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Strong crystal size effect on deformation twinning
Qian Yu1, Zhi-Wei Shan1,2, Ju Li3, Xiaoxu Huang4, Lin Xiao1, Jun Sun1 & Evan Ma1,5

Deformation twinning1–6 in crystals is a highly coherent inelastic
shearing process that controls the mechanical behaviour of many
materials, but its origin and spatio-temporal features are shrouded
in mystery. Using micro-compression and in situ nano-compression
experiments, here we find that the stress required for deformation twinning increases drastically with decreasing sample size of
a titanium alloy single crystal7,8, until the sample size is reduced
to one micrometre, below which the deformation twinning is
entirely replaced by less correlated, ordinary dislocation plasticity.
Accompanying the transition in deformation mechanism, the
maximum flow stress of the submicrometre-sized pillars was
observed to saturate at a value close to titanium’s ideal strength9,10.
We develop a ‘stimulated slip’ model to explain the strong size
dependence of deformation twinning. The sample size in transition is relatively large and easily accessible in experiments, making
our understanding of size dependence11–17 relevant for applications.
Explosive growth in the use of small-volume materials such as
submicrometre-scale single crystals is driving the exploration of
sample-size-dependent mechanical behaviour15–17. At room temperature, the two major mechanisms responsible for the plasticity of
materials are ordinary dislocation plasticity (ODP) and deformation
twinning. For polycrystalline materials, it has been well-established
that regardless of the major deformation mechanism, the apparent
strength and the grain size (dg) follows a Hall–Petch-type behaviour:
s 5 s01kdg2a, where s is the flow strength, s0 and k are sizeindependent constants and a is an exponent typically between 0.5
and 1. The difference is that the Hall–Petch slope for deformationtwinning-mediated plasticity (kDT) is much larger (up to ten times)
than that for ODP (kODP)18–20. In recent years, size effects on the
plasticity of surface-confined single crystals have drawn considerable
attention15–17. It has been demonstrated that the sample dimension d
strongly influences the ODP-mediated deformation and hence the
apparent strength15–17, which also follows a power-law behaviour.
However, it is yet unknown if deformation-twinning-mediated
plasticity would be strongly sample-size-dependent. If so, and if
kDT ? kODP, the power-law scaling for deformation-twinningmediated plasticity must break down at a much larger sample size
than that for ODP-mediated plasticity, because the ideal strength of
the crystal9 imposes an upper bound on the flow stress—see Supplementary Fig. 1.
We chose a single-crystal Ti alloy as our model system. Deformation twinning is known to play a key part in the deformation of
hexagonal-close-packed metals7,8 owing to the limited number of
dislocation slip systems. For compression of bulk Ti and a-Ti alloys
along the c-axis8,21–24, deformation twinning is the geometrically
favoured deformation mode and the reported8,21–24 twinning systems
are f1122gh1123i, f1124gh2243i and f1011gh1012i. In conventional
samples, the twin lamellae in Ti and its alloys have thicknesses
ranging from 0.1 to 10 mm and lengths of the order of several

