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a b s t r a c t 

The strain rate ( ̇ ε ) and temperature ( T ) dependent mechanical response of single crystal magnesium (Mg) 

micropillars compressed along the [ ̄2 110 ] direction ( a -axis) is investigated from room temperature to 573 

K and from 10 -3 to 100 s -1 . The loading direction was chosen to disfavour basal slip activation by a low 

Schmid factor, allowing the investigation of the rate-sensitivities of extension twinning and prismatic 

slip. For T ≤ 423 K, the plasticity was governed by extension twinning for the entire range of the applied 

strain rates. At T > 423 K and for ˙ ε ≤ 10 s -1 , extension twinning did not occur and a continuous plastic 

flow induced by prismatic dislocation mediated plasticity was observed: the twin to slip transition takes 

place due to the decrease of the critical resolved shear stress of non-basal slip. For ˙ ε > 10 s -1 , however, 

the accommodation of the plastic deformation by activation of prismatic slip is not enough to match the 

applied deformation rate, favouring again deformation twinning. The first part of this work provides a 

complete overview of the mutual effects of T and ˙ ε on the transition points of deformation modes in Mg 

at the microscale. In a second stage, the influence of thermal and kinetic contributions on the evolution 

of the flow stress leading to the slip to twin transition at 573 K has been assessed in more detail. Within 

the slip-dominated plasticity regime, this work provides a quantitative assessment of the increases in the 

saturation stress (stage III) with ˙ ε at high temperature, showing how the strain rate dependency of the 

dislocation generation rate in the pillar and escape rate at the free surfaces of the structure controls the 

stress evolution in Mg microcrystals. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Compared to the application potential associated with the ex- 

eptional characteristic of being light and strong, magnesium (Mg) 

nd its alloys do not generally have the required high plastic de- 

ormability necessary to achieve desired component shapes and 

onfigurations [ 1 , 2 ]. A regrettable lack of large-scale applications 

f Mg alloys especially in the automotive manufacturing has en- 

iced numerous researchers to delve into the understanding of 

heir complex deformation mechanisms. The continuous techno- 

ogical advancements of material characterization techniques have 

lso paved the way for broadening the comprehension and thus 

sage of Mg alloys [ 3 , 4 ]. In order to successfully continue to extend
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heir range of applicability, careful understanding of the mechani- 

al behaviour under conventional and extreme loading conditions 

s required. 

During the last decade, slip and twinning deformation modes 

ccommodating plasticity in Mg have been extensively studied 

oth experimentally and by various computational methods [5–

] . Although twinning dominates the plastic deformation at room 

emperature, it is well-known that hot working conditions can ac- 

ivate non-basal slip systems accessible by thermal activation due 

o the widely reported great variability of the critical resolved 

hear stress with temperature of pyramidal and prismatic slip ac- 

ivities [ 7 , 9–14 ]. This reduces the occurrence of twinning, improves 

he machinability of Mg alloys, and consequently makes them 

ore amenable to real applications [15–19] . Nevertheless, the in- 

epth analysis of the changes in the material behaviour of Mg 

nduced by concurrently varying the externally supplied thermal 
. This is an open access article under the CC BY license 
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nd kinetic energy contributions still represents a largely unex- 

lored paragraph in material science, especially at the microscale. 

way from quasi-static and room temperature conditions, the non- 

rivial prediction of the heterogeneous, non-linear, directionally- 

ependent microscopic mechanical response of polycrystalline ma- 

erials at different temperature and strain rates requires to first as- 

ess the dependence of each of the deformation modes (slip and 

win systems) on the aforementioned variables. This, in turn, in- 

ispensably necessitates investigations on single crystalline sam- 

les where the choice of the loading direction with respect to the 

rystal orientations favours, in principle, the study of selected de- 

ormation modes. 

In this context, the first part of the present work shows how 

lasticity is accommodated in pure Mg single crystal micropillars 

t various temperatures ( T ) and high strain rate ( ̇ ε ), broadening 

he understanding of the strain rate and temperature sensitivity 

f the activated deformation modes in Mg. The ranges of T and 

˙  covered here are 293 - 573 K and 10 -3 s -1 – 100 s -1 , respectively.

s basal slip has been extensively reported to be rate-insensitive 

nd predominant in accommodating the plastic deformation in Mg 

 7 , 10 , 20–22 ], the crystallographic orientation chosen in this work 

isfavours basal slip activation by restricting the Schmid factor 

o zero, leaving therefore space for the investigation of the rate- 

ensitivity and activation volumes of other deformation modes im- 

ortant to Mg. It is necessary to anticipate that the strain rate and 

emperature dependence for twinning varies with the crystallo- 

raphic orientation [23–25] . Indeed, although extension twinning 

as been usually reported to be temperature and strain rate in- 

ensitive for polycrystalline specimen loadings [ 10 , 22 , 26–28 ], dif- 

erences in the flow behaviour can be observed in single crystals 

29] . 

It is important to observe that, due to the practical com- 

lexities, a long-standing challenge resides still nowadays in the 

omparison between the microstructure-aware models capable of 

redicting the mechanical response and final material texture, 

nd the actual experimental data, in particular when spanning 

rom quasi-static regimes to high strain rate deformation con- 

itions in high temperature environments. Models based on the 

ate-controlled mechanism thus need to be employed, and the 

islocation-based thermally-activated hardening model is com- 

only used [30] . Thanks to the testing conditions covered in this 

ork, the second part of the manuscript investigates whether 

he thermally-activated model for dislocation plasticity applied to 

he dominating deformation mode at high temperature succeeds 

o qualitatively and quantitatively describe the trend of the flow 

tress on single crystal Mg structures at the microscale. The range 

f applicability of the adopted model is usually reported to be 

0 -5 - 10 3 s -1 [30] , however, assumptions made for describing ex- 

remely complex phenomena may turn out not to be effective in 

g throughout the expected range when compared to experimen- 

al data, requiring considerations that account for the contribution 

f size effects as well as dislocation inertia and temperature rise at 

igh strain rates. This work therefore provides microscale experi- 

ental results at high temperature and in the range of strain rates 

here dislocation velocities still do not follow a linear relationship 

ith the shear stress, yet where the system does possess sufficient 

inetic energy to influence the ratio of dislocation generation and 

scape, bolstering the understanding of the plastic deformation of 

ure Mg at the microscale. 

. Experimental procedures 

.1. Materials and crystallographic orientation 

A 99.999% pure single-crystalline Mg sample (PSC, Easton, USA) 

as mechanically polished and subsequently electro-polished at 
2 
2V with a refrigerated (10 °C) electrolyte, comprised of 85 wt% of 

thanol, 5 wt% of HNO 3 and 10 wt% of HCl. The sample was then 

sed for pillar fabrication with 5μm diameter and 10μm height, us- 

ng Ga + Focused Ion Beam (FIB) (Tescan, Lyra3) milling. The pil- 

ar taper, caused by inherent limitations of the FIB milling proce- 

ure, was found to be on average 3-4 °. The pillar top was used 

o measure the area from which the engineering stress was cal- 

ulated. Nominal stresses and strains ( σ , ε) are reported here. 

he structures were then compressed along the crystallographic a - 

xis, [ ̄2 110 ], with a nanoindenter fitted with a 20 μm diameter flat 

unch. The initial orientation was examined by Electron Backscat- 

ered Diffraction (EBSD) and chosen to both favor extension twin- 

ing during micropillar compression, by indirectly stretching the 

rystal c -axis, and inhibit basal slip. 

