required for other possible twinning modes in Mg. Never-

theless, considering that deformation twins in face centered cubic metals, as well as in twinning-induced plasticity 

steels, are (111) <112> with a shear amplitude of 0.7, the solution proposed here may be equally realistic. The 

hcp unit cell reconstruction through pyramidal II to basal plane transformation could be therefore the “sister” of 

the {1015} classical simple shear twin. 

Yet, one may question why the pyramidal II/basal plane transformation has taken place compared to all the other 

possible weak twins that require lower generalized shear and strain amplitudes. An answer could be given by 

analyzing the schematic of the possible vector field of the overall atomic displacements occurring in the case of 

the (0112)m→(0001)n transformation. In Figure B-2 (Appendix B), this vector field appears coherent to the strain 

field perceived by the unit cell at site "A" of the structure in response to the externally applied load (Figure 1a,b). 

This implies that changes in the locally perceived strain field would limit the evolution of the new grain and could 

indeed explain why its growth does not cross the longitudinal axis of the T-bar (Figure 3f). This would suggest 

that the requirement of compatibility between atomic displacements and externally applied strain field plays a 

significant role in governing the selection of new grains (weak twins), as well as their consequent propagation. 

 

4.2 c-axis compression: the case of the reoriented (62°, a-axis) grain 

The formation of new grains was also observed in c-axis compression (Figure 6). Here, the parent-new grain 

misorientations correspond to ~62° around the a-axis, recently reported to be produced by the {1011}m→(0001)n 

(pyramidal I→basal) plane transformation [17]. It should be observed that the rarely operative {1013} CTW in 

Mg, predicted by the crystallographic shear-based theory of twinning, is also characterized by a 64° misorientation 

around the a-axis (see Table 1) [30]. For completeness, Figure 9 reports the pole figures associated to the (0001), 

{1011} and {1013} families of planes. From the prospective of the material response, a large strain burst marks 

the nucleation of new grains in the nanopillars compressed by Liu et al. [17], in load-controlled testing mode. In 

displacement-controlled testing mode, employed in the present study, their nucleation likely corresponds to the 

load drops observed in Figure 6a-b, not observed in Figure 4a-d. Nevertheless, it is important to understand why, 

during [0001] compressions, the formation of weak twins occurs in submicron-sized [17] rather than micro-sized 

pillars with aspect ratio of 2:1, or in micro-sized pillars by lowering the aspect ratio. 
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Figure 9: (0001), {1011} and {1013} pole figures illustrating the two different solutions that can describe the character of the 

parent-new grain interfaces formed in [0001] compressed micropillars (Figure 6c,d). Colours refer to the invers pole figure of 

Figure 6. The pole figures in (a) are taken from the sub-region I shown in Figure 6d whilst those in (b) from sub-region II. The 

circles identify the overlapping stereographic projections of the normal of the parent and new grain planes that constitute the 

parent-new grain interface. 

 

4.2.1 Smaller pillar cross-section, same aspect ratio 

The formation of new grains in smaller pillars can be explained in terms of size-dependent plasticity [53,54]. In 

contrast to the occurrence of massive shearing produced by single deformation slip crossing the entire structure, 

single-ended source length dislocations form in pillars of smaller volumes as a result of truncation of dislocation 

source operation by free surfaces and justify the sample size effect on the measured flow stress of microcrystals 

[53]. In particular, below a critical size, the statistical averaged distance between the dislocation pin and the free 

surface becomes too small that requires higher force to operate pre-existing dislocations via Orowan bowing mech-

anism [55], eventually leading to the conversion from propagation to nucleation-limited dislocation mechanism. 

