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An inverse “smaller is stronger” trend is predicted on the basis of molecular
dynamics simulations of α-titanium (Ti) single-crystal nanopillars orientated
for double prismatic slips when the nanopillars are less than 7 nm wide. This
trend is attributed to a signiﬁcant increase in the surface energy due to the
nucleation and propagation of edge dislocations on the surface of the pillars.
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1. Introduction
Titanium (Ti) and its alloys have been widely used in the aerospace and medical
industries because of their high speciﬁc strength and excellent corrosion resistance. In
comparison with the plastic deformation behaviour of highly symmetric cubic metals,
that of the anisotropic hexagonal close-packed Ti at the submicron and nanoscales has
attracted limited research attention [1,2]. Our previous experiments on the Ti–5Al
single-crystal pillars loaded along the ½0 0 0 1 direction indicated that the twinning
stress increases signiﬁcantly with decreasing sample size when the external dimensions
of the samples are less than 1.0 μm [1]. The plastic deformation was observed through
the formation of slips rather than twinning [1]. A microcantilever bend test of the
α- and near-α-Ti alloys performed by Gong et al. [2] suggested that an increase in the
critical resolved shear stress reduced the cantilever width.
The concept of “smaller is stronger” has been well accepted thus far because a dramatic increase in yield stress was observed in Ni single-crystal pillars under compression
loading on the submicron scale [3]. However, as the sample dimensions are further
decreased to the nanoscale, the mechanical behaviour of the materials depends on intrinsic (i.e. the initial microstructure and speciﬁc size-dependent deformation mechanisms)
and extrinsic size effects, such as variations in the sample shape and size, and the contact
and loading procedures [4–6]. On the basis of their molecular dynamics (MD) simulations, Rabkin and Srolovitz proposed that yield stress is inﬂuenced by the sample shape
[6]. The outermost surface layer, especially in the corner of the nanopillars with a square
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cross-section, preferentially reaches the critical strain of the dislocation source nucleation; thus, the surface controls the yield stress of the nanopillars.
Because the surface-to-volume ratio of nanoscale materials, including nanowires and
nanopillars, is high, the inﬂuence of the free surface on plasticity has been the subject
of numerous investigations over the last decade [7–11]. Studies on the deformation
mechanism of the single-crystal nanopillars via MD simulations suggested that the primary yielding behaviour under uniaxial compression is controlled by the nucleation of
a Shockley partial dislocation on the surface [7]. The MD work reported by Afanasyev
et al. [8] indicated that dislocations could also nucleate on an interface perpendicular to
twins. An asymmetry of the yield stress with a decrease in the width of gold nanowires
was observed by Diao et al., who attributed the asymmetry to a surface-stress-induced
change in the stable structure [9,12]. Furthermore, Dutta et al. [11] proposed a model
involving lattice resistance for the dislocation movement in a nanosized system in
which the dislocation velocity increased due to the surface effect.
The Finnis–Sinclair many-body potential is considered more suitable than the
embedded atom method [13] and the modiﬁed embedded atom method [14] potentials
for describing the defect evolution in a single Ti crystal [15] because it accurately
describes the physical properties of the Ti according to the calculated energies of the
point defects, surfaces, elastic constants and planar faults in the equilibrium structure.
An MD simulation with a Finnis–Sinclair type of many-body potential has been successfully employed to describe a variety of defects, surfaces, twin boundaries and
atomic interactions within Ti [15–17]. This work aims to predict and analyse the effects
of sample size on the mechanical behaviour, dislocation nucleation, movement and
interaction in single-crystal Ti during loading and to provide a reasonable explanation
of the size effect on the nanoscale based on MD simulations.
2. Simulation method
MD simulations were performed using the large-scale parallel MD program LAMMPS
[18] and were visualized using the AtomEye visualization program [19]. The computational supercell had the dimensions x = ½1 
1 0 0, y = ½1 1 2 0, and z = ½0 0 0 1, with a
free-surface boundary condition. To investigate the size effect, the sample width was
varied from 3 to 15.3 nm. The height-to-width ratio of all of the nanopillars considered
for the simulations was 2:1. The single-crystal nanopillars containing 3240–362,850
atoms were compressed along a double prismatic slip orientation of ½1 1 2 0. The
nanopillar length, which could be effectively simulated, ranged from 6.0 to 30.6 nm. A
time step of 1.0 fs and a strain rate of 1  108 s1 were chosen. A canonical ensemble –
i.e. a constant atom number, volume and temperature – was applied to maintain the
system temperature at a constant 300 K. The structure was relaxed using the steepest
descent algorithm. The system energy was minimized through iterative adjustments of
the coordinates of the atoms.
In MD simulations with the Finnis–Sinclair many-body potential, the basic energy
equation of an individual atom can be expressed as
Ei ¼

1X
1=2
V ðrij Þ  qi
2 j

ð1Þ
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where V is the pairwise function between neighbouring atoms i and j.
The potential, ρi, is given by
qi ¼

X

/ðrij Þ

ð2Þ

j

where / is the electronic density function, and rij is the distance between atom i and
one of its neighbouring atoms j.
The pairwise function is
V ðrÞ ¼

X

3

ak ðrk  rÞ Hðrk  rÞ

ð3Þ
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k¼1

and the electronic density function can be described as follows:
UðrÞ ¼

X

3

Ak ðRk  rÞ HðRk  rÞ

ð4Þ

k¼1

where


HðxÞ ¼

1;
for
0;



x[0;
x\0:

and Ak, Rk, ak and rk are parameters determined by Ackland [15].