.2. Mechanical testing 

Micropillar compression experiments were conducted using 

 displacement controlled in situ indenter (Alemnis AG, Thun, 

witzerland) with dedicated set-ups for testing at high tempera- 

ure and high strain rates inside a Scanning Electron Microscope 

SEM, Zeiss DSM96, Germany). Micropillar compression tests were 

onducted at different temperatures: 293, 423 ( ±2), 573 ( ±5) K, 

nd over 6 orders of magnitude of strain rate, from 10 -3 to 100 s -1 .

or a statistical accuracy, three pillars were tested for almost each 

ondition and measurements at quasi-static speeds were corrected 

or thermal drift. Thermal drifts at each temperature were mini- 

ized by matching the tip and sample surface temperature [31–

4] . The magnitude of the drift rate rarely exceeded 1nm s -1 . The

emperature was measured accurately by carefully calibrating the 

ip temperature [ 33 , 35 ] and then adjusting the sample tempera- 

ure accordingly. The highest strain rate that can be achieved dur- 

ng these tests depends, firstly, on the actuation speed of the in situ 

ynamic nano-indentation system and, secondly, on the dimen- 

ions of the pillars. Here, as we opted for a pillar height of 10 μm,

train rates of ∼100 s -1 were possible for an actuation speed of 1 

m/s. A height/diameter aspect ratio of 2:1 was chosen to avoid 

uckling. For these pillar dimensions, the load was measured reli- 

bly by a strain gauge based load cell at low strain rates (up to 1

 

-1 ) and by a piezoelectric load cell above 1 s -1 [36] . 

.3. Extraction of the material properties 

It is well-known that the extraction of material properties, such 

s the yield stress, from microcompression testing requires a dif- 

erent level of sensitivity [37] . Additionally, imposing higher levels 

f strain rate during micropillar compression increases significantly 

he complexity in deriving precise quantities from the stress-strain 

urves [ 36 , 38 ], especially in soft metals, such as Mg, where rela-

ively low forces are sufficient to induce plastic deformation. Con- 

rary to the strain bursts denoting the onset of twinning in load- 

ontrolled testing mode [8] , load drops define the occurrence of 

winning in displacement-controlled compression tests due to the 

eduction of the elastic stored energy by generation and propaga- 

ion of twin boundaries [ 39 , 40 ]. The coherent twin boundary en- 

rgy γ CTB term is usually expressed as γ CTB = CGδ2 where C is a 

onstant, G the shear modulus and δ the boundary mismatch lin- 

arly proportional to the thickness of the twin [41] . Although the 

agnitude of the drop increases with the twinned volume, analo- 

ously to the strain bursts [8] , the former quantity cannot be used 

or estimating the actual volume of the nucleated twin, especially 

t high strain rates, as the highest sampling rate achievable here 

ay not be sufficient to capture the extreme absolute values of the 

oad drop. This and a lower signal-to-noise ratio imply that higher 

ncertainties should be considered in the extraction of the stress 

alues at higher strain rates. As for all the tests performed at ˙ ε ≥
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0 s -1 , the flow stress exhibits oscillations due to the resonance of 

he system [42] . A centered rolling average smoothing procedure 

ith 15 and 25 data point windows for 10 and 100 s -1 , respec-

ively, has been adopted. (Note: sampling rates used were 100 kHz 

nd 1 MHz, respectively). For all other conditions, a 5 data point 

indow was used. 

.4. Post-deformation techniques 

To investigate and analyze the deformation modes accommo- 

ating the plasticity for the different tested conditions, several de- 

ormed pillars were lifted out and further thinned down to ∼200 

m (final FIB polishing conditions: 2 kV, 50 pA) for Transmis- 

ion Kikuchi Diffraction (TKD) map acquisitions using an EDAX Di- 

iView camera with 2 × 2 binning (442 × 442 px 2 ), providing an 

verview of the textural development upon deformation. For this, 

n electron beam of 30 kV and 10 nA was used. For all the thin foil

ift-outs, the [0 0 01] direction of the parent crystal (i.e. the c- axis), 

as selected to be the foil normal direction. After the TKD map 

cquisitions, where necessary, further thinning was performed for 

apturing atomic resolution images using a ThermoFischer Themis 

00 G3 aberration corrected (probe) Transmission Electron Micro- 

cope (TEM) operating at 200 kV. A double tilt sample holder 

as used to achieve various zone axis (Z.A.) conditions. The Burg- 

rs vector and type of dislocation were determined by performing 

iffraction contrast imaging and by analyzing bright-field (BF) and 

eak-beam dark-field (WBDF) images. It is important to note that 

ny in-plane rotation between the TEM or TKD images shown in 

his article is simply the result of the manual positioning of the 

oil in the microscopes. 

.5. Thermal modelling 

Axisymmetric thermal finite element simulations were per- 

ormed using Comsol Multiphysics 5.5. The micropillar was mod- 

lled standing on an Mg substrate with 12.5 μm radius and height. 

he boundaries of the simulated substrate to the infinite half-space 

elow were modelled as constant temperature boundaries, e.g. it 

as assumed and verified that they are sufficiently far away from 

he pillar not to affect the solution. A mesh was generated con- 

isting of 2343 triangular domain elements and 165 boundary ele- 

ents. The effects of radiative heat loss on the boundaries exposed 

o vacuum were not considered, they were modelled as isolated 

oundaries. For the boundary at the top of the pillar in contact 

ith the indenter two different cases were modelled: an isolated 

oundary to model a high interfacial thermal resistance between 

ndenter and micropillar and a constant temperature boundary as- 

uming that the indenter acts as a heat sink and the interfacial 

hermal resistance is negligible. For the modelled strain rate, volu- 

etric heating of the pillar through dissipation due to bulk plastic 

eformation was considered. For this, the plastic power was deter- 

ined by integrating the area under the experimental stress-strain 

urve, subtracting the elastic contribution, and dividing by the du- 

ation of the experiment. This power was then introduced into the 

hole pillar as a body heat source. Thermal simulations were run 

or the full duration of the experiment and the maximum temper- 

ture rise in the pillar was calculated. The values of heat capac- 

ty, density and thermal conductivity used were respectively: 1010 

/(kg K), 1730 kg/m 

3 and 150 W/(m K). 

. Results and discussion 

.1. Stress-strain response 

The engineering stress-strain curves representing the mechan- 

cal behaviour of microcrystals tested at different temperatures 
3 
nd strain rates are illustrated in Fig. 1a . It is observed that from 

 = 293 K ( room temperature, RT: 0.32 T m 

, with T m 

the melting

emperature ) to T = 423 K (0.46 T m 

), the variation of ˙ ε from 10 -3 

 

-1 to 100 s -1 does not influence the characteristic trend of the 

ecorded curves, i.e. a stress drop followed by strain hardening, but 

ather only the stress values of incipient plasticity and strain hard- 

ning rates. As the material response at low strain levels strongly 

aries according to the complex local strain field and local atomic 

earrangements that occur in the first few-hundred nanometers 

nderneath the pillar-indenter contact surface, greater variability 

n the yield point and especially strain hardening rate can be ob- 

erved at low strain rates. The roughness of the flat punch, the 

IB milling procedure, the initial dislocation density and other lit- 

le controllable imperfections can also contribute to increase the 

tochasticity of the response. Moreover, owing to the inevitable ta- 

ered geometry of the FIB-fabricated pillars, a more localized de- 

ormation occurs near the narrower top pillar portion: the stress 

hroughout the structures is not uniform [ 43 , 44 ]. The inhomoge- 

eous deformation and stress concentration at the top of the pil- 

ar lead to a sooner deviation from the linearity, and thus easier 

ielding. Additionally, the variation in strain hardening can be re- 

ated to the different number of twins formed at the first stage 

f the deformation, influencing significantly the subsequent plas- 

ic flow evolution. A distinct characteristic of deformation by twin- 

ing compared to that by slip lies in fact in the greater variabil- 

ty (stochasticity) of the mechanical response of the material in- 

uced by the peculiarity of the process. Nevertheless, significant 

hanges are observed at T = 573 K ( ∼0.62 T m 

) where, for ˙ ε up to 1

 

-1 , the material response exhibits a continuous plastic flow, with- 

ut any noticeable load drop, that converges to a constant value of 

tress indicating an apparent absence of strain hardening with in- 

reasing strain. The rationale attributed to this is a transition from 

 twinning-dominated to a slip-dominated plasticity, typically re- 

orted at low strain rates at T > 423 K [ 10 , 45 ] and confirmed in

ig. 2 . However, at ˙ ε ≥ 100 s -1 and T > 423 K, the stress-strain

urves become again similar to those at lower temperatures. In- 

erestingly, when ˙ ε = 10 s -1 , the continuous plastic flow response 

s detected for pillars 44 and 47, and the characteristic twinning- 

ike trend is seen for pillars 45 and 46. The TKD maps shown in 

ig. 2f confirm that a twinning to slip transition occurs at low 

train rates with increasing temperature and that a slip to twin- 

ing transition takes place at high temperature by increasing the 

train rate. 

