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Abstract 
 We present the first experimental measurement of the hardening arising from the 

detwinning of a single twin boundary in Mg. Microcompression tests were performed on two 

sets of microcolumns: (i) single crystals having a “parent” grain orientation of nearly (0 0 0 1) 

along the compression axis, and (ii) bicrystals involving the parent grain and a single {1 0 1� 2} 

twin boundary. A comparison of the stress-strain data shows significant differences in the 

deformation characteristics of the deformed microcolumns. The bicrystalline microcolumns 

undergo detwinning, as indicated by a stress plateau, which leads to a nominally single 

crystalline microcolumn of the orientation of the parent grain. Microcompression beyond the 

plateau shows that the detwinned microcolumns exhibit a considerably higher yield stress and 

strain hardening rate than the single crystalline “parent” microcolumns. Electron back-

scattered electron analyses on the cross-sections of the deformed microcolumns reveal higher 

misorientations in the detwinned region indicative of a high content of unpaired dislocations 

(so-called GNDs), compared to the deformed parent microcolumns. This discrepancy in 

misorientation distribution between the samples is consistent with a detwinning-mediated 

hardening response, as observed, and points to the creation of dislocation debris as a 

consequence of the detwinning process.  
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1. Introduction 

Dating back to the classical reviews on deformation twinning in hexagonal close-

packed (HCP) metals reported by Kocks and Westlake from 1967 [1] and later by Yoo and Lee 

from 1991 [2], deformation twinning in Mg is well recognized as an important deformation 

mechanism. Due to the strong anisotropy in the critical resolved shear stresses on the various 

dislocation slip systems, deformation twinning helps to satisfy the Taylor [3] criterion requiring 

five independent slip systems for an arbitrary shape change [1, 4]. More specifically, twinning 

modes can accommodate strain along the 〈𝑐𝑐〉 direction, which is not achievable through the slip 

systems having 〈𝑎𝑎〉 type Burgers vector [5, 6].  

 It is well established that the boundaries of a {1 0 1�  2} tensile twin, the most activated 

twin type in Mg with a c/a ratio less than √3 [7, 8], are generally mobile [9]. Hence, twin 

boundary migration may either lead to thickening or shrinkage of the twin under straining [9]. 

Detwinning is associated with the disappearance of existing twin bands under reverse loading 

[8]. Several aspects of detwinning in Mg have already been studied. On the cyclic loading 

behavior, Cáceres et al [10] showed large stress-strain hysteresis loops under cyclic loading of 

an AZ91 alloy attributing to the partial reversal of {1 0 1� 2} twins. By using neutron diffraction 

experiments to monitor twinning activity, it has been shown that this reversible movement of 

{1 0 1� 2} twin boundaries contributes in a pseudo-elasticity in Mg-8.5 wt.% Al [11] and AZ31 

[12] alloys. The driving force for the observed detwinning in these studies has been discussed 

in terms of internal stress development resulting from twinning activity. The mobile character 

of twin boundaries has been regulated through annealing treatments. In this regard, Nie et al. 
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[13] showed that the deformation twins can be pinned by segregation of solute elements in twin 

boundaries during annealing and the resultant pinning effect of solutes on twin boundaries 

would strengthen the alloys. Other researchers have further investigated this pinning effect in 

terms of the impacts of deformation condition and solute content [9, 14-16].   

Wang and Huang [17] examined the tensile behavior of a pre-compressed AZ31 alloy 

and found a pronounced increase of the hardening rate as a result of the detwinning of 

previously formed twins. In line with this finding, Sarker and Chen [18] recently pointed out 

that detwinning is represented by an increased strain hardening rate that could be explained by 

strong dislocation-twin boundary interactions. On the contrary, as explicitly discussed by the 

papers of Cáceres et al. [19, 20], profuse twinning has little or no effect on the overall strain 

hardening behavior of Mg polycrystals. This has been argued to be due to the small value of 

the Hall-Petch hardening associated with grain segmentation by twin boundaries, along with 

the weak role that twin boundaries play as a barrier to dislocations in Mg. Common to all of 

these experiments is that the reported strain hardening associated with detwinning (or twinning) 

is influenced by the polycrystallinity of the samples; neighboring grains lead to variations in 

the stress field and deformation constraints. Therefore, a true assessment of mechanical 

characteristics associated with detwinning alone should be carried out where a single twin 

boundary can be isolated.     