3. Results and discussion
A series of MD simulations were performed with various nanopillar widths subjected to
uniaxial compression along a ½1 1 
2 0 double prismatic slip orientation at 300 K. The
typical stress and strain curves of the nanopillar are provided in Figure 1a and b.
Notably, the stress presented in Figure 1 is the average of all atoms in the system. The
yield stress, which is the maximum stress sustained by the nanopillar, is 6.94 GPa for a
15.3-nm-wide nanopillar and increases to 8.86 GPa as the width of the nanopillar
decreases to 7 nm. A sharp softening stage is displayed after yielding for all of the
considered nanopillars (Figure 1). The yield stress as a function of the sample width is
described further in Figure 2. An inverse linear relationship is observed between the
yield stress and the sample width at widths greater than 7 nm, which indicates that
the conventional size effect, i.e. “smaller is stronger”, is demonstrated until a critical
width of 7 nm (Figures 1a and 2). In comparison, when the nanopillar width is less than
7 nm, the yield stress decreases continuously from 8 GPa in the 6-nm nanopillar to
6.28 GPa in the 3-nm-wide nanopillars (Figure 2), thereby demonstrating an inverse size
effect, i.e. a proportional relationship was achieved between the yield stress and the
pillar width when the width was less than 7 nm (Figures 1a and 2). A close examination
suggested that cyclic hardening was followed by a dramatic softening as the plastic
deformation progressed during loading.
Further MD simulations were performed to predict the substructure evolution with the
plastic deformation. Figure 3a–d illustrate typical snapshots of the deformed 6-nm-wide
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Figure 1. (colour online). Compressive stress–strain curves in nanopillars with various widths:
(a) greater than 7 nm and (b) less than 7 nm.

Figure 2. (colour online). The dependence of the yield stress on the pillar width.

pillars along the ð0 0 0 1Þ crystal plane. Each illustration corresponds to the different
stages of deformation, as indicated by points A–D in the stress–strain curve in Figure 3e.
The surface atoms on the ð0 0 0 1Þ plane and the perfect atoms in the pillar interiors
were removed to distinguish the defects. The atoms were coloured according to commonneighbour analysis [20]. The non-coordinated atoms in the vicinity of the vacancies and
free surfaces are marked in red (Figure 3). No defects existed in the interior of the initial
nanopillar (Figure 3a); however, as the compression stress increased to its maximum value
at point B in Figure 3e, the dislocation sources were activated, as shown in Figure 3b,
followed by the occurrence of dislocation multiplication in the upper or low corner of the
nanopillars, where the stress was concentrated. As the plastic deformation progressed, the
dislocation movement was observed, as indicated by the blue arrows in Figure 3b and c.
The stress gradually decreased to the local valley at point C, which is attributed to the
rapid slip of the dislocations from the interior plane to the nanopillar surfaces, and resulted
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 0 Ti nanopillar subjected to compresFigure 3. (colour online). Snapshots of a 6-nm-wide ½1 1 2
sive loading: (a) to (d) correspond to different deformation stages indicated by points A to D in
the compressive stress–strain curve shown in (e).

in the accumulation of slip steps on the surface, as indicated by the two blue squares in
Figure 3d at point D. The height and density of the surface steps gradually increased as
the dislocation continuously escaped from the interior to the surface of the nanopillars. As
a result, the dislocation could easily nucleate and grow in the centre of the pillars due to
the local stress concentration. Therefore, the stress at point D is lower than that at point B.
As the plastic deformation progressed, the stress gradually accumulated to the next yield
point. The nucleation and propagation of the new dislocation sources at point D led to a
stress ﬂuctuation and effectively released the local stress concentration, thereby causing a
decrease in the compression stress. Figure 3b and c are snapshots taken at the points
labelled B and C on the curve in Figure 3e. The dislocation clearly nucleated and grew in
the corner of the pillar along the ð
1 0 1 0Þ and ð0 1 1 0Þ double prismatic slip planes at a
120° angle as the plastic deformation progressed (Figure 3c). The Burgers vectors were
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determined to be b1 ¼ a=3½1 
2 1 0 and b2 ¼ a=3½2 1 1 0 on the basis of the crystallographic analysis and our previous TEM results [21], which indicate that the double prismatic slips ð
1 0 1 0Þ ½1 
2 1 0 and ð0 
1 1 0Þ ½
2 1 1 0 were activated under compression along

