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A B S T R A C T   

Single-crystal magnesium micropillars (5 µm diameter) have been fabricated using focused ion beam (FIB) 
milling and loaded in compression along the [2110] direction at cryogenic temperature (T = 184 K) at three 
different strain rates: 10-4, 5 × 10-3 and 10-1 s-1. The stress-strain curves and post-mortem analyses reveal the 
predominance of {1012} twinning. The critical stress required for twinning is detected to be significantly higher 
compared with that previously reported at higher temperatures for the same strain rates. From the experimental 
data, the temperature dependence of the strain rate sensitivity and activation volume for twinning is unveiled 
and observed to be constant and linearly dependent with T, respectively. By considering the activation energy 
(Q) in terms of stress-dependent dislocation motion using the rate equation proposed by Schoeck, for {1012} 
twinning, Q is determined to be 174 kJ mol-1 for T < 273 K and 72 kJ mol-1 above.   

Of significant implication for understanding the mechanisms at the 
basis of deformation twinning in magnesium (Mg) is the systematic 
study of the changes of the critical stress for twinning induced by a 
controlled variation of a specific testing parameter (e.g. strain rate, ε̇) 
while keeping invariant the other contouring conditions (e.g. tempera-
ture T, loading direction and initial grain size and texture). The conse-
quent correlation of differences in mechanical response with differences 
in the developed crystallography allows for the unveiling of the pro-
gressive evolution and dependence of twinning properties on a specific 
testing parameter [1]. For this, it is indispensable to carry out experi-
ments where the choice of the loading direction with respect to the 
crystal orientation favors, in principle, the investigation of a selected 
mechanism, i.e. {1012} twinning in the case of this work. 

In the last decade, micropillar compression and microtensile testing 
have been used to extract properties related to crystal plasticity such as 
the critical resolved shear stresses (τCRSS) for individual slip or twinning 
systems [2–5]. In fact, the main advantage resides in the possibility of 
preparing pillars with a desired crystallographic orientation, allowing 
for the selective activation of slip or twin systems upon loading with a 
flat punch. For example, in Mg, the easily activated basal slip 

(τCRSS = 0.5 MPa [6]) can be inhibited by loading along the [0001], 
[2110] and [1010] directions, resulting in the forced operation of 
alternative deformation modes, like twinning and prismatic or pyrami-
dal slip, whose τCRSS can be determined from the related measured 
stress-strain data. An impressive amount of experimental studies have 
been devoted to this type of investigation by performing tests under 
conventional loading conditions (low strain rates, room temperature) 
[5,7–13]. However, due to the high technological challenges, few 
studies [1,14,15] investigated the variation of the τCRSS of deformation 
twinning away from standard conditions, especially at the microscale. It 
is worth noting that the analyses of the effects of temperature on the 
τCRSS of the different deformation modes in bulk single crystal Mg have 
been reported via uniaxial tension, compression, shear testing and plane 
strain compression [16–20]. Nevertheless, mainly due to differences in 
sample sizes, strain path, material processing, and experimental set-up, 
controversies exist in the literature about the different τCRSS attributed to 
the same deformation mode [10,21–24]. 

To promote consistency with our recent work [25], where the me-
chanical response of [2110] Mg microcrystals compressed at different 
temperature and strain rates was reported, further 99.999% pure single 
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crystal Mg micropillars have been compressed at cryogenic temperature 
and multiple strain rates along the same crystallographic direction, 
allowing to provide experimental data in thus far uninvestigated regions 
of the microscale pure Mg property space. This research activity hence 
extends the understanding of a predominant deformation mode in Mg 
and raises particular interest for low-temperature manufacturing 
methods and low-temperature applications [25]. 

The tests were performed with the in situ Alemnis microindenter 
module (Alemnis AG, Switzerland) previously used at elevated tem-
perature [25] but suitably modified for cryogenic conditions, inside a 
DSM 962 (Zeiss, Germany) scanning electron microscope (SEM). The 
main components of the system are reported elsewhere [26–28]. A cold 
finger connected to the sample and tip holders by copper braids is cooled 
by circulating nitrogen from a 25 L dewar outside the vacuum chamber. 
After stabilization, the thermocouples inserted in the tip and sample 
holders measured a baseline temperature around -160 ◦C. Independent 
thermal management of the indenter and the sample was used to 
minimize temperature differences and thereby drift. Local cooling, 
thermal isolation of the cold regions, and a closed loop frame temper-
ature control reduce frame drift, noise, and the need for a 
temperature-dependent calibration. The frame compliance was deter-
mined as 4.82 nm/mN by unloading stiffness from multiple indents on 
fused silica. After the tests, the real test temperature was measured by a 
thermocouple touching the sample surface and found to be − 89 ◦C 
(184 K). 

