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This Special Issue presents recent research advances in vari-
ous aspects of advanced nanomaterials including synthesis,
micro- and nanostructures, mechanical properties, model-
ing, and applications for material nanotechnology commun-
ity. In particular, it aims to reflect recent advances inmechan-
ical behaviors, for example, stiffness, strength, ductility,
fatigue, and wear resistance, of various nanomaterials includ-
ing nanocrystalline, inorganic, nonmetallic nanomaterials,
composites with nanosized fillers, and biomaterials with
nanosized structures.The role of this Special Issue is to bridge
the gaps among fabrication techniques, experimental tech-
niques, numerical modeling, and applications for some new
nanomaterials and to investigate some key issues related to
the mechanical properties of the nanomaterials. It brings
together researchers working at the frontier of themechanical
behavior of nanomaterials.

Nanomaterials are truly multidisciplinary. Technically
most important properties are mechanical, electrical, cat-
alytic, magnetic, optical, and so forth. Research at the nano-
scale material frontier needs to be unified by sharing knowl-
edge, techniques, and expertise on atomic, molecular, and
microinteractions. In particular, regarding the mechanical
properties, despite the progress made in technology of such
materials, their application is still restricted by insufficient
experimental data, numerical modeling results, and their
interpretation. This applies to the knowledge describing

mechanical behaviors of the above nanomaterials under
various conditions, for example, static, dynamic, monotonic,
and cyclic conditions, at low and high temperatures. The
articles of this Special Issue are grouped in the followingmain
topics: (1) numerical modeling and evaluation of mechanical
properties of various nanomaterials; (2) preparation and
fabrication technologies and their effects on the mechanical
properties of various nanomaterials; (3) experimental charac-
terization of mechanical properties of various nanomaterials.

In the first group, by virtue of molecular dynamics simu-
lations or other numericalmeans, there are some papers deal-
ing with the mechanical properties of some typical nanoma-
terials, for example, carbon nanotubes. For example, in aspect
of molecular dynamics simulations, the mechanical and
structural properties of some collapsed carbon nanotubes
and the effects of geometric parameters of carbon nanotubes,
such as length, diameter, and chirality, were investigated
at atomic scale. The dependence of newly formed rippled
structure of the carbon nanotubes after relaxation on the
chirality was interestingly uncovered. Moreover, the effect of
temperature on the tensile property of single-walled carbon
nanotubes processed by a surface Ni-coating technology was
explored by molecular dynamics simulations. Due to coated
Ni, the possibility of degraded mechanical properties of
the single-walled carbon nanotubes was demonstrated. Also,
the interaction between hydrogen and carbon nanotubes
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was studied using molecular dynamics simulations, and the
mechanisms of hydrogen transport in flexible-wall narrow
carbon nanotubes were uncovered. Furthermore, at micro/
nanoscale, the interaction potential between parabolic rota-
tor and a particle located outside the rotator was numerically
studied on the basis of a negative exponential pair potential
between particles. It was found that curvatures and the
gradient of curvatures are the essential elements forming
the driving forces. Through the idealized numerical experi-
ments, the accuracy of the curvature-based potential was
preliminarily proven.

The second group collects the research works regarding
preparation and fabrication technologies and their effects
on the mechanical properties of various nanomaterials. For
instance, themechanical and tribological properties of dental
nanocomposites and the effects of acidic solutionswere inves-
tigated in detail. Compared with microscale fillers, nanoscale
fillers can effectively improve the mechanical properties of
the dental nanocomposites, for example, hardness and elastic
modulus. Also, the acidic solutions can change the failure
mechanisms of the dental nanocomposites under the con-
dition of wearing. Moreover, a new fabrication technology
which combines rotary chemical vapor deposition and spark
plasma sintering together for Al

2
O
3
-Cu nanocomposites was

proposed. The positive effects of Cu nanoparticles on the
nanocomposites’ fracture toughness were experimentally
confirmed. Moreover, a matrix modification technique by
using carbon nanotubes and n-butyl glycidyl ether was devel-
oped. The interlaminar fracture toughness of glass fiber/epo-
xy nanocomposites at cryogenic temperature was confirmed
to be increased significantly.

Finally, the papers in the third group describe exper-
imental evaluation of properties of various nanomaterials.
For instance, themicromechanical behaviors of single-crystal
superalloy with different crystal orientations were charac-
terized by microindentation technology. The reduction of
the microhardness H due to dislocation hardening and the
relationship between Young’s modulus E and interplanar
spacing and crystal variable were confirmed experimentally.
Furthermore, a simplified material model was proposed to
consider the various crystal orientations, and it was veri-
fied by a 3D microindentation simulation approach. As for
the mechanical and flame retardant and smoke properties
of bamboo-wood hybrid scrimber filled by two kinds of
nanoparticles, that is, calcium and magnesium, a detailed
exploration about the experimental characterization of the
above properties was carried out. The confirmation of the
improvement of the above physical and mechanical proper-
ties after adding the nanoparticles was also obtained.

We first want to congratulate the authors who made this
Special Issue possible. Sincere thanks are due to the reviewers
for their very accurate and voluntary job.This is the first time
the Journal of Nanomaterials had a Special Issue focusing on
mechanical properties of various advanced nanomaterials as
well as the influences of fabrication techniques, microstruc-
tures, and so forth, on them, from the aspects of the numerical
and experimental approaches. It should be very helpful
to enhance the effective applications of these advanced

nanomaterials. We are grateful to this journal for the support
given to the approval and realization of this Special Issue.

Ning Hu
Xi-Qiao Feng
Shao-Yun Fu
Cheng Yan

Guang-Ping Zhang
Jihua Gou
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A two-step rotary chemical vapor deposition techniