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ABSTRACT 
The plastic deformation and the ultrahigh strength of metals at the nanoscale have been predicted to be 
controlled by surface dislocation nucleation. In situ quantitative tensile tests on individual <111> single crystalline 
ultrathin gold nanowires have been performed and significant load drops observed in stress–strain curves suggest 
the occurrence of such dislocation nucleation. High-resolution transmission electron microscopy (HRTEM) imaging 
and molecular dynamics simulations demonstrated that plastic deformation was indeed initiated and dominated 
by surface dislocation nucleation, mediating ultrahigh yield and fracture strength in sub-10-nm gold nanowires. 
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1. Introduction 

Size-dependent plasticity and fracture behavior of 
one-dimensional metallic nanowires offer exciting 
potential ways of revealing fundamental mechanisms 
of deformation and failure, as the length scale of metals 
approaches atomic spacing. Uni-axial compression of 
focus ion beam machined single crystalline metallic 
pillars with diameters of tens of micrometers to 
hundreds of nanometers showed strong size effects 
with much higher yield stress for smaller pillars without 
the presence of strain gradients [1, 2]. A conceptual 
framework of “dislocation starvation” [1] was proposed 
to be responsible for this apparent size-dependent 
behavior. The “mechanical annealing” phenomena [3] 

observed by means of a transmission electron micros- 
cope (TEM) during compression of Ni pillars suggests 
that gliding dislocation could leave a crystal more 
rapidly than it multiplies, which leads to a dislocation- 
starved state requiring very high stress to nucleate 
new mobile dislocations in such a small crystal volume. 
When the crystal size is further reduced to tens of 
nanometers and below, surface dislocation nucleation 
has been predicted to play a more critical role in 
controlling plastic deformation and subsequent fracture 
behavior [4, 5]. Unfortunately, experimental evidence 
for such surface dislocation nucleation aspects of small- 
scale plasticity, which requires careful quantitative in  
situ investigations, remains elusive. 

Early studies of quantitative mechanical testing of 
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one-dimensional (1-D) nanostructures were primarily 
carried out ex situ, using techniques such as nanoin- 
dentation [1], resonant oscillation [6], and atomic force 
microscopy (AFM) deflection [7] tests. These generally 
lack real time structural monitoring, and do not permit 
a one-to-one correlation between mechanical data 
and internal structural evolution. Recently, in situ 
mechanical characterization of individual nanowires 
with diameters from tens to hundreds of nanometers 
inside a TEM were realized under various loading 
geometries, such as bending [8], buckling [9], and 
compression [3]. However, use of the most efficient and 
easy-to-interpret tensile testing method for measuring 
intrinsic mechanical properties of exceedingly small 
nanowire samples inside a TEM poses significant 
challenges due to difficulties associated with sample 
clamping, alignment and accurate measurements of 
load and displacement. Researchers have developed 
various microelectromechanical systems (MEMS) 
devices to perform in situ tensile tests on metallic (e.g., 
Au, Pd, Ni) nanowires and carbon nanotubes [10–14], 
biological fibrils [15], and nanoscale gold thin films 
[16]. However, the diameters of the nanowires tested 
using MEMS stages were usually in the range of tens 
or hundreds of nanometers. In order to test metallic 
nanowires with sub-10-nm diameters, it is necessary to 
prepare samples in situ by using either the mechanically 

controllable break junction technique (MCBJT) [17] or 
the nanometer tip–substrate [18]/tip–tip [19] contact- 
then-withdraw techniques to form nanosized metal 
samples. Unfortunately the crystalline structure and 
orientation of samples previously prepared by these 
methods were not well-controlled, and sample 
diameters were non-uniform (ranging from a few 
angstroms to a few microns). These drawbacks have 
hindered quantitative characterization and unders- 
tanding of the deformation and fracture mechanisms 
for metals at the sub-10-nm scale, despite some 
recent efforts to qualitatively study detailed plasticity  
mechanisms in sub-10-nm-sized Au crystals [20].  