½1 1 2 0 (Figure 3b and c). Furthermore, these dislocations were determined to be edgetype because they were perpendicular to the Burgers vectors. These edge dislocation lines
were initiated and propagated along the slip plane and ﬁnally disappeared from the nanopillar surfaces (Figure 3d).
The potential energy is greatest on the outermost surface atomic layer [4]. The
surface-to-volume ratio of the materials rapidly increases when the sample size is less
than 10 nm. The surface effect could lead to a large potential energy on several of the
outermost surface atomic layers after relaxation, especially in the corners of square
nanopillars. Therefore, the surface effect plays an important role in controlling the
nucleation and growth of the dislocations in the nanopillars [6,22].
The potential energy of the system was calculated in both a large nanopillar (11 nm
in width) and a small nanopillar (4 nm). Figure 4a and b present the potential energy

Figure 4. Potential energy distribution of the relaxed square pillar and sectional view along
ð0 0 0 1Þ and ð1 1 2 0Þ in samples with various widths: (a) 4 nm and (b) 11 nm. (c) The variation
in the average surface energy per area with the pillar width.
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and the surface atom images on the ð0 0 0 1Þ and ð1 1 2 0Þ planes of pillars after
relaxation, respectively. The maximum potential energy in the corner of the 4-nm-wide
nanopillar was found to be greater (3.376 eV) than that of the 11-nm nanopillar
(3.475 eV). The potential energy of the atoms on the outermost surface layer increased
with decreasing width. Further examination indicated that the potential energy on the
two or three outermost surface atomic layers was greater than that on the inside layers
due to the surface effect, as shown in Figure 4a and b. The potential energy of the
atoms on the f1 
1 0 0g surface exceeds those on the other crystallographic planes. Thus,
dislocations easily nucleate on these sites, thereby making surface nucleation a
dominant plastic deformation mechanism. Furthermore, the average surface energy per
area was calculated as a function of the width of the Ti nanopillars, as shown in
Figure 4c. A transition occurs in the surface energy at 7 nm, which is in agreement with
the critical nanopillar width for the inverse size effect. In this case, the plastic
deformation behaviour of the Ti single crystal is dominated by the dislocation surface
nucleation.
Each atom in the interior of a nanopillar is uniformly pulled along different
directions by its neighbouring atoms and has a zero net force. However, atoms on the
surfaces are pulled inward by the other atoms inside the nanopillars [23,24]. Therefore, the atoms on the surface are subjected to an inward force, which promotes the
atomic displacement and local plastic deformation on the surface layers, especially in
the corners of the nanopillars. The surface tensile stress increased with the number of
surface atoms. Due to the lack of nearest neighbours and weak binding, atoms on the
free surfaces and at the corners are typically more active than those in the interior.
As a result, the free surfaces and corners become favourable sites for dislocation
nucleation.
Rabkin and Srolovitz [6] suggested that the slip would nucleate on the surface when
thermal vibrations reached a maximum. The relationship between yield stress and
thermal strain can be expressed as:
ry ¼ f ðec  etherm Þ

ð5Þ

where σy is the yield stress, ɛc is the critical atomic strain of slip nucleation and ɛtherm is
the thermal strain. The temperature dependence of the yield stress is determined by the
average vibration amplitude of the surface atoms. Furthermore, Cai et al. [25] hypothesized that entropy inﬂuences the rate of dislocation nucleation. The large activation
entropy on the surface was attributed to the weak atomic bonding caused by thermal
expansion and softening, which result in easy nucleation of a dislocation source.
The variation in the surface energy is limited when the width exceeds 7 nm, thereby
leading to the conventional size effect. However, the image forces from the free surface
promote the disappearance of mobile dislocations in the interiors of large pillars. The
dislocation lines nucleated and terminated on the surface. The two ends of the
dislocation lines on the surface moved faster than those in the middle. Consequently,
the dislocation lines tend to straighten as they glide towards the interior of the pillars
and quickly move to the surface when the pillar width exceeds 7 nm. A similar
phenomenon has been observed in gold particles [26]. The escape rate of the dislocation
lines from the free surfaces exceeds that of the multiplication, which results in the
dislocation starvation effect.
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4. Conclusions
On the basis of MD simulations, an inverse “smaller is stronger” effect has been
predicted in Ti nanopillars with widths less than 7 nm that are orientated for double
prism slips. This prediction was attributed to the surface effect caused by a thermal
vibration of the surface atoms. The surface becomes the primary dislocation source in
the defect-free nanopillars. The plasticity of the pillars is predominantly produced by
the edge dislocation lines, which nucleate on the surface when the pillar width is less
than 7 nm.
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