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A B S T R A C T

Deformation twinning is an important deformation mechanism for low stacking fault energy face-centered cubic 
(FCC) alloys including multi-principal element alloys, however, its underlying mechanism remains incompletely 
understood. In this work, we applied in situ scanning electron microscope (SEM) micro-pillar compression 
combined with microstructural investigations to gain insights into the fundamental mechanism of deformation 
twinning and its stress and/or strain dependence. Our findings reveal that the morphology of the deformation 
twins and the controlling mechanism vary with micro-pillar size. In sub-micron pillars, single-slip based twinning 
models like the three-layer model were predominant as confirmed by in situ deformation and post-mortem 
microstructural analyses. For pillar diameters above 3 µm, two different twin variants were observed including 
one formed by the three-layer mechanism, although the secondary twinning mechanism remains unclear. When 
the pillar diameter increased to 10 µm, the applied stresses was insufficient to activate deformation twinning, and 
dislocation slip became the dominant deformation mode. A quantitative stress analysis of pillars ranging from 
0.14 µm to 10 µm in diameter showed a lower bound for twinning stress of approximately 130 MPa. Finally, size 
dependence investigations revealed no significant difference between twinning stress and full dislocation slip 
critical resolved shear stress. This not only proves that dislocation slip is a prerequisite for twinning, but also 
indicates that, above a threshold stress, twinning could be more strain rather than stress-dependent.

1. Introduction

Deformation twinning is a prominent deformation mechanism in 
face-centered cubic (FCC) alloys in general, but more specifically in 
multi-principal element alloys (MPEAs), such as the Cantor alloy and its 
derivatives, where it not only occurs at cryogenic temperature but also 
at room temperature [1–4]. Previous studies have shown that mechan
ical twinning contributes to strain hardening through the “dynamic 
Hall-Petch” effect, as the newly created twin interfaces become obstacles 
for the motion of dislocations and reduce their mean free path [2]. It is 
well understood that twin nucleation is favored in FCC alloys when they 
have a low stacking fault energy [5,6]. Twinning occurs when the crystal 
is subjected to external stress in particular crystallographic orientations 
[7–9] and to high-stress concentrations, and can also be affected by 
temperature and strain rate [10–13]. While high strain rates have shown 
to impact the thickness and nucleation of twin lamellae [12,13], high 

stress is believed to be crucial for twin formation. This has led to mul
tiple attempts over the last decade to experimentally measure or theo
retically predict the so-called twinning stress – the critical stress 
required to initiate deformation twinning [2,7,8,14–18]. Nevertheless, 
the fundamental mechanism for deformation twin formation and the 
physics behind this critical twinning stress remain subjects of ongoing 
debate.

Classically, twin nucleation and growth is explained by the succes
sive emission of Shockley partial dislocations on adjacent {111} planes, 
producing a stacking fault in each plane and, consequently, leading to 
the formation of a micro-twin (or twin embryo) [9,19–21]. Although the 
general consensus is that twinning develops from dislocation plasticity 
[22], this mechanism represents an oversimplified view of twin nucle
ation – particularly regarding the mechanisms of twin growth, which 
remain incompletely understood. Consequently, more elaborated 
mechanisms have been proposed to explain both twin nucleation and 
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growth. In this work, we categorize these mechanisms into two main 
groups: single slip plane mechanisms [23–25] and multiple slip plane 
mechanisms [26–28] (see Table 1).

The term “single slip plane” refers to the models, in which defor
mation twinning evolves from dislocation plasticity solely on a single 
slip plane, as proposed in the three-layer and pole mechanisms [23–25]. 
In the three-layer mechanism, a twin source is formed by the reaction of 
co-planar dislocations gliding with different Burgers vectors, resulting in 
a three-layer stacking fault [25]. The pole mechanism proposes that a 
Shockley partial dislocation dissociates from the pole (Frank) disloca
tion and then glides away from it [23,24,29]. Through its repeated 
revolutions, it produces successive fault layers. Each cycle recreates the 
twin source, leading to the growth of the twin lamella [23,24,29].

The “multiple slip plane” case refers to the mechanisms, such as the 
two-layer [26], the stair-rod cross-slip [27], and the Cohen and Weert
man mechanism [28], which require dislocation activities on multiple 
slip planes to form a twin source. For the multiple slip plane mecha
nisms, obstacles such as Lomer-Cottrell locks are typically required for 
dislocation pile-ups to form. These pile-ups then react with dislocations 
on different slip planes, dissociating into Shockley and Frank partial 

dislocations or Shockley and stair-rod dislocations, ultimately resulting 
in the development of a twin source [26–28].

Molecular dynamics (MD) simulations and in situ micro-mechanical 
scanning electron microscopy (SEM) or transmission electron micro
scopy (TEM) studies have attempted to validate the twinning mecha
nism in the derivatives of the Cantor alloy [17,30–34]. MD simulations 
in a CoCrNi alloy with 6–12 nm grain size have suggested two different 
twinning mechanisms: (i) the nucleation of leading partial dislocations 
from a grain boundary on adjacent {111} planes, forming a grain 
boundary twin source; and (ii) glide of two leading partial dislocations 
on different slip planes, whose interaction within the grain forms an 
intragranular twin source [32]. In situ SEM micro-pillar compression 
studies combined with MD simulations in a single crystal CoCrFeNi alloy 
suggested a twinning mechanism similar to the classical picture of 
consecutive motion of Shockley partial dislocations described above, 
however, the twinning process would initiate by the partial dislocation 
emission from initial dislocation sources or free surface sources [33]. A 
similar mechanism has also been reported for TWIP steel and Ga-As alloy 
micro-pillars [19,20,35]. In situ TEM investigations on CoCrNi have 
suggested that twinning could evolve from a reversible HCP-FCC 

Table 1 
Proposed twinning mechanisms classified in: single slip plane [9,23–25] and multiple slip plane mechanisms [26–28]. Note that, in the mechanism schematics section, 
gray is used to show the twinning slip system and bold is used to highlight the twinning Burgers vector.

Proposed mechanism Mechanism schematic

Single slip plane Copley and Kear: Partial dislocation mechanism

Mahajan and Chin: Three-layer mechanism

Venables: Pole mechanism

Multiple slip plane Narita and Takamura: Two-layer mechanism

Fujita and Mori: Stair-rod cross-slip mechanism

Cohen and Weertman mechanism
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transformation [31]. However, it is well-known that both the critical 
resolved shear stress (CRSS) and the dominant deformation mode vary 
significantly with sample size at small scales, suggesting that the 
observed twinning mechanism may not be directly applicable to bulk 
specimens. This highlights the need for studies that bridge multiple 
length scales. However, to the best of authors’ knowledge, there have 
been no experimental reports in the literature that systematically 
explore deformation twinning across a broad size range from nano to 
micron scale with a focus on the activated twinning mechanisms. Such 
studies would provide comprehensive insights into its fundamental un
derlying mechanisms and stress dependence, while also enabling an 
evaluation of the mechanical size effect on twinning stress and its esti
mation in the Cantor alloy.

This work aims to provide a more comprehensive understanding of 
the twinning mechanisms by combining quantitative stress analysis 
through in situ SEM micro-pillar compression tests, and advanced 
microstructure characterization. For this purpose, micro-pillars with 
diameters ranging from 0.14 µm to 10 µm were tested and the micro
structures of the deformed pillars were thoroughly examined with a 
focus on mechanical twinning. By taking advantage of mechanical size 
effects, different levels of applied stress were achieved across the pillars 
with different diameter, enabling investigation of the stress dependence 
of activated twinning mechanisms. Furthermore, detailed twinning 
processes and twin morphologies were characterized through post-mor
tem microstructural analysis. This offers insight into the twinning 
mechanisms, since clear differences in the mechanical behavior and slip 
activity were observed as the micro-pillar sizes varied. Additionally, the 
mechanical size effect on twinning stress and a comparison with full 
dislocation slip were investigated.

2. Methodology

2.1. Sample preparation

The sample used in this work was provided by collaborators and the 
complete fabrication process description can be found in references [36,
37]. The Cantor alloy (Co20Cr20Fe20Mn20Ni20 at. %) sample was arc 
melted under Ar atmosphere, using highly pure elements (99.95 wt. %), 
and cast into rod-shaped ingots in a water-cooled Cu mold. Measure
ments performed with an inductively coupled plasma optical emission 
spectrometry confirmed a chemical composition of 20.4 at. % Co, 19.7 
at. % Cr, 20.3 at. % Fe, 19.2 at. % Mn and 20.4 at. % Ni (accuracy of 0.1 
at. %) [36]. The 14 mm diameter as-cast ingots underwent (i) homog
enization at 1473 K for 72 h in an evacuated glass tube followed by 
water quenching, (ii) diameter reduction to 6 mm by rotary swaging and 
(iii) annealing at 1273 K for 1 h. This resulted in a fully recrystallized 
microstructure with a grain size of approximately 60 µm. Before 
micro-pillar preparation, 1 mm thick pieces were cut with a diamond 
saw and underwent metallographic preparation, such as grinding fol
lowed by polishing, to guarantee a deformation-free top surface.

2.2. Micro-pillar fabrication

All the micro-pillars were cut from the center of a grain of the 
polycrystalline alloy. This resulted in single-crystalline micro-pillars 
without exception. Two different sets of micro-pillar orientations were 
tested, aiming at deformation twinning and full dislocation slip activa
tion. The first subset was fabricated with a loading direction close to the 
lower left corner of the inverse pole figure (IPF), in other words, close to 
a 〈100〉 pole. In this orientation, the Schmid factor, m, for the leading 

Fig. 1. (a) IPF in Z-direction displaying the Schmid factor (m) difference between leading and trailing partial dislocation, including the chosen the micro-pillars 
crystallographic normal orientations (represented by the circle symbol). The (111)[112] (leading partial) and (111)[121] (trailing partial) were considered for 
calculations. (b) Table of grain orientations as loading directions and diameters of the pillars fabricated inside the grains. (c) Representative engineering stress-strain 
curves of micro-pillars for each diameter. Post-mortem SEM secondary electron images of micro-pillars with diameters of (d) 0.14 µm, (e) 0.5 µm, (f) 1 µm, and (g) 10 
µm. (h) Schematic representation of the Thompson tetrahedron oriented for a loading direction close to 〈1 1 10〉. Please note that the orientation of the Thompson 
tetrahedron in (h) is only representative of the micro-pillars (d) and (e), as (f) and (g) have a different in-plane orientation.
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partial dislocation is maximized, to favor deformation twinning under 
compression (see Fig. 1(a) and (b)). The second subset of micro-pillars 
was fabricated with loading directions of [8 3 10] and [9 6 11] to favor 
full dislocation slip (see Fig. 1(a) and (b)). In this case, pillars with 
diameter up to 1 µm were milled, as above that diameter the mechanical 
data was previously reported in literature [42].

