
Effects of twinning configurations on the mechanical performance of 
small-scale FCC metallic materials

Jinqiao Liu a,b , Ranming Niu a,b , Ji Gu c , Ying Liu a,b , Song Ni c,  
Julie Cairney a,b , Min Song c , Yiu-Wing Mai a,  
Ting Zhu d , Xiaozhou Liao a,b,*

a School of Aerospace, Mechanical and Mechatronic Engineering, The University of Sydney, Sydney, NSW 2006, Australia
b Australian Centre for Microscopy & Microanalysis, The University of Sydney, Sydney, NSW 2006, Australia
c State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China
d Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, United States

A R T I C L E  I N F O

Keywords:
Deformation twinning
Mechanical properties
Microstructures
High-entropy alloys
In situ transmission electron microscopy

A B S T R A C T

The increasing demand for high-performance miniaturised devices has sparked extensive interest in enhancing 
the mechanical properties of micro- and nano-sized materials. Deformation twinning, a fundamental mechanism 
known for enabling strength–ductility synergy in bulk materials, has emerged as a potential strengthening 
strategy for small-scale systems. However, the relationship between twinning behaviour and the mechanical 
performance of small-sized materials remains poorly understood. This study employs quantitative in-situ tensile 
straining transmission electron microscopy combined with comprehensive microstructural characterisation to 
investigate the effects of three critical aspects of twinning behaviour on mechanical performance in small-sized 
face-centred cubic metallic materials: twin density, twin–twin interactions, and modes of twin boundary motion. 
The findings reveal that: (1) increasing twin density improves ductility of small-sized samples, but this effect 
hinges on the absence of stress-concentration sites; (2) twin–twin interactions, caused by their intersecting 
behaviour, induce stress concentration and promote necking, resulting in a distinct fracture mechanism 
compared to single-system twinning; and (3) twin-boundary sliding, in contrast to twin-boundary migration, 
leads to highly localised deformation, pronounced softening, and significantly reduced ductility. These results 
provide important insights into the structural design of small-sized single-crystalline materials where twinning- 
induced plasticity is a dominant deformation mechanism.

1. Introduction

The growing demand for high-performance miniaturised devices in 
fields such as mechatronic [1], biomedical [2], and aerospace engi
neering [3] has driven intense interest in understanding the mechanical 
behaviour of materials at micro- and nano-scales. At these scales, a 
prominent phenomenon known as the "size effect" has been observed 
[4–10]. This effect highlights a dependence of mechanical behaviour on 
specimen dimensions, meaning that materials at small scales can exhibit 
significantly different properties compared to their bulk counterparts.

Deformation twinning is an important mechanism for accommoda
ting plastic deformation in crystals [11,12]. In face-centred cubic (FCC) 
materials, deformation twinning occurs when <112>/6 partial dislo
cations glide across consecutive {111} planes [13,14]. The formation of 

deformation twins introduces interfaces between the twin domains and 
the matrix called twin boundaries (TBs). These TBs act as effective 
dislocation barriers, thereby decreasing the average distance that dis
locations travel [15] and increasing the dislocation storage capacity 
[16], which in turn improves the materials’ strength [17,18] and 
work-hardening capability [19,20]. The enhanced hardening capability 
extends uniform deformation, thus improving ductility [21–24] and 
fracture toughness [25–28]. Due to these benefits on the mechanical 
properties, deformation twinning has become a focal point and a 
desirable characteristic in the design of structural materials aiming to
wards outstanding strength and ductility synergy [29].

The excellence of deformation twinning in promoting the mechani
cal properties of bulk materials has aroused the interest of exploring the 
possibility of applying the same mechanism to materials in miniaturised 
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systems [30,31]. However, the size effect precludes a straightforward 
extrapolation of bulk behaviour to small dimensions, necessitating 
further investigation into how deformation twinning influences me
chanical properties at reduced scales. While most prior studies at small 
scales have concentrated on the formation and propagation mechanisms 
of twins [14,32–34], relatively few have comprehensively addressed 
how different twinning configurations impact the mechanical perfor
mance of small-sized materials [35,36].

Three specific aspects of twinning configuration have been identified 
as key contributors to plastic deformation: (1) twin density, which is 
determined by twin thickness and TB spacing, (2) the interactions be
tween twins, and (3) the mode of TB motion. The twin density affects the 
number of interfaces introduced into the material, which in turn in
fluences dislocation blocking and storage capacity [28,37–39]. In 
addition, twin thickness can impact how dislocations pass through 
twins, such as by gliding along {111} planes or via unconventional 
{100} slip [40,41]. Moreover, interactions between twins can create 
complex internal stress and strain fields, presenting additional obstacles 
to dislocation motion and fostering intricate defect interactions [42,43]. 
Meanwhile, the mode of TB motion [44–46], whether through migration 
or sliding, determines the manner in which plasticity is accommodated 
[47,48]. Collectively, these factors play a crucial role in dictating the 
contribution of twinning to mechanical response, particularly at small 
scales. A comprehensive understanding of these aspects is therefore 
essential for leveraging twinning to tailor mechanical properties in 
miniaturised applications.

To adjust the twin density, an effective approach is by tuning the 
stacking fault energy (SFE) of the material [14,49,50], which in turn can 
be tailored through compositional modification [51]. In conventional 
alloys, e.g., Cu-Al alloys [52], where a small number of solute atoms are 
dissolved in a solvent matrix, lattice distortion is localised around the 
solute atom sites [53]. As a result, solid solution strengthening in such 
systems is typically sensitive to the concentration of the solute atoms 
[53,54]. Consequently, attempts to modify the SFE via compositional 
tuning in conventional alloys often lead to significant changes to solid 
solution strengthening, making it challenging to isolate the effects of SFE 
on mechanical properties from those of solid solution strengthening [49,
53]. In contrast, HEAs, which contain multiple principal elements in 
near-equiatomic ratios, exhibit severe lattice distortion throughout the 
crystal lattice [55–57]. As such, we anticipate that this widespread lat
tice distortion in HEAs attenuates the sensitivity of solid solution 
strengthening to moderate compositional changes. Leveraging this 
advantage, two HEAs with the same base elements but different com
positions were selected for this study: Cr26Mn20Fe20Co20Ni14 and 
Cr14Mn20Fe20Co20Ni26. The SFEs of Cr26Mn20Fe20Co20Ni14 and 
Cr14Mn20Fe20Co20Ni26 were initially determined as approximately 3.5 
mJ/m2 and 57.7 mJ/m2, respectively, by Zaddach et al. using density 
function theory combined with x-ray diffraction [51]. However, Wagner 
et al. later argued that this method could yield lower SFE values 
compared to direct measurements of Shockley partial separations using 
TEM [58], by which the SFEs of HEA#1 and HEA#2 were re-evaluated, 
resulting in measurements of 23±3 mJ/m2 and 69±15 mJ/m2, respec
tively. Conversely, Shih et al., through atomistic simulations, proposed 
that experimental measurements for concentrated alloys might over
estimate the SFE due to the neglect of dislocation/solute interaction 
energy [59]. Despite ongoing discrepancies in the absolute values of the 
SFEs, the increasing trend from the SFE of Cr26Mn20Fe20Co20Ni14 to that 
of Cr14Mn20Fe20Co20Ni26 is widely acknowledged [58–60]. Therefore, 
they are hereafter referred to as HEA-LSFE and HEA-HSFE, respectively. 
The different SFEs result in contrasting twinning propensities and 
consequently distinct twin densities, while the corresponding difference 
in solid solution strengthening is expected to be minimal.

