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Abstract: The molecular dynamics (MD) model of α-Al2O3 nanowires in bending is established by using LAMMPS to 
calculate the atomic stress and strain at different loading rates in order to study the effect of loading rate on the bending 
mechanical behaviors of the α-Al2O3 nanowires. Research results show that the maximum surface stress−rotation angle 
curves of α-Al2O3 nanowires at different loading rates are all divided into three stages of elastic deformation, plastic 
deformation and failure, where the elastic limit point can be determined by the curve symmetry during loading and 
unloading cycle. The loading rate has great influence on the plastic deformation but little on the elastic modulus of 
α-Al2O3 nanowires. When the loading rate is increased, the plastic deformation stage is shortened and the material is 
easier to fail in brittle fracture. Therefore, the elastic limit and the strength limit (determined by the direct and indirect 
MD simulation methods) are closer to each other. The MD simulation result of α-Al2O3 nanowires is verified to be valid 
by the good agreement with the improved loop test results. The direct MD method becomes an effective way to 
determine the elastic limit and the strength limit of nanoscale whiskers failed in brittle or ductile fracture at arbitrary 
loading rate. 
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1 Introduction 
 

In recent years, one-dimensional nanostructure 
oxides have attracted more and more attention of 
researchers because of their excellent properties  
in optics, magnetism, superconductivity and 
ferroelectricity [1−3]. As one of the important 
nanostructure materials, alumina nanowires    
have wide application prospects in composite 
reinforcement and nano-devices, owing to its good 
mechanical and optical properties [4,5], and high 
thermal and chemical stability [6]. Currently, the 
study of alumina nanowires is focused on its tensile 
mechanical properties [7,8] and little on its bending 
mechanical properties [9−11]. It is of great 
significance to study the bending strength and 

deformation mechanism of alumina nanowires, not 
only for ensuring the safety and stability of alumina 
nanowires but also for expanding their application 
range in engineering [12,13]. 

In theoretical study, classical or modified Euler 
Bernoulli beam theory was used to calculate the 
bending mechanical properties of one-dimensional 
nanostructures [9,10,14], but its accuracy and 
applicability in nano scale needed to be verified. In 
experimental study, although the cantilever bending 
method [9] and three-point bending method [10,15] 
based on atomic force microscope (AFM) were 
adopted to measure the bending mechanical 
properties of alumina nanowires, the sliding and 
friction between the sample and AFM tip would 
result in significant measurement errors [11]. Loop 
test, by twisting a loop in a fiber and pulling the 
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fiber ends until the loop breaks, was originally 
proposed to measure the fracture strain and strength 
of optical fibers [16]. Now, it has been widely  
used to measure the strength of various fiber 
materials [17,18], since the strain and strength can 
be determined by simply measuring the diameter 
and width of the ring at fracture, and the 
measurement range was confined within a small 
area (in the neighborhood of the looped-fiber apex 
instead of along the whole length) to avoid the 
weakest defects or microcracks in the measured 
fibers [16,17]. A modified loop test was developed 
by WANG et al [11] to measure the bending 
strength of alumina nanowires in good agreement 
with the theoretical results. However, there is still 
lack of study on the bending deformation micro- 
mechanism. 

Considering the limitations of experimental 
conditions and testing technology, computational 
simulation method based on atomic level has 
undoubtedly become the most effective way to 
study the mechanical properties and deformation 
mechanism of nanowires. The molecular dynamics 
method has been widely used to reveal the internal 
deformation mechanism of nanostructured materials 
by calculating the evolution process of atomic 
motion [19−21]. Currently, available literatures are 
mainly related to the bending deformation and 
mechanical properties of one-dimensional metal 
nanowires based on molecular dynamics method, 
e.g., cantilever bending deformation [22], three- 
point bending deformation [23−25] and four-point 
bending deformation [26], but little to the bending 
deformation mechanism of metal oxide nanowires. 
Furthermore, the effect of loading rate on the 

bending deformation of one-dimensional nano- 
structures is less studied. 