Electron back-scattered diffraction (EBSD) analyses were carried out 
with a Symmetry S2 (Oxford Instruments, United Kingdom) at an ac
celeration voltage of 20 kV and a current of 8 nA in a focused ion beam - 
scanning electron microscope (FIB-SEM) dual beam station (Crossbeam 
550 L, Zeiss, Germany). Micro-pillars were machined using the same FIB 
(Crossbeam 550 L, Zeiss, Germany) with Ga+ ions, an acceleration 
voltage of 30 kV and currents varying from 65 nA, for coarse milling, to 
10 pA, for fine milling, according to the pillar size (see Supplementary 
Table S1 for more details). The diameters of the pillars oriented for 
twinning ranged from 0.14 µm to 10 µm and the diameters of those 
oriented for full dislocation slip ranged from 0.14 µm to 1 µm (Fig. 1(b)). 
A diameter-to-height ratio of 1:2–3 was maintained for all pillars to 
avoid elastic buckling. At least three micro-pillars were tested for each 
diameter.

For the micro-pillars oriented for deformation twinning, the loading 
axis – equivalent to the pillar normal direction – deviated by less than 5 
degrees from [1 1 10] (see Supplementary Fig. S1 for more details), 
except for one 10-µm pillar which was cut from a [2 0 7] oriented grain 
(see Fig. 1(a) and (b)). However, please note that the micro-pillars may 
appear with different viewing directions in SEM imaging, as they were 
fabricated from grains with different in-plane orientation, despite hav
ing similar normal orientations.

2.3. In situ micro-pillar compression

In situ micro-pillar compression tests were performed in an SEM 
(Merlin Gemini II, Zeiss, Germany) using a Hysitron PI89 SEM 
Picoindenter (Bruker, USA) with two different load transducers with 
different stiffness: one with a maximum force of 0.5 N and noise floor of 
5 µN, and another with a maximum load of 10 mN and noise floor of 0.4 
µN. The transducer change was necessary due to the low forces expected 
for micro-pillars with sizes below 0.5 µm. The indenter was equipped 
with a diamond flat punch tip (Synthon-MDP AG, Switzerland) with 
diameters ranging from 2 µm to 20 µm, depending on the micro-pillar 
size. All tests were performed in displacement-control mode with a 
strain rate of 10− 2 s− 1 and a maximum strain of 8 %. The yield stress 
(σ2%) was determined using a 2 % plastic strain offset with unloading 
slope. In case of micro-pillars, yield stresses are typically computed at 1 
% or 2 % plastic strain offset, instead of 0.2 %, as the initial elastic 
response of a micro-pillar might be influenced by misalignments be
tween tip and the micro-pillar, which are accommodated at low strains 
[38]. Then, CRSS was calculated as τ2% = σ2%⋅m, where m is the Schmid 
factor of the activated slip system, determined by the SEM slip trace 
analysis and EBSD orientation analysis.

2.4. Post-mortem analyses

Post-mortem analyses were performed to detect the activation of 
deformation twinning and validate its mechanisms, which include (i) 
SEM imaging for slip trace analysis, (ii) EBSD analyses on micro-pillars 
top surfaces, (iii) back-scattered electron (BSE) imaging on FIB cross- 
section, and, in selected cases, (iv) TEM analyses. Post-mortem SEM 
imaging was performed with an acceleration voltage varying from 1 kV 
to 5 kV and a current from 130 pA to 500 pA. EBSD analyses were 
performed by varying the acceleration voltage from 20 kV to 30 kV and 
the current from 2 nA to 8 nA, to obtain the optimum contrast to resolve 
nanoscale twin lamellae. Prior to BSE imaging, the cross-section was 
FIB-milled to approximately one-third to half the micro-pillar diameter 
using FIB-SEM at an acceleration voltage of 30 kV. Depending on the 
pillar size, coarse milling was performed with a current of 1.5 nA 

(submicron pillars coarse step was skipped) followed by a polishing step 
with 50 pA to 10 pA. For TEM analyses, one micro-pillar for each 
diameter from 1 µm to 10 µm was prepared. The TEM lamellae were 
prepared using the same FIB-SEM, employing an acceleration voltage of 
30 kV, with ion beam currents starting at 300 pA and finishing with fine 
polishing at 2 kV and beam current of 10 pA. TEM bright-field (BF) and 
dark-field (DF) micrographs were acquired at 300 kV (Themis 300, 
Probe aberration-corrected, Thermo Fisher Scientific, United States).

3. Results

3.1. In situ micro-pillar compression

The mechanical response of the micro-pillars showed typical features 
of a small-scale mechanical size effect [38], i.e. an increase in flow stress 
as well as a stochastic stress-strain response as the pillar diameter 
decreased (Fig. 1(c)). The usage of the high-resolution load transducer 
for micro-pillars with a diameter below 0.5 µm led to strain bursts 
instead of load drops (Fig. 1(c)), expected due to the pronounced 
intrinsic compliance of the low load transducer. Note that we limit the 
interpretation of mechanical data either to the first yield point causing a 
strain burst or to the flow stress at 2 % plastic strain, depending on 
whether the first strain burst surpassed the defined offset strain.