In the present study, microcompression testing was used to explore detwinning in pure 

Mg with an isolated twin boundary. By testing a single twin boundary in micron-sized samples, 

we quantified the influence of the twin boundary migration on the stress-strain characteristics; 

the yield stress and strain hardening rate. The mechanical results were then linked to the 

corresponding deformation structures by analyzing the misorientation distribution maps, an 

indirect measurement of dislocation structure. The analysis is therefore decoupled from the 
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collective response of several grains in a typical polycrystalline aggregate with its associated 

complex stress state.   

 

2. Experiments and analysis 

 

A polycrystalline pure Mg (99.85wt.% Mg) sample with a very coarse grain size of 

~700-800 µm was firstly mechanically ground and polished using standard metallographic 

procedures. The sample was characterized using electron backscatter diffraction (EBSD) in 

order to identify a crystal orientation of the parent grain of interest and the twin/parent 

crystallographic relationship. An appropriate twin boundary was identified by considering the 

Schmid factor such that no additional twinning was expected in the parent grain. For this 

reason, we investigated the deformation of a twin inside a parent grain subjected to 

microcompression along an axis close to the [0 0 0 1] direction. The twin studied here has not 

been introduced by a pre-loading, but rather is remnant from the mechanical polishing process. 

The deformed surface layer from the mechanical polishing was removed through submerging 

the sample surface into a 0.5% Nital solution for few seconds. Microcolumns were fabricated 

in the selected parent-twin region using annular milling with an accelerating voltage of 30 kV 

and varying currents.  Final milling was carried out using a single pass circular milling step 

using a beam current of 1 nA. in a FEI Nanolab 200 Dualbeam scanning electron and focused 

ion beam (FIB) microscope (Fig. 1a). A [001] inverse pole figure (IPF) map of the sample 

surface shown in Fig. 1b characterizes the twin/parent misorientation relationship to be a 

characteristic of the common tensile twinning in Mg, associated with a rotation of the c-axis in 

the parent grain of about 86° around the [2 1�  1� 0] axis [21]. ‘Based on the presented IPF map, 

the parent grain is compressed along the [1 0 1�  8] direction. This direction is approximately 8° 

off the c-axis. Such a misalignment would allow the easy activation of 〈𝑎𝑎〉 basal dislocations; 
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the stress required for basal slip is ~8 MPa. However, the basal dislocations are not able to 

accommodate the applied strain along c-[0001] direction, therefore the plastic strain is expected 

to be governed by pyramidal 〈𝑐𝑐 + 𝑎𝑎〉 slip [22]. EBSD measurements were also conducted on 

the cross-sections of the selected twin band prior to compression. A [100] IPF map of the 

sample cross-section represents an inclination of the twin boundary, as shown in Fig. 1b. While 

the interface inclination with respect to the loading axis plays an important role in studying the 

dislocation-interface interactions [23, 24], the focus in the current study is on the impact of the 

twin boundary migration on the mechanical behavior. A typical bicrystalline microcolumn 

having a nominal mid-plane diameter of 4 µm machined at the {1 0 1� 2} tensile twin boundary 

is shown in Fig. 1c. The twin boundary is located in the center of the microsample. All the 

fabricated microcolumns had an aspect ratio of height to mid-plane diameter between 3 to 4. A 

FIB cross-sectional analysis performed on a sacrificial microcolumn revealed a typical taper 

angle of ~3-4°.  

The microcompression tests were conducted with a Nanoindenter XP (Agilent) 

equipped with a flat-ended conical indenter with a 10 µm diameter circular punch using a 

constant displacement rate of 0.012 µm.sec-1 up to different targeted engineering strains of 

approximately 2.5, 5 and 10%. A total of 16 bicrystalline and 26 single crystalline reference 

microcolumns were tested in order to show the reproducibility of the experimental data.  