In this paper, we present results of in situ quantitative 
tensile tests of gold nanowires with diameters of less 
than 10 nm. Rather than pulling randomly formed 
nanosized gold samples, we successfully clamped 
individual pre-fabricated free-standing nanowires with 
well-controlled crystalline structures and orientations 
onto the AFM cantilever which acted as the force 
sensor, and performed quantitative tensile tests directly 
inside a high-resolution TEM (HRTEM) (Figs. 1(a)– 
1(d)). Ultrathin gold nanowires with uniform diameters 
ranging from 7 to 10 nm were used (Fig. 1(e)) in this 
study and were chemically synthesized by the reduction 
of HAuCl4 in oleic acid (OA) and oleylamine (OAm) 
[21]. These high-aspect-ratio nanowires had lengths 

 

Figure 1 Experimental set-up and materials preparation: (a) the NanofactoryTM TEM–AFM holder; (b) image and (c) zoom-in image 
showing the holder configuration; (d) illustration of the quantitative testing configuration with the AFM cantilever as the force sensor;
(e) HRTEM image of a 7 nm nanowire showing the lattice fringes, indicating that the nanowire grows along the <111> direction 
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ranging from tens of nanometers up to a few microns. 
They were also verified to be single crystal in the 
<111> growth direction, with measured average lattice 
fringe spacings of ~0.23 nm (corresponding to the {111} 
lattice spacing of gold) from their HRTEM images 
(Fig. 1(e)). Quantitative tensile tests were conducted 
by using a NanofactoryTM TEM–AFM sample holder  
(Fig. 1(a)) and experimental details are described below. 

2. Experimental 

The TEM samples were prepared by adhering ultrathin 
gold nanowires onto a gold or tungsten scanning 
tunneling microscope (STM) probe using conductive 
silver glue. Then the STM probe with attached Au 
nanowires was loaded into the NanofactoryTM TEM– 
AFM sample holder (Fig. 1(a)) and manipulated by a 
piezo-driven head (Figs. 1(b) and 1(c)). The sample 
clamping was facilitated by coating the tip of the silicon 
AFM cantilever with a thin (tens of nanometers) adhe- 
sive layer of nanoscale amorphous silica, functioning 
as a “glue” [22]. During tensile tests, an AFM cantilever 
beam with known spring constant k = 4.8 N/m was 
deflected by an individual nanowire sample pulled by 
the piezo tube in displacement control mode (Fig. 1(d)). 
Sample elongation and the change in diameter were 
monitored directly via real time TEM imaging and 
the force was calculated by the recorded deflection of 
the AFM cantilever. A linear relationship was assumed 
between the deflection and force (F = k × ΔD), con- 
sidering the small deflections involved. A stationary 
e-beam-blocking bar was inserted as a reference marker 
for all displacement measurements. All experiments 
were performed inside a FEITM Tecnai G2 F30 HRTEM, 
operated at 300 kV working voltage. It is also worth 
noting that no current was passed through the 
samples and very low dose electron beams (~1 A/cm2) 
were used in order to reduce the electron irradiation-  
induced heating in all the experiments. 

3. Results and discussion 

3.1 In situ TEM quantitative tensile tests 

In Figs. 2(a)–2(e), an ultrathin Au nanowire (diameter 
~10 nm and length ~70 nm) was deformed and 

fractured under tensile loading (see Movie S-1 in the 
Electronic Supplementary Material (ESM)). Figure 2(f) 
shows the corresponding engineering stress and strain 
data obtained by measuring cantilever deflections and 
sample elongations. The nanowire experienced an 
impressive ~26% total engineering strain before final 
failure. During plastic deformation, the nanowire kept 
necking down to a point and formed atom chains at 
the final stage right before fracture (Movie S-1 in the 
ESM). Since the actual instantaneous diameter of  
the deforming nanowires could be measured using 
HRTEM during tensile tests, the true stress versus 
strain curve (Fig. 2(g)) was also obtained. Clear size 
effects on fracture strength were observed for ultrathin 
Au nanowires, with an engineering fracture strength 
of ~620 MPa—much higher than the fracture strength 
of bulk gold (~100 MPa [23]). Taking into consideration 
the dramatic reduction in cross-section area due to 
necking, the corresponding true fracture strength was 
estimated to be ~7 GPa. This value is very close to the 
ideal strength of a gold crystal (~8 GPa [24]), and 
higher than most of the reported experimental strength 
data (ranging from 0.8–6 GPa) for Au nanowires with 
larger diameters [7, 24]. This true fracture strength value 
is also comparable to the experimentally measured 
strength of a single Au atomic chain (~13 GPa) [25], 
owing to the extensive necking process experienced by  
the Au nanowire before fracture. 