The focused ion beam (FIB)-machined pillars of 5 µm diameter 
(height: diameter ratio, 2:1) were compressed along the [2110] axis 
(Fig. 1) in displacement-controlled testing mode, inhibiting basal slip 
whilst favoring the activity of extension twinning in the parent crystal 
due to the Schmid factor (M): zero for basal slip and 0.37 for extension 
twinning. In case {1012} twinning occurs, basal slip becomes again 
active in the twin grain, allowing for a higher ductility. To investigate 
the strain rate sensitivity of magnesium at cryogenic temperature, three 
strain rates were applied (10-4, 5 × 10-3 and 10-1 s-1). Subsequently, for 
the in-depth analysis of the material microstructure, three deformed 
micropillars (one for each strain rate) were lifted out and further thinned 
down to ~100 nm. The thin foils were then mapped using the Trans-
mission Kikutchi Diffraction (TKD) technique to provide an overview of 
the orientation distribution inside the structures. All TKD patterns were 
collected in a field emission gun (FEG) SEM (Tescan, Mira) with electron 
beam conditions of 30 kV and 10 nA, using an EDAX DigiView camera 
with 4 × 4 binning and 30 nm step size, within a Mira3 (Tescan, Czechia) 
SEM. 

The presence of load drops in the stress-strain curves (Fig. 2a-c) and 
the postmortem SEM and TKD images (Fig. 3a-c) show that {1012}
twinning represents the predominant deformation mode. The variation 
of the stress (denoted σy) that preceded the first load drop associated to 
the occurrence of twinning is shown in Fig. 2e and compared to that 
obtained during [2110] microcompressions at higher temperatures [25] 
and [0110] microcompressions at room temperature [1]. A substantially 
higher critical stress for twinning has been detected at cryogenic tem-
perature at 10-4 s-1 compared to what was measured at room or elevated 
temperatures even up strain rates of 5 × 10-2 s-1, and this cryogenic 
strength is observed to further increase with strain rate. Indeed, from the 
experimental data, Fig. 2e shows that at 10-4 s-1, a strengthening of 
~380 MPa occurs from room temperature to 184 K, whilst at 10-1 s-1 the 
variation of the stress for twinning increases to ~485 MPa. Interestingly, 
this result differs from the extensively reported temperature insensi-
tivity of twinning in Mg [23,29,30]. Nevertheless, similarly to that, 
Lavrent’ev et al. [31] also report a significant variation in the yield stress 
for 〈a〉 basal slip during bulk single crystal Mg compressions performed 
at deformation rates from 8 × 10-4 to 2 × 10-2 s-1 and at temperatures 
from 79 to 300 K; again in contrast with the repeatedly reported tem-
perature insensitivity of basal slip [23,32,33]. 

While it is currently laborious to experimentally identify the local 
stress at the embryonal twin nucleation site during micropillar 
compression as well as the nature of the twin nucleation mechanism, 
some considerations can be however made by interpreting the stress- 
strain curves. In particular, Fig. 2a-c show that the twinning mecha-
nism initiates plasticity, allowing for a reliable direct association of the 
measured yield stress (i.e. σy) with the microscale nominal stress 
required for the extensive twin evolution. As all experimental data refer 
to the same testing mode, changes in the flow stress can be simply 
attributed to two different stress components [34]. The first one de-
scribes the long-range elastic interaction of mobile dislocations with the 
microstructure (grain boundaries and forest dislocations), which de-
creases very slowly with increments of temperature due to the variation 
of crystal elastic constants; thus often defined as the athermal stress 
component. The second one is representative of the stress that is 
required to overcome local barriers for dislocation motion in short-range 
thermally activated processes, fuelling the deformation twinning pro-
cess and being the main cause of the temperature dependent mechanical 
response of the material. From our microscale experiments, because of 
initial absence of grain boundary and a relatively low density of 
pre-existing dislocations, it is reasonable assuming that the long-range 
internal stress field does not change within the values of T and ε̇ 

Fig. 1. Initial overview of the experimental work. (a) Loading direction with respect to the crystal orientation (red arrow: stress filed; orange arrows: induced strain 
field). (b) SEM images of an undeformed pillar (front and top view). (c) TKD map and related <2110> pole figure showing the initial crystallographic orientation. 
RD: Rolling Direction, TD: Transversal Direction. The inverse pole figure color code indicates the crystal orientation in the out-of-plane direction (Normal Direction, 
ND). ND corresponds to the crystallographic c-axis, RD to the crystallographic a-axis and RD accordingly. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 2. Stress-strain curves derived from [2110] compressions at cryogenic temperature (184 K) at different strain rates: from 5 × 10-4 to 10− 1 s-1 (a-c). The 
magnitudes of the stress drops associated to the twin formation are shown in (d) and compared to those measured at higher temperatures from our previous work 
[25]. The variation of σy with strain rate is illustrated in (e). σy has been measured in correspondence of the stresses that precede the load drops detected in (a-c). 
Note that the error bars consider also uncertainties (±100 nm) in the SEM measures of the dimensions of the structures. (References: a [25], b [1]). 