In this study, bending mechanical behavior  
of α-Al2O3 nanowires (as a typical example of  
metal oxide nanowires) at different loading rates 
was studied by the molecular dynamics (MD) 
simulation method. Firstly, the MD model of 
α-Al2O3 nanowires in bending was established by 
using LAMMPS to calculate the atomic stress and 
strain at different loading rates based on the virial 
stress theorem and local transformation matrix. 
Then, the effect of loading rate on the bending 
mechanical behaviors of α-Al2O3 nanowires was 
analyzed in detail, including the maximum surface 
stress−rotation angle curves, bending deformation 
mechanism, elastic limit and strength limit. Finally, 
a modified loop test of α-Al2O3 whiskers was 
adopted to verify the validity and reliability of the 
MD calculation model and simulation results. 
 
2 Calculation model and method 
 
2.1 Calculation model 

Figure 1 shows the schematic diagram of 
calculation model and loading form for α-Al2O3 

nanowires in bending, where the basic cell model is 
hexagonal cell (Fig. 1(a)) with lattice parameters: 
a=b=4.759 Å, c=12.991 Å, α=β=90°, γ=120°. The 
large-scale cell structure was first established    
by extending the basic cell in space and then    
cut into the required nano whisker model, a long 
cube of 80 nm × 3 nm × 3 nm with square section 
(Fig. 1(b)). The bending moment was applied by 
fixing the atoms of central region b (1 nm × 3 nm × 
3 nm) and rotating a pair of rigid end-regions a and 

 

 
Fig. 1 Schematic diagram of calculation model and loading form 
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c (1 nm × 3 nm × 3 nm) about the rotation center 
point o (Fig. 1(c)) at a constant rotational angular 
velocities ω (ω=0.006, 0.009, 0.012, 0.015, 
0.018 (°)/ps). The bending deformation mechanism 
of the α-Al2O3 nanowires can be analyzed by 
simulating the average stress of all atoms in the 
central region d (20 nm × 3 nm × 1.5 nm) varying 
with the loading time (Fig. 1(d)). 
 
2.2 Calculation method 

In order to study the bending mechanical 
behaviors of α-Al2O3 nanowires, it is necessary to 
firstly define the atomic stress as the intensity 
component of atomic interaction, which can be 
calculated by EAM potential function equation as 
follows [27]:  
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ασ  Ωα, mα and vα are stress tensor 
component, volume, mass and velocity component 
of the atom α, respectively; φ, F, ρα, ρβ, rαβ and f  
are parameters of EAM potential function equation. 

The average atomic stress σ  of the material 
can be obtained by solving the average value of the 
local stress σ for all atoms (α=1, 2, …, N) [28]:  
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According to the continuum elasticity theory, 

the normal stress on the cross section of one- 
dimensional nanostructure still approximately 
obeys the linear distribution in bending deformation 
(Fig. 1(d)) [12,23]. Thus, the maximum normal 
stress of bending surface can be defined as  

max 2σ σ=                               (3) 
 
When the large-scale parallel computing 

software LAMMPS is adopted in molecular 
dynamics simulation, selection of the potential 
function is very important for the accuracy of 
calculation results. Based on the charge transfer 
potential of ion solid (proposed by STREITZ and 
MINTMIRE [29]) and the metal alloy embedded 
atom method (for solving the interaction between 
metals and ions), ZHOU et al [30] proposed a new 
embedded atom potential function of the metal 

alloys and their oxides to successfully predict the 
surface relaxation and electric-charge variation in 
different regions of multilayer system, e.g., on the 
free surface of metal oxide, inside the body of metal 
alloy and metal oxide, and on the metal/metal oxide 
interface. 