More interestingly, very significant load drop was 
observed in the stress–strain curve (Fig. 2(f)) after the 
initial elastic deformation, where the engineering stress 
of the Au nanowire dropped from ~1.1 GPa down to 
~460 MPa. The measured yield stress of ~1.1 GPa is 
extremely high for Au, comparable to theoretical 
prediction of the ideal shear strength from density 
functional theory (DFT) calculations, i.e., 850 MPa– 
1.4 GPa, depending on the loading mode [26]. The 
ultrahigh yield strength of the ultrathin gold nano- 
wire can be attributed to the lack of pre-existing mobile 
dislocations in the ultrasmall nanowire (Figs. 2(a) 
and 3(a)) [24]. Furthermore, the stress drop was quite 
abrupt and did not seem to be a random event, as   
a similar load drop was also observed in another 
quantitative tensile test of a similar Au nanowire (see 
Movie S-2 and associated material in the ESM). It is 
believed that the large load drop is associated with  
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the onset and rapid succession of multiple dislocation 
activities, including nucleation and subsequent slip 
propagation across the nanowire (Figs. 3 and 4 and 
associated material in the ESM). The significant 
load-drops in uni-axial stress–strain curves could be 

better observed experimentally if the initial sample 
was nearly dislocation free; this was achieved either 
by fabrication or “mechanical annealing” processes. 
Thus our experiments provide direct evidence for the  
predicted load drop in nanowire tensile tests. 

 
Figure 2 Image frames (a)–(e) showing a quantitative tensile test of a gold nanowire with diameter ~10 nm (scale bar 10 nm); corresponding
(f) engineering and (g) true stress versus strain curves for the test shown in (a)–(e); error bars were obtained by multiple measurements 
from nanowire lengths and AFM cantilever deflections, as well as the imaging area movement corrections. The blue line in (f) indicates 
the fracture strength (~100 MPa, [23]) of bulk gold, and the red line in (g) indicates the theoretical strength of gold (~8 GPa [24]) 
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Figure 3 HRTEM images of a short gold nanowire under tensile 
testing (a)–(h) (scale bar 5 nm): after the elastic deformation region 
(a)–(b), initial surface dislocation nucleation is indicated by the 
arrow in (c) with the approximate edge profile of the nanowire 
marked by the dotted line. Arrows in (d)–(f) indicate more similar 
surface dislocations emitted from both sides of the nanowire 
surfaces, and a neck (e)–(g) was formed in the middle section of 
the nanowire until the final fracture occurred as shown in (h). The 
insert in (b) shows a fast Fourier transform (FFT) image calculated 
from the image inside the white square, showing the wire orientation 

 
Figure 4 Dislocation activities observed during the deformation 
of a Au nanowire in MD simulations. (a) Nucleation of a Shockley 
partial dislocation from the surface. (b) The nucleated surface partial 
dislocation propagates into the bulk. (c) Another Shockley partial 
dislocation nucleates from the surface, propagates across the 
nanowire and intersects the previously nucleated Shockley partial 
dislocation. The intersection creates stair-rod segments, as indicated 
in the small inserted figure (projection view along the [111] 
direction) with atoms in stair-rods colored green). (d) Further 
loading leads to the annihilation of dislocations, leaving the 
nanowire with a nearly perfect crystalline structure. (e) and (f) 
Final sample morphology including the atomic chain observed 
immediately before the final fracture. (g) The corresponding true 
stress and strain curve (the insert shows the original sample 
morphology). Figures (a)–(d) are the cross-sectional views of the 
nanowire, with only surface atoms (red) and atoms in stacking faults 
shown for clarity. Figures (e) and (f) are the projection views of all 
atoms in the nanowire along the [110] direction 