On the other hand, twin–twin interactions are prone to occur when 
multiple twinning systems with intersecting planes are simultaneously 
activated [61,62]. The likelihood of this activation depends strongly on 
the Schmid factors of twinning systems under the applied loading 

condition [43,44,63]. Similarly, the mode of TB motion, either TB 
migration or TB sliding, is governed by the type of partial dislocation 
activity on the twin plane [44,64], which is also influenced by the 
Schmid factors of the twinning system [44,65]. By adjusting the align
ment between a specific crystallographic orientation of a single crystal 
and the tensile loading direction, we can regulate the Schmid factors on 
individual slip systems. This control allows us to manipulate the inter
action of twins on different twinning systems as well as to realise 
different modes of TB motion.

In this study, utilising the aforementioned methodologies, a series of 
quantitative in-situ tensile straining transmission electron microscopy 
(TEM) experiments were conducted to explore the roles of twin thick
ness, twin–twin interactions, and TB motion in small-sized samples.

2. Experimental procedures

2.1. Bulk materials preparation

The Cr26Mn20Fe20Co20Ni14 (HEA-LSFE) and Cr14Mn20Fe20Co20Ni26 
(HEA-HSFE) were fabricated by arc-melting high-purity elemental 
metals (≥99.99 wt.%) in an argon atmosphere, with titanium used as a 
gettering agent. Each ingot was re-melted at least four times to ensure 
chemical homogeneity throughout the bulk material. The ingots then 
underwent solution treatment at 1473 K for 48 hours within an argon 
atmosphere. The solution-treated materials were then cold-rolled into 2 
mm-thick sheets and subsequently annealed at 1173 K for 2 hours in a 
vacuum furnace, resulting in an equiaxed coarse-grained 
microstructure.

2.2. In-situ tensile straining TEM and post-mortem microstructural 
analysis

Square pieces with dimensions of 10 × 10 × 1 mm3 were sectioned 
from the bulk materials using a Struers Accutom-50 diamond saw. These 
pieces were mechanically ground using silicon carbide abrasive papers 
with grit sizes of 30 µm, 15 µm, and 5 µm, followed by sequential pol
ishing with a 3 µm diamond suspension and a final step using 0.05 µm 
colloidal silica. Polishing was continued until the surface was free of 
visible scratches under an optical microscope.

Dog-bone-shaped samples with gauge dimensions of approximately 
1400 nm × 350 nm × 100 nm (length × width × thickness) were pre
pared for in-situ TEM tensile tests following the procedure below. Grains 
with a <110> crystallographic orientation normal to the observation 
plane were first identified via electron backscattered diffraction map
ping. From these grains, lamellae measuring 40 µm × 10 µm × 3 µm 
were extracted using a micro-manipulator integrated into an FEI Helios 
G4 UXe dual-beam plasma focused ion beam (FIB) scanning electron 
microscope (SEM). Using a Zeiss Auriga FIB SEM, initial shaping was 
carried out via rough milling using a 30 kV/100 pA beam, followed by 
fine thinning and patterning using a 30 kV/50 pA beam. To ensure 
uniform thickness across the gauge section, a series of pre-thinning trials 
were conducted to determine the optimal pre-tilt angles for FIB milling. 
Final cleaning of the sample surfaces was performed sequentially using 
10 kV/50 pA and 5 kV/50 pA beams to minimise ion-induced damage 
[66]. Energy dispersive X-ray spectroscopy was performed to confirm 
that the real compositions closely matched the nominal values and 
exhibited a uniform elemental distribution at both micro- and 
nano-scales.

Fig. 1a presents an SEM image of a single-crystalline tensile sample 
with the gauge region highlighted. The tensile loading direction was 
aligned with the gauge section. A Thompson tetrahedron [67] is 
included to illustrate the crystallographic orientation of the sample, 
where the edge BC (red) is normal to the observation plane, and the edge 
AD (blue) is approximately vertical. This configuration enables activa
tion of two {111} slip planes (ABC in green and BCD in purple). The 
other two {111} planes (ABD and ACD) contain only slip systems with 
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zero Schmid factors and are thus inactive.
To manipulate the activation of different slip systems, two orienta

tion configurations were designed. In the first configuration 
(Fig. 1b1–1b3), a <110> axis (represented by AD) was precisely aligned 
with the tensile loading direction. For the convenience of expression, we 
define this reference <110> direction as the [110] axis. Fig. 1b1 shows a 
TEM image of a gauge section, while Fig. 1b2 displays the corresponding 
selected-area electron diffraction (SAED) pattern. Double-ended arrows 
in both images indicate the same orientation for the tensile loading di
rection and the [110] axis. Fig. 1b3 shows the projected Thompson 
tetrahedron from the observating direction, illustrating that the two 
{111} slip planes (green and purple) are crystallographically equivalent 
with respect to the loading direction. Crystallographic analysis (Fig. S1 
and Table S1) further confirms that the slip systems on these two planes 
share identical Schmid factors with each other, suggesting equal acti
vation probabilities for dislocation activity on these two planes under 
this loading condition.

In the second configuration, the [110] axis (AD) was intentionally 
misaligned by 4–6◦ from the tensile direction (Fig. 1c1–1c3). As shown in 
Fig. S1 and Table S1, this angular deviation resulted in different Schmid 
factors for slip systems on different {111} planes, thereby leading to 
different activation probabilities.

In-situ tensile testing was conducted using a Hysitron PI95 
PicoIndenter holder in a JEOL JEM-2100 TEM. The tests were conducted 
using a displacement-controlled mode at a constant strain rate of 10-3 s-1. 
As small-sized samples usually exhibit a stochastic and anisotropy 
manner of deformation [68], decorated with frequent strain bursts [69,
70], the selection of the displacement-controlled mode allows for a more 
controlled and more stable deformation process. Tensile loading was 

applied using a homemade diamond gripper, which was carefully 
aligned with the sample to ensure on-axis deformation. Post-mortem 
scanning transmission electron microscopy (STEM) high-angle annular 
dark-field (HAADF) imaging was carried out in a Titan Themis-Z double 
aberration-corrected TEM with a semi-convergence angle of 25.1 mrad 
and a camera length of 115 mm, corresponding to a collection angle of 
48–200 mrad.