The strain rate-dependent balance between the rate of heterogeneous dislocation nucleation from free surfaces and 

the rate of dislocation escape at free surfaces (before being able to multiply), defines the dislocation density within 

the pillar volume during the deformation. The plastic flow thus differs from the continuous strain hardening of 

bulk crystals, inducing changes in the deformation mechanism behavior. In particular, the material is initially 

forced to withstand large part of the deformation by thickening the structure along the direction perpendicular to 

the direction of the load (barrelling). In this regards, in the work of Liu et al. [17] it is indeed clear from in situ 

TEM compressions that all the nanostructures undergo a barreling mechanism throughout the deformation rather 

than exhibiting the visible sliding along crystallographic slip planes observed in the micro-sized pillars (5×5 µm2 

and 2:1 aspect ratio, Figure 4 and Figure 5). In turn, the high multi-axial stress condition that builds up within their 
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pillars, induces the (1011)m→(0001)n plane transformation, i.e. the new grain formation. Similarly to that, the 

high stress levels achieved here by imposing high deformation-rates to ~1.2 µm sized pillars (also ~1 GPa - Figure 

6b), kinetically delays the time interval within which the deformation is accepted by shearing along crystallo-

graphic slip planes, causing the formation of the detected new grains (Figure 6c). On this basis, it appears that a 

high stress state represents the necessary requirement to obtain the activation condition for WT (Figure 10). In 

support of this consideration, also the prismatic→basal plane transformation (leading to 90° misoriented grains 

with respect to the parent crystal around the a-axis) has been reported to occur under high-stress conditions ob-

tained either by reducing the size [48] or by increasing strain rate [41,49]. 

 

 

Figure 10: Critical resolved shear stress (calculated at the yield point) of micro-compression samples oriented to deform by 

pyramidal slip as a function of strain rate and microcrystal diameter. Data refer to pillars with aspect ratio of 2:1, unless spec-

ified otherwise. Data point for Liu et al. and Ando et al. are taken from [17,56]. The deformation mechanism map is shown by 

coloured regions. Note: stacking fault energy of pyramidal slip is considered ca. 425 ± 25 mJ m-2 from [57]; b<c+a> = 0.612 nm. 

 

4.2.2 Same pillar cross-section, smaller aspect ratio 

A reduction in the aspect ratio of the structure from 2:1 to 3:2 (while keeping same dimensions: 5×5 µm2) has also 

been observed to induce the formation of new grains (Figure 6b,d). The main effect of reducing the aspect ratio 

resides in the change of the geometrical constraints exerted by the surrounding material that yield a deformation 

behaviour for which the material is forced to barrel. In other words, the initial barreling-induced high multi-axial 

deformation state may be caused by the geometrical impossibility for the preferable deformation slip mode to cross 

the structure from one side to the other (Figure 11a). Indeed, setting (90-θ) the angle between the loading direction 

and the slip plane with the highest Schmid factor, it is reasonable that barreling is favored in structures with aspect 

ratio < tan(θ), limiting the rate of dislocation escape by crossing the structure with consequent development of 

high internal stresses and dislocation density. In addition to that, by reducing the aspect ratio, the diagonal shear 

bands that form at the corners of the pillar intersect at the core of the structure and further produce a high local 

strain that results in a bimodal strain distribution in the plane normal to the loading direction; in such case, the 
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triaxial stress state usually formed below the pillar top surface (dead zone) and the uniform strain usually devel-

oped in the core are connected by a high strain gradient [58], promoting the occurrence of complex deformation 

mechanisms. Along this line, Sim et al. [59] report molecular dynamic (MD) simulations that reveal the evolution 

of the deformation microstructure in Mg pillars of different aspect ratios oriented with the [2110] direction parallel 

to the loading direction (Figure 11b). In their work, even if not clearly addressed, the decrease in aspect ratio to 

1:2 (height vs width) leads to the impossibility of prismatic slip to cross the structure, causing a higher amount of 

dislocations to remain confined within the pillar volume with a subsequent formation of a new grain 90° misori-

ented with respect to the parent crystal. Such formation of a new grain was not observed in their work in structures 

with higher aspect ratio, and can be extended to the present work. 

 

 

Figure 11: Schematic of the geometrical relationships between the traces of the active slip modes and the pillar aspect ratio 

during (a) [0001] and (b) [2110] compressions. The impossibility for the preferable deformation slip mode to cross the struc-

ture from one side to the other occurs in structures where the aspect ratio becomes lower than tan(θ). θ is defined as the angle 

between the sliding plane and the horizontal plane. 