In this study, the new embedded atomic 
potential function of metal oxide was adopted   
for molecular dynamics simulation of α-Al2O3 

nanowires by using LAMMPS, where the boundary 
conditions were set as the free boundary in X and Y 
directions and the periodic boundary in X direction. 
The temperature was controlled at 0.01 K with 
isothermal adjustment by Nose−Hoover method for 
eliminating the influence of thermal activation in 
the calculation. For the MD simulation calculation, 
the specimen of α-Al2O3 nanowires was firstly 
subjected to molecular dynamics relaxation at 
0.01 K with a time step of 2 fs in order to ensure  
the lowest and stable system energy. Then, it was 
simulated in bending under the NVT ensemble  
until the material was damaged. Finally, the atomic 
stress and strain could be calculated based on the 
virial stress theorem and local transformation 
matrix [31,32] in order to further calculate the 
maximum normal stress of bending surface by 
Eqs. (1)−(3). 
 
3 Results and analyses 
 
3.1 Maximum surface stress−rotation angle 

curves at different loading rates 
Figure 2 shows the maximum surface stress of 

α-Al2O3 nanowires varying with the total rotation 
angle at different loading rates (ω=0.006, 0.009, 
0.012, 0.015, 0.018 (°)/ps). All of these curves are 
divided into three stages: elastic deformation stage 
(OO1, OP1, OQ1, OR1, OS1) with very little change 
of slope, plastic deformation stage (O1O2, O1P2, 
O1Q2, O1R2, O1S2) and failure stage (O2O3, O2P3, 
O2Q3, O2R3, O2S3). For the sake of clarity, Fig. 3 
gives the maximum surface stress−rotation angle 
curve and the energy−time curve of α-Al2O3 nano- 
wires under ω=0.006 (°)/ps as an example. It is 
seen that the potential energy−time curve (Fig. 3(b)) 
also has three stages: OOI, OIOII and OIIOIII, 
corresponding to the elastic deformation (OO1), 
plastic deformation (O1O2) and failure (O2O3) in  
the maximum surface stress−rotation angle curve 
(Fig. 3(a)), respectively. The kinetic energy is almost  
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Fig. 2 Maximum surface stress of α-Al2O3 nanowires 
varying with total rotation angle at different loading rates 
 

 

Fig. 3 Maximum surface stress−rotation angle curve (a) 
and energy−time curve (b) of α-Al2O3 nanowires 
(ω=0.006 (°)/ps) 
 
equal to zero independent of the loading time, 
indicating that the angular velocity (ω=0.006 (°)/ps) 
provides a quasi-static loading. 

In order to further prove that the point O1 
represents the bending elastic limit of α-Al2O3 

nanowires, two points A1 (38.4°, 3200 ps) and B1 

(48°, 4000 ps) near the point O1 (43.2°, 3600 ps) are 
selected to simulate and analyze the loading− 
unloading effect on the maximum surface stress 
(Fig. 4). When the α-Al2O3 nanowires are loaded to 
the point A1 before the plastic deformation and then 
unloaded from the point A1 to the point A2, the 
maximum surface stress is reduced to zero and the 
recovered angle (i.e., 76.8°−38.4°) from the point 
A1 (38.4°) to A2 (76.8°) is equal to the original  
angle of point A1 (38.4°). The loading (OA1) and 
unloading (A1A2) curves have identical slopes and 
appear to be symmetrical, which reflects the full 
elastic recovery of the α-Al2O3 nanowires at the 
point A1. 
 

 
Fig. 4 Maximum surface stress−rotation angle curve of 
α-Al2O3 nanowires (ω=0.006 (°)/ps) during loading and 
unloading cycle 
 

When the α-Al2O3 nanowires are loaded to the 
point B1 (48°, 4000 ps) after the elastic deformation 
and then unloaded form the point B1 to the point B2 

(88.8°, 7400 ps), the maximum surface stress is 
reduced to zero but the recovered angle (i.e., 
88.8°−48°) from the point B2 (88.8°) to the point B1 

(48°) is smaller than the original angle of point B1 

(48°), i.e., with a residual angle of 7.2°. In this case, 
the loading (OB1) and unloading (B1B2) curves are 
no longer symmetrical, indicating the permanent 
plastic deformation of the α-Al2O3 nanowires at the 
point B1. Therefore, the bending elastic limit of 
α-Al2O3 nanowires can be determined by the stress 
of the point O1. 
 