3. Results

3.1. Mechanical responses of HEAs with different compositions and 
loading conditions

Fig. 2a–2b and 2c–2d present engineering stress–strain curves for 
HEA-LSFE and HEA-HSFE samples, respectively. In Fig. 2a and 2c, the 
[110] crystallographic axis of each sample was precisely aligned with 
the tensile loading direction, while Fig. 2b and 2d correspond to samples 
exhibiting a ~4–6◦ misalignment between the [110] axis and the 
loading direction. The exact misalignment angles, measured from TEM 
images and SAED patterns (see Fig. S2), are shown alongside the 
stress–strain curves in Fig. 2b and 2d. It should be noted that several 
samples were not strained to fracture in order to preserve them for post- 
mortem microstructural analysis, as indicated in the corresponding 
graphs.

All engineering stress–strain curves display intermittent stress re
sponses and immediate post-yield softening, which are typical charac
teristics of small-scale mechanical testing on single crystals [49,70–72]. 
These behaviours arise primarily from the small sample dimensions, 
which allow dislocations to escape readily from the crystal interior 

Fig. 1. Geometry and orientation design of in-situ tensile samples. (a) An SEM image of a single-crystalline dog-bone sample, with its gauge section highlighted. The 
tensile load was along the gauge section. A white square indicates the region whose crystallographic orientation is illustrated using a Thompson tetrahedron. Planes 
ABC (green) and BCD (purple) represent two {111} slip planes, with the viewing direction oriented along BC. The edge AD was approximately vertical. (b1–b3) TEM 
image of the gauge section (b1), corresponding SAED pattern (b2), and the projected Thompson tetrahedron (b3) for a sample in which the [110] axis (AD) was 
precisely aligned with the loading direction. (c1–c3) Corresponding images for a second sample in which the [110] axis (AD) was intentionally misaligned from the 
loading direction by 4–6◦, resulting in asymmetric activation conditions for the slip and twinning systems.
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during deformation [7,73–75]. As a result, the limited dislocation stor
age capacity suppresses strain hardening and leads to frequent strain 
bursts throughout deformation [73–75]. Furthermore, some stress–
strain curves exhibit variations in the elastic modulus, arising from the 
self-alignment and pre-tightening process between the tensile gripper 
and the sample at the initial stages of loading [76]. This may temporarily 
cause the tensile axis to deviate from the designed crystallographic di
rection during the elastic regime. However, once alignment stabilises, 
the slopes of the re-loading segments after strain bursts become highly 
consistent, indicating that the plastic deformation follows the intended 
loading orientation.

A statistical summary of yield strength and ductility for numerous 
samples is shown in Fig. 3. Red and blue symbols represent HEA-LSFE 
and HEA-HSFE, respectively, while circles and triangles indicate sam
ples with the [110] axis aligned or misaligned with the loading direc
tion. Open symbols denote samples that were not strained to fracture, 
indicating that their actual ductility is higher than the plotted values. 
Most red symbols (representing HEA-LSFE) fall within the yield strength 
range of 1–1.25 GPa, while most blue symbols (representing HEA-HSFE) 
lie between 1.25 and 1.5 GPa, indicating that HEA-HSFE generally ex
hibits higher yield strength than HEA-LSFE. For samples of the same 
composition, the yield strength remains similar under both loading 
conditions. Although a slight deviation in loading orientation should, in 
principle, introduce a small change in yield strength, the corresponding 
variation in Schmid factor for the most favourably oriented slip system is 
minimal, increasing only from 0.471 to ~0.493 (Fig. S1 and Table S1). 
For single crystals, the yield strength, Schmid factor, and critical 
resolved shear stress are related by 

σy = τCRSS
/
m 

where σy is the yield strength, τCRSS is the critical resolved shear stress, 
and m is the Schmid factor [77]. Therefore, assuming the yield strength 
is σy under the aligned [110] loading condition, the corresponding yield 
strength under a misaligned loading direction would be approximately 

Fig. 2. Typical engineering stress–strain curves for (a–b) HEA-LSFE and (c–d) HEA-HSFE samples under different loading conditions. In (a) and (c), the [110] axis 
was aligned with the tensile loading direction, whereas (b) and (d) correspond to samples exhibiting a 4–6◦ misalignment between these two directions. The 
misalignment angles, measured from TEM/SAED analyses in Fig. S2, are shown alongside the curves.

Fig. 3. Statistical analysis of the yield strength and ductility of HEA-LSFE and 
HEA-HSFE samples under different loading directions. Misalignment angles 
between the [110] axis and the tensile loading direction are indicated for 
samples plotted as triangles. Open symbols denote samples that were not 
strained to fracture.
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0.96σy. Such a small change is easily masked by statistical scatter and 
therefore does not appear as a noticeable difference in the measured 
stress–strain curves.

Regarding ductility, all circles (representing perfectly aligned sam
ples) fall within the range of ~7.5–15%, whereas all triangles (repre
senting misaligned samples) exceed 20%. This trend suggests that 
introducing a misalignment between the [110] crystal orientation and 
the tensile axis enhances the ductility of the samples. Moreover, 
although not universal, larger deviation angles often correlate with 
improved ductility but show no apparent effect on yield strength.

To elucidate the origins of the distinct mechanical responses 

observed among the different sample categories, the effects of the three 
previously introduced aspects of deformation twinning, i.e., twin den
sity, twin–twin interaction, and TB motion, are considered and discussed 
in detail in the following sections.

3.2. Characterisation of twin density in HEAs with different compositions 
and loading conditions

Dark-field (DF) TEM imaging was employed to characterise the 
deformation twin configurations in the post-deformation samples. 
Fig. 4a–4d and 4e–4f correspond to HEA-LSFE and HEA-HSFE samples, 

Fig. 4. Dark-field TEM images showing twin configurations in post-deformation (a–d) HEA-LSFE and (e–h) HEA-HSFE samples. In the first two columns, the [110] 
axis of each sample was aligned with the loading direction, whereas in the latter two columns, the [110] axis was misaligned with the loading direction. White arrows 
in each image indicate the diffraction spot used to form the DF image, where “T” denotes the twin regions and “M” represents the matrix. Line profiles are extracted 
along the red or blue arrows to quantify local contrast variations, with the corresponding intensity distributions shown beneath each image. Average twin thicknesses 
and TB spacings, along with their standard deviations, are measured from the images and intensity profiles. (i–j) Histograms showing twin-thickness distributions in 
the two alloys under loading directions that are aligned and misaligned with the [110] axis, respectively.
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respectively. The first two columns of Fig. 4 show samples in which the 
tensile loading direction was aligned with the [110] axis, while the third 
and forth columns present samples where the tensile direction was 
misaligned from the [110] axis. For each condition, both fractured and 
unfractured samples were analysed. All DF TEM images were acquired 
along a <110> zone axis using a 111 diffraction spot of either the twin 
region or the surrounding matrix. When the 111 spot was taken from the 
twin region, twin domains appear bright in the resulting DF image; 
conversely, when the spot was selected from the matrix, the twin do
mains appear dark.