Post-mortem microstructural characterization was performed on cross-sections of the 

deformed microcolumns using a FIB lift-out technique. EBSD measurements were performed 

at 15 kV acceleration voltage and 2.2 nA beam current using an EDAX/TSL detector operating 

in a FEI Nanolab 200 Dualbeam microscope at a working distance of 10 mm. The EDAX OIM 

AnalysisTM 7 software was used to process the EBSD data. Various scans were performed on 

several samples compressed to varying strains using a 50 nm step size.  
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Figure 2 presents a simplified schematic showing the alignment of the bulk twin and 

parent grain in relation to the fabricated micocolumns.  As is well known, tensile twinning can 

be activated under a compressive load parallel to the basal plane. Therefore, it is expected that 

the twin boundary in the microcolumn in Fig. 2a will migrate in response to the compressive 

stress. The longitudinal strain accommodated by the twinning-induced shear strain is given by 

[22, 25, 26]:  

𝜀𝜀 = 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚                                                                                                     (1) 

where 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the twin volume fraction, and 𝑚𝑚 is the twinning Schmid factor (0.49) 

and 𝑚𝑚 is the twinning shear for tension twinning. 𝑚𝑚 in Mg  is 0.129 according to Yoo [27]. Since 

the thickness of the twin within the bulk material varies along its length, the twin thickness 

within each micropillar also varies.  This also complicates the quantification of the twin volume 

needed to assess the contribution to the axial strain. Here we use a simplified model based on 

the area fraction of the twin to assess the associated strain; based on the alignment of the twin 

shown schematically in Fig. 2a, the area of the twin that contributes to the axial strain 

accommodation of the microcolumn is determined by the twin thickness (Fig. 2c).  The twin 

volume fraction, 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, is calculated by the ratio of the twin thickness to the initial microcolumn 

height (H0) as follows: 

𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ≅
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡
= 𝐷𝐷×𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖

𝐷𝐷×𝐻𝐻0
= 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖

𝐻𝐻0
  ,                                                          (2)                                                                                                          

where 𝐴𝐴 and 𝐷𝐷 are the area and the microcolumn diameter, respectively. 

It is importantly acknowledged, however, that in order to accommodate the axial 

deformation resultant from detwinning, the rest of the microcolumn must also deform  [28]. 

According to the alignment of the twin (Fig. 2a), it is not possible to consider the deformation 

of the twin independent from the parent grain. This is schematically shown in Fig. 2b. 
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Nonetheless, the response of the twin can be evaluated in comparison to the single crystalline 

parent response; influence of the concomitant deformation in the parent grain is addressed later. 

 

3. Results and discussion 

  
Secondary electron (SE) micrographs of single and bicrystalline microcolumns before 

and after 10% compression are presented in Fig. 3. Fig. 3a and b show that a massive shearing 

of material on distinct slip planes is the main morphological characteristic of the compressed 

microcolumns in the single crystalline parent grain. These slip traces correspond to the basal 

slip system as is characteristic of the final stages of the c-axis microcompression of Mg [22, 

29]. The bicrystals, on the other hand, show many small slip steps on the surface of the 

microcolumn after compression, as is shown in Fig. 3c and d. In this case, the microcolumns 

have not (yet) experienced such a massive shear instability.  

The engineering stress-strain curves obtained from compression of single crystalline 

(red curves) and bicrystalline (blue curves) microcolumns to a final engineering strain of 10% 

are presented in Fig. 4. For clarity, only three curves for each condition are shown. The single 

crystals show highly reproducible stress-strain curves. They deform with a yield point at a 

stress level close to 180 MPa followed by a jerky-like hardening regime and then a massive 

strain burst at a stress level of around 365 MPa. The stress-strain curves of the single crystals 

look like the typical ones found for microcompression of (0 0 0 1) oriented Mg single crystals, 

already reported by Lilleodden [29] and Byer and Ramesh [30]. In particular, the similarities 

hold for the trend in hardening. The differences in the stress-strain response might originate 

from the ~8° offset from the ideal c-axis orientation in this work, along with the size of the 