3.2 Bending deformation mechanism at different 

loading rates 
3.2.1 Bending deformation evolution process 

As an example, the bending deformation 
evolution process of the α-Al2O3 nanowires at 
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ω=0.006 (°)/ps is analyzed in detail as follows, 
where the atomic shear strain is often used to 
characterize the plastic deformation of nano- 
materials [33]. 

(1) Elastic deformation stage (OO1) 
Three points A, B and C near the limit point O1 

of elastic deformation (Fig. 3(a)) are selected for 
analyzing the microstructures and shear strains of 
the α-Al2O3 nanowires (Fig. 5), where their bending 
angles (loading times) are 38.4° (3200 ps), 48° 
(4000 ps) and 54° (4500 ps), respectively. It is seen 
that when the loading time is 3200 ps (Fig. 5(a)), 
there appears obvious bending deformation of 
microstructures with very small shear strain (all of 
atom region is almost in dark-blue). When the 
loading time is increased to 4000 ps (Fig. 5(b)) and 
4500 ps (Fig. 5(c)), the α-Al2O3 nanowires continue 
to bend and light-colored atoms (large shear strain) 
are observed in the central region. Furthermore, the 
light-colored atom region tends to increase with the 
increasing of the loading time. This means that the 
α-Al2O3 nanowires undergo the elastic deformation 
at the point A (the point O1 is the bending elastic 
limit), and start to be damaged at points B and C. 
 

 
Fig. 5 Microstructures and shear strain distributions   
of α-Al2O3 nanowire (ω=0.006 (°)/ps) at different 
loading time (near point O1): (a) 3200 ps; (b) 4000 ps;  
(c) 4500 ps 
 

(2) Plastic deformation stage (O1O2) 
Three points D, E and F in the stage O1O2 

(Fig. 3(a)) are selected for analyzing the micro- 
structures and shear strains of the α-Al2O3 

nanowires (Fig. 6), where their bending angles 
(loading times) are 60° (5000 ps), 72° (6000 ps) and 
84° (7000 ps), respectively. It is seen that when the 
loading time is 5000 ps (Fig. 6(a)), the number of 
light-colored atoms (large shear strain) is larger 
than that at 4500 ps (Fig. 5(c)) in the central region 
of α-Al2O3 nanowires. When the loading time is 
increased to 6000 ps (Fig. 6(b)) and 7000 ps 

(Fig. 6(c)), the α-Al2O3 nanowires continue to bend, 
with the appearing of more light-colored atoms 
(large shear strain) and the red-colored atoms 
(higher shear strain) in the central region. However, 
no crack is found in the α-Al2O3 nanowires, 
indicating that the stage O1O2 is only in plastic 
deformation without any fracturing. 
 

 
Fig. 6 Microstructures and shear strain distributions   
of α-Al2O3 nanowires (ω=0.006 (°)/ps) at different 
loading time (in O1O2 stage): (a) 5000 ps; (b) 6000 ps;  
(c) 7000 ps 
 

(3) Failure stage (O2O3) 
Two points G and H in the failure stage O2O3 

(Fig. 3(a)) are selected for analyzing the micro- 
structures and shear strains of the α-Al2O3 

nanowires (Fig. 7), where their bending angles 
(loading times) are 108° (9000 ps) and 120° 

(10000 ps), respectively. It is seen that when the 
loading time is 9000 ps (Fig. 7(a)), local cracking 
appears near the red atoms in the central area of 
α-Al2O3 nanowires. When the loading time is 
increased to 10000 ps (Fig. 7(b)), both the red 
atoms (higher shear strain) and the cracking area are 
gradually increased, leading to the final failure of 
α-Al2O3 nanowires (stage O2O3). 
 