To quantitatively compare the twin thicknesses and TB spacings 
between HEA-LSFE and HEA-HSFE, line profiles were drawn across 
areas exhibiting the highest density of deformation twins, as indicated 
by red or blue arrows in each image. The corresponding intensity pro
files, shown below each DF TEM image, display peaks or valleys asso
ciated with individual twins. Average twin thicknesses and TB spacings, 
along with their standard deviations, were extracted from these in
tensity profiles. Moreover, Fig. 4i (loading aligned with [110]) and 4j 
(loading misaligned with [110]) display histograms of twin-thickness 
distributions, extracted from additional samples with over 150 twins 
in total. These statistical analysis reveals that deformation twins in HEA- 
LSFE are generally thinner and denser than those in HEA-HSFE. The 
findings are consistent with the lower SFE of HEA-LSFE compared to 
HEA-HSFE [49,50], and align with the experimental design intent of 
promoting higher twin density in the lower-SFE alloy. Furthermore, the 
comparison between aligned and misaligned loading conditions in
dicates that the loading direction has a negligible effect on the twin 
density.

To further verify these observations, atomic-resolution imaging was 
conducted using STEM-HAADF. Fig. 5a and 5b display typical twin re
gions in HEA-LSFE and HEA-HSFE, respectively. In Fig. 5a, the HEA- 
LSFE sample exhibits a high density of deformation twins, indicated in 
purple, with the thicknesses of most twin regions being less than 10 
atomic layers. The spacings between TBs are usually less than 20 atomic 
layers. Additionally, stacking faults (SF) (yellow) and a secondary twin 
(green) are also observed in the HEA-LSFE sample. In contrast, Fig. 5b 
shows that twins in HEA-HSFE are generally thicker, often on the order 
of tens of atomic layers, and spaced further apart. Although an ultrathin 
three-layer twin is observed in Fig. 5b, the overall density of TBs in HEA- 
HSFE is significantly lower than in HEA-LSFE.

3.3. Deformation behaviour of samples under different loading conditions

3.3.1. [110] aligned with the tensile loading direction
Fig. 3 has shown that samples with a misalignment between the 

[110] axis and the tensile force direction exhibited greater ductility than 

those in which the [110] axis was precisely aligned with the loading 
direction. To gain insight into the underlying mechanisms, the defor
mation processes of representative samples from each category were 
examined.

Fig. 6a and 6b present typical engineering stress–strain curves for 
one HEA-LSFE sample and one HEA-HSFE sample, respectively, both 
having the [110] axis precisely aligned with the tensile direction. 
Sequential frames extracted from the corresponding in-situ deformation 
videos (Supplementary Movies 1 and 2) are shown in Fig. 6c1–6c5 and 
6d1–6d5, with each frame's time point marked on the stress–strain curve.

Because these samples were loaded precisely along the [110] direc
tion, two primary {111} slip plane groups (green and purple planes in 
Fig. 1b3) were symmetrically oriented relative to the loading direction 
and thus activated concurrently during deformation. As highlighted by 
the red and blue arrows in Fig. 6c1–6c2 and 6d1–6d2, twins nucleated 
almost simultaneously on both planes at early stages of deformation and 
quickly intersected. The moderate twin thickness at this stage facilitated 
interaction and mutual penetration between intersecting twins, forming 
X-shaped configurations. In Fig. 6c2 and 6d2, the intersected twins are 
highlighted by blue (T1 and T3) and red (T2 and T4) dashed lines. The 
matrix region between these twins are outlined by yellow dashed lines 
and marked with an “M”. This process resulted in noticeable changes to 
the sample morphology. Prior to twin intersection, single-step ledges 
appeared along the sample edges (highlighted by polylines in Fig. 6c1 
and 6d1). Following the interpenetration, opposing double-step features 
developed at the edges (Fig. 6c2–6c3 and 6d2–6d3), separated by a nar
row marix region.

With continued deformation, both intersected twins underwent 
thickening via TB migration, which significantly consumed the matrix 
region between them. This can be clearly seen by comparing Fig. 6c2 and 
6d2 with Fig. 6c4 and 6d4, respectively, where a pronounced reduction in 
the matrix area (highlighted by yellow dashed lines) is evident. This 
processes resulted in a marked decrease in the local cross-sectional area 
at the intersected-twin region, forming a necked region. As a result, 
subsequent deformation became increasingly localised at the twin–twin 
intersection. Once necking became severe, abrupt fracture occurred at 
that site (Fig. 6c5 and 6d5). Moreover, throughout the deformation 
process, in-situ observations confirmed that TB migration was the 
dominant mechanism of TB motion, whereas TB sliding was not 
observed.

3.3.2. [110] misaligned with the tensile loading direction
Fig. 7a and 7b show typical engineering stress–strain curves of HEA- 

LSFE and HEA-HSFE samples, respectively, in which a misalignment 
existed between the [110] axis and the tensile loading direction. Both 
curves exhibit ductility in the range of approximately 20–25%, clearly 

Fig. 5. STEM–HAADF images of post-deformation (a) HEA-LSFE and (b) HEA-HSFE samples showing atomic-scale twin configurations. Uncoloured, purple, green, 
and yellow areas represent the matrix, primary twins, secondary twins, and SFs, respectively.
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higher than that of the samples shown in Fig. 6.
Fig. 7c1–7c5 and 7d1–7d5 illustrate the corresponding deformation 

processes for the two samples, with their in-situ videos shown in Sup
plementary Movies 3 and 4. Due to the misalignment between [110] and 
the loading direction, different Schmid factors were realised for slip 
systems on the two {111} slip plane groups. As a result, deformation 
twinning in these samples showed a strong directional preference, with 
most twins forming along a single {111} plane group. As shown in 
Fig. 7c1–7c2 and 7d1–7d2, the majority of twins were aligned along the 
same direction, which significantly reduced interaction between 
differently oriented twinning systems. In the absence of twin–twin in
tersections, which are common sites of stress concentration, strain was 
more uniformly distributed across the samples. This is evidenced by the 
even dispersion of massive twins and the absence of sharp surface steps 
at necking regions, as outlined by the black lines in Fig. 7c3 and 7d3. The 
reduction in cross-sectional area was therefore shared across multiple 
locations, rather than being concentrated at a single site, which 
contributed to the enhanced ductility.

A notable deformation feature observed in both samples was the 
bending of individual twin segments, as evidenced by the morphologies 
of T1 in Fig. 7c3 (outlined by blue dashed lines) and T3 in Fig. 7d3 
(outlined by red dashed lines). The bending of twins is usually caused by 
the accumulation of full or partial dislocations at TBs [78]. In this case, 
the gliding of partial dislocations on the less favoured slip planes gave 
rise to T2 and T4 that intersected with the dominant twins T1 and T3, 
forming junctions at points A and B in Fig. 7c3 and 7d3, respectively. 
This leads to accumulation of full or partial dislocations at TBs, causing 
the bending of T1 and T3. These bent twin regions became the sites of 
localised necking and, eventually, fracture occurred within these regions 

(Fig. 7c5 and 7d5).