The influence of T and ˙ ε on twinning and slip can be investi- 

ated in a first analysis by the variation of the yield stress. In the 

ange when twinning is absent and slip governs the plastic defor- 

ation, the yield stress σs has been measured at the 0.2% of strain. 

owever, when twinning takes place and governs the plasticity, 

t is necessary to specify more carefully how the twinning yield 

tress ( σt ) is defined. In particular, the complexity resides in ex- 

erimentally decoupling the singular twin and slip contributions to 

he plastic flow and characterizing the critical stress for twinning 

nly, especially when altering the above mentioned parameters ( T 

nd ˙ ε ) as the local stresses and defect structures from which twins 

ucleate can consequently vary [46–50] . In other words, during 

he deformation, the occurrence of slip can act as a concentrator 

f stress and trigger the onset of the embryonic twin; the acti- 

ation of the primary twin variant can consequently depend on 

he temperature and strain rate sensitivity of slip, especially when 

lip represents the easier deformation mode, limiting hence the 

valuation of the individual sensitivity of embryonic twin nucle- 

tion. As the atomic mechanism underlying the nucleation of the 

rst twin embryo is not detectable with the current state-of-the- 

rt techniques, and since precise stress values tied directly to twin 

ucleation at the atomic scale cannot be extracted for evaluating 

he temperature and strain rate sensitivity of twinning, the onset 
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Fig. 1. Stress-strain curves at the different imposed strain rates and temperatures (a). Two or more pillars were tested in each condition. Higher numbers of pillars have 

been used at strain rates > 1 s -1 due to lower signal-to-noise ratio. (b) Dependence on the strain rate of the critical stress required for the evolution of twins, σt , and the 

critical stress for slip calculated at 0.2% of strain, σs . The mean and standard deviation of σt and σs at each condition in (b) are calculated by combining the means and 

variances of the critical stress associated to the pillars deformed under that precise experimental condition. Note that for T = 573 K, blue up-triangles refer to the conditions 

where twinning occurs, whilst red up-triangles where twinning is absent. 

4 
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Fig. 2. Experimental observations of the twin to slip and slip to twin transition. (a) Schematic of the transition range as a function of temperature and strain rate in 

microcrystal with characteristic dimension of 5μm. (b) SEM image of an undeformed single crystalline pillar together with the corresponding TKD map (shown in the insert). 

(c–e) SEM images of pillars deformed at: T = 293 K, ˙ ε = 10 -3 s -1 (c); 573 K, 10 -3 s -1 (d); 573 K, 100 s -1 (e). Twinning occurs and mediates the majority of the plastic 

deformation for T ≤ 423 K and for the all range of applied strain rates as shown in the TKD maps (f: i, ii, iii and iv). Twin to slip transition is observed at T > 423 K for 

˙ ε ≤ 10 s -1 . (f: v, vi, vii). Slip to twin transition occurs at T > 423 K for ˙ ε > 10 s -1 (f: viii, ix). For (b-e), scale bars correspond to 5μm; (f) to 2μm. In the TKD maps, parent 

domain appears in red and twin domain in blue, according to the inverse pole figure (IPF). The normal direction (ND) is perpendicular to the plane of the paper. Note that 

the TKD maps in (f) are coupled with the Image Quality (IQ) maps. The pole figure (PF) associated to Pillar 01 shows that the twin mode is the common { 10 ̄1 2 } reported in 

Mg. 

5 
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Table 1 

Shear modulus vs temperature in pure Mg. 

0 K 293 K 373 K 473 K 573 K 

Shear modulus, G in GPa [70] 18.9 16.32 15.61 14.73 13.85 
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f the parent → twin transformation has been considered to occur 

n correspondence of the first load drop (peak stress preceding the 

oad drop) and named σt . Thus, σt here represents the stress re- 

uired for the energetically favourable evolution of the twin and 

etermines the approximate stress level for the substantial growth 

f twin embryos in a micropillar. Because at ˙ ε ≥ 10 s -1 it is diffi- 

ult to distinguish load drops related to the twin mechanism from 

hose induced by the higher amplitude of resonance of the system, 

t is calculated at the point where the stress-strain curve does not 

ollow anymore the elastic slope (black lines in Fig. 1a ). 

.2. Temperature and strain rate effects 

.2.1. Rate sensitivity of deformation twinning 

The general trend ascribing the variation of the twin peak stress 

ersus T and ˙ ε is reported in Fig. 1b . Because any temperature or 

train rate-induced transition in the nucleated twin variant was 

etected ( Fig. 2 ), the graph refers to the activated { 10 ̄1 2 } twin

ode. It is to note that the variation of σt from 0.1 to 1 s -1 strain

ates is in the order of 80 ±5 MPa. Even if higher uncertainties have

o be considered in the evaluation of σt due (i) to possible errors 

n the pillar diameter measurements (considered here ±100 nm) 

nd (ii) to the lower signal-to-noise ratio at higher strain rates, for 

˙  ≤ 10 s -1 the amplitude of the oscillating signal that is added to 

he actual deformation curve as well as the difference in the os- 

illation amplitudes between two curves at different strain rates 

 Fig. 1a ) are visibly lower than the variation of the measured peak 

tress ( Fig. 1b ) from 0.1 s -1 to 1 s -1 . That is to say, the detection

f the variation of the peak stress is not inhibited by oscillations. 

hus, Fig. 1b represents the strain rate dependent behaviour of the 

ngineering stress at which twinning occurs at the microscale. The 

ritical stress for twinning at low strain rates ( ̇ ε < 1 s -1 ) corre-

ponds to σt = 90 ±3 MPa, whereas for higher strain rates corre- 

ponds to σt = 170 ±7 MPa; values in line with previous works 

 29 , 45 , 51 ]. Further possible explanations of the detected trend are

xplained hereafter. 

Although in this study the crystallographic orientation has been 

hosen to inhibit basal slip activity (Schmid factor, m SF , equal to 

ero), the complex strain field that develops underneath the flat 

unch-pillar contact region may locally favour the cross-slip of 

rismatic < a > dislocations into basal plane or direct activation of 

asal slip, mainly during low deformation rates when the time 

vailable allows localized rearrangement of the atom positions, 

imilarly to what has been observed during in situ TEM [51] . More- 

ver, the triaxial stress state that develops within the convention- 

lly called “dead-zones” near the flat punch-pillar contact regions 

 52 , 53 ] likely induces slight crystal deviations that favour basal slip

ctivity. With the high dislocation activity within the pillar, dislo- 

ation pile-ups and dislocation junctions act as local stress concen- 

rators for twin nucleation and thus as precursors for the forma- 

ion of twin embryos. Nevertheless, by applying a small increase 

f the deformation rate from 10 -3 to 10 -2 s -1 , Jeong et al. [51] ob-

erved that the amount of axial strain accommodated by the glide 

f prismatic < a > and basal dislocations at the early stage of the 

eformation is kinetically reduced. It was therefore suggested that, 

efore the formation of a dislocation pile-up, individual disloca- 

ions can act as local stress concentrators for the twin formation 

s they increase the perturbation of the local stress state. In sup- 

ort of this, by using in situ high resolution TEM, He et al. [54] re-

ort a direct evidence of a twinning nucleation event at the com- 

ressive strain field of a dislocation core in hcp metals. Addition- 

lly, the higher accumulation of strain energy at a given time with 

pplied strain can also induce the activation of dislocations with 

arger Burgers vector [ 12 , 55–57 ], which would then assist in ac-

ommodating, in the parent crystal, the local elastic strain of twin 

ormation, as observed in our recent work [29] . Dislocations on 
6 
he pyramidal plane have indeed the highest Peierls stress and 