Given that the compression direction was predominantly aligned 
with 〈1 1 10〉 orientation (close to 〈0 0 1〉), the calculated Schmid fac
tors, m, are similar or nearly identical for eight slip systems, and for four 
twinning systems, i.e. multiple slip is expected in all cases. However, 
post-mortem SEM imaging revealed that, for the submicron pillars, only 
one slip plane was activated during compression, meanwhile, activation 
of multiple slip planes was observed in larger micro-pillars (Fig. 1(d)- 
(g)). When a single slip plane was activated (Fig. 1(d) and 1(e)), the 
corresponding plane was identified as (111) by post-mortem slip trace 
analyses. Note that (111) is the plane (BCD) in the Thompson notation 
(see Fig. 1(h)), which is opposite to the corner A and will be further 
referred to as plane (a). This way, the plane (ACD), which is opposite to 
the B corner, will be referred to as plane (b) and so forth, following the 
Thompson notations. In the cases where two slip systems were activated, 
e.g. the 1 µm diameter micro-pillars (Fig. 1(f)), the activated slip planes 
were (a) and (b). In micro-pillars larger than 3 µm, all expected {111}
slip planes were observed, similarly to the representative case of the 10 
µm pillar (Fig. 1(g)). Furthermore, the slip direction was also analyzed 
using the post-mortem top and side view SEM images, as will be discussed 
in the following section.

The results for the micro-pillars oriented for full dislocation slip 
(compression axes parallel to [9 6 11] and [8 3 10], close to [111]) 
showed similar behavior in terms of an increase of flow stress with a 
decrease in pillar diameter, as typically observed in small-scale me
chanics due to the size effect. These engineering stress vs. strain curve 
are presented as Supplementary materials (see Fig. S2 and Table S2) and 
the corresponding CRSS are included in the discussion.

3.2. Onset of deformation twinning

To confirm the occurrence or absence of deformation twinning, three 
different characterization techniques were applied (Fig. 2). EBSD ana
lyses of all micro-pillar top surfaces (Fig. 2(a) and (b)) were performed 
first, as no further sample preparation was required. As can be seen from 
Fig. 2(b), a change in crystallographic orientation was observed on the 
IPF map in Z axis (IPF-Z), which was further evidenced by the 60-degree 
misorientation (twin-matrix) and a shared common pole (corresponding 
to the twin plane) on the (111) pole figure (PF) of the twinned region 
and matrix (see further pieces of evidence in Fig. S3 of the Supple
mentary materials). Additional EBSD analyses confirmed the presence of 
deformation twins in 6 out of 10 micro-pillars with diameters ranging 
from 1 µm to 6 µm. However, due to its limited spatial resolution, EBSD 
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may miss nanotwins, and since it is only sensitive to deformation twins 
that intersect the top surface, it may also miss sub-surface twins. To 
confirm or rule out twinning in the sub-surface region, extensive in
vestigations were conducted using BSE imaging on cross-sections and 
TEM of FIB lamellae.

In BSE cross-section images (e.g. Fig. 2(c)), twin lamellae were 
observed mainly in submicron pillars. Indeed, the presence of twin 
lamellae was confirmed in 10 out of 12 micro-pillars with diameters 
between 0.14 µm and 1 µm, but this technique was not successful in 
larger 3 µm and 6 µm sized pillars, where deformation twins were too 
fine to be resolved by BSE imaging. For these particular cases, FIB 
lamellae were lifted out from the pillars followed by TEM analyses, 
which confirmed the activation of deformation twinning, e.g. see the 
TEM BF and DF micrographs with a 〈011〉 zone axis in Fig. 2(d). Overall, 
deformation twinning was confirmed in 10 out of 12 micro-pillars with 
diameters below 3 µm, only in 3 out of 7 pillars for diameters ranging 
from 3 µm to 6 µm, while no deformation twins were observed in the 10- 
µm pillars (see Fig. 3).

In the micro-pillars which showed deformation twinning, the sub- 
micrometer pillars exhibited single slip activation only, while larger 
pillars predominantly showed multiple slip activation as summarized in 
Fig. 3. This specificity may help to identify the twinning mechanism, 
which will be discussed in detail in Section 4.

The CRSS-values were calculated with the highest Schmid factor, m, 
for the activated twinning system (i.e. twinning partial dislocation) for 
micro-pillars between 0.14 µm to 6 µm (see Figs. 3 and 4). This value is 
given even for the pillars where twinning was not observed. For the 10 
µm micro-pillars, which showed multi-slip, the highest m of full dislocation slip was considered. In the following section, a detailed 

Fig. 2. Different microstructure analysis techniques used to confirm the activation of deformation twinning. (a) Slip direction analysis via SEM secondary electron 
imaging from the pillar top view direction. (b) EBSD IPF-Z map of the pillar top surface where the small blue region in the lower right corner corresponds to a twin 
lamella. (c) BSE image of a pillar cross section where the yellow arrow marks a twin lamella, and (d) TEM DF image obtained using the circled diffraction spot of the 
selected area diffraction pattern shown in the inset.

Fig. 3. Effect of pillar diameter on CRSS. The presence or absence of defor
mation twinning is highlighted with red symbols and black crosses, respec
tively. The activation of a single slip plane is marked by red dots, while multiple 
slip planes were detected otherwise. Lower and upper bounds of the twinning 
stress from the literature [39,40] are shown with arrows.
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analysis of the twinning stress is presented.