3.3.3. Statistics on twin–twin intersection behaviour
To further substantiate the role of twin–twin intersections in gov

erning deformation, we performed a statistical analysis of intersection 
events for HEA-LSFE (Fig. 8a, b) and HEA-HSFE (Fig. 8c, d). These 
measurements were derived from in-situ tensile videos acquired using 
diffraction contrast at relatively low magnifications. While this imaging 
condition may lead to a small number of ultrathin twins being missed, 
the observable twins, which represent the main carriers of plastic 
deformation, still provide a reliable semi-quantitative basis for evalu
ating deformation behaviour.

Fig. 8a and 8c summarise the number of deformation twins activated 
on different twinning planes at the moment of the first twin–twin 
intersection. As illustrated by the Thompson tetrahedron in the inset, the 
blue and purple regions correspond to twins lying on the ABC and BCD 
twinning planes, respectively. For both HEAs, when the loading direc
tion was aligned with the [110] axis, comparable numbers of twins were 
activated on both planes. In contrast, when the loading direction was 
misaligned with the [110] axis, a disproportionately large number of 
twins formed on one twinning plane, and the overall number of acti
vated twins increased.

Fig. 8b and 8d show the fractions of intersected (light brown) and 
non-intersected (dark brown) twins among all twins just before fracture. 
For both HEAs, aligned loading conditions resulted in a dominant frac
tion of intersected twins. Conversely, under misaligned loading, the 
proportions of intersected and non-intersected twins became compara
ble. This behaviour arises because, at early deformation stages, most 
twins nucleate on the favoured twinning plane, whereas at later stages, 

Fig. 6. Deformation processes of samples with the [110] axis precisely aligned with the tensile loading direction. (a–b) Engineering stress–strain curves of repre
sentative HEA-LSFE and HEA-HSFE samples, respectively. (c1–c5) and (d1–d5) Sequential frames extracted from the corresponding in-situ deformation videos of the 
HEA-LSFE and HEA-HSFE samples, respectively. The time points of each frame are indicated on the stress–strain curves. Red and blue arrows indicate deformation 
twins formed on two different {111} slip planes. Red/blue and yellow dashed lines highlight intersected twins and the matrix, respectively. Polylines adjacent to the 
samples outline surface morphologies, where black segments denote matrix regions and red/blue segments represent twinning regions along different directions.
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the less-favoured plane becomes activated, leading to the formation of 
twin–twin intersections.

These statistical results confirm that distinct loading conditions give 
rise to different dynamic twinning behaviours, which in turn underpin 
the contrasting mechanical responses of the samples.

3.4. Fracture surfaces of samples under different loading conditions

To further investigate the fracture mechanisms of the samples and 
understand the role of twin–twin interactions, the fracture surfaces were 
examined. Fig. 9a shows the morphology of a sample just before frac
ture, which was subjected to tensile loading precisely along the [110] 
axis. Two twins (T1 and T2, outlined by red and blue dashed lines, 
respectively) are clearly seen to interpenetrate. The SAED pattern in the 
inset confirms the presence of twins on two {111} plane groups. This 
configuration significantly reduced the local cross-sectional area at the 
interaction site, increasing the local shear stress and therefore leading to 
pronounced strain localisation. More importantly, three distinct crys
tallographic orientations coexisted within the necked region, namely, 
the matrix (yellow), T1 (red), and T2 (blue). The presence of multiple 
orientations created a complex stress state and increased the likelihood 
of strain incompatibility. Fig. 9b presents the fracture surface of the 
same sample. Fracture occurred at the site of twin–twin interpenetra
tion, displaying a relatively flat fracture surface along a TB of T1 and 
cutting across T2. The red dashed lines indicated the original location of 

T1, and the blue dashed lines mark the residual part of T2. A small 
fragment (highlighted by a white dashed square) is visible on the other 
side of T2, corresponding to the yellow dashed triangle in Fig. 9a. This 
region is further magnified in Fig. 9c, where numerous nanotwins and 
SFs along different directions are observed, as indicated by the blue and 
red arrows. This indicates high stress concentration in this area.

Fig. 9d shows the morphology of a sample deformed under a loading 
direction misaligned with its [110] axis. In this case, most twins were 
aligned along the same direction, thus avoiding the severe necking 
caused by twin–twin interpenetration. Instead, necking in this sample 
was primarily driven by the repeated nucleation of twins. As a result, 
necking was distributed over a much larger portion of the sample, as 
highlighted in Fig. 9d. Fig. 9e shows the fracture surface of this sample, 
where fracture occurred within the bent twin T3, resulting in an irreg
ular surface approximately perpendicular to the loading direction. 
Notably, a gradual change in the inclination angle of TBs is observed, 
from 45◦ at TB-1 to 62◦ at TB-4, as marked by white dashed lines. This 
progressive variation indicates that crystal rotation occurred during 
deformation.

From the analysis of fracture surfaces under different loading con
ditions, it can be concluded that fracture typically initiates at locations 
where twins from different systems intersect or interact. However, the 
fracture mechanisms differ markedly between the two scenarios. In the 
first case where two twinning systems are simultaneously activated, the 
interpenetration of twins results in localised reduction in cross-sectional 

Fig. 7. Deformation processes of samples with misalignment between the <110> axis and the tensile force. (a–b) Engineering stress–strain curves of a representative 
HEA-LSFE and HEA-HSFE sample, respectively. (c1–c5) and (d1–d5) Sequential frames extracted from the corresponding in-situ deformation videos of the HEA-LSFE 
and HEA-HSFE samples, respectively. The time points of each frame are indicated on the stress–strain curves. Red and blue arrows indicate deformation twins formed 
on two different {111} slip planes. Black lines adjacent to the samples outline surface morphologies. Red and blue dashed lines in (c3–c4) and (d3–d4) outline 
representative twins on each direction in each sample, with Point A and B highlighting locations of twin–twin intersection.
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area, forming a necked region composed of multiple subdomains with 
different crystallographic orientations. This leads to inter-twin fracture, 

typically along one of the TBs. In contrast, in the second scenario where 
only one twinning system is active at early stages of deformation, the 

Fig. 8. Statistics of twin–twin intersection events in (a–b) HEA-LSFE and (c–d) HEA-HSFE samples under different loading conditions. (a) and (c) show the number of 
activated twins on different twinning planes at the moment when the first twin–twin intersection occurred. (b) and (d) show the fractions of intersected and non- 
intersected twins among all twins just prior to fracture. At least three samples were examined for each loading condition, labelled #1 to #4.