 

5. Summary and Conclusions 

 

In this work, the mechanical response of pure magnesium under c-axis compression and contraction has been 

investigated at the microscale, extending the currently published results to high strain rate deformations. In line 

with what was observed elsewhere [4–6], the accommodation of the plastic deformation occurs predominantly by 

pyramidal and prismatic slip during c-axis compression and contraction, respectively. The strain rate sensitivities 

associated to these deformation modes were found to be similar and in the range from 0.01 to 0.131. The increase 

in the stress induced by the increase in strain rate, however, has not triggered the activation of CTW within the 

testpieces in both the loading modes. Nevertheless, new grains have been detected, whose crystallographic char-

acteristic cannot be attributed to any conventional twin mode predicted by the classical shear-based theory of 

twinning. To raise awareness of the relevance of the experimental observation of new grains, it is worth to remind 

that several other works report "anomalous" twinning characteristics [10,20,60] such as twins whose habit planes 

are not invariant. As any theory should be judged by its predictions, the increasing number of experimental evi-

dences of unusual misorientation relationships that cannot be related to known twinning systems suggests that the 

formation of new grains in Mg, and the mechanism governing the incubation period of an embryonic twin, cannot 

be treated through the shear-based theory of twinning (i.e. distortion matrix being a shear matrix). The concept of 

weak twinning introduced by Cayron [22], was therefore adopted in this work, in which the parent-new grain 

interface is not anymore necessarily fully invariant as for usual deformation twinning, but can be slightly distorted 
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to be transformed into a new non-equivalent plane. This approach revisits the list of possible lattice transformations 

and allowed to identify a pyramidal II to basal plane transformation during c-axis contraction for which the re-

quired field of atomic displacements appears pertinent to the strain field perceived by the material at the nucleation 

site. Grains with crystallographic features suggesting a mechanism of unit cell reconstruction through the trans-

formation from pyramidal I to basal plane were also observed in c-axis compression, in line with recent published 

work [17]. Nevertheless, the increase in pillar size and in aspect ratio seems to disfavour the formation of new 

grains. As the new grain formation represents an alternative to cracking, the choice of the pillar size in mi-

crosamples may represent a strategy to adapt the plasticity for a given strain level, enhancing the ductility of Mg. 

However, due to the high stress level required for new grain formation in these loading conditions, it can be ques-

tioned in which extent this mechanism can be applied in bulk Mg. High stress conditions can be achieved at the 

GBs, vicinity of precipitates, and dislocation pile-ups, suggesting that it can be detected in bulk polycrystalline 

samples. However, it cannot be generalized as a main mechanism of deformation as it requires exceptionally high 

stresses and specific strain fields for a precise crystallographic orientation, and the material may likely fail before 

new grain formation occurs. 
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Supplementary Figures: 

 

Supp. Figure S-1: Three-dimensional reconstruction of Tb01 (top) and Tb09 (bottom) deformed at 5×10-4 and 45 s-1, respec-

tively. The jagged edges are a result of the uncertainty in EBSD pattern indexation close to the edge of the specimen. 

 

Supplementary Video Legends: 

Video 1: Tensile test (c-axis contraction) at 45 s-1. 

Video 2: Pillar compression (c-axis compression) at 460 s-1 (pillar dimensions: 5×5 µm2; 2:1 aspect ratio). 

Video 3: Pillar compression (c-axis compression) at 560 s-1 (pillar dimensions: 1.2×1.2 µm2; 2:1 aspect ratio). 