3.3. Twinning stress and mechanical size effect

To further understand the twinning mechanism, an analysis of the 
critical stresses for deformation twinning activation was performed. For 
the 10 µm pillar, the applied stresses appeared insufficient for twinning. 
This enabled the estimation of the twinning stress, determined by 
considering the lowest CRSS value of the micro-pillar that exhibited 
deformation twinning in the post-mortem analyses (Fig. 4), which was 
found to be approximately 130 MPa. The twinning stress of the Cantor 
alloy has been reported in the literature solely for interrupted me
chanical testing in bulk. The value varies depending on grain size or, for 
single crystals, their crystallographic orientation [2,7,15,39–41]. The 
twinning stress estimated in our work is at the lower end of the reported 
range of 110 MPa to 378 MPa (Fig. 3) [2,7,15,39–41].

Additionally, the mechanical size effect on CRSS for deformation 
twinning and full dislocation slip was analyzed (see Fig. 4). Note that the 
mechanical data for micro-pillars with diameters of 3 µm, 6 µm, and 10 
µm oriented for full dislocation slip were taken from reference [42]. The 
size scale power-law relationship [43] used for fitting is: 

τ2% = τbulk + kD− n (1) 

where D is the micro-pillar diameter, n is the size scaling exponent, k is a 
fitting parameter and τbulk is the bulk shear stress which was reported in 
the literature as 50.4 ± 2.0 MPa [44].

The fitting results indicate a slightly smaller size scaling exponent of 
twinning compared to full dislocation slip, suggesting that twinning 
stress could be less sensitive to a size change. The size exponent fitted 
was 0.40 ± 0.04 for deformation twinning and 0.51 ± 0.04 for full 
dislocation slip, which for the latter case is similar to previously reported 
in the literature [44]. Note that the error bars in Fig. 4(a) are standard 
deviations and the error on the size exponent was determined by the 
standard error scaled with the square root of reduced Chi-square. 
Overall, the size exponents for dislocation slip and deformation twin
ning are both smaller in the Cantor alloy than in FCC metals and binary 
alloys [45–47]. It has been suggested that in MPEAs, solid solution 
hardening or high lattice friction would be more dominant as 
strengthening mechanism and thus result in a lowersize exponent [33,
42,44].

The smaller CRSS for deformation twinning compared to full dislo
cation slip, for sub-micron pillars, is surprising considering that prior 
dislocation reactions are required to form and activate twin sources (see 

Fig. 4(a)). To better interpret this size scaling difference, the CRSS re
sults were further statistically investigated with cumulative probability 
plots (see Fig. 4(b)-(e)). The scatter bands indicate a 95 % confidence 
interval. The cumulative probability analysis was carried out only for 
micro-pillars with diameters ranging from 0.14 µm to 1 µm, which is the 
range where the CRSS for full dislocation slip exceeded the CRSS for 
deformation twinning. Although most of the analyzed data follows a 
consistent trend, a clear change in the distribution width is observed for 
the micro-pillars with a diameter of 0.3 µm: the mean CRSS of twinning 
was approximately 200 MPa lower than that of slip (see Fig. 4(c)). It 
suggests that this specific set of mechanical data may have contributed 
to the slightly reduced size effect calculated for deformation-twinning 
oriented micro-pillars. Therefore, in our study, the differences in the 
size scaling exponent for deformation twinning relative to full disloca
tion slip could be considered negligible.

In contrast, a less pronounced size dependency for deformation 
twinning, compared to full dislocation slip, has been previously reported 
for the CoCrFeNi MPEA micro-pillars with diameters ranging from 272 
nm to 1253 nm [33]. This difference was attributed to dislocation 
starvation followed by nucleation of new dislocations from the free 
surfaces with additional straining, meanwhile, the twinning process 
would initiate by partial dislocation emission from pre-existent dislo
cations sources which would lead to a weaker size effect [33]. More 
detailed mechanisms will be discussed in Section 4.

3.4. Further slip system and TEM investigations

To explore the possible twinning mechanisms, further slip system 
analyses were performed for each near 〈001〉-oriented micro-pillar in 
combination with TEM investigations (Fig. 5). For sub-micron pillars, a 
single consistent slip plane was observed in all cases, therefore the 0.5 
µm diameter was chosen for analyses as a representative example (see 
Fig. 5(a) and (b)). From both side and top views of this micro-pillar the 
slip plane (a) and a shear direction approximately parallel to DB (see 
Fig. 5(a) and (b)) were identified, which indicates that plastic defor
mation was mostly accommodated by slip of full 〈110〉-dislocations. BSE 
imaging of the 0.5 µm pillar cross-section (not shown here) revealed the 
presence of a twin lamella on the (a) plane on the same sample. This 
microstructural feature was also observed in other micro-pillars with 
diameters below 1 µm, where twinning was activated. In the case of 1 µm 
micro-pillars (Fig. 5(c)), two activated slip planes complicate the slip 
direction analysis from top-view SEM images. To circumvent this issue, 
TEM investigations were performed (see Fig. 5(e)). It was noted that the 