Fig. 9. Fracture mechanisms of post-deformation samples. (a) Morphology of a sample subjected to a tensile loading direction parallel to the [110] axis. Red and blue 
dashed lines outline two intersecting twins, T1 and T2. The yellow dashed lines mark the matrix. The loading direction and necking region are highlighted. The inset 
displays a <110> SAED pattern, with yellow, red, and blue rectangles marking diffraction spots from the matrix, T1, and T2, respectively. (b) Fracture surface of the 
same sample shown in (a). The red dashed lines indicate the original location of T1, and the blue dashed lines mark the residual part of T2. Red arrows indicate twins 
parallel to T1. (c) Magnified view of the region highlighted by the white square in (b). Nanotwins/SFs along different directions are indicated by red and blue arrows. 
(d) Morphology of a sample loaded with a tensile loading direction misaligned from the [110] axis. The loading direction and necking region are marked. The blue 
dashed lines highlight a bent twin (T3) and the red arrow points to a twin on a less-favoured plane. (e) Fracture surface of the sample shown in (d), with T3 outlined 
by blue dashed lines. White dashed lines indicate four TBs and their corresponding inclination angles.
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frequent nucleation of twins helps alleviate strain localisation and 
distribute plastic deformation across a larger region. Fracture usually 
occurs after another slip plane is activated at a later deformation stage. 
The accumulation of dislocations on TBs distorts or bends an existing 
twin, leading to complex stress states and ultimately intra-twin fracture. 
This mechanism also accounts for the observation that larger misalign
ment angles between the [110] axis and the loading direction often 
enhance ductility: such loading conditions reduce the Schmid factors of 
slip systems on the less-favoured slip planes, thereby delaying their 
activation and postponing the twin–twin–intersection-induced stress 
concentration.

3.5. Mechanical behaviour of samples dominated by different modes of 
TB motion

The experimental results presented so far have primarily focused on 
samples where TB migration was the dominant mode of TB motion. In 
fact, TB sliding is an equally important mechanism that occurs when the 
loading orientation results in comparable Schmid factors for leading and 
trailing partial dislocations on the slip plane [44].

Fig. 10a presents typical engineering stress–strain curves of HEA- 
LSFE samples that exhibited pronounced TB sliding during deforma
tion (plotted in blue), which can be confirmed in Supplementary Movies 
5–7. For comparison, the curve of a HEA-LSFE sample displaying only 
TB migration is also shown (in red), with the corresponding in-situ video 
presented in Supplementary Movie 8. All samples were subjected to 
tensile loading misaligned from the [110] axis. Compared to the sample 
dominated by TB migration, the TB-sliding-dominated samples exhibi
ted lower ductility and were characterised by at least one prominent 
strain burst. Following the strain burst, the flow stress dropped to a 
significantly lower level and then rapidly declined to zero. In contrast, 
the TB migration samples showed a more continuous plastic flow and a 
gradual decrease in stress, thereby better maintaining its ductility.

Fig. 10b summaries the contribution of TB sliding to the overall 
deformation for the samples shown in Fig. 10a. The fractions of TB- 
sliding-induced strain relative to the total strain are evaluated at engi
neering strains of 0.05, 0.10, 0.15, and 0.20. For samples dominated by 
TB migration, TB sliding remains negligible and emerges only at very 
late deformation stages. In contrast, TB-sliding-dominated samples 
exhibit substantially higher TB-sliding contributions, even during the 
early stages of deformation. As the total strain increases, TB sliding 
becomes increasingly dominant, ultimately accounting for more than 
50% of the total strain at later stages.

Fig. 11a and 11b1–11b4 illustrate the deformation process of a HEA- 
LSFE sample dominated by TB sliding (tensile loading direction mis
aligned with the [110] axis). The original in-situ video shown in the 

Supplementary Movie 5. The corresponding time points of each frame 
(Fig. 11b1–11b4) are indicated on the stress–strain curve in Fig. 11a. At 
early stages of deformation, two twins (T1 and T2) nucleated on the same 
set of {111} planes, as indicated by the blue arrows in Fig. 11b1. The 
surface steps at these two twins caused stress concentration and facili
tated the nucleation of massive dislocations. As a result, subsequent 
deformation was mainly localised to these twins through TB sliding, 
particularly in T2. As TB sliding proceeded, a large surface step formed 
on the specimen, as marked by the gap between the red dashed and solid 
lines in Fig. 11b2. In Fig. 11b3, both T1 and T2 underwent abrupt TB 
sliding. Simultaneously, a new twin (T3) nucleated and also experienced 
significant TB sliding. This sudden twin formation and collective TB 
sliding event resulted in a large strain burst at point b3 on the stress–
strain curve and caused temporary detachment between the tensile 
gripper and the sample. An unloading adjustment was then performed 
before reapplying the tensile load. During reloading, a much lower en
gineering stress was sufficient to continue deformation, as the prior TB 
sliding had effectively reduced the cross-sectional area of the sample. As 
deformation progressed, T3 underwent extensive TB sliding (Fig. 11b4), 
ultimately becoming the site of fracture.

The red-rectangle region in Fig. 11b4 was examined using DF TEM 
after tensile testing, and the result is shown in Fig. 11c. The inset dis
plays a <110> SAED pattern of the region, with 111 diffraction spots of 
the matrix and twins highlighted by white and blue circles, respectively. 
The DF TEM image was obtained using the 111 diffraction beam of the 
matrix, rendering the twins as dark contrast bands. The thin, dark 
feature marked by the arrow at T3 confirms that the observed defor
mation was due to TB sliding rather than a dislocation slip band.

4. Discussion

4.1. Effects of twin thickness on mechanical behaviour

By varying the composition and consequently the SFE, distinct twin 
densities were achieved in HEA-LSFE and HEA-HSFE. Specifically, HEA- 
LSFE, with its lower SFE, exhibited thinner and denser deformation 
twins compared to HEA-HSFE. This difference primarily stems from the 
influence of SFE on the nucleation of twin embryos and their subsequent 
growth [33,50,79].

Mechanically, HEA-HSFE samples exhibited an average yield 
strength approximately 300 MPa higher than that of HEA-LSFE samples. 
This difference is more likely attributed to composition-induced varia
tions in SFE and local chemical heterogeneity rather than differences in 
twin density. Prior studies have shown that increasing Cr content lowers 
the unstable SFE, whereas increasing Ni content raises it [80,81]. A 
lower unstable SFE reduces the stress required to nucleate partial 

Fig. 10. Comparison of TB-sliding- and TB-migration-dominated mechanical behaviours. (a) Representative engineering stress–strain curves of three TB-sliding- 
dominated HEA-LSFE samples (blue) and two TB-migration-dominated HEA-LSFE samples (red). (b) Contribution of TB sliding to the total strain for the samples 
shown in (a).