Video 4: Pillar compression (c-axis compression) at 590 s-1 (pillar dimensions: 5×5 µm2; 3:2 aspect ratio). 
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Appendices: 

 

A. Transformation matrices 

As reported in the main text, to mathematically correlate the reorientation process of a crystal from an initial 

(matrix) m to a new n configuration, three matrices can be used [15]: the distortion matrix F, the coordinate trans-

formation matrix T, and the correspondence matrix C, with C = T F. F can be calculated in practice considering 

the vectors of the initial (matrix) basis (a1m, a2m, cm) transformed by the distortion into new vectors: a1m → a'1m, 

a2m → a'2m and cm → c′m. In other words, the distortion matrix F is the matrix formed by the images a′1m, a′2m and 

c′m expressed in the initial hexagonal basis (𝐵ℎ𝑒𝑥
𝑚 ): i.e. F = (a'1m, a'2m, c′m)/Bhex

m. T is determined from the orienta-

tional relationship between the parent and the new reoriented grain, experimentally obtained from the EBSD meas-

urements. The condition that the parent and the new grain have the same volume ensures that F, T and C are 

unimodular, i.e. have determinants of ±1. A further mathematical restriction is that the transformation matrix 

should fulfil T·TT = I. 

 

A.1 The use of the correspondence matrix 

If r represents a generic vector written in the initial basis (𝐁ℎ𝑒𝑥
𝑚 ), knowledge of the correspondence matrix 𝐂ℎ𝑒𝑥

𝑛→𝑚 

is useful to express in the new grain basis (𝐁ℎ𝑒𝑥
𝑛 ) the coordinates of r' (i.e. r after the distortion) as follows: 

𝐫/𝐁ℎ𝑒𝑥
𝑛

′ = 𝐂ℎ𝑒𝑥
𝑛→𝑚𝐫/𝐁ℎ𝑒𝑥

𝑚  (A.1) 

Considering r the vector normal to the crystallographic plane J (defined by the Miller indices h, k, l, when ex-

pressed in the 3-index notation), r* in reciprocal space is then a vector whose components are h, k, l. Thus, 

𝐫𝑱/𝐁ℎ𝑒𝑥
𝑛

∗′ = (𝐂ℎ𝑒𝑥
𝑛→𝑚)∗𝐫𝑱/𝐁ℎ𝑒𝑥

𝑚
∗ = (𝐂ℎ𝑒𝑥

𝑛→𝑚)−𝑇𝐫𝑱/𝐁ℎ𝑒𝑥
𝑚

∗  (A.2) 

where 

(𝐂ℎ𝑒𝑥
𝑛→𝑚)∗ = (𝐂ℎ𝑒𝑥

𝑚→𝑛)𝑇 (A.3) 

 

A.2 The use of the coordinate transformation matrix 

It is noted that matrices equivalent to 𝐓ℎ𝑒𝑥
𝑛→𝑚 can be obtained by multiplying 𝐓ℎ𝑒𝑥

𝑛→𝑚 by the matrices of internal 

symmetry M of the hexagonal phase (matrices forming the point group of the hcp phase [61]). For example, in 

order to determine the rotation matrix 𝐑𝑜𝑟𝑡ℎ𝑜
𝑛→𝑚  expressed in an initial orthogonal basis (𝐁𝑜𝑟𝑡ℎ𝑜

𝑚 ), which in turn is 

related to the hexagonal basis (𝐁ℎ𝑒𝑥
𝑚 ) by 

𝐇ℎ𝑒𝑥 = [𝐁𝑜𝑟𝑡ℎ𝑜
𝑚 → 𝐁ℎ𝑒𝑥

𝑚 ] = 

(

 
 
1 −

1

2
0

0
√3

2
0

0 0 𝛾)

 
 

 (A.4) 

with 𝛾 = 𝑐 𝑎⁄  (ratio of lattice parameters), the matrix 𝐓ℎ𝑒𝑥
𝑛→𝑚 can be composed with the mirror symmetry 𝐌ℎ𝑒𝑥 and 

then be expressed in 𝐁𝑜𝑟𝑡ℎ𝑜
𝑚 . The result will be: 
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𝐑𝑜𝑟𝑡ℎ𝑜
𝑛→𝑚 =𝐇ℎ𝑒𝑥𝐌ℎ𝑒𝑥𝐓ℎ𝑒𝑥

𝑛→𝑚𝐇ℎ𝑒𝑥
−1 = (

−1 0 0
0 0.7296 0.6835
0 0.6839 −0.7296

) (A.5) 

with 

𝐌ℎ𝑒𝑥 = (
−1 1 0
0 1 0
0 0 −1

) (A.6) 

The matrix 𝐑𝑜𝑟𝑡ℎ𝑜
𝑛→𝑚  represents a rotation around the a-axis of angle cos-1(0.7296) = 43.1°. 