Fig. 4. (a) Mechanical size effect comparison plot between micro-pillars in which deformation twinning and full dislocation slip were observed. Note that for full 
dislocation slip 0.14 µm to 1 µm CRSS data are presented in the Supplementary materials and 3 µm, 6 µm and 10 µm CRSS data for full dislocation slip were taken 
from reference [42]; and 0.5 µm and 1 µm CRSS data for deformation twinning was previously published in [48]. Individual cumulative probability plot for (b) 0.14 
µm, (c) 0.3 µm, (d) 0.5 µm and (e) 1 µm diameter micro-pillars.
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twin lamella was formed on the (a) slip plane, and there was no clear 
evidence of slip/twin interactions, as no shearing of the twin lamellae 
was observed, although two slip planes were activated. Additionally, as 
highlighted by the red arrow in Fig. 5(e), an inclined surface step that is 
indicative of deformation twinning is observed, meanwhile, the white 
arrow highlights a sharp trace, which is indicative of dislocation slip. In 
the 3 µm micro-pillar case, not only multiple slip system activation but 
also different microstructural features in terms of twin nucleation, 
thickness, and lengthening were observed (Fig. 5(d) and (f)). TEM an
alyses revealed a single finer and shorter twin lamella, contrary to ob
servations in smaller micro-pillars (Fig. 5(f)).

An additional twin morphology was observed for 3 µm and 6 µm 
pillars, which will be refered as the secondary twin and further discussed 
in Section 4.2, and the twin morphology observed in Fig. 5 will be 
refered as the primary twin.

4. Discussion

4.1. Mechanism for the primary twin

As previously mentioned, several mechanisms for twin nucleation 
have been proposed. However, given the (sub)micron size of the pillars, 
some of these mechanisms are unlikely to occur and could potentially be 

excluded. In bulk samples, for instance, prismatic sources and/or ob
stacles such as Lomer-Cottrell locks, essential components in models 
such as the pole or the two-layer mechanism [23,24,26–28,49,50], are 
more likely to exist than in small-scale samples with limited sample 
volume and dislocation population [19,51]. Taking the two-layer 
mechanism proposed by Narita and Takamura [26,49] as an example, 
either a Lomer-Cottrell lock should exist within the micro-pillar or two 
dislocations on different slip planes (hence two slip systems activated) 
should interact to form such immobile dislocations. Therefore, for the 
micro-pillars with diameters between 0.14 µm and 0.5 µm, where only a 
single slip plane was observed in all cases, such mechanisms are likely 
irrelevant because only very few dislocations are expected to be inside 
the pillars due to the low initial dislocation density of 4.6 ± 1.8 × 1012 

m-2, which was measured in the present study using electron channeling 
contrast imaging (Supplementary Fig. S4). In this scenario, only 
single-slip based twinning mechanisms remain plausible: (i) surface 
source nucleation of partial dislocations on adjacent 〈111〉-planes and 
(ii) the Mahajan and Chin three-layer mechanism [19,25,35].

Considering firstly the three-layer mechanism, this scenario would 
involve co-planar slip of full dislocations (with different Burgers vectors) 
to react and form a three-layer twin embryo. As observed for sub-micron 
pillars thus far (as shown for instance in Fig. 2(c)), the twin lamella 
appears to be nucleated from the top surface, more specifically, from the 

Fig. 5. Post-mortem SEM images of the (a) lateral and (b) top views of the 0.5 µm micro-pillar with a near <1 1 10>-loading axis (twinning orientation). Post- 
mortem SEM images of the (c) 1 µm and (d) 3 µm micro-pillars where the white dashed lines indicate from where TEM lamellae were taken. In the (e) TEM BF 
micrograph, twin lamellae parallel to the (111) plane are observed and twinning and dislocation slip steps on the lateral face of the pillar are highlighted by red and 
white arrows, respectively. A selected area diffraction pattern (SADP) taken along the [110]-zone axis and showing diffraction spots corresponding to the defor
mation twins is shown in the inset of (e). (f) Two-beam DF image obtained using the 110 diffracted spot marked with a green circle in the SADP, shown as an inset in 
the lower right corner.
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top corner of the micro-pillar in contact with the indenter tip, where 
stress localization is most pronounced [52]. This feature was observed in 
several micro-pillars, and in fact enabled the twin lamella to be identi
fied with top surface EBSD analyses. For the 1 µm micro-pillars, similarly 
the twin seems to nucleate from the top corner. The lack of interaction 
between slip traces (e.g. no shearing of the twin lamellae observed) 
could be an indication that no twin embryo was formed in the center of 
the micro-pillar, but rather at its top corner (Fig. 5(c) and (d)). Addi
tionally, the sharp slip trace parallel to the twin observed in TEM DF 
images (white arrow in Fig. 5(c)) provided evidence of dislocation slip 
activity right at the newly formed twin (Fig. 5(c)). Such observations 
support the three-layer mechanism, i.e. a single slip plane mechanism, 
and undermine the multiple slip plane mechanisms. Furthermore, in 
addition to the activation of a single slip plane, the 0.5 µm micro-pillars 
exhibited evidence of full dislocation slip activity, as observed previ
ously in post-mortem SEM analyses (Fig. 5(a) and (b)), which further 
supports the hypotheses of the three-layer mechanism. The three-layer 
twin nucleation requires co-planar slip to occur on a single slip plane 
where the full dislocations react to form a three-layer twin embryo 
through the reaction CB + DB→3αB, see Schmid factors in Table 2.