J. Liu et al.                                                                                                                                                                                                                                       Acta Materialia 306 (2026) 121880 

10 



dislocations and thus lowers the yield strength [80,82]. In addition, 
local chemical heterogeneity, including local compositional fluctuations 
and short-range ordering (SRO), may further contribute to the strength 
difference. Such heterogeneity is known to generate a rugged energy 
landscape that impedes dislocation glide [83] and increases the activa
tion energy required for nanoscale segment detrapping, thereby 
strengthening the alloy [84]. Although all samples in this study were 
annealed at an elevated temperature for an extended period (see 
Experimental Procedures) and TEM/STEM characterisation did not 
reveal measurable differences in these features, it remains possible that 
the compositional differences between the two HEAs give rise to distinct 
degrees of local chemical heterogeneity [85]. However, how variations 
in Cr and Ni concentrations quantitatively influence local compositional 
fluctuations or SRO remains insufficiently explored and represents a 

promising direction for future research.
The influence of twin density on ductility, however, depends 

strongly on the loading condition. When the [110] axis was misaligned 
with the loading direction, HEA-LSFE samples exhibited slightly higher 
average ductility (~26%) than HEA-HSFE (~21%). This suggests that 
increasing twin density can improve the ductility of small-sized samples, 
consistent with observations in many bulk materials [86–88]. One 
reason is that a higher density of TBs can increase dislocation storage 
capacity and postpone the onset of necking [89–92]. Moreover, our 
observations of structural evolution during deformation (Fig. 7) show 
that samples with higher twin density developed smoother surface 
morphologies with less pronounced surface steps at the necking region, 
thereby alleviating strain localisation and further supporting improved 
ductility. However, it is important to note that increasing twin density 

Fig. 11. A TB-sliding-dominated deformation process for a HEA-LSFE sample. (a) The engineering stress–strain curve. (b1–b4) Sequential frames from the in-situ 
deformation video showing the deformation process. Time points of each frame are indicated on the stress–strain curve. Blue arrows highlight deformation 
twins, T1, T2, and T3. The red dash and red solid lines in (b2) mark a step formed from TB sliding. The red-square area in (b4) is observed with DF TEM and shown in 
(c). The inset in (c) presents the SAED pattern. The 111 diffraction spots of the matrix and twins are highlighted.
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does not lead to unlimited improvement in ductility. Some studies 
suggest the existence of a material-specific critical twin thickness [93,
94]. When the twin thickness falls below this threshold, an inverse 
Hall–Petch relationship may be activated, resulting in reduced strength 
and strain hardening capacity [93,94].

In contrast, when the [110] axis was aligned with the loading di
rection, both HEAs showed a similar average ductility of ~12%. In this 
case, increasing twin density did not improve ductility as it did under the 
previous condition. Our analysis indicates that this is due to frequent 
twin–twin interactions such as interpenetration, which promote early 
necking. The increase in TBs could not delay necking, and as a result, 
both alloys, regardless of their twin densities, exhibited comparably low 
ductility. More detailed discussion on how twin–twin interactions pro
mote necking and compromise ductility is provided in the following 
section. Furthermore, these findings lead to an important insight: in 
small-sized samples, improving ductility is less about increasing dislo
cation storage capacity and strain hardening capability, as is typical in 
bulk materials, and more about avoiding the formation of stress con
centration sites. Morphological stability and the suppression of local
isation are key to enhancing ductility in these systems.

4.2. Effect of twin–twin interaction on mechanical behaviour

By adjusting the alignment between the tensile loading direction and 
the crystal’s [110] axis, two distinct deformation scenarios were 
observed: activation of deformation twinning on either two different sets 
of {111} plane groups or predominantly on a single set. In the first 
scenario, twins form along different directions and frequently interact, 
whereas in the second, twins primarily align along the same direction. 
In-situ tensile testing and TEM characterisation demonstrate that 
twin–twin interactions adversely affect the ductility of small-sized sin
gle-crystalline samples mainly by promoting localised strain and 
necking. This behaviour contrasts with that of bulk materials, where 
twin–twin interactions are generally regarded as beneficial, often 
enhancing mechanical properties [42,95,96]. For instance, in bulk 
twinning-induced plasticity steels, twin–twin interactions have been 
shown to provide additional hardening at late deformation stages, 
thereby delaying the onset of unstable plastic flow [95]. Twin in
tersections have also been observed to retard twin growth and promote 
the nucleation of new twins in their vicinity, both of which contribute to 
twinning-induced hardening [42,96]. To better understand the reasons 

Fig. 12. GPA analysis showing local strain fields around different structures of twins. A STEM-HAADF image is shown for each scenario, with a white square 
indicating the site used as reference lattices. Corresponding GPA images illustrate the strain field maps of horizontal normal strain (εxx), shear strain (εxy), and vertical 
normal strain (εyy). (a) A single twin with steps on a TB. (b) Two parallel twins. (c) Two intersecting twins with a step on one of them. (d) Two intersecting twins 
without steps.
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behind this behaviour, geometric phase analysis (GPA) and schematic 
illustration were utilised, leading to two key conclusions.

First, twin–twin interaction results in significant stress concentra
tion. While such stress concentrations can be accommodated in bulk 
materials with sufficient strain-hardening capability, they can be fatal in 
small-sized samples, leading to premature necking. Fig. 12a–12d present 
local strain fields around four types of twin configurations, as measured 
by GPA [97]. The local strain of each site is measured relative to a 
reference site marked by a white square. In the STEM-HAADF images, a 
set of {111} planes is oriented horizontally, so the measured compo
nents εxx, εyy, and εxy represent normal strain on {112} planes, normal 
strain on {111} planes, and shear strain on {111} planes, respectively. 
Although these GPA measurements were performed on 
post-deformation samples (after unloading), the residual lattice distor
tions still provide a valid qualitative indication of the stress states pre
sent during deformation. As shown in Fig. 12a and 12b, only minor 
lattice distortions are observed near single twins or parallel twins, even 
in the presence of steps on TBs. In contrast, Fig. 12c and 12d show twin 
intersections, differing mainly in whether a step forms on one of the TBs. 
In both cases, GPA reveals pronounced local elastic strain within the 
thick twin, suggesting the presence of stress concentration. Although 
this strain does not appear exactly at the intersection point, this 
behaviour is reasonable. Stress concentrations generated at twin–twin 
intersections are known to relax during subsequent deformation through 
mechanisms such as crystal rotation, phase transformations, or dislo
cation reactions [98,99]. Because GPA analysis was performed on 
samples that had undergone further deformation after the intersection 
event, it is expected that the initial stress concentration at the inter
section would have been redistributed and transmitted into the adjacent 
‘barrier’ twin, manifesting as dislocation activities and accumulated 
elastic strain within that region. As a result, when a twin–twin inter
section forms, subsequent deformation preferentially localises in this 
region, driven by the residual stress field, rather than proceeding uni
formly through twin nucleation across the sample.