 

A.3 The correspondence matrix of the (𝟎𝟏𝟏𝟏)m→(𝟎𝟎𝟎𝟐)n plane transformation and {𝟏𝟎𝟏𝟑} conventional twin 

The correspondence matrix associated with the (0111)m→(0002)n plane transformation 

𝐂ℎ𝑒𝑥
𝑛→𝑚 = (

1 −1/4 −3/4
0 1/2 −3/2
0 −1/2 −1/2

) (A.7) 

converts also the (0113)m into (0113)n (conventional twin) and (0220)m into (0113)n. 

 

B. Pyramidal II → basal plane transformation: correspondence, distortion and 

transformation matrices calculation 
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Figure B-1: Model of (0112)→(0003) transformation. Series of unit cell repeated periodically and viewed in projection per-

pendicularly to the a-axis. The new grain appears blue, the parent grain in red. The rotation axis is indicated by the yellow 

coloured circle, representing also the origin of the orthogonal and hexagonal bases. Vectors OA and OB are perpendicular and 

parallel to the plane of view, respectively. The parent→new grain transformation converts the (0112)m into the (0003)n, and 

the (0003)m into the (0112)n. The final configuration is very close to the exact mirror symmetry across the (0115) plane. The 

atomic positions of the new grain are very close to the positions that would be obtained by mirror symmetry across the (0115) 

plane, as indicated by the black dashed lines perpendicular to the (0115) plane, as well as by the small blue circles. Atoms in 

A, B and C, constitute the ABC supercell (transparent red); atoms in A', B', and C', constitute the distorted ABC supercell 

(transparent blue), i.e. (ABC)'. 

 

 

Figure B-2: Proposition of atom displacements for which the (0112)→(0003) transformation very close to the exact mirror 

symmetry across the (0115) plane. For the former, the matrix (red) and new hcp unit cell (blue) have a 43.1° <2110> misori-

entation; for the latter, they have a 41° <2110> misorientation. The locally perceived strain field in the region "A" of the 

material (Figure 1a) is indicated by the two bigger arrows on the right-hand side. The vector field of atomic displacements that 

induces the (0112)m→(0001)n plane transformation is illustrated by differently coloured arrows. Note that the atomic displace-

ments have almost the same magnitude and are pertinent to the external stress field. The distortion is calculated by considering 

only the displacements of the atoms in A, B and C, constituting the ABC supercell. It is assumed that their motion causes the 

subsequent atomic repositioning of the other atoms, similar to a knock-on effect. 

 

We have imagined, after many unproductive attempts, a vector field of atomic displacements that represents the 

pyramidal II (parent, or matrix m) to basal (new grain, n) plane transformation. Although we cannot ascertain that 

this model gives the best solution, the solution that emerges provides a series of atomic movements that seem 

reasonable because are coherent with the strain field perceived in location A (Figure B-1a), they are small and 

restore the hcp lattice at the end of the process. 

We define 𝐁ℎ𝑒𝑥 = (a, b, c) the usual hexagonal basis and 𝐁𝑜𝑟𝑡ℎ𝑜 = (x, y, z) the orthonormal basis represented in 

Figure B-1 and linked to 𝐁ℎ𝑒𝑥 by the coordinate transformation matrix 𝐇ℎ𝑒𝑥 reported in Eq. (A.4). 