The second scenario, the nucleation of partial dislocations from 
surface sources cannot be entirely dismissed. FIB-induced damage can 
create surface defects which may serve as nucleation sites for disloca
tions [53–57]. The FIB-affected volume decreases with increasing 
micro-pillar size, it is most pronounced in the 0.14 µm diameter 
micro-pillars due to their higher surface-to-volume ratio. In this case, if a 
partial dislocation was to nucleate from a surface source, it would need 
to form a stacking fault extending approximately 0.2 µm (the distance 
spanned across a 0.14 µm diameter micro-pillar). For this to occur, a 
particular shear stress is required and could be estimated by the equa
tion for the distance separation (ds) between two partials proposed by 
[21], rearranging to calculate the external stress (τzx), 

τzx =
2γSF

bp
−

2(2 − 3v)Gbp

ds[8π(1 − v)]
(2) 

where γSF is the stacking fault energy, bp is the partial dislocation Bur
gers vector, v is the Poisson ratio and G is the shear modulus. Consid
ering that for the Cantor alloy G = 81 GPa, v = 0.25 [58] and the γSF has 
been reported to be between 20 mJ/m² and 35 mJ/m² [8,10,15,39,41,
59], the calculated lower bound for the external shear stress is 265 MPa, 
which is reached for micro-pillars between 0.14 µm and 1 µm diameter. 
However, for larger pillars, this stress is not reached, suggesting that 
surface nucleation of partial dislocations is not likely to occur in pillars 
larger than 1 µm. According to Eq. (2), the stacking fault energy is the 
major contributor to the necessary applied stress, and increasing the 
partial dislocation separation width, e.g. as micro-pillar size increases, 
has a negligible effect within the diameter range tested.

Nevertheless, surface nucleation does not seem to be the predomi
nant source for twin nucleation in any case. If that was the case, 
deformation twinning should have been observed in various slip planes 
given the micro-pillars compression axis close to a 〈1 1 10〉 orientation, 
which results in similar m in multiple slip systems. Also, one could 
expect single extended stacking faults across the entire sample, which 
were never observed in our studies. In contrast, the same twin nucle
ation features from the micro-pillar top corner and in only one slip 
system were observed for the micro-pillars up to 1 µm diameter.

In larger micro-pillars (above 1 µm diameter), different features were 
observed as multiple slip systems were activated. For the 3 µm diameter 
micro-pillars, the twin lamella firstly seen seems to be nucleated from 
the top surface (Fig. 5(f)), similarly to smaller micro-pillars. However, a 
shorter and thinner twin lamella was noticed, which could suggest more 
contribution of dislocation slip to plastic deformation in larger micro- 
pillars. Furthermore, a different twin morphology was observed for 
pillars of 3 µm and 6 µm diameters and will be discussed in the following 
section.

4.2. Other twinning mechanisms?

Interestingly, compared to the previously observed twin morphology 
that starts from the top corner of the pillar, a different twin morphology 
was observed for micro-pillars with diameters of 3 µm and 6 µm (see 
Fig. 6). TEM DF micrographs under two-beam conditions show the 
presence of a secondary type of twins (Fig. 6(a) and (b)), which appear 
to be nucleated from the middle of an activated slip plane. They 
terminate in a rather equidistant manner from the slip plane and are 
present in the central region of the pillar, rather than being nucleated 
from its top surface as observed before. Note that the dark band to which 
the array of twins is connected is not a primary twin, but rather a slip 
trace, as confirmed by TEM electron diffraction analysis. A similar twin 
morphology was seen in the 6 µm pillar (Fig. 6(d) and (e)). In both cases, 
the determination of the exact twin plane was difficult due to the limited 
tilt angles in TEM investigation. However, the distance between the two 
spots, corresponding to the twin (insets of Fig. 6(a) and (d)), was ~9.5 
nm-1, suggesting that the reflections are from {111} planes.

In a multi-slip case, other twin mechanism, i.e. those that require 
dislocations of different slip planes to interact, are a possibility 
compared to the smaller micro-pillars as presented previously. Although 
the number of pre-existing dislocations in the 3 µm and 6 µm micro- 
pillars is expected to be greater, this number is still small given the 
low initial dislocation density of 4.6 ± 1.8 × 1012 m-2. Therefore, the 
number of pre-existing dislocations is estimated to be approximately 30 
and 150 in the 3 µm and 6 µm pillars, respectively. Please note that these 
dislocations are randomly distributed on planes, i.e. they are statistically 
stored dislocations. For a multi-slip mechanism to occur particular types 
of dislocations are required to be present, which might not be the case 
due to the small number of pre-existing dislocations. Alternatively, they 
need to be formed during compression. It should be mentioned that 
some pre-existing dislocations can escape through the free surface at low 
strains and, therefore, the likelihood of dislocations from different slip 
systems interacting to form a twin embryo can be considered low in 
small sample volumes. Thus we hypothesize that the interesting twin 
morphology in Fig. 6(b) and (e) forms by means of a different nucleation 
mechanism which is not based on pre-existing dislocations.

For instance, the secondary type of twins in Fig. 6(b) and (e) may 
have formed as a result of a de-twinning process on the dark band seen 
above them, from which they seemed to have nucleated. Instead of a 
reverse or pseudo reverse de-twinning mode (see [60,61]), in the first 
hypothesis we propose a simpler de-twinning process, which the same 
applied stress state is maintained and a complete return to the matrix 
crystallographic orientation is achieved. Once the primary twin lamella 
– the later dark band – is formed, it introduces twin boundaries within 
the previously single crystalline micro-pillar. Compatibility stresses 
could arise at the interface between the twinned region and matrix, as 
the difference in crystallographic orientation can lead to elastic and 
plastic anisotropy [62,63]. This causes the emission of the secondary 
twin. Subsequently, the stresses on the de-twinning Shockley (trailing) 
partials of the primary slip system could have been high enough to 
initiate de-twinning and complete the shift back to the matrix original 
orientation. The secondary twins, which terminate at the sharp interface 
to the primary twin, are limited in size due to the range of the 
compatibility stress remain.