herefore are the most probable local stress concentrator at high 

train rates. Along this line, recent atomistic simulations by Zu 

t al. [58] reported that the glide of a partial pyramidal disloca- 

ion features a stacking fault (SF) behind that triggers the nucle- 

tion of a 90 ° reoriented crystal from the surface site where the 

islocation previously initiates, supporting also the fact that the 

Fs are preferred sites for twin nucleation as they represent the 

ocations of high stresses and heterogeneities [59] . From all these 

xperimental and computational evidences, it is conceivable that 

lip is the main precursor for deformation twinning [ 39 , 46 , 49 ]. As

 direct consequence of this, when the accumulation of strain en- 

rgy is mainly reduced by activation of basal slip, the strain rate 

nsensitivity of basal slip would entail a strain rate independent 

ehaviour of twinning, as usually reported in polycrystalline bulk 

g [ 10 , 22 , 26–28 ] where the local effects of interaction between

ikely activated basal slip and grain boundaries lead to twin nu- 

leation [60–65] . Nevertheless, contrary to that, a slight increase 

f the twin peak stress is measured here in a microcrystal system 

ith increase in strain rate, supporting the following hypothesis: 

he stress at which twinning occurs is inversely related to the prior 

ctivity of basal slip [66] , i.e. the strain rate sensitivity of σt varies 

ith loading direction. The activation of non-basal slip systems 

xplains the increase of the twin peak stress and is expected to 

trongly affect the three-dimensional evolution of the twin domain 

29] . Indeed, Fig. 2f shows changes in twin morphology with strain 

ate, with a twin boundary not developing along the expected in- 

ariant twin plane at 10 s -1 (pillar 10 and 46, Fig. 2f_ii and 2f_viii).

oreover, above 10 s −1 , a change in the angular misorientation 

cross the parent-twin interface from 86.3 ° to ∼90 ° (pillar 14, Fig. 

f_iii) attests that the basal to prismatic plane transformation gov- 

rns the parent → twin conversion at high strain rates, similar to 

ur previous findings [29] (see Appendix A for more information). 

he observation of all these effects underlies the importance of 

icroscale mechanics for the understanding of the rate-dependent 

ehaviour of specific deformation modes on specific variables that 

nevitably requires targeted experiments on suitably oriented pure 

ingle crystal microstructures. 

Concerning the temperature sensitivity of twinning, it can be 

ssociated to the changes of the friction stress during the evolution 

f the twin domain, to the back-stresses induced by the surround- 

ng matrix and to the variation in the boundary energy γ CTB with 

ncreasing or decreasing temperature. All three terms are propor- 

ional to the twin aspect ratio and the shear modulus G [ 41 , 67–69 ].

or pure Mg, dG/dT = – 0.0088 GPa K 

-1 [70] , which results in a re-

uction of 15% from 293 to 573 K (see Table 1 ). However, because 

t defines the condition for the formation of twins, at σ = σt the 

win is thin and the aspect ratio is small. Accordingly, the stress at 

he onset of twinning would result almost insensitive to changes 

n temperature, as indeed shown in Fig. 1b . 

.2.2. Rate sensitivity of prismatic slip 

The critical resolved shear stress τ s 
0 

( = σs · m SF ) of non-basal 

lip systems was reported to decrease substantially with increas- 

ng temperature, while that for basal slip and twinning is gener- 

lly insensitive to temperature [ 7 , 9–14 ]. (Note that in this work 

 SF for < a > prismatic slip is equal to 0.43). Therefore, when the 

emperature is high enough such that τ s 
0 

of non-basal dislocations 

s lower than that required for deformation twinning, continuous 
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Fig. 3. Critical resolved shear stress (CRSS) dependence on temperature for basal slip, < a > prismatic slip and < c + a > pyramidal slip in Mg reported for ˙ ε = 10 -3 s -1 . Bulk 

(a) and micropillars of ca. 5μm in diameter (b). References: a [11] , b [12] , c [7] , d [13] and e [45] . Non-basal slip becomes predominant from T ≥ 473 where the CRSS of 

prismatic and/or pyramidal slip is lower than that for extension twinning. 
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lide of non-basal dislocations is expected. The critical resolved 

hear stress values for prismatic and pyramidal slip in Mg and Zr at 

ow strain rates have been expressed to decay exponentially with 

 through the following equation [ 30 , 71 ]: 

τ s 
0 ( T ) = A e 

−T 
/ T 0 (3.1) 

here A and T 0 are constants that best fit the trend for the partic-

lar slip system s . Using data from other published works on bulk 

ure Mg (see Fig. 3a ) and fitting this relation we obtain: 

τ pri 
0 ( T ) = 193 e −

T 
/ 200 (3.2) 

τ pyr 
0 ( T ) = 196 e −

T 
/ 250 (3.3) 

Without many comparable data for evaluating �τ s 
0 
(T ) of slip in 

g at the microscale at different temperatures, we estimated for 

ur experiments that at low strain rates the mathematical formu- 

ation of the decay of τ s 
0 
(T ) is equal to that calculated in bulk Mg

easurements except for a size-effect. This reasoning is supported 

y the fact that a transition of deformation mode (twin to slip) in 

ulk Mg [ 10 , 14 , 56 ] was observed to happen within the same range

f T reported here, as illustrated in Fig. 3 . From Fig. 1a (see also

ig. 4 ), the value of τ pri 
0 

(T ) measured at low strain rates and 573

 is 30.1 ± 3 MPa, as reported in Fig. 3b . Fitting Eq. (3.1) to the

vailable experimental data [45] , we obtain: 

τ pri 
0 ( T ) = 1124 e −

T 
/ 120 (3.4) 

The explanation of the decrease in critical resolved shear stress 

ith temperature is related to the thermal softening of lattice re- 

istance. 

Concerning the strain rate dependency, the experimentally de- 

ived thermodynamic parameters describing the strain rate sensi- 

ivity of individual deformation modes are the engineering strain 

ate sensitivity (eSRS, denoted here m ) of the flow stress for given 

train and temperature, formulated as: 

 = 

∂ lnτ

∂ ln ̇ ε 
| T, ε (3.5) 

nd the apparent activation volume V ∗: 

 

∗ = kT 
∂ ln ( ̇ ε ) | T,ε (3.6) 
∂τ

7 
ith k being the Boltzmann constant [72–74] . Concerning the ma- 

erial behaviour at T = 573 K, where slip dominates the plastic de- 

ormation, and without losing generality, we report in Fig. 5 , the 

alues of m and V ∗ at yield ( ε = 0.2%) and of m also at the level

here the plastic flow shows a stress plateau ( Fig. 4a ). 

The rate-sensitive behaviour of plasticity originates in the 

hanges in the dislocation activity at higher strain rates [78] that 

nevitably depends also on the thermally-activated mobility of dis- 

ocations. In other words, the slight change in the strain rate sen- 

itivity at yield and at the plateau ( Fig. 5a ) is related to the strain

ate dependency of thermally-activated dislocation generation and 

nnihilation/escape rates (see Section 3.5 ). The measured value of 

at yield and at plateau are extracted from the stress-strain curves 

f Fig. 1a within the range of ˙ ε and T where slip governs the plas-

ic deformation and twinning is absent. 

Concerning V ∗, limiting the analysis to ε = 0.2%, some of the 

ost cited studies focused on the thermally-activated nature of 

rismatic slip of < a > dislocations in pure Mg [ 75 , 76 , 79 ] report

hat, near ambient temperatures, V ∗
prism 

is between 10 b 3 and 50 b 3 . 

elow room temperature, Akthar and Teghtsoonian [77] report that 

 

∗
prism 

drops to ∼5 b 3 . At 573 K, however, we observe an increase in

he activation volume at yield for low strain rates ( ̇ ε ≤ 10 -2 s -1 ) 

s shown in Fig. 5b , extending the range of the currently reported 

alues and confirming that the activation volume of < a > prismatic 

islocations increases with temperature. The small/high values of 

ctivation volume at low/high temperatures is an essential result 

o understand the process of thermal contribution in dislocation 

otion and needs to be clarified. Hereafter, we hence discuss the 

hanges in activation volume with temperature with a focus on the 

hermally-activated process of dislocation gliding. 