N.M. della Ventura et al.                                                                                                                                                                                                                      



Scripta Materialia 226 (2023) 115195

4

investigated here. Thus, the increased value of flow stress at lower 
temperature can be considered completely associated to the thermal 
component of the stress required to operate pre-existing dislocations 
that, acting as local stress concentrators, establish preferable sites for 
twin formation as they increase the perturbation of the local stress state. 
This is to say, thermal energy promotes overcoming the energy barriers 
for dislocation motion such that, at a given strain rate, low temperature 
deformation requires higher stresses to occur. It is important to point out 
that the magnitude of the critical resolved shear stress measured during 
our cryogenic micropillar compression (Fig. 2a-c) is lower than the 
theoretical stress required to activate 〈a〉 type dislocations in Mg [35, 
36], and thus do not fall in the range where the deformation behavior is 
ascribed to a dislocation nucleation-controlled plasticity mechanism 
[37,38]. This explains why a propagation-limited dislocation mecha-
nism approach has been therefore employed. 

For application purposes, it is important to experimentally determine 
the values of activation energy for plastic deformation in micro-sized 
samples at different temperatures. Following the work of Schoeck 
[39], the activation energy expressed in terms of stress-dependent 
dislocation motion can be calculated using the rate equation: 

ε̇ = ε̇0e(− ΔH(τ)/kBT) (1)  

from which entities like 

V = kBT
∂lnε̇
∂τ |T =

kBT
mτ (2)  

and 

Q ≡ − kBT2∂lnε̇
∂T

= − T
(

kBT
∂lnε̇
∂τ |T

)
∂τ
∂T

= − TV
∂τ
∂T

= ΔH(τ) (3)  

can be derived for a specific deformation mechanism (here {1012}
twinning) by extracting the yield stress values from experiments per-
formed at constant/varying strain rate and varying/constant tempera-
ture. Q represents the apparent activation energy, indicative of the 
energy barrier opposing the dislocation motion, kB the Boltzmann con-
stant, ε̇0 a pre-exponential constant or a characteristic strain rate, ΔH 
the activation enthalpy, m the strain rate sensitivity, τ the flow shear 
stress, and V the apparent activation volume. Concerning m, there are 
various ways to define the strain rate sensitivity. In the current study, we 
apply an engineering definition assuming a power-law strain rate 
hardening 

σ = B (ε̇)m (4)  

such that the strain rate sensitivity exponent is written as [40] 

m =
∂lnσ
∂lnε̇|T,ε (5)  

where ε̇ is the imposed strain rate, and B a material constant. Note that 
Eq. (4) allows writing V in the form of the right-hand side term of Eq. (2). 

With the given definitions and the measured experimental data, 
Fig. 4 reports the main plots required for the extractions of the activation 

Fig. 3. SEM images and TKD maps for three compressed Mg pillars at different strain rates (a-c). (a) ε̇=10-4 s-1; (b) ε̇ = 5 × 10-3 s-1; (c) ε̇ = 10-1 s-1. The formation of 
{1012} twinning is confirmed from the pole figure in (d). Black circle in (d) highlights the overlapping stereographic projections associated to the twin plane of the 
formed {1012} twin variant in the parent and twin crystals. The dashed line illustrates the corresponding twin plane trace. The parent-twin misorientation measured 
corresponds to ~86.3◦ across the a-axis. All undefined scale bars correspond to 2 µm. The inverse pole figure color code indicates the crystal orientation in the out-of- 
plane direction (Normal Direction, ND). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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parameters (introduced above) at the yield point σy of the material. In 
particular, Fig. 4b illustrates the variation of m with temperature and for 
different strain rate regimes. For ε̇ ≤ 10-1 s-1 (regime I in Fig. 4a), m has 
been measured to be 0.051 ± 4E-3 and observed to remain constant with 
varying temperature. Additional data would be necessary to extend this 
statement to higher strain rate regimes (II and III, Fig. 4a). Concerning 
the activation volumes, Fig. 4c shows that V depends linearly on T, 
increasing (at ε̇ ≤ 10-1 s-1) from 0.25 to 4.5 nm3, within a temperature 
range from 0.2 to 0.458 T/Tm (with Tm the melting temperature equal to 
923 K for pure Mg). Note that a small (resp. large) activation volume V 
corresponds to a rapid (resp. slow) decrease of stress with temperature, 
as illustrated in Fig. 4d. This means that at low temperatures the process 
of deformation twinning is mainly driven by the externally applied stress 
that impinges on and assists the dislocations in overcoming the internal 
barriers for dislocation motion (i.e. stress-dependent activation mecha-
nism). At higher temperature, however, thermal assistance itself pro-
vides sufficient energetic contribution that eases the activation and glide 