tested samples and the deformation rates used for microcompression testing. Activation of six 

equivalent pyramida1 π2 slip systems having 〈𝑐𝑐 + 𝑎𝑎〉 Burgers vector is suggested in the 
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literature to account for the strain hardening observed in compression of (0 0 0 1) single 

crystals. This is supported by measurements of the resolved shear stress [29], as well as by 

direct observation of the active slip systems achieved through transmission electron 

microscopy [22, 30]. The 8° misorientation of the loading axis from the [0 0 0 1] direction is 

expected to lead to the required shear stress on the basal plane to activate 〈𝑎𝑎〉 basal dislocations; 

the resolved shear stress on the basal plane at the yield point is around 8 MPa. As suggested by 

Lilleodden [29], the massive strain burst resultant at the end of deformation is associated with 

the escape of dislocations on the basal planes, consistent with the SE image in Fig. 3b. 

The mechanical response of the bicrystalline microcolumns (blue curves) differs 

significantly from their single crystalline counterparts (Fig. 4). The stress increases linearly up 

to a stress plateau ranging from 22 to 70 MPa, followed by a smooth strain hardening up to 

stress values ranging from 408 to 508 MPa, values significantly higher than those found for the 

single crystals.  The observed stress plateau is similar to that observed by Kim [22], Liu et al. 

[31], Prasad et al. [32] and Mallmann et al. [25], where the plateaus were found to be associated 

in part with twin growth. In the case of Kim [22] and Mallmann et al. (5 µm pillars) [25], 

twinning reorients the crystal into an orientation for easy basal slip, and thus the plateaus also 

include massive shearing within the twin .  

As already shown in Fig. 2a, the volume fraction of the twin in the bicrystals is not the 

same for all of the microcolumns. For this reason, detwinning in different microcolumns 

manifests at different plateau stress-strain values. As shown in Fig. 4, both the stress and the 

strain associated with the plateaus increase with increasing twin thickness. The amount of strain 

accommodated by detwinning was calculated based on the twin thickness, according to 

equation (1), using the volume fraction given by equation (2). The results are available in Table 

1. In all cases, it is clear that the total plateau strain is larger than the detwinning strain. In other 

words, the detwinning shear can only be responsible for ~23-35% of the total plateau strain. 
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The remaining 65-77% axial strain is expectedly due to the accommodation strain of the parent 

grain, as is schematically described in Fig. 2b.  

 EBSD measurements were performed on cross-sections of the deformed microcolumns 

achieved through FIB milling. This was done on several bicrystalline samples compressed to 

varying strains, as well on several ‘parent’ single crystal reference microcolumns. The results 

are presented in Fig. 5. An EBSD map corresponding to the parent grain prior to compression 

is shown in Fig. 5a. No pre-existing twins are found. The microstructures corresponding to the 

microcolumns compressed to 2.5 (Fig. 5b), 5 (Fig. 5c) and 10% (Fig. 5d) strain show that 

deformation of the single crystals is governed by dislocation slip; no evidence of twining is 

observed. This is consistant with previous c-axis microcompression studies of Mg single 

crystals [22, 29]. An increasing orientation gradient with increasing applied strain is reflected 

as the color gradient in the IPF maps on the cross-sections of the deformed single crystals. 

Quantitatively speaking, the angle between the crystal c-axis and the loading axis changes from 

the initial ~8° to ~14° after 10% strain. The deviation of the c-axis from the loading direction 

leads to an increase in the resolved shear stress on the basal planes resulting in the massive 

basal shear. The configuration of the parent grain and the twin prior to compression is displayed 

in Fig. 5e. By applying axial compressive load to varying amounts of plastic strain (Figs. 5f-

h), it is clearly observed that the initial twin migrates out of the microcolumn. In a 5% 

compressed microcolumn, the twin has almost disappeared, with only a small trace of twin 

visible near the surface (Fig. 5g). While a small twin is observed at the base of the pillar (see 

lower right region of fig. 5g), it is likely that it existed prior to pillar fabrication and would 

otherwise not contribute significantly to the deformation as the stresses are significantly lower 

at the base due to pillar taper. As is clearly shown in Fig. 5h, a microcolumn compressed to 