In situ experimental measurements conducted by Couret and 

aillard [75] illustrate that the cross-slip mechanism of prismatic 

islocation in Mg is the result of a double-kink nucleation mecha- 

ism that occurs over a wide range of temperature (from 50 to 650 

). Thus, a change in the thermally-dependent double-kink nucle- 

tion mechanism can explain the variations of the activation vol- 

me reported in Fig. 5b . At low temperature, the reported low ac- 

ivation volume indicates a significant variation of τ s 
0 

with increas- 

ng strain rates, contrary to the reduced strain rate sensitivity of 

he yield stress at higher temperature. This manifests that at low 

emperatures the double-kink nucleation and thus the dislocation 
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Fig. 4. Stress-strain curves of compressed pillars at T = 573 K. (a) Evolution of the flow stress with strain rate from 10 -3 s -1 to 10 s -1 . σ plateau 

i 
refers to the value of saturation 

stress: the dislocation generation and removal rates are equal (stage III). (b) Strain hardening rate vs strain for the curves reported in (a). 

Fig. 5. Variation of the engineering strain rate sensitivity (m) of prismatic slip with strain rate at 573 K. (b) Activation volumes in b 3 , with b being the Burgers vector 

magnitude of the a-type lattice dislocations in Mg. References: a [75] , b [76] , c [77] . 
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otion is mainly driven by the externally applied stress that im- 

inges on and assists the dislocations in overcoming the internal 

arriers. At high temperature, however, thermal assistance itself 

rovides sufficient energetic contribution that eases the double- 

ink nucleation and the glide of a high number of dislocations, 

ithout requiring significant aid from the applied stress. In fact, 

f 2 × E f is the energy required for a double-kink nucleation (with 

 f the formation energy of a kink), the probability of having a kink 

ith energy E > E f would be higher in a high temperature condi- 

ion [79] . In other words, increasing temperature lowers the cross- 

lip stress in pure Mg. Nevertheless, the support of the applied 

tress in overcoming the energy barrier for dislocation motion at 

igh temperatures becomes again significant under higher strain 

ate loading, as witnessed by the reduction of the activation vol- 

me in Fig. 5b , which is due to the greater contribution of dislo-

ation inertia (i.e. kinetic energy imparted from strain energy and 

tored in the moving core). Further discussion will be presented in 

ection 3.5 . 
t

8 
.2.3. Twin → Slip and Slip → Twin transition 

As discussed in the previous sections, the conducted micropil- 

ar compressions illustrate the transition points for the governing 

echanism accommodating the plastic deformation (slip and twin- 

ing) in Mg at the microscale. Twin to slip and slip to twin tran- 

itions have been observed to occur respectively at T > 423 K for 

˙  ≤ 10 s -1 and T > 423 K for ˙ ε > 10 s -1 ( Fig. 2a ). The reason of the

hange in the governing mechanism is that the transition occurs 

hen the slip stress equals the twinning stress: 

s = σt (3.7) 

As observed at low strain rates, the critical shear stress of slip 

ecreases with temperature due to the reduction of the shear 

odulus with increasing temperature while the critical stress for 

winning remains almost unaltered ( Fig. 3b ). This however changes 

t higher strain rates where the externally imposed kinetic con- 

traint results in a required higher ∂ τ/∂ t: the accommodation of 

he plastic deformation by activation of non-basal dislocations be- 
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omes not enough to match the applied deformation rate, favour- 

ng deformation twinning over slip. Indeed, the thermal and ki- 

etic competitive factors affecting the plastic flow and thus gov- 

rning the transition of the predominant deformation mode in sin- 

le crystal pure Mg from slip to twinning converge at 573 K and 

0 s -1 ( Fig. 5a ). The higher local stress that builds throughout the 

oading at higher deformation rate represents therefore the key for 

e-establishing deformation twinning the primary way of accom- 

odating the plasticity. 

Regardless of the nature of the twin nucleation process, the 

volution of twinning is generally considered to be controlled by 

he motion of mobile dislocations driven by the developed stress 

eld during externally applied loading, and thus be dependent on 

he size of the deformed structure. At smaller scales, the lower 

mount of pre-existing defects and the consequent higher material 

trength may affect the slip to twinning dominated plasticity tran- 

ition point, likely taking place at lower values of strain rates for 

 given temperature. In a similar way, this would explain also why 

late impact on bulk single crystal Mg is accommodated predomi- 

antly by slip [56] . Additionally, although the yield stress variation 

ictates the temperature sensitivity of slip, both σs and σt are sen- 

itive to the scale factor, and, hence, we do not expect that the 

winning to slip transition is particularly scale-dependent. How- 

ver, this may be true at least for characteristic dimensions similar 

o those in the present study, that exceed the regime in which the 

igher surface-to-volume ratio and the nature of the nucleation 

echanism of the first embryonic twins cannot be only qualita- 

ively taken into account. At the current state, this last considera- 

ion is purely speculative. 

.3. Deformation features at high temperature 

Fig. 6 reports two microcrystals deformed at high temperature 

nd at 10 -3 s -1 and 100 s -1 . Experiments at high temperature and 

ow strain rates (10 -3 s -1 ) on pure Mg micropillars compressed 

long the a- axis have been already reported in Ref. [45] , where the

ontinuous plastic flow was revealed to be induced by prismatic 

islocation mediated plasticity, as here ( Fig. 6a ). Extensive and ex- 

austive description of the thermally activated nature of prismatic 

lip of < a > dislocations in pure Mg governing the deformation at 

igh temperature can be found in Ref. [ 75–77 , 80–83 ]. Fig. 6b how-

ver shows the defect structures contained in a pillar deformed at 

igh temperature and at 100 s -1 . Upon the complete parent → twin 

ransformation of the pillar (Fig. 2f_ix), the [0 0 01] p axis becomes 

he [ 01 ̄1 0 ] t , as expected for { 10 ̄1 2 } twinning ( Fig. 6b ). Basal, pris-

atic and pyramidal slip are all competitive in accommodating the 

ubsequent deformation ( Fig. 6c –e) due to the non-zero Schmid 

actor for basal slip in the twinned region and the reduced crit- 

cal resolved shear stress of non-basal slip at high temperature. 

loser examinations show conventional basal to prismatic cross- 

lip mechanisms (red arrows, Fig. 6c ), pyramidal slip activities (red 

rrows, Fig. 6d ) suggested by the half-loop and zig-zag configura- 

ions similar to the 〈 c + a 〉 dislocations observed in submicrometer- 

ize pillars [84] and bulk Mg [ 13 , 85 , 86 ], and dislocations lying on

he prismatic plane in a pile-up configuration ( Fig. 6e ). 

.4. Work hardening in the twinning-mediated plasticity regime 

Being the primary mechanism accommodating the plastic de- 

ormation in Mg for temperatures below 573 K, it is instructive 

o understand how the evolution of deformation twinning with 

train reflects on the work hardening. Fig. 7 reports the variation 

f the stress values extracted from Fig. 1a at different strain levels 

 ε = 4% and ε = 6%) for the range of T and ˙ ε investigated here.

t can be observed that at higher ˙ ε and lower T the stress mea- 

ured in the structures increases. It is inevitable that during the 
9 
win growth process, the longitudinal and transversal propagation 

f the twin volume is severely affected by the mobility and density 

f mobile dislocations. A higher dislocation mobility can indeed 

ause a twofold effect. On one hand, as dislocation usually accom- 

odate the parent-twin lattice mismatches at the interface, the 

igher dislocation mobility may increase the twin mobility/growth, 

vercoming more easily the stress for the advancement of the twin 

omain. On the other hand, however, it may also generate com- 

lex dislocation-dislocation and twin-dislocation interactions that 

in the twin evolution by exercising higher lattice resistances, es- 

ecially at high strain rates where the increase in ˙ ε induces a surge 

n the dislocation density [87] . As elevated temperatures ease dis- 

ocation motion and high strain rates may require greater stresses 

or further flow, the decrease in work hardening with temperature 

t a given strain rate and the increase with strain rate for a given 

emperature, shown in Fig. 7 , is reasonable. Additionally, the vari- 

tion in work hardening with strain rate is more significant com- 

ared to that due to temperature changes as the fraction of twin 

ntensifies with ˙ ε ( Fig. 2f ). This implies that dynamic Hall-Petch ef- 

ects would contribute more to the rise in the flow stress especially 

ecause of the higher occurrence of twin-twin interactions. 