The second reason is that, compared to single twinning, twin–twin 
interactions accelerate cross-sectional reduction and lead to more severe 
necking. Fig. 13a and 13b schematically illustrate the structural evolu
tion of a sample subjected to a loading direction aligned with the [110] 
axis. When twins form along different directions and intersect, they 
interpenetrate and create two trianglar matrix regions between them 
(Fig. 13b). As the intersecting twins simultaneously thicken, the matrix 
between them narrows rapidly, forming a pronounced necked region 
much thinner than the surrounding areas. Combined with the stress 
concentration induced by twin–twin interactions, this significantly in
creases the likelihood of fracture. However, it is worth noting that while 
the twin–twin interpenetration structure is clearly observed in this study 
and is known to promote brittle fracture, its formation mechanism 

remains unclear and warrants further investigation.
In contrast, when the [110] axis is misaligned with the loading di

rection (Fig. 13c), the necking region typically involves only a single 
twin (Fig. 13d). As a result, the reduction in cross-sectional area due to 
twin thickening proceeds more gradually compared to the double 
twinning scenario. The presence of a single twin would naturally cause a 
lateral shift between the upper and lower portions of the sample if no 
external constraints were present. However, during actual tensile 
testing, the tensile grips constrain both ends of the sample to maintain a 
uniaxial loading axis, preventing any lateral displacement induced by 
single twinning. To accommodate these constraints, the twinned regions 
undergo crystallographic rotation [100,101], allowing the sample to 
realign along the loading axis, as illustrated in Fig. 13d. This is evi
denced by the gradual change in the inclination angles of TBs at different 
positions along the sample, as displayed in Fig. 13e. Such reorientation 
helps redistribute strain away from the necking region, suppresses 
further strain localisation, and ultimately enhances ductility.

4.3. Effect of different modes of TB motion on mechanical behaviour

Through quantative in-situ tensile tests, this study observed samples 
dominated by two different modes of TB motion: TB migration and TB 
sliding. Twin-boundary migration involves the glide of a single partial 
dislocation along the TB, resulting in twin thickening [44]. In contrast, 
TB sliding proceeds through the nucleation and gliding of dissociated 
full dislocations along the TB [44,45]. In this mechanism, a leading 
partial transforms an atomic layer of the matrix into a twin, while a 
trailing partial reverts it back to the matrix. A critical condition for TB 
sliding is that the Schmid factors of the leading and trailing partial 
dislocations are comparable [44].

The mode of TB motion has little effect on yield strength, as yielding 
reflects the onset of plasticity, which is well before TB-mediated pro
cesses, such as sliding or migration, become active. Instead, the mode of 
TB motion primarily influences the ductility. Our results show that 
stress–strain curves of samples dominated by TB sliding typically exhibit 
a pronounced strain burst at the onset of TB sliding. This is attributed to 
the sudden nucleation of a large number of dissociated full dislocations 
at TB surface steps, where stress concentration occurs, followed by 
avalanche-like gliding along the TB [102,103]. This is then followed by 
rapid relative displacement between the matrix and the twin, suggesting 
that TBs offer little resistance to dislocations gliding on planes parallel to 
them [104]. The associated localised deformation and stress concen
tration lead to accelerated necking and severely reduced ductility.

In contrast, samples dominated by TB migration undergo more 
gradual necking and exhibit slower stress drop, thus maintaining better 
ductility. However, it is important to note that these conclusions are 
based on tests in which the loading direction forms an angle of 

Fig. 13. Schematic illustration of structural evolution of samples subjected to a tensile force that is (a–b) aligned with the [110] axis or (c–e) misaligned with the 
[110] axis. The red and dark blue areas indicate twins along different directions.
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approximately 55◦ with the twinning plane. Prior studies have shown 
that the influence of TB sliding on ductility is orientation-dependent; 
under pure shear loading parallel to the TB, TB-sliding-dominated 
deformation can still exhibit considerable deformability [45].

In our experiments, TB sliding was most likely facilitated by an out- 
of-plane deviation of the loading axis from the ideal [110] orientation. 
This deviation may have arisen from crystal rotation during sample 
preparation or minor misalignment in the experimental setup. The 
crystallographic condition is illustrated in Fig. 14, where the Thompson 
tetrahedron from Fig. 1a is embedded in a unit cell for clarity. Assume 
that ABC is the active twinning plane, and δ is the centroid of triangle 
ABC. When the tensile direction is aligned along vector AD (the designed 
loading condition), the Schmid factors for the leading partials (Cδ or Bδ) 
are 0.236, while that of the trailing partial (δA) is 0.471, favouring TB 
migration. However, when the loading direction deviates toward DP, the 
Schmid factors for both (Cδ) and (δA) become 0.424, making TB sliding 
more likely.

Our observations also show that TB sliding is not restricted to a 
specific alloy composition. Both HEA-LSFE and HEA-HSFE samples 
exhibited TB sliding when tested under the above-mentioned loading 
conditions. Together with prior reports of TB sliding in other FCC sys
tems [44,45], this suggests that the activation of TB sliding is governed 
primarily by the loading geometry rather than by the chemical 
composition of the alloy.

While TB sliding is commonly observed in small-sized samples 
[44–46], it is rarely reported in bulk materials. This may be attributed to 
geometric constraints from surrounding grains [43] and insufficient 
resolved shear stress to simultaneously activate both partial dislocations 
[42]. Further studies are needed to confirm the occurrence of TB sliding 
in bulk materials and to better understand its influence on macroscopic 
mechanical behaviour.

5. Conclusions

By employing quantitative in-situ tensile straining TEM and various 
microstructural characterisation techniques, this study investigated how 
twin density, twin–twin interaction, and TB motion mode influence the 
mechanical behaviour of small-sized single-crystalline samples. 
Although size effects inherent to nanoscale systems may lead to certain 
observations that are not directly transferable to larger-scale materials, 
the mechanistic insights regarding defect nucleation, interaction, and 
modes of motion identified in this study remain valid regardless of 
sample dimensions. The main findings are summarised below: 

(1) Reducing the SFE of HEAs through compositional adjustment 
leads to a higher density of thinner deformation twins. This 
increased twin density enhances dislocation storage capacity and 
promotes a more uniform strain distribution, thereby improving 
the ductility of small-sized samples. However, this ductility- 
enhancing effect can be easily compromised by severe stress 
concentration sites, such as twin–twin interpenetration. This 
suggests that improving ductility in small-scale materials relies 
more on avoiding stress concentration and maintaining 
morphological stability than solely increasing dislocation storage 
capacity. Additionally, the lower SFE reduces the yield strength 
of single crystals, as it lowers the stress required to initiate partial 
dislocation slip.

(2) By varying the loading direction relative to the crystal orienta
tion, distinct twinning behaviours were observed. When the 
loading condition activates two twinning systems with similar 
Schmid factors, simultaneous twinning on the two twinning sys
tems occurs, often resulting in twin–twin intersections or in
terpenetrations at early deformation stages. These interactions 
induce stress concentration and localised necking, promoting 
premature fracture and reducing ductility. In contrast, when the 
loading direction favours one twinning system over the other, 

intense twin–twin interactions are avoided at early stages of 
deformation. Although stress concentration at twin intersection 
sites may still lead to eventual failure, the overall ductility is 
significantly better than in the dual-system case.

(3) When the Schmid factors favour the nucleation and glide of 
dissociated full dislocations along TBs, TB sliding becomes the 
dominant deformation mode. Since TBs offer minimal resistance 
to dislocations gliding on planes parallel to them, TB sliding leads 
to highly localised deformation and substantial sliding-off be
tween the matrix and the twin. The flow stress required to sustain 
TB sliding remains lower than that observed in TB-migration- 
dominated deformation. Consequently, TB sliding substantially 
reduces the ductility of small-sized samples.
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