 
Fig. 7 Microstructures and shear strain distributions of 
α-Al2O3 nanowires (ω=0.006 (°)/ps) at different loading 
time (in O2O3 stage): (a) 9000 ps; (b)10000 ps 
 
3.2.2 Effect of loading rates 

Figures 8 and 9 show the bending deformation 
curvatures of α-Al2O3 nanowires at the elastic limit 
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points (O1, P1, Q1, R1, S1 ) and the strength limit 
points (O2, P2, Q2, R2 , S2 ) at different loading rates. 
Obviously, the former is much larger than the latter. 
They are both little changed when ω≤0.015 (°)/ps, 
but greatly increased (i.e., the curvature radii are 
greatly decreased) when ω=0.018 (°)/ps. Detail 
values of the bending curvature radii at different 
loading rates are listed in Table 1. Therefore, the 
effect of loading rate on the bending deformation 
curvatures of α-Al2O3 nanowires must be taken into 
account when the loading rate is relatively high. 
 

 
Fig. 8 Bending deformation curvatures of α-Al2O3 

nanowires at elastic limit points (O1, P1, Q1, R1, S1) under 
different loading rates: (a) 0.006 (°)/ps; (b) 0.009 (°)/ps; 
(c) 0.012 (°)/ps; (d) 0.015 (°)/ps; (e) 0.018 (°)/ps 
 

 

Fig. 9 Bending deformation curvatures of α-Al2O3 

nanowires at strength limit points (O1, P1, Q1, R1, S1) 
under different loading rates: (a) 0.006 (°)/ps;        
(b) 0.009 (°)/ps; (c) 0.012 (°)/ps; (d) 0.015 (°)/ps;      
(e) 0.018 (°)/ps 
 
Table 1 Minimum curvature radii of bending 
deformation for elastic limit and strength limit of 
α-Al2O3 nanowires at different loading rates 

ω/[(o)·ps−1] (Re)min/Å (Rb)min/Å 

0.006 232.07 168.37 

0.009 231.3 173.05 

0.012 230.37 179.98 

0.015 228.64 184.35 

0.018 193.4 154.6 

Figure 10 shows the microstructures and shear 
strain distributions of the α-Al2O3 nanowires under 
the same loading displacement of failure stage (i.e., 
at the same rotation angle of 120°) at different 
loading rates. Obviously, under the same loading 
displacement, the larger the loading rate is, the 
larger the cracking area is, indicating that the failure 
form of α-Al2O3 nanowires is gradually changed 
from plasticity to brittleness. 
 
3.3 Elastic limit and strength limit at different 

loading rates 
As shown in Fig. 11(a), when the loading rate 

is small (i.e., ω<0.015 (°)/ps), the bending elastic 
limit and the strength limit of α-Al2O3 nanowires 

 

 
Fig. 10 Microstructures and shear strain distributions of 
α-Al2O3 nanowires at same rotation angle (120°) under 
different loading rates: (a) 0.006 (°)/ps; (b) 0.009 (°)/ps; 
(c) 0.012 (°)/ps; (d) 0.015 (°)/ps; (e) 0.018 (°)/ps 
 

 
Fig. 11 Limit stresses (a) and critical rotation angles (b) 
of α-Al2O3 nanowires varying with loading rate 
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are slightly changed as a whole. Both of them are 
greatly increased when the loading rate is large (i.e., 
ω>0.015 (°)/ps) and gradually tend to be equal. 
With the increasing of loading rate (Fig. 11(b)), the 
critical rotation angle of the elastic limit point is 
gradually increased, while that of the strength limit 
is gradually decreased. They also tend to be equal 
finally. Obviously, the larger the loading rate is, the 
closer to each other the elastic limit and strength 
limit is and the smaller the plastic deformation 
stage is, which indicates again that the α-Al2O3 

nanowire material is changed gradually from 
plasticity to brittleness when the loading rate is 
increased. 
 
4 Test verification 
 
4.1 Improved loop test for α-Al2O3 whiskers in 

bending 
(1) Test arrangement 
An improved loop test for experimentally 

approaching the intrinsic strength of α-Al2O3 

whiskers [11] was adopted to verify the validity of 
simulation results. The α-Al2O3 whisker was twisted 
into a loop on the substrate of SiN TEM grid by an 
electrochemically etched tungsten tip at a speed of 