.5. Work hardening in the slip-mediated plasticity regime (T = 573 

, ˙ ε ≤ 10 s -1 ) 

In this section, we discuss the evolution of the flow stress with 

he increase in strain rate under high temperature conditions, cor- 

elating the changes of the thermal and kinetic contributions to 

hanges in the mechanical response of Mg at the microscale in the 

egime where the plasticity is entirely mediated by slip. 

The equation that describes the slip resistance τ for each slip 

ode includes the contribution of the temperature dependent ini- 

ial slip resistance τ s 
0 

, the work hardening due to dislocation inter- 

ctions τ f orest + τdebris and the increment in shear stress τHP due to 

he barrier effect provided by grain or twin boundaries [30] . Apart 

rom τ s 
0 

, the other terms depend on the strain level achieved dur- 

ng the plastic deformation. At T = 573 K and for ˙ ε ≤ 10 s -1 , slip

ominates the plasticity and no twin was observed. Additionally, 

ecause of the absence of grain boundaries, τHP can be omitted 

static and dynamic Hall-Petch contributions are negligible). The 

erm τdebris is particularly important as it accounts for the sus- 

ained hardening caused by dislocation debris accumulation that 

ntails the apparent saturation stress to rise at large strain levels 

88] . In our case, Fig. 4a shows that the condition for which this 

ise takes place is not achieved for ε < 10%, at T = 573 K and

˙  ≤ 10 s -1 . Limiting the analysis to stage III, τdebris can be hence 

mitted from the mathematical formulation that describes the flow 

tress. Consequently, in our case, τ f orest can be considered as the 

xcess of the applied shear stress τ over τ s 
0 

. Hence: 

( ̇ ε , T ) = τ s 
0 ( T ) + τ f orest ( ̇ ε , T ) (3.8) 

The dependence of τ s 
0 

on the temperature is expressed in 

q. (3.4) for prismatic slip. With d being the average spacing be- 

ween dislocations in ρ (dislocation density), τ f orest would become: 

f orest ( ̇ ε , T ) = 

χbG 

d 
≈ χbG 

√ 

ρ( ̇ ε , T ) ) (3.9) 

ith b the Burgers vector and χ representing the parameter be- 

ween 0 and 1 characterizing the strength of interactions occurring 

hen a moving dislocation belonging to primary system s glide 

hrough a forest of dislocations lying on system s’ [89] . Now, the 

volution model for dislocation density used in thermal activation 

heory [ 90 , 91 ] describes the variation of the dislocation density d ρ
ith shear increment d γ as: 

dρ

dγ
= k 1 

√ 

ρ − k 2 ( ̇ ε , T ) ρ (3.10) 
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Fig. 6. TEM images of pillars 36 (a) and 51 (b) deformed at 573 K and at 10 -3 s -1 and 100 s -1 , respectively (a-b). All micrographs in (c-e) show different areas colour- 

framed in relation to the corresponding dashed squares in (b). (c) Basal to prismatic cross-slip. (d) Pyramidal dislocation activity. (e) WBDF showing the pile-up of prismatic 

dislocation. Prismatic planes are highlighted for clarity. 
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here the first term in the right-hand side englobes the pro- 

esses that contribute to the generation (or storage) of disloca- 

ions. In thermally-activated glide, this term is usually considered 

train rate and temperature independent, setting therefore k 1 as a 

onstant, and associated to that at the lowest imposed strain rate 

here 10 -3 s -1 ). Note that, contrary to what this model assumes, 

pproaching to and especially beyond 10 3 s -1 , the rate of disloca- 

ion generation cannot be however considered insensitive to strain 

ate (as discussed later). The second term in the right-hand side 

ccounts for the processes that contribute to the removal of dislo- 

ations by other defects (debris), dynamic recovery (annihilation) 

nd, especially in our case, by starvation/escape at the free surfaces 

92] . 

If, during straining, a rate of removal equals the rate of genera- 

ion, i.e. a constant dislocation density ρsat ( ̇ ε , T ) is maintained in 

he crystal, 

dρ

dγ
= 0 , ρsat ( ̇ ε , T ) = 

(
k 1 

k 2 ( ̇ ε , T ) 

)2 

, (3.11) 

hen a steady-state value of τ ( ̇ ε , T ) is achieved. Hence, at satura- 

ion: 

k 2 ( ̇ ε , T ) 

k 1 
= 

χbG 

τsat ( ̇ ε , T ) 
= 

χbG 

τ ( ̇ ε , T ) − τ0 
s ( T ) 

(3.12) 
10 
For a fixed T and for two different strain rates we have: 

k 2 ( ̇ ε 1 ) 

k 2 ( ̇ ε i ) 
= 

τsat ( ̇ ε i ) 

τsat ( ̇ ε 1 ) 
(3.13) 

ith i = 1 for 10 -3 s -1 , i = 2 for 10 -1 s -1 , i = 3 for 1 s -1 and i = 4 for

0 s -1 . The temperature and strain rate dependence is thus con- 

idered in k 2 which describes how dislocations overcome barriers 

hen ˙ ε is lowered and/or T is increased. From Fig. 4a it is observed 

hat, under high temperature conditions, the stress-strain response 

f Mg microcrystals reaches a steady-state regime where the stress 

s maintained constant (plateau) at τplateau ( ̇ ε ) = σplateau ( ̇ ε ) · m SF . 

or the range of ˙ ε where slip dominates the plastic deforma- 

ion and deformation twinning is absent, letting τsat ( ̇ ε ) being the 

ifference between τplateau ( ̇ ε ) and τ s 
0 

, we calculated the ratios 

sat ( ̇ ε i ) /τsat ( ̇ ε 1 ) from the experimental observations that, by us- 

ng Eq. (3.13) , correspond to the values of k 2 ( ̇ ε 1 ) /k 2 ( ̇ ε i ) . With τ s 
0 

he critical resolved shear stress at T = 573 K and 10 -3 s -1 and

plateau ( ̇ ε ) extracted from the curves in Fig. 1a , Fig. 8 illustrates the

rend of the saturation stress ratios with strain rate. Note that the 

ncreasing stress required for further dislocation glide at higher de- 

ormation rates helps to fulfil Eq. (3.7) and thus the occurrence of 

winning at high strain rates. 
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Fig. 7. Variation of the measured flow stress with T, ε and ˙ ε in twinning-mediated 

plasticity conditions. 

Fig. 8. Experimentally measured and theoretically calculated ratios between the 

saturation stresses at different strain rates and the saturation stress at ˙ ε 1 = 10 -3 

s -1 , at 573 K. 
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Fig. 9. Isocontour line plots of temperature distributions. (a) Isolated boundary to 

model a high interfacial thermal resistance between indenter and micropillar; (b) 

constant temperature boundary assuming that the indenter acts as a heat sink and 

the interfacial thermal resistance is negligible. 
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From pure thermodynamic considerations used in the ther- 

ally activated hardening model extensively described in [30] , 

q. (3.12) becomes: 

k 2 ( ̇ ε , T ) 

k 1 
= 

χb 

g 

(
1 − kT 

Db 3 
ln 

(
˙ ε 

˙ ε 0 

))
(3.14) 

ith D the drag stress (3400 MPa for prismatic slip [93] ), g the 

ormalized stress-independent activation energy, k the Boltzmann 

onstant, ˙ ε 0 a material value equal to 10 7 s -1 in Mg [94] , and b the

urgers vector (0.321nm in this case). Fixing T = 573 K, and leav- 

ng k 1 constant, Eq. (3.14) describes how at high temperatures the 

ncrease in strain rate produces a decrease in the rate of disloca- 

ion removal. From Eq. (3.14) one can obtain: 

k 2 ( ̇ ε 1 ) 

k 2 ( ̇ ε i ) 
= 

(
1 − kT 

Db 3 
ln 

(
˙ ε 1 
˙ ε 0 

))
(
1 − kT 

Db 3 
ln 

(
˙ ε i 
˙ ε 0 

)) = 

τsat ( ̇ ε i ) 

τsat ( ̇ ε 1 ) 
(3.15) 
s

11 
In writing Eq. (3.15) we assumed the values of drag stress, acti- 

ation energy and interaction coefficient χ to be the same at dif- 

erent strain rates (as adopted elsewhere below 10 3 s −1 [30] ). 