10% strain doesn’t show any trace of the twin in the cross-section. Consequently, it can be 

argued that during compression of the bicrystals that the twin re-orients into the nominal parent 
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orientation and any subsequent straining beyond the plateau region is of a single crystal. It 

follows that a comparison of the stress-strain behavior of the single crystalline ‘parent’ 

microcolumns to those after the plateau regime in the bicrystalline microcolumns gives insight 

into the impact of detwinning on the strain hardening response of Mg. We limit our 

interpretation to two characteristic features of the deformation curves beyond the plateau: the 

(second) yield stress and the work hardening rate. 

In the case of microcompression testing, perfect contact between the flat punch and the 

microcolumn top surface at the onset of deformation is hardly achievable due to surface 

roughness and small misalignments. This can lead to early plasticity. Such microplasticity is 

responsible for the typical compliant behavior at the early stages of microcompression testing. 

For this reason, the usual definition of yield stress using the 0.2% plastic strain offset 

convention is inappropriate [33]. In this study, we employ the convention suggested by Kupka 

et al. [34], in which the slope of the load-displacement curve was used as a criterion to define 

the yield stress. The yield point is defined here as the point where the slope of the loading curve 

becomes less than a threshold value, taken here to be 45%, of the maximum loading stiffness. 

We applied this to the 11 single and 6 bicrystalline microcolumns deformed to 10% strain to 

find out whether the yield stress is affected by detwinning; the results are given in Fig. 6. It 

should be noted that for the bicrystalline microcolumns the yield point criterion was applied 

beyond the stress plateau regime, where the orientation of the microcolumn has reversed to the 

parent orientation through detwinning. For a reliable statistical comparison of the yield stress 

results, we identified the best distribution function for each set of data. The distribution of the 

yield stress was plotted in normal, log-normal, Weibull and gamma probability plots. While 

the limited number of samples in this work, i.e. on average 5 per strain and strain rate, in turn 

limits how definitive it is [35], the data sets appear to be best described by a normal distribution 

function. We use it as a basis for comparison of the two sample types. The obtained normal 
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probability curves in Fig. 6 including ±95% confidence intervals show that the detwinned 

microcolumns yield at a stress (274.3±70.5 MPa) compared to the single crystalline reference 

parent microcolumns (181.6±24.7 MPa). The probability plot also reveals that not only do the 

detwinned microcolumns possess a higher yield stress, they have a larger confidence band 

relating to a larger standard deviation. The thickness of the pre-existing twins was added to 

Fig. 6 for the bicrystalline samples in order to show the dependency of the yield stress to twin 

thickness. It can be seen that the yield stress increases with increasing thickness of the twin.  

The larger spread in the yield stress data for the bicrystalline microcolumns can be explained 

by the variation in volume of the detwinned region. To further support the comparison, we 

consider the cumulative frequency distribution of the yield stress using the Monte-Carlo 

approach [35], due to the insufficient number of experimental data points for plotting a reliable 

cumulative frequency curve. Assuming the normal distribution as the best fit to our yield stress 

data, we randomly generated 1000 normally distributed microcolumn sets. Results of this 

Monte-Carlo approach are given in Fig. 7. Consistent with the normal distribution approach, 

the results reveal a significant shift to higher yield stresses for the detwinned bicrystalline 

microcolumns.  

The detwinned Mg crystals not only show a higher yield stress, but they also have 

higher strain hardening rate than the single crystalline references indicating that detwinning 

itself impacts strain hardening. Figure 8 shows the variation of the work hardening rate,  =

𝑑𝑑𝑑𝑑/𝑑𝑑𝜀𝜀, as a function of true stress for two experiments each of single and bicrystalline (after 

detwinning) microcolumns. Several spikes in 𝜃𝜃 are found, associated with the strain bursts, 

which lead to sudden slope changes in the stress-strain response and noise in the data. This is 

more noticeable for the single crystalline microcolumns, which show large slip steps on the 

outer surface of the sample, as already shown in Fig. 3. The peak strain hardening rate, 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚, 

was measured to be 18.9 GPa and 29.5 GPa for the single crystalline and detwinned 
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microcolumns, respectively. In the case of macro-scale experiments, the strain hardening is 

found to be nominally 6.0.  This holds for polycrystalline samples of Mg alloys  [7, 18, 32, 36], 

as well as bulk single crystalline Mg [37]. While it has been argued that the strain hardening in 

AM30 was increased due to detwinning [18], the increase is not significant, and it is difficult 

at best to decouple the response of the detwinning affect from that of the alloying constituents 

and overall polycrystalline response.  