200 nm/s, under high-magnification optical micro- 
scopy attached to the scanning laser Doppler 
vibrometer (LDV, Polytec MSA−500 with an optic 
lens of Mitutoyo M Plan APO 100×). During 
bending, the adhesion and the static friction 
between the substrate and whisker loop were 
sufficiently strong to prevent the loop from 
untwisting and recoiling even after the pulling  
force was released. When the whisker loop was 
characterized by SEM (JEOL 7001 operated at 
5 keV) or by TEM (Philips Tecnai F20 operated at 
200 keV) and then removed from the SEM/TEM 
chamber, it could be further pulled into a smaller 
loop and re-imaged by SEM/TEM. The above- 
mentioned process was repeated until the whisker 
loop fractured into two segments, which were then 
characterized by SEM/TEM to examine their 
fracture behaviors. 

(2) Test results 
Figure 12 shows the loop test for α-Al2O3 

whiskers, where Figs. 12(a−c) show the three 
optical images of the intermediate bending     
state, just before and immediately after fracture   
of the whisker loop, respectively. It is seen     
that the α-Al2O3 whisker loop before fracture 
(Fig. 12(b)) has the same shape as the theoretical loop 

 

 
Fig. 12 Loop test for α-Al2O3 whiskers: (a−c) Three optical images showing intermediate bending state, just before and 
immediately after fracture, respectively; (d) TEM image corresponding to (c) with arrow showing fracture point of loop; 
(e) Theoretical loop shape based on classical elastic theory [16]; (f, g) High-magnification TEM images of two fractures 
in (d) (The yellow dotted curves in (b) and (d) indicate the theoretical shape [11]) 
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(Fig. 12(e)) based on classical elastic theory [16], 
indicating that the whisker is deformed elastically 
until failure. Moreover, the fracture point of the 
whisker loop occurring near the bending apex 
(Fig. 12(d)) and the two whisker segments with 
V-shaped and faceted fracture ends (Figs. 12(f, g)) 
could prove that the fracture of the α-Al2O3 whisker 
loop is brittle. 

For an elastically bent whisker, the strain εx 
and the stress σx at a distance x from the neutral 
axis can be expressed as εx=x/R and σx=xE/R based 
on classical elastic theory [34], where R is the 
radius of the inscribed circle of the neutral axis and 
E is the elastic modulus of the nanowires. Therefore, 
the maximum tensile strain εmax (fracture strain) and 
the maximum tensile stress σmax (fracture strength) 
on the outermost edge of the bending apex can be 
written as 

 
εmax=d/(2Rmin), Rmin=L/8, σmax=Eεmax              (4) 

 
where d is the diameter of the α-Al2O3 whiskers and 
L is the overlap length between the two segments 
(Fig. 12(d)) [16]. 

The loop tests of 14 α-Al2O3 whiskers were 
conducted, in which the diameter d ranged from 82 
to 320 nm, and E=460 GPa [11]. According to the 
measured values of L by using TEM (Fig. 12(d)) 
and Eq. (4), one can obtain the fracture strain εmax 
(εmax=6.1%−10.6%, with an average strain of  
8.5%) and the corresponding fracture strength σmax 

(σmax=28.1−48.8 GPa, with an average strength of 
39.1 GPa). 
 
4.2 Comparison of simulation results with test 

results 
4.2.1 Indirect MD simulation method for 

determining elastic limit and strength limit 
As shown in Fig. 11(a), the elastic limit and 

strength limit of α-Al2O3 nanowires at different 
loading rates can be directly obtained by the 
maximum surface stress−rotation angle curves at 
different loading rates (Fig. 2), which is named as 
the direct molecular dynamics (MD) simulation 
method. In addition, there is another indirect MD 
simulation method for determining the limit stresses 
of α-Al2O3 nanowires based on classical elastic 
theory (Eq. (4)) as follows. 