As evincible from Fig. 8 , from low to high strain rates the dis- 

repancy between the experimentally found and theoretical calcu- 

ated saturation stress values increases. As the former contribution 

s greater than the latter, the thermally-activated strain hardening 

odel underestimates the value of the flow stress. The reason may 

e attributed to the negligence of a strain rate hardening term ac- 

ounting for the increase in stress with ˙ ε . Our calculations show 

ndeed that the adopted model does succeed to qualitatively and 

uantitatively describe the trend of the flow stress on single crys- 

al Mg structures at the microscale for ˙ ε ≤ 10 -1 s -1 . However, sig- 

ificant deviations between the theoretical and experimental stress 

alues at saturation are detected at higher ˙ ε (see Fig. 8 ). If one 

ere to follow the strain rate dependency of dislocation plasticity 

ecently proposed [95] , and thus introduce the contribution of the 

train rate hardening term ( τsr ) as 

sr ( ̇ ε ) = 

B ̇ ε 

m SF ρb 2 
(3.16) 

ith B being the drag coefficient for the primary slip system con- 

idered (values from [96] for prismatic slip), it would be observed 

hat, in the range of the applied strain rates, τsr ( ̇ ε ) is not signifi-

ant to justify the differences between the experimental and theo- 

etical calculated ratios of the saturation stresses. Indeed, the latter 

quation mainly applies in the drag-controlled regime, where “dis- 

ocation interactions can be neglected in comparison to the external 

tress needed to drive dislocations against the lattice drag ” [95] . 

Nevertheless, it must also be noted that at higher imposed de- 

ormation rates the rise in temperature ( �T ( ̇ ε ) ) cannot be ne- 

lected a priori, especially in such a low melting point material. In 

his regard, thermal simulations have been performed as described 

n the Section 2.5 . It was found that bulk heating has likely only 

 minor influence on the mechanical behaviour of Mg micropillars 

t the strain rates tested in this study. As discussed in Section 2.5 ,

or the boundary at the top of the pillar in contact with the in- 

enter two different cases were modelled ( Fig. 9 ). Even though the 

ifferent boundary condition on the top of the pillar has an ef- 

ect on the temperature distribution and maximum temperature in 

he structure, the maximum temperature rise calculated for 10% of 

train was however very low: �T = 0.07 K ( Fig. 9b ) for ˙ ε = 10

 

-1 . Thus, the maximum temperature rise in the micropillar due 
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o bulk heating of 0.02-0.07 K is unlikely to significantly influence 

he mechanical properties of Mg, hence nor the evolution of the 

ow stress. Note that assuming adiabatic conditions, i.e. that no 

eat conduction occurs, the maximum rise in temperature for 10% 

f strain was calculated to be ca. 3.5 K; still not significant (see 

ppendix B ). 

A possible explanation to the discrepancies reported in 

ig. 8 may reside however in the difference between the bulk 

odel and micropillars: one needs to operate more dislocations to 

ccommodate the plasticity in the micropillars. The high speed de- 

ormation may lead to the discrepancy between the two models 

s micropillars offer less amount of dislocation sources and pre- 

efects for the initial dislocation multiplication, explaining the in- 

rease in the yield stress. This is also why micropillars need to 

dapt the deformation by twinning at high strain rate and tem- 

erature. Even though high temperature favours slip, it might be 

ifficult to operate enough dislocations at very high speed to ac- 

ommodate the plasticity purely by slip. The nucleation of twins is 

herefore preferred as they accommodate more strain with a sin- 

le or more limited amount of defect sources. Moreover, at higher 

train levels and with the increase of ˙ ε , the fraction of mobile dis- 

ocations reduces because of mutual interactions between disloca- 

ions left inside the pillar, resulting in an increase in the stress 

lateau required for the continuous deformation [23] . In a first 

ery simplistic approach, these arguments can be conceptually im- 

lemented by considering that the distance d that a dislocation 

an cover during the imposed time duration of the applied de- 

ormation is inversely proportional to ˙ ε . At higher strain rates, d 

also known as immobilization distance) would describe the aver- 

ge storage distance that characterizes the dislocation generation 

ate. From Eq. (24) of [97] , one finds that: 

 1 ( ̇ ε ) ∝ 

1 

d ( ̇ ε ) 
(3.17) 

Contrary to cubic systems, we expect that the strain rate sen- 

itivity of the material is high in Mg when the strain-rate insensi- 

ive easiest slip mode (basal slip) is inhibited. Therefore, it is not 

nlikely that the kinetic contribution to the work hardening starts 

o prevail in Mg microcrystals from ˙ ε = 1 s -1 onwards. 

In this regards, Eq. (3.10) would thus become: 

dρ ’ 

dγ
= k 1 ( ̇ ε , T ) 

√ 

ρ ’ − k 2 ( ̇ ε , T ) ρ ’ (3.18) 

nd analogously: 

′ 
sat ( ̇ ε , T ) = 

k 1 ( ̇ ε ) 

k 1 
τsat ( ̇ ε , T ) (3.19) 

here k 1 still corresponds to the value at the lowest applied strain 

ate (i.e. k 1 ( ̇ ε 1 ) ). The values with the apex ( ’ ) can be numerically

qualled to the values obtained experimentally, and therefore the 

atio k 1 ( ̇ ε i ) /k 1 is nothing more than the ratio between the experi- 

ental and theoretical ratios reported in Fig. 8 . 

It is important to note that although differences in the exper- 

mental and theoretical stresses have been introduced only as an 

ncrease in the rate of dislocation production k 1 ( ̇ ε i ) /k 1 , the latter

uantity however represents the overall effect of the changes in 

he rates of dislocation generation and removal with strain rates 

n the flow stress. Indeed, several mechanisms can occur and en- 

ail modifications of the rate of dislocation production, such as: 

tronger dislocation-dislocation interactions, formation of partial 

islocations, presence of Ga + implantation after FIB fabricated pil- 

ars, dislocation entanglement and pinning, dislocation pile-ups, 

nd so on. All is further complicated by the fact that each process 

as its own sensitivity to temperature and strain rate. However, the 

omplex dislocation interactions that develop, can result in new 

islocation structures with weaker sources [ 98 , 99 ]. The higher the 
12 
islocation density the higher the amount of weak sources and 

hus a higher stress for further flow is not necessarily needed as 

he dislocation nucleation process no longer leads the continuity 

f plasticity. Additionally, the presence of a high surface-to-volume 

atio strongly increases the possibility for dislocations to escape via 

he surface of the specimen, reducing the overall dislocation multi- 

lication and avalanche and thus compensating the increase in dis- 

ocation density. The combination of the mentioned factors would 

esult in the exhaustion hardening mechanism also at higher de- 

ormation rates, as Fig. 4a shows. At high temperature, the experi- 

ental results accounting for all the possible internal mechanisms 

hat take place during the deformation show visible increase in 

he strain hardening rate with ˙ ε (see Fig. 4b ) denoting that dis- 

ocations multiply more rapidly than they leave the crystal at low 

train levels, eventually reaching a steady-state regime at higher 

trains where both the contributions balance. This implies that, 

t higher ˙ ε , higher stress levels and a greater dislocation density 

t saturation are thus achieved. From the considerations reported 

bove, the most likely explanation for the discrepancies between 

he experimental and theoretical values resides in the structural- 

ize-dependent dislocation behaviour. 