The distortion matrix can be calculated by considering an appropriate supercell that conserves the volume at the 

end of the process. In the present case, the unit cell is ABC (Figure B-1 and Figure B-2). The three column vectors 

of this cell, OA, OB and OC, form a basis 𝐁𝐴𝐵𝐶 given in 𝐁𝑜𝑟𝑡ℎ𝑜 by the coordinate transformation matrix: 
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[𝐁𝑜𝑟𝑡ℎ𝑜 → 𝐁𝐴𝐵𝐶] = 𝐁𝐴𝐵𝐶 =

(

 

1 3/2 −1

0 −3
√3

2
√3

0 0 𝛾 )

  (B.1) 

The three column vectors of the deformed supercell (when the transformation is completed), OA', OB' and OC', 

form a basis 𝐁(𝐴𝐵𝐶)′ given in 𝐁𝑜𝑟𝑡ℎ𝑜 by the coordinate transformation matrix: 

[𝐁𝑜𝑟𝑡ℎ𝑜 → 𝐁(𝐴𝐵𝐶)′] = 𝐁(𝐴𝐵𝐶)′ = (
1 1 −

1

2
0 −2.373 1.9066
0 0 1.7625

) (B.2) 

The distortion matrix of the process is given in the basis 𝐁𝑜𝑟𝑡ℎ𝑜 by the matrix 𝐅𝑜𝑟𝑡ℎ𝑜:  

𝐅𝑜𝑟𝑡ℎ𝑜 = 𝐁(𝐴𝐵𝐶)′(𝐁𝐴𝐵𝐶)
−1 = (

1 0.1924 −0.5132
0 0.9136 0.1996
0 0 1.0945

) (B.3) 

The determinant of the matrix is 1, confirming that the ABC and (ABC)' supercells have the same volume. 

This matrix can be expressed in the hexagonal basis 𝐁ℎ𝑒𝑥 by using the formula of coordinate change: 

𝐅ℎ𝑒𝑥 = (𝐇ℎ𝑒𝑥)
−1𝐅𝑜𝑟𝑡ℎ𝑜𝐇ℎ𝑒𝑥 = (

1 0.1235 −0.6523
0 0.9135 0.3618
0 0 1.0945

) (B.4) 

which reflects that of Eq. (2). Note that the displacement field is given by: 

𝐱′/𝐁ℎ𝑒𝑥
𝑚 − 𝐱/𝐁ℎ𝑒𝑥

𝑚 = (𝐅ℎ𝑒𝑥 − 𝐈) ∙ 𝐱/𝐁ℎ𝑒𝑥
𝑚  (B.5) 

where x is a vector of the parent basis that defines the initial atomic positions, and x' is the image of a vector x 

obtained by a linear distortion: 𝐱′/𝐁ℎ𝑒𝑥
𝑚 = 𝐅ℎ𝑒𝑥 ∙ 𝐱/𝐁ℎ𝑒𝑥

𝑚 . 

Despite 𝐅ℎ𝑒𝑥 is calculated by considering only the displacements of the atoms in A, B and C, it is assumed that 

their motion causes the subsequent atomic repositioning of the other atoms, similar to a knock-on effect. 

The correspondence matrix, nevertheless, can be calculated by considering the vectors used to build the ABC cell: 

OA : am → OA′ : a′m = − an 

OB : − 3bm → OB′ : − 3bm′ = 2bn + cn 

OC : 2bm + cm → OC′  : (2bm + cm)′ = − 3bn 

(B.6) 

where: am is along 𝑥, bm along 𝑦 −
1

2
𝑥, and cm along 𝑧. 

This means that the basis 𝐁𝐴𝐵𝐶
𝑚  formed by the three vectors am, − 3bm, and 2bm + cm, written as a column, is 

transformed by distortion into a matrix formed by three new vectors equal to − an, 2bn + cn, and − 3bn, of the 

twinned crystal. They form a new basis noted 𝐁(𝐴𝐵𝐶)′
𝑛 . The negative sign of − an is a direct consequent of having 

imposed the condition that both have a positive determinant. The basis 𝐁𝐴𝐵𝐶
𝑚  expressed in the parent basis 

𝐁ℎ𝑒𝑥
𝑚  = (am, bm, cm) and the basis 𝐁(𝐴𝐵𝐶)′

𝑛  expressed in the new grain basis 𝐁ℎ𝑒𝑥
𝑛  = (an, bn, cn) are, respectively, 

given by: 

𝐁𝐴𝐵𝐶
𝑚 = (

1 0 0
0 −3 2
0 0 1

) (B.7) 
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𝐁(𝐴𝐵𝐶)′
𝑛 = (

−1 0 0
0 2 −3
0 1 0

) (B.8) 

𝐓ℎ𝑒𝑥
𝑚→𝑛 represents the coordinate transformation matrix from the parent to the new crystal. The basis 𝐁(𝐴𝐵𝐶)′

𝑛  ex-

pressed in the basis 𝐁ℎ𝑒𝑥
𝑚  is 𝐁(𝐴𝐵𝐶)′

𝑚 = 𝐓ℎ𝑒𝑥
𝑚→𝑛𝐁(𝐴𝐵𝐶)′

𝑛 . Therefore: 

𝐅ℎ𝑒𝑥𝐁𝐴𝐵𝐶
𝑚 = 𝐓ℎ𝑒𝑥

𝑚→𝑛𝐁(𝐴𝐵𝐶)′
𝑛  (B.9) 

or, equivalently: 

𝐅ℎ𝑒𝑥(𝐂ℎ𝑒𝑥
𝑛→𝑚)−1 = 𝐓ℎ𝑒𝑥

𝑚→𝑛 (B.10) 

where 

𝐂ℎ𝑒𝑥
𝑛→𝑚 = 𝐁(𝐴𝐵𝐶)′

𝑛 (𝐁𝐴𝐵𝐶
𝑚 )−1 (B.11) 

For further information about the general formulæ refer to Ref. [23]. 

The calculation leads to: 

𝐂ℎ𝑒𝑥
𝑛→𝑚 = (

−1 0 0
0 −2/3 −5/3
0 −1/3 2/3

) (B.12) 

𝐓ℎ𝑒𝑥
𝑛→𝑚 = (

−1 0.1351 −0.6407
0 −0.7296 −1.2814
0 −0.3648 0.7296

) (B.13) 

We remind that matrices equivalent to 𝐓ℎ𝑒𝑥
𝑛→𝑚 and 𝐂ℎ𝑒𝑥

𝑛→𝑚 can be obtained by multiplying 𝐓ℎ𝑒𝑥
𝑛→𝑚 and 𝐂ℎ𝑒𝑥

𝑛→𝑚 by the 

matrices of internal symmetry 𝐌ℎ𝑒𝑥 of the hexagonal phase (matrices forming the point group of the hcp phase 

[61]). In other words: 

𝐂ℎ𝑒𝑥
𝑛→𝑚 = 𝐌ℎ𝑒𝑥𝐂ℎ𝑒𝑥

𝑛→𝑚 = (
−1 0 0
0 −1 0
0 0 1

)(

−1 0 0
0 −2/3 −5/3
0 −1/3 2/3

) = (

1 0 0
0 2/3 5/3
0 −1/3 2/3

) (B.14) 

𝐓ℎ𝑒𝑥
𝑛→𝑚 = 𝐌ℎ𝑒𝑥𝐓ℎ𝑒𝑥

𝑛→𝑚 = (
−1 0 0
0 −1 0
0 0 1

)(
−1 0.1351 −0.6407
0 −0.7296 −1.2814
0 −0.3648 0.7296

)

= (
1 −0.1351 0.6407
0 0.7296 1.2814
0 −0.3648 0.7296

) 

(B.15) 

which correspond to those of Eq. (3) and Eq. (4) in the main text. 

Through Eq. (A.2), one can observed that the following conversions are fulfilled: 

(0112)m →(0003)n 

(0003)m →(0112)n 

(0115)m →(0115)n 

(B.16) 

which correspond to what graphically evincible from Figure B-1. 
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