In MD simulation results, there exist two 
minimum curvature radii of α-Al2O3 nanowires, 

(Re)min and (Rb)min, which correspond to the elastic 
limit (σe) and the strength limit (σb), respectively. 
As an example, Fig. 13 shows (Re)min and (Rb)min of 
the bending deformation curve corresponding to σe 

(at the point O1, Fig. 2) and σb (at the point O2, 
Fig. 2), when the loading rate (rotation angular 
velocity) ω is 0.006 (°)/ps. Besides, Table 1 lists the 
fitting results of (Re)min and (Rb)min for the α-Al2O3 
nanowires at different loading rates. Therefore, by 
substituting these values of (Re)min and (Rb)min as 
well as the diameter and elastic modulus of  
α-Al2O3 whiskers (d=30 Å, E=460 GPa [11]) into 

Eq. (4), one can obtain the elastic limit σe
* and 

strength limit σb
* of the α-Al2O3 nanowires, as listed 

in Table 2. 
 

 
Fig. 13 Minimum bending curvature radius of α-Al2O3 
nanowires corresponding to elastic limit and strength 
limit (ω=0.006 (°)/ps): (a) (Re)min at point O1; (b) (Re)min 

at point O2 
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Table 2 Simulation results of elastic limit and strength limit by direction and indirect MD methods for α-Al2O3 
nanowires at different loading rates as well as test results for comparison 

Parameter 
Simulation result 

Test result 
ω=0.006 (°)/ps ω=0.009 (°)/ps ω=0.012 (°)/ps ω=0.015 (°)/ps ω=0.018 (°)/ps 

σe/GPa 34.90 32.60 32.07 32.96 42.69 − 

σe*/GPa 29.70 29.83 29.95 30.18 35.68 − 

σb/GPa 43.38 45.46 42.35 37.49 46.55 − 

σb*/GPa 40.98 39.87 38.34 37.43 44.60 
28.10−48.80 

(Average σb
* 39.10)

*—Obtained by Eq. (4) (i.e., indirect MD simulation method) 
 
4.2.2 Comparison of strength limits obtained by 

different MD methods and experimental 
method 

Figure 14 illustrates the elastic limit and 
strength limit of the α-Al2O3 nanowires obtained by 
the direct and indirect MD simulation methods 
varying with the loading rate (ω). It is seen     
that the elastic limits, σe and σe

*, are little changed 
when ω≤0.015 (°)/ps and increased greatly when 
ω>0.015 (°)/ps. Besides, the strength limits, σb and 
σb

*, are slightly increased when ω<0.015 (°)/ps, but 
increased greatly and almost identical when 
ω≥0.015 (°)/ps. It is concluded that the loading  
rate has great influence on the bending plastic 
deformation of α-Al2O3 nanowire but little on 
elastic modulus (Fig. 2). The larger the loading rate 
is, the shorter the plastic deformation stage is, the 
more easily the material tends to fail in brittle 
fracture and thus the closer the elastic limit to the 
strength limit is. Obviously, it can be found from 
Table 2 that, at the higher loading rate ω (=0.015 
and 0.018 (°)/ps), the strength limit σb

 (37.49 and 
46.55 GPa) obtained by the MD simulated curve 
(Fig. 2) with smaller plastic deformation is 
approximately equal to the strength limit σb

* (37.30 
and 47.60 GPa) obtained by the classical elastic 
theory (Eq. (4)) regardless of plastic deformation. 
Besides, the strength limit σb

* (37.30 and 47.60 GPa) 
is closer to elastic limit σe (32.96 and 42.69 GPa) 
under the higher loading rate ω (=0.015 and 
0.018 (°)/ps). This can prove again that the higher 
loading rate results in the higher brittleness of 
α-Al2O3 nanowires with smaller plastic deformation 
and thus the elastic limit is very closer to the 
strength limit. 

Furthermore, it is also found from Table 2 that, 
the simulation results of the strength limit σb

* 
(37.43−44.60 MPa) is very close to the test result  

 

 
Fig. 14 Elastic limit and strength limit of α-Al2O3 
nanowires obtained by direct and indirect MD simulation 
methods varying with loading rate: (a) Elastic limit (σe 

and σe
* ); (b) Strength limit (σb and σb

* ) 
 
of average strength limit (39.10 GPa), which can 
verify the validity and reliability of this MD 
calculation model and simulation results. Since  
the α-Al2O3 nanowire is considered as the 
homogeneous and continuous material in the MD 
simulation calculation, while the real α-Al2O3 

whiskers used in the loop inevitably have micro 
defects, the simulation result is a little higher than 
the test result. 
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It is worth noting that the improved loop test is 
based on the classic elasticity theory and thus only 
applicable for measuring the intrinsic bending 
strength of nanoscale whiskers failed in brittle 
fracture (regardless of plastic deformation). The 
direct MD simulation method is a better way to 
determine the elastic limit and strength limit of the 
nanoscale whiskers no matter what kind of failure 
form and loading rate are. 
 