Once detwinning is exhausted, the microcolumn is single crystalline of the same 

nominal orientation as the parent grain microcolumns. Yet its stress-strain response shows 

significantly higher flow stress and strain hardening rate. This points to the influence of the 

detwinning mechanisms on these two charactersitics. While an increase in dislocation content 

can readily explain an increase in yield stress, this typically leads to a decrease in the strain 

hardening rate, for the same material, i.e., the strain hardening rate of the parent grain is a 

concave downward function. Thus, the observations of a simultaneous increase in yield 

strength and hardening rate cannot be simply explained by the development of dislocation 

density during the plateau regime. Moreover, while twin boundaries may render a hardening 

effect in HCP metals, just as grain boundaries do, the loss of the twin boundary negates this 

type of argument. Something more fundamental to the process of detwinning itself must be 

considered.   

 Experimental and modelling studies by Clausen et al. [38] and Proust et al. [39] have 

shown that once the lattice re-orients to a hard orientation through twinning, as is the case here 

(Fig. 5), further axial deformation of the re-orientated lattice requires an increase in stress to 

activate 〈𝑐𝑐 + 𝑎𝑎〉 slip. However, the stress level at the exhaustion of detwinning (~22-70 MPa) 

is not high enough to activate these non-basal dislocations. In this situation, the microcolumn 

may experience a linear elastic hardening until the critical resolved shear stress for the 

pyramidal slip is achieved. It should be mentioned that 〈𝑎𝑎〉 dislocations might be active at the 
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detwinning exhaustion stress level and therefore, as mentioned earlier, may contribute to 

plasticity of the microcolumn through the observed plateau. Nevertheless, these basal 

dislocations do not provide a deformation along the c-axis, i.e., the loading axis.         

Consideration of the local variations in orientation points to a better explanation.  To 

this end, the common kernel average misorientation (KAM) analysis was applied to the EBSD 

data to quantify the misorientation distributions. The KAM maps were constructed from the 

cross-sections shown in Fig. 5 by calculating the average misorientation of every scan point up 

to its third nearest neighbors. The results are presented in Fig. 9. It is apparent from the maps 

that the overall misorientation distribution is more heterogeneous in the compressed 

bicrystalline microcolumns (Figs. 9e-h) compared to the single crystalline references (Figs. 9a-

d). At the exhaustion of detwinning, a higher local misorientation is found in the vicinity of the 

migrated twin boundary, as indicated by a white arrow in Fig. 9g. Fig. 9h suggests a higher 

accumulated density of geometrically necessary dislocations (GND) in the detwinned regions 

compressed to 10% strain. We argue that the higher local GND density serves as an effective 

obstacle for dislocation glide resulting in the observed hardening. This is in an agreement with 

non-mobile dislocations inherited from the operation of twinning, as was first proposed by 

Basinski et al. [40] for the case of a Cu-Al crystal. According to their observation, glissile 

dislocations before twinning convert to sessile configurations within twinned areas as a result 

of a twinning shear transformation. Consequently, these inherited dislocations will harden slip 

inside the twinned region [39]. In the case of Mg, this hardening mechanism, also called 

‘dislocation transmutation’, has been experimentally observed by Wang and Agnew [41] and 

incorporated into a crystal plasticity model by El Kadiri and Oppedal [42]. Based on a 

dislocation reaction analysis on samples deformed up to a plateau region of stress-strain curves 

[41], 〈𝑎𝑎〉 dislocations in the matrix may transmute into sessile  〈𝑐𝑐 + 𝑎𝑎〉 dislocations in the twin 

during the twinning operation. Accordingly, having such a KAM structure shown in Fig. 9h is 
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consistent with such debris associated with transmuted dislocations left behind in the wake of 

the detwinned boundary. This is one of the newest micromechanical supports of the 

‘dislocation transmutation’ hardening mechanism in Mg. 