micrometres7,8,21–24. It is then interesting to see what will happen
when the sample dimensions are reduced to the same scale or even
smaller.
We used a bulk square Ti–5 at.% Al single crystal as the starting
material, from which all the samples in this study were cut. The
experimental details are described in the Methods and in the
Supplementary Information. Supplementary Fig. 2 shows the behaviour of the bulk single crystal under [0001] compression. Profuse
deformation twinning is seen, in agreement with the literature24. In
micro-compression tests of pillars with d $ 1.0 mm, almost all the
deformed samples showed obvious shearing traces on the surfaces.
Examples are shown in Fig. 1a and b. A trace analysis of the
d 5 1.0 mm micro-pillar showed that the shearing occurred on the
{1122} plane, which is a common twinning plane in hexagonal-closepacked Ti and its alloys. Electron backscatter diffraction (EBSD)
analysis of these deformed pillars provides evidence that deformation
twinning indeed occurred during compression. Figure 1c and d compare the pole figures of the d 5 8.0 mm pillar, before and after the
deformation. We observed nearly perfect {0001} reflection in the
micro-pillar before loading, but after deformation several new orientations that are far from the initial orientation appeared. We identify
these new orientations as due to deformation twinning on two types
of twinning systems, f1122gh1123i, and f1011gh1012i, as indicated
in Fig. 1d. Similar EBSD results were obtained for the d 5 1.0 mm
sample as well. Rapid deformation twin growth is also corroborated
by the obvious strain bursts in the stress–strain curves; see Fig. 2a.
Transmission electron microscopy (TEM) micrographs of the
deformed d 5 8 mm pillar, taken from its vertical cross-section cut
using focused ion beam (FIB) micromachining (Supplementary Fig. 3),
are shown in Supplementary Figs 4 and 5: deformation twins are
observed inside tangles of curved dislocations. The twins with small
sizes—that is, twin embryos—exhibit convex lens shapes (Supplementary Fig. 5), in contrast to the straight profile of grown twin bands
(Supplementary Fig. 2).
We noticed remarkable changes in deformation behaviour for
d 5 0.7 mm and 0.4 mm. As shown in Fig. 3a and b, in these submicrometre pillars plastic deformation is concentrated on the top part of
the pillar, resulting in a ‘mushroom’ shape. The load-displacement
curve of this sample is given in Fig. 2b. In Fig. 2b we observe continuous plastic flow without any major strain burst. This difference
from Fig. 2a suggests a dramatic change in the deformation mode as
compared with the larger, micrometre-sized pillars.
We also conducted compression tests in situ inside a TEM for a
0.25-mm-diameter cylindrical pillar, to reveal the entire dynamic
deformation process in these submicrometre pillars (see movie in
the Supplementary Information). The still images comparing the
structure before and after testing are displayed in Fig. 3c and d.
The corresponding load-displacement curve is in Fig. 2c. Here again,
we observe the development of mushroom-like sample morphology
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Figure 1 | Scanning electron microscopy images
of the deformed micropillars and EBSD pole
figure. a, d 5 8.0 mm. b, d 5 1.0 mm. c, d, EBSD
pole figure of the d 5 8.0 mm pillar before (c) and
after (d) compression. T1: f1122gh1123i and T2:
f1011gh1012idenote the twin type. T1 and T2
have misorientation of 64u/,1100w and 57u/
,2110., respectively, with respect to the initial
orientation. (Half-width 10u; cluster size 5u.)
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and continuous plastic flow. TEM micrographs in Fig. 3c show that
before the test, the density of dislocations is very low, except at the top
of the pillar where a few dislocation lines were left from FIB damage
(our TEM examinations indicate that the damage layer is only a few
nanometres thick and should not affect the mechanism transition at
the size scale of dc < 1 mm). After the compression test, a high density
of tangled dislocations is observed; see Fig. 3d. There is no sign of
deformation twins from either the images or the diffraction patterns.
The movie in the Supplementary Information, when correlated with
Fig. 2c, reveals that during the first and second loading, only a few
dislocations propagated from the contact surface into the pillar. The
dislocation activities became intense only during the third loading, at
which point the load reached 105 mN (the corresponding contact
stress is ,2 GPa, when dividing the load by the contact area). The
continuous generation, multiplication and considerable accumulation of dislocations (see also Fig. 3d) are consistent with Fig. 2b and
Fig. 2c: these submicrometre pillars exhibit smooth load-displacement
curves in lieu of the large strain bursts corresponding to rapid deformation twin growth (Fig. 2a).
These results clearly demonstrate that deformation twinning is
strongly dependent on the sample size. In micrometre-sized pillars,
deformation twinning is still the dominant mode of plastic deformation, as in bulk-sized samples8,21–24. As shown in Fig. 2d for the pillars
with d $ 1 mm, the strength (red symbols) and d (here the strength
values are defined as the true stress measured at the twinning events,
that is, the bursts in Fig. 2a) clearly follow a Hall–Petch-type relationship with a < 1. We note that this strong size effect on deformation twinning is intrinsic to the material, because sample tapering is
absent and the very thin FIB damage layer on the surface should be
negligible in these relatively large samples.
At submicrometre sample sizes, in contrast, deformation twinning
is suppressed, giving way to ODP only, even though our loading
direction is favourable for deformation twinning. In addition, strain