3.2 In situ HRTEM tensile tests 

To fully reveal the underlying deformation mechanisms 
associated with the observed significant load drop 
phenomenon, and specifically the exact location of the 
dislocation nucleation event, tensile tests in HRTEM 
mode were performed using a shorter nanowire in 
order to ensure high quality imaging of the deforming 
region. Figures 3(a)–3(h) show the deformation process 
of a single crystalline gold nanowire (~30 nm in initial 
length) with the same <111> growth orientation (see 
Movie S-3 in the ESM). The loading rate was slightly 
slower to give better image quality (at ~0.2 nm/s and 
strain rate ~0.001/s). The sample was pulled in the 
same uni-axial loading direction along the <111> 
nanowire axis. The nanowire first experienced an elastic 
deformation region with no apparent lattice structural 
change (Figs. 3(a) and 3(b)), which correlates well 
with the earlier quantitatively measured elastic strain 
of a few percent (Fig. 2(f)). The onset of the plastic 
deformation was indicated by the sudden appearance 
of a dislocation slip trace apparently emitted from 
the nanowire surface, as marked in Fig. 3(c) (see also 
Movie S-3 in the ESM). Due to the extremely small 
sample volume available, the nucleated dislocations 
are thought to slip swiftly across the nanowire. By 
measuring the angle between the slip trace and the wire 
axis (~19.5° as shown in Fig. 3(c)), it was confirmed 
that the dislocation slip occurred on another {111} 
plane. With further deformation, additional similar 
dislocations were emitted from both sides of the 
nanowire surfaces and then slipped quickly across the 
nanowire along intersecting {111} planes to gradually 
form a necked region in the middle section of the 
nanowire (Figs. 3(d)–3(g)). The neck kept reducing its 
thickness, with nucleated surface dislocations con- 
tinuously exiting the nanowire along the corresponding 
slip planes, giving rise to extensive plastic deformation 
and a significant reduction in cross-section area leading  
to the final fracture of the nanowire. 

3.3 MD simulations 

To better understand the deformation mechanisms 
observed in the experiments, molecular dynamics 
simulations employing the embedded-atom method 
potential developed by Cai and Ye (CY EAM) were 
performed [27]. The CY EAM potential is a widely 
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used potential that offers reasonable descriptions of 
interatomic forces, bulk properties and surface pheno- 
mena. Besides the CY potential, preliminary studies 
using other potentials, e.g., the EAM potentials 
developed by Mei et al. [28] and Grochola et al. [29], 
were also conducted for comparison and verification, 
and qualitative agreement between simulation results  
was observed.  

The atomic configuration of the system is shown in 
Fig. S-2(a) (in the ESM), where a nanowire of length 
5.2 nm and a minimum diameter D = 5 nm is sand- 
wiched between two substrates. Note here the nanowire 
is not strictly cylindrical, but rather a curved shape is 
used to give better welding between the nanowire and 
substrates. The curved shape ensures that the initiation 
of plastic deformation occurs near the center of the 
nanowire, and not at the locations where it welds to the 
substrates, thus minimizing any effects the substrates 
may introduce. The system was equilibrated at T = 
300 K. The nanowire was then deformed using a 
pulling velocity of 0.5 m/s, resulting in a tensile force 
Fz on the nanowire. Simulations using lower straining 
rates (as low as 0.01 m/s) were also performed, and 
almost identical results were obtained. Typical 
dislocation activities observed in the simulations are 
plotted in Figs. 4(a)–4(d). From the simulations we can 
explicitly see partial dislocation nucleating from the 
nanowire surface and propagating into the material, 
and the cross-over of two partial dislocations. These are 
the exact features observed experimentally (Figs. 3(c)– 
3(f)), although not at such high resolution. This was 
then followed by necking of the nanowire to an atomic 
chain before final fracture at a stress level close to 
theoretical strength (Figs. 4(e)–4(g)), again similar to 
earlier experimental observations (Figs. 2(g), 3(g) and 
3(h) and Movie S-3 in the ESM). Simulated true stress 
and strain curves are also plotted in Fig. 4(g). Significant 
load drops and apparent work hardening as observed 
experimentally (Fig. 2(g)) were clearly present. The 
intriguing work hardening is probably mostly con- 
trolled by the diameter-dependent nucleation stress 
of surface dislocation loops. The smaller the nanowire 
diameter caused by the necking process, the higher the 
stress required to nucleate new surface dislocations 
to sustain the plastic deformation, giving rise to the 
observed hardening behavior (as shown in the ESM). 
When the nanowire diameter drops below a critical 

value, surface dislocations cease to nucleate as observed 
in the simulations (Figs. 4(e) and 4(f)), resulting in 
sample fractures at a stress level close to the theoretical  
strength (Figs. 2(g) and 4(g)). 

4. Conclusions 

In summary, ultrahigh yield and fracture strength 
close to theoretical predictions were measured in 
<111> oriented single crystalline Au nanowires with 
sub-10-nm diameters. Quantitative in situ tensile 
experiments inside a HRTEM and corresponding MD 
simulations unambiguously revealed the underlying 
processes of necking formation and subsequent fracture 
mediated by surface dislocation nucleation in ultrathin 
gold nanowires. The direct observation of this unique 
mechanism confirms the long expected, but rarely 
experimentally verified, critical roles played by surface 
dislocation nucleation in plasticity and fracture of metal  
nanowires. 
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