A more in-depth inspection of KAM maps reveals the formation of a subgrain structure 

in both samples. These regions are indicated by dashed lines in Figs. 9c, 9d and 9h. The 

subgrain size is reflected by the expression of 𝑤𝑤 = 𝑏𝑏𝑏𝑏/𝑑𝑑 [43], where 𝑤𝑤, 𝑏𝑏, 𝑏𝑏 and 𝑑𝑑 are the 

subgrain size, the magnitude of the Burgers vector, the shear modulus and the applied stress, 

respectively. Assuming the same Burgers vector and shear modulus for the two samples, the 

ratio of the subgrain size in the parent microcolumns over the detwinned microcolumns is 

inversely equal to the ratio of their stress levels. This ratio at 10% strain is roughly 1.40, taking 

the value of 𝑑𝑑 for the parent and detwinned microcolumns as 363 and 508 MPa, respectively. 

The calculated subgrain size ratio matches well the measurements from the  KAM maps, where 

the subgrain size for the parent and detwinned microcolumns were measured to be ~806±174 

nm and 560±157 nm, respectively. This stands for a roughly 1.44 times larger subgrain size for 

the parent microcolumns compared to the detwinned microcolumns. The smaller subgrain size 

in the detwinned microcolumn makes it more difficult for dislocations to squeeze through 

subgrains. This factor would also contribute to a more pronounced hardening effect for the 

detwinned microcolumns. 

Furthermore, the observed local misorientations in the microcolumns will lead to local 

changes in the Schmid factor of the active slip system. This would directly contribute to a 

change of the stress required for plastic flow. The distribution of the highest Schmid factor for 

non-basal 〈𝑐𝑐 + 𝑎𝑎〉 slip systems was calculated for the cross-sections of the samples compressed 

to 5% strain. We calculated the Schmid factor distribution by knowing the Euler angles, the 

applied load direction, the slip direction and the slip plane normal for each measurement point 

in the samples cross-sections. The cumulative frequency distribution showed that the 
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bicrystalline microcolumn at the exhaustion of detwinning is less favored for subsequent 

〈𝑐𝑐 + 𝑎𝑎〉 slip. By considering a Schmid factor of higher than 0.44 as a high potency to activate 

a slip system, 82% of the measurement points in the single crystal microcolumn, have these 

Schmid factor values. In the detwinned microcolumn, however, only 50% of the measurement 

points have this Schmid factor range. This means that the bicrystalline microcolumns require 

a higher resolved stress to initiate the plasticity through pyramidal slip after detwinning 

exhausts.  

4. Summary  
We performed compression experiments on single and bicrystalline Mg microcolumns 

to study the hardening mechanisms associated with detwinning of a single twin boundary. Our 

microcompression results showed that detwinning appears as a stress plateau in the stress-strain 

response of the bicrystalline microcolumns. Further straining of the detwinned microcolumns 

was associated with a hardening showing similar trends as found in the parent single crystal 

microcolumns. However, a significantly higher yield stress and a higher strain hardening rate 

was found in the detwinned microcolumns. Possible detwinning-mediated hardening 

mechanisms were discussed in terms of the microstructural observations made of the deformed 

volumes. We argued that simultaneous increase in yield strength and hardening rate of the 

detwinned microcolumns originates from the formation of dislocation debris formed in the 

wake of the detwinning front. While subgrain structures are formed in both samples, the cell 

size is smaller in the detwinned microcolumns. That, along with a relatively lower Schmid 

factor for subsequent pyramidal slip also led to the increased yield stress in the detwinned 

samples relative to the parent samples. Such a view of a detwinning mediated hardening is 

consistent with theoretical considerations found in the literature. Our experimental results 

suggests that any continuum-based modelling approaches to understanding the deformation of 
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Mg must include the concurrent mechanisms of twin migration and dislocation storage; simply 

reorienting the crystal upon twinning neglects critical aspects of the hardening response.    