of a high number of dislocations, without requiring significant aid from 
the externally applied stress (i.e. thermally-dependent activation 
mechanism). In other words, increasing temperature lowers the thermal 
component of the critical stress for twinning in pure Mg (Fig. 4d), 
eventually leading to a temperature insensitivity of {1012} twinning 
above room temperature. At higher strain rates (Regime II), however, 
the activation volume remains almost constant (~0.5 nm3) at temper-
atures from 293 to 423 K. Note that at a given temperature, the reduc-
tion of the activation volume with strain rate, directly associated with an 
increasing variation in stress (see regime I and II in Fig. 4a), can be 
attributed to the activation of different dislocation types, as recently 
discussed [1]. 

For determining the values of activation energy Q for deformation 
twinning (Eq. (3)), the variation of the τCRSS (= σyM) versus tempera-
ture, multiplied by the change of the shear modulus (µ) with tempera-
ture, is plotted in Fig. 4d. Here, the dependence of τCRSS on T appears 
consistent with an exponentially decaying function (Fig. 4d), similarly to 

Fig. 4. Strain rate sensitivity, activation volume and energy of FIB-machined Mg pillars. (a) Variation of ln(σy) with ln(ε̇) at various orientations and temperatures 
(References: a [25], b [1]). The thorough explanation of the existence of three different regimes is explained in a recently published work [1]. (b) Graph illustrating 
the strain rate sensitivity exponent m as a function of homologous temperature (T/Tm) and strain rate. (c) Activation volume vs homologous temperature (note: 
Burgers vector ba = 0.321 nm). (d) Dependence of the τCRSS on T expressed with an exponentially decaying function for a specific range of strain rates (quality of the 
fit: COD(r2) = 0.926), and activation energy Q values at different temperatures. Note that the τCRSS has been multiplied by the variation of the shear modulus (µ) with 
temperature. The temperature dependence of µ for pure Mg is dµ/dT = ‒ 0.0088 GPa K-1 [41] (note: µ(0 K) = µ0 = 18.9 GPa). 

N.M. della Ventura et al.                                                                                                                                                                                                                      



Scripta Materialia 226 (2023) 115195

6

what was reported for prismatic and pyramidal slip in bulk Mg and Zr at 
low strain rates [16,42], and for prismatic slip in Mg micropillars [25]. 
Note that τ0 = 30.3 MPa corresponds to the athermal component of the 
twinning stress, and is in accordance with the values obtained via 
visco-plastic-self-consistent polycrystal approaches reported elsewhere 
[43,44]. Considering averaged values of Q below and above 273 K 
(Fig. 4d), an increase in the activation energy can be observed from 
72 kJ mol-1 to 174 kJ mol-1. In spite of the uncertainty, these values are, 
to our knowledge, the only ones experimentally measured so far for 
deformation twinning in pure Mg microcrystals. The measured 
stress-dependent activation energy for T > 273 K is in good agreement 
with the value of ~75 kJ mol-1 obtained in other works in bulk poly-
crystalline Mg [45–47] by employing the empirical method proposed by 
Mohamed and Langdon [48], based on the temperature-dependent 
activation energy. However, as a result of dislocation motion being 
more stress-dependent at lower temperatures, a disparity of activation 
energies between our work and macroscale sample testing would be 
caused by the much higher stress levels reached in microscale testpieces 
(due to size effects [49–51]). This suggests that the empirical determi-
nation of the activation parameters cannot be performed through the 
experimental approach of Ref. [48], as also noted elsewhere [52]. For 
T < 273 K, it is difficult to operate dislocations due to the lower prob-
ability of overcoming the internal energy barrier for dislocation motion, 
leading to a higher measured τCRSS compared to what reported at higher 
temperatures in Mg micropillars [25] (Fig. 2e), and consequently to a 
greater Q (calculated from the stress variation). The formation of a 
twinned grain that characterizes the onset of the plasticity is more likely 
at low temperatures as the occurrence of deformation twinning can 
accommodate more strain. In support of this scenario, by comparison 
with higher temperatures [25,32], it is observed that both the magni-
tude of the first load drop (Fig. 2d) and the twin volume fraction 
(Fig. 3a-c) increase when reducing the temperature, mostly due to the 
need of the material to release the higher elastic energy stored in the 
pillar before the first twinning event. 
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