. Conclusions 

The strain rate and temperature dependent mechanical re- 

ponse of Mg micropillar compressed along the [ ̄2 110 ] axis was 

nvestigated using an in situ SEM nanoindenter from room tem- 

erature to 573 K and from 10 -3 s -1 to 100 s -1 . The conducted ex-

erimental campaign unveils the transition points for the govern- 

ng mechanism accommodating the plastic deformation (slip and 

winning) at the microscale: 

• For T ≤ 423 K, twinning accommodates the plastic deformation 

and the material response shows a decrease in work hardening 

with temperature at a given strain rate as well as an increase 

with strain rate for a given temperature. 

• For T > 423 K, for ˙ ε ≤ 10 s −1 , twinning is absent and the gov-

erning deformation mechanism is mainly dominated by pris- 

matic slip. 

• For T > 423 K, for ˙ ε > 10 s −1 , the higher local stresses that

build throughout the loading at higher deformation rate re- 

establish deformation twinning to be the primary way of ac- 

commodating the plasticity. 

In particular, here we have provided experimental evidences of 

he deformation behaviour of Mg microcrystals at high tempera- 

ure and in the range of strain rates where the dislocation veloc- 

ties still do not follow a linear relationship with the stress but 

he system possesses sufficient kinetic energy to influence the ra- 

io of dislocation generation and escape, and therefore the evolu- 

ion of the flow stress. Indeed, we observed that the thermally- 

ctivated hardening model for dislocation plasticity in a single slip 

ystem does succeed to describe the trend of the flow stress in 

ingle crystal Mg structures at the microscale for ˙ ε < 1 s -1 . How- 

ver, deviations between the theoretical and experimental values 

re observed at higher ˙ ε , and can be explained by the changes in 

islocation kinetics induced during high strain rate loading at the 

icroscale. Additionally, the increment in temperature induced by 

igh strain rate loading has been determined to be negligible in 

g micropillars within the range of sample size, temperatures and 

train rates investigated here. If the range of strain rates were ex- 

ended to higher values, we expect that the complete smooth tran- 

ition from the thermally-activated dislocation motion to the drag- 

ontrolled motion (compared to the abrupt transition usually mod- 

lled [100] ) could be experimentally unveiled. 

Through a very simplistic approach, the goal of this work is to 

xperimentally bolster the thermally-activated model for disloca- 



N.M. della Ventura, P. Schweizer, A. Sharma et al. Acta Materialia 243 (2023) 118528 

t

s

m

a

e

i

D

f

D

C

V

i

i

v

I

E

S

r

i

l

t

M

R

p

A

t

a

t

S

g

t

z

S

A

i

v

a

d

t

n

e

ion plasticity in a single slip system and raise awareness of the 

trong strain rate dependency of the deformation behaviour of Mg 

icrocrystals. Moreover, the experimentally observed twin to slip 

nd slip to twin transition points are believed to represent valuable 

xperimental references for computer models that aim at simulat- 

ng the behaviour of Mg at the small scale. 
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ppendix A. Angular misorientation at the parent-twin 

nterface at different strain rates 

As reported in [29] , away from quasi–static conditions, uncon- 

entional twin morphologies similar to those reported in Fig. 2f_ii 

nd 2f_viii form through the competition between newly activated 

islocations and lattice distortions for allowing the evolution of 

he twin boundary along non–invariant twin planes. Note that the 

on-classical twinning behaviour was reported even earlier by sev- 

ral researchers [101–103] . Under shock compressions, however, 
formed under room temperature conditions at 10 -3 and 100 s -1 , respectively. 
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he basal/prismatic transformation establishing a lattice misori- 

ntation of 90 ° entirely governs the parent → twin conversion 

 29 , 104–109 ], different to the 86.3 ° expected for the conventional 

 10 ̄1 2 } twin mode and usually reported in micropillars compressed 

t low strain rates. Nevertheless, it should be observed that in all 

he experimental works devoted in the understanding of the 90 °
win, the hcp single crystals had been always compressed perpen- 

icular to the prismatic plane ([ 10 ̄1 0 ] direction) where the high 

ormal stress facilitates the short-range rearrangement of atoms 

o form a new basal plane [ 29 , 101 , 104 , 110 ]. Straightforwardly, one

ay question if the same twin feature can be therefore found also 

n twins formed after compressions along other crystallographic di- 

ections, such as [ 2 ̄1 ̄1 0 ]. 

In this regard, it is very interesting to observe that Jeong et al. 

51] reported in-situ TEM observations of the nucleation of nano- 

ized twins in pillars of ca. 200 nm diameter compressed along the 

 2 ̄1 ̄1 0 ]. Even if not explicitly acknowledge by the authors, Fig. 5g of

ef. [51] illustrates the characteristic-like diffraction pattern of a 

0 ° twin in correspondence of the parent-twin interface, analo- 

ously to what reported by Liu et al. [101] during [ 10 ̄1 0 ] nano-

illar compression. The high stress level at the nucleation site was 

onsidered being induced by the prior slip activity taking place on 

he prismatic and basal planes. This also means that even though 

he basal/prismatic and prismatic/basal transformation is energeti- 

ally more favourable than nucleation via glide of twinning dislo- 

ations at the first stage of the twin process [110] , the dislocation 

ctivity prior to slip plays nonetheless a crucial role in establishing 

he preferable twinning nucleation sites. 

Along this line, of interest here is to investigate whether, at 

he microscale, the parent-twin angular misorientation across the 

win boundary changes with strain rate during [ 2 ̄1 ̄1 0 ] compres- 

ion, analogously to what reported in [29] during [ 10 ̄1 0 ] micropil- 

ar compression. From this, the parent-twin misorientation across 

win boundary interfaces present in two different pillars (01 and 

4 – Fig. A1 ) compressed at 10 -3 and 100 s -1 under room tempera- 

ure conditions (293 K) have been investigated. Fig. A1 shows that 

ifferently from the conventional 86.3 ° misorientation observed at 

ow strain rates, the prismatic/basal plane transformation estab- 

ishes a 90 ° parent-twin misorientation at higher strain rates that 

emains left after deformation. The prismatic to basal and basal to 

rismatic plane transformations are likely being accommodated by 

elaxation of interfacial strains at the free surfaces. 

This result, in line with previous findings [29] , illustrates how, 

egardless the direction of loading, deformation twinning appears 

ntirely accommodated by a fast rearrangement of atomic posi- 

ions under shock compressions at the microscale. It remains how- 

ver undefined in which extent the variation of the testing tem- 

erature affects the crystallographic characteristic of the twin in- 

erface at different strain rates. 

ppendix B. Adiabatic heating calculation 

The Taylor–Quinney coefficient ( β) describes the fraction of the 

otal plastic work that is converted to heat during deformation. Al- 

hough it has already been established that β depends on ε, ˙ ε , and 

oading mode, a constant β value of 0.9 for different metallic ma- 

erials is still commonly adopted in the literature [111] . From the 

rst law of thermodynamics assuming adiabatic conditions, hence 

hat no heat conduction occurs, one can write: 

T = 

β

ρ C p 

ε f 
∫ 
ε 0 

σ ( ε ) dε (B.1) 

here Cp and ρ represent heat capacity and the density of the 

aterial; ε0 indicates the value of the plastic strain at incipient 

lasticity (0.2%) whereas εf represents the value of plastic strain 
14 
onsidered for the calculation (in our case the maximum strain 

eached in the pillar). 

Using the power equation 

( ε ) = aε b (B.2) 

o fit the two stress-strain curves associated to Pillars 44 and 47 

i.e. corresponding to the case of slip-mediated plasticity mecha- 

ism) of Fig. 1a ( T = 573K and ˙ ε = 10 s -1 ), the increments in tem-

erature at ε f = 10% have been estimated to be ca. 2.3 K (Pillar 44, 

 = 9.08E7, b = 0.223) and 3.5 K (Pillar 47, a = 10.5E7, b = 0.138). 
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