Figures: 

 
Figure 1. Fabricated microcolumns for micromechanical investigation. (a) Array of the samples in the selected 
parent grain and at the twin boundary, (b) [001] and [100] IPF maps showing the crystallographic arrangement of 
the parent grain and the twin and the location at which the columns were fabricated, and (c) a bicrystalline 
microcolumn machined such that the twin boundary is included in the column. 
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Figure 2. Schematic illustration of the compression of a bicrystalline microcolumn. (a) A cross-section of the column 
prior to compression, (b) constrained compatibility at the twin boundary and (c) a compressed column that has underwent 
detwinning. The dashed lines in (b) and (c) show the initial state before compression.  

 
 

Figure 3. Post-mortem secondary electron images of the initial and 
compressed microcolumns. (a, b) Single crystals: (a) a column prior to 
microcompression and (b) a 10% compressed column. (c, d) Bicrystals: (c) 
an undeformed column containing the twin boundary and (d) a column after 
10% compression.  
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Figure 4. Engineering stress-strain curves for single (red) and 
bicrystalline (blue) microcolumns compressed to 10% 
engineering strain showing the different deformation behavior 
of the bicrystaline columns compared to the single crystals. The 
thickness of the twin included in bicrystals is also presented for 
each curve. 
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Figure 5. Microstructural observation of compressed microcolumns to varying strains shown by 
[100] IPF maps of samples cross-sections. (a-d) Single crystals: (a) undeformed ‘parent’ grain, 
columns after compression to (b) 2.5%, (c) 5% and (d) 10% strain. (e-h) Bicrystals: (e) undeformed 
parent-twin region, columns after compression to (f) 2.5%, (g) 5% and (h) 10% strain. Detwinning 
after compression of bicrystals is observed. The color-codes in (a) and (e) are valid for all pictures in 
their corresponding row.  
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Figure 6. Normal probability plot of yield stress data obtained from 
the stress-strain curves of microcolumns compressed to 10% strain. 
The data for 11 single and 6 bicrystalline (after the plateau) columns 
are presented here. The figure shows seemingly higher yield stresses 
for the detwinned columns. Besides the best fit (solid lines), ±95% 
confidence intervals are given in colored regions with dashed line 
boundaries. The thickness of the twin boundary included in 
bicrystalline columns is also presented for the blue data points. 

 

 

Figure 7. Cumulative frequency of 1000 randomly normal 
distributed yield stress dataset for single and bicrystalline 
microcolumns showing higher yield stress values for the 
samples that have underwent detwinning. 
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Figure 8. Work hardening rate as a function of true stress for 
microcolumns compressed to 10% strain. The curves for bicrystals have 
been plotted using the stress-strain data after the stress plateaus. 
Bicrystals show a distinguishable higher hardening rate after 
detwinning. 
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Figure 9. Maps of the kernel average misorientation for the compressed microcolumns to varying 
strains constructed from [100] IPF maps of the samples cross-sections. (a-d) Single crystals: (a) 
undeformed ‘parent’ grain, columns after compression to (b) 2.5%, (c) 5% and (d) 10% strain. (e-h) 
Bicrystals: (e) undeformed parent-twin region, columns after compression to (f) 2.5%, (g) 5%, the 
arrow and the withe dashed line show the initial and current location of the twin boundary, 
respectively and (h) 10% strain. Deformation of the detwinned column is associated with an 
inhomogeneous distribution of higher local misorientations compared to the single crystalline 
columns. Dashed lines indicate regions where a clear subgrain structure is formed.   
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Tables: 

 
Table 1 
Calculation of the contribution of detwinning in accommodating the axial strain. 
 
Twin thickness (µm) Detwinning strain % 

(Eq. 1) 
Plateau strain % 
 

1.30  0.7 2.9 
1.45 0.7 2.3 
1.64 0.8 3.1 
2.36 1.2 3.4 
3.32 1.7 4.8 
3.55 1.8 5.5 
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