bursts were not observed and the pillars were deformed into a mushroom-like geometry. For these submicrometre samples, we have
defined the maximum flow stress as the peak load divided by the area
of the narrowest cross-section pdnarrowest2/4 of the mushroomed pillars (see inset in Fig. 2d) and plotted it in Fig. 2d. It is interesting to
find that the maximum flow stress saturated at close to the material’s
ideal strength10, which is 2.8–4.9 GPa in pure shear for Ti9.
We wondered why deformation twinning follows a power-law
scaling on d, and why kDT ? kODP. Here we present a ‘stimulated
slip’ model to explain the size dependence of deformation twinning.
In contrast to ODP, where inelastic shear activities are randomly
dispersed among slip planes, deformation twinning is characterized
by perfectly correlated layer-by-layer shearing: all slip (twinning
dislocations) on atomically adjacent parallel planes must have the
same Burgers vector. We posit that deformation twinning in relation
to ODP is akin to what laser (light amplification by stimulated
emission of radiation)25 is to normal light, in the sense of slip
coherence.
Here we consider a cuboidal crystal with size d and a total dislocation density r (in units of m22). These stored lattice dislocations may
penetrate a twinning slip plane n of area d2 (see Fig. 4). We assume
that a small fraction Ppromoter of the dislocations that penetrate plane
n can play the role of ‘promoters’ (for example screw dislocations in
various pole mechanisms2,6,26–28), that ‘stimulate’ slip of the same
character to occur also on the next atomic plane. Specifically, we
assume that when a moving slip front (glide dislocation with twinning Burgers vector) on plane n hits and wraps around a promoter,
inelastic shear of the same character ‘infects’ plane n 1 1; and once
infected anywhere on plane n 1 1, we assume this stimulated twinning slip will propagate and cover the entire plane n 1 1 as well, if the
stress is high enough to drive it pass the forest dislocation obstacles,
thickening the deformation twinning. The layer-to-layer ‘infection
probability’ is simply
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Figure 2 | Mechanical data of the tested
samples. a, The stress–strain curves of
micropillars with decreasing side length, d from
8.0 to 1.0 mm. b, The load-displacement curves of
submicrometre pillars. c, The load-displacement
curves of a submicrometre cylindrical pillar with
0.25 mm diameter, in five consecutive
load–unload steps during in situ testing inside a
TEM (see movie in the Supplementary
Information). The negative forces at the end of
the unloading segments are due to adhesion
between diamond tip and the pillars. d, Flow
stress measured for the pillars versus d. We use
the narrowest cross-section pdnarrowest2/4 to
calculate the flow stress. The error bars are two
standard deviations.
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Deformation twinning keeps thickening when
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and the critical dislocation density necessary for the sudden transition to perfect slip coherence is thus
rc < d22Ppromoter21

(3)

From the Taylor hardening model29
s 5 s0 1 kEbr1/2

(4)

where E is the Young’s modulus, b is the Burgers vector length, k is a
dimensionless constant of order 1, s0 contains contributions from
lattice friction, solute strengthening, and so on, we have the twinning
stress
sDT 5 s0 1 (kEbPpromoter21/2)d21 5 s0 1 kDTd21

(5)

The best fit in Fig. 2d gives a 5 0.976, consistent with equation (5)
above. The relatively large deformation twinning Hall–Petch slope
kDT (see also Supplementary Table 1 and ref. 18) can be explained by a

3

4

small Ppromoter < 1022, which is reasonable because only a small
subset of the stored dislocations may be screw poles of the right type
for promoting twinning slip. A full discussion of this model is provided in the Supplementary Information.
A large kDT in sDT 5 s0 1 kDTd2a drives early deformationtwinning abdication (dc < 1 mm), because as sDT approaches the
ideal strength, there will be profuse dislocation nucleation, leading
to high ODP strain rates. We note that as the pillars enter the submicrometre regime, the nucleation of ODP dislocations is increasingly assisted by the roughness left during FIB processing at the
contact interface, and the now-very-large near-surface regions30.
We conclude that deformation twinning is an intensely collective,
‘stimulated slip’ phenomenon, analogous to ‘stimulated emission’ in
laser theory25. Stimulated slip from plane n to plane n 1 1 is catalysed by
promoter defects, such as screw dislocation poles2,6,26–28. Dual requirements must be met for deformation twinning: the stress needs to be high
enough to drive a twinning dislocation to sweep plane n of area d2,
cutting across forest obstacles; and of these forest obstacles, a sufficient
proportion must be able to promote slip from plane n to n 1 1. The
smaller d is, the more weakly two adjacent slip planes are effectively
coupled by threading screw pole dislocations, and the more difficult it is
for deformation twinning . The large Hall–Petch slope kDT implies a
small promoter fraction Ppromoter among the stored bulk dislocations,
leading to a very large dc, observed to be ,1 mm, at which Hall–Petch
behaviour breaks down and transition to incoherent ODP occurs.
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Figure 3 | Electron microscopy images of the tested samples. a, b, SEM
images of the deformed d 5 0.7 mm (a) and d 5 0.4 mm (b) pillars.
c, d, Centred dark-field TEM images with diffraction pattern (insets) of the
0.25-mm-diameter pillar before (c) and after (d) the in situ compression test.
The beam direction was [0110] and the reflection vector g 5 [0002].
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Figure 4 | Schematic of the ‘stimulated slip’ model. Thickening of
deformation twin by ‘stimulated slip’ occurs when an incoming slip front
(twinning glide dislocation) hits bulk screw dislocation ‘promoters’, a subset
of the bulk forest dislocation population.

This size is of considerable technological importance. When the
surface-bound contiguous crystal is reduced to the submicrometre
scale, the effective interlayer coupling responsible for coherent ‘stimulated slip’ becomes so weak that deformation twinning is no
longer triggered by bulk promoters, and incoherent ODP at high
stress is sufficient to match the imposed strain rate. We note that
the discussions above are based on a bulk promoter population,
which scales with the volume. Deformation twinning proficiency
may go up again at very small crystal sizes such as 10 nm (ref. 1),
when the most effective promoters for stimulated slip may be grain
boundaries and surfaces instead of screw dislocations, on the basis of
an area-to-volume ratio argument.
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