A second possible scenario would be de-twinning caused by the 

Table 2 
Schmid factors of dislocations involved in the three-layer mechanism consid
ering the 0.5 µm pillar actual orientation of [2 1 12] (see Supplementary Fig. 1 
and Table S3 for details).

Dislocation type Full dislocations Leading partial dislocation

Burgers vector CB DB αB
Schmid Factor 0.36 0.46 0.47
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interaction with dislocations of other slip planes. It is known that 
dislocation slip and twin boundary interaction might lead to either de- 
twinning or twin growth [64]. Supposing a leading partial dislocation 
(in a different slip plane) reaches the primary twin boundary, it can split 
into a stair-rod dislocation and another partial dislocation gliding in the 
twin plane [64]. This partial dislocation can lead to de-twinning of one 
atomic layer in one direction. If further dissociation of the stair-rod 
dislocation occurs, further de-twinning would be observed [64]. This 
process would be repeated until de-twinning of the entire lamellae oc
curs [64]. If during this process such sessile dislocation remains on the 
de-twinned region, it may react with other partial dislocations to form a 
twin embryo in a different slip plane [65], as proposed by Fujita and 
Mori in the stair-rod cross-slip mechanism [27] (see Table 1).

Nevertheless, it is difficult to determine the secondary twin mecha
nism, particularly in these multi-slip cases. Therefore, our results sug
gest that two different twin mechanisms occurred, however, the 
secondary twin mechanism remains unclear.

4.3. Sub-micron pillar CRSS difference in full slip and twinning

As discussed in Sections 4.1 and 4.2, deformation twinning nucle
ation evolves from dislocation slip activity. Therefore, one would expect 
that the CRSS for dislocation slip needs to be lower than the one for 
deformation twinning since dislocation slip is a prerequisite for twin 
source formation and additional processes are required to form twins. 
Surprisingly, the opposite was observed for micro-pillars with diameters 
below 3 µm, as CRSS for dislocation slip was higher than for deformation 
twinning (see Fig. 4(a)). This holds true even if the effective Schmid 
factor to calculate the CRSS for twinning would be considered a complex 
function of the co-planar full dislocations and leading partial disloca
tion, considering the three-layer mechanism. Note that the average 
CRSSs shown in Fig. 4(a) are the upper bound, as the leading partial 

dislocation Schmid factor was used, which is the highest in that slip 
plane. Hence, any complex function should not result in a higher CRSS.

Deformation twinning involves several key steps: (i) the nucleation 
of dislocations that initiate dislocation reactions, leading to the creation 
of a twin embryo, (ii) the formation of the twin embryo itself, and (iii) its 
activation. While the relative stress required for each step remains un
clear, the negligible difference – or even lower CRSS – for micro-pillars 
deformed by twinning compared to those deformed by full slip suggests 
that the latter two factors may not play a dominant role at the micron 
and sub-micron scale. In other words, neither twin embryo formation 
nor its activation appears to require significant additional stress to the 
needed for the dislocation nucleation. Once the dislocations necessary 
for the twin source formation are present or nucleated, further twinning 
proceeds. This implies that deformation twinning above a certain 
threshold stress may be more strain-dependent than stress-dependent, 
requiring the presence and activation of specific dislocations in the 
sample to generate a twin embryo.

5. Conclusions

In this work, we applied in situ micro-pillar compression in an SEM 
to further understand the twinning mechanism in the CoCrFeMnNi 
Cantor HEA. In summary: 

• Based on SEM and TEM investigations, single slip based twinning 
mechanisms like the three-layer twinning mechanism seem to be 
predominant in sub-micron pillars. The activation of a single slip 
plane and observations of full dislocation slip activity support the 
idea that the reaction of co-planar dislocations (with different Bur
gers vectots) could have led to the formation of a twin embryo.

• The difference in size scaling for dislocation slip and deformation 
twinning is negligible.

Fig. 6. Different twin morphology observed in 3 µm and 6 µm pillars. (a) TEM DF micrograph of a 3 µm diameter micro-pillar (same as that shown in Fig. 6(e)). A 
SADP in two-beam condition is shown as inset of (a). Here, the circled diffraction spot was selected to obtain the TEM DF micrographs. The region marked with a red 
frame in (a) is magnified in (b). (c) Post mortem SEM image of a 6 µm diameter micro-pillar where the white dashed line shows the region from where a TEM lamella 
was taken and the white arrow indicates the observation direction. (d) Corresponding TEM DF micrograph where the imaging conditions are shown in the inset. (e) 
Magnified micrograph from the red-framed region in (d).
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• The minimum CRSS for twinning was estimated as ~130 MPa based 
on the largest micro-pillars that exhibited deformation twins.

• In micro-pillars with diameters larger than 1 µm, an array of equi
distant and short secondary twins was observed. We hypothesized 
that their formation proceeded from a de-twinning process to 
accommodate stresses locally. While it is certain that two different 
twinning mechanisms occurred in large pillars, the mechanism in 
charge of the secondary twin type remains unclear.

• The formation of new deformation twins above a certain threshold 
stress could be strain-dependent rather than stress-dependent.
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