5 Conclusions 
 

(1) The molecular dynamics model of α-Al2O3 

nanowires in bending is established by using 
LAMMPS to calculate the atomic stress and strain 
at different loading rates based on the virial stress 
theorem and local transformation matrix. The effect 
of loading rate on the bending mechanical behaviors 
of α-Al2O3 nanowires is analyzed in detail, 
including the maximum surface stress−rotation 
angle curve, bending deformation mechanism, 
elastic limit and strength limit. 

(2) The maximum surface stress−rotation 
angle curves of α-Al2O3 nanowires at different 
loading rates are all divided into three stages of 
elastic deformation (with very little change of 
slope), plastic deformation and failure. The elastic 
limit can be determined by the curve symmetry 
during loading and unloading cycle. The potential 
energy varying with the time also presents three 
similar stages of elastic deformation, plastic 
deformation and failure, while the kinetic energy 
varying with the time reflects the state of loading 
rate (static, quasi-static and dynamic loading). 

(3) The bending deformation curvatures of 
α-Al2O3 nanowire at the elastic limit points and the 
strength limit points at different loading rates are 
both little changed when the loading rate is 
relatively small, but greatly increased when the 
loading rate is large. The larger the loading rate is,  
the larger the cracking area is, and the failure form 
of α-Al2O3 nanowires is gradually changed from 
plasticity to brittleness. 

(4) The loading rate has great influence on the 
plastic deformation but little on the elastic modulus 
of α-Al2O3 nanowire. The larger the loading rate is, 
the shorter the plastic deformation stage is and the 
more easily the material tends to fail in brittle 
fracture. Therefore, the elastic limit and the strength 
limit (both determined by the direct and indirect 

MD simulation methods) are closer to each other. 
(5) The MD simulation results of α-Al2O3 

nanowires are verified to be valid by the good 
agreement with the improved loop test results. 
Since the improved loop test is based on the classic 
elasticity theory, it is only applicable for measuring 
the intrinsic bending strength of nanoscale whiskers 
failed in brittle fracture (regardless of plastic 
deformation). The direct MD method becomes an 
effective way to determine the elastic limit and the 
strength limit of nanoscale whiskers failed in brittle 
or ductile fracture at arbitrary loading rate. 
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不同加载速率下氧化铝纳米线弯曲力学行为的 
分子动力学研究 
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摘  要：采用 LAMMPS 软件建立弯曲加载下 α-Al2O3纳米线的分子动力学(MD)模型，计算并分析不同加载速率

下 α-Al2O3纳米线的原子应力和应变，揭示加载速率对其弯曲力学行为的影响规律。研究结果表明：α-Al2O3纳米

线在不同加载速率下的最大表面应力−转角曲线均可分为弹性变形、塑性变形和破坏 3 个阶段，弹性极限点可通

过加、卸载循环下的曲线对称性来确定；加载速率对 α-Al2O3 纳米线的塑性变形影响很大，但对弹性模量影响较

小；当加载速率增加时，塑性变形阶段缩短，材料更易发生脆性断裂，且弹性极限和强度极限(由直接和间接 MD

法确定)更加接近。MD 模拟结果与改进的弯曲环路试验结果吻合良好，从而验证分子动力学建模和计算方法的有

效性。直接 MD 法是确定在任意加载速率下(无论发生脆性还是韧性断裂)纳米晶须弹性极限和强度极限的有效  

方法。 

关键词：氧化铝纳米线；弯曲性能；加载速率；弹性极限；强度极限；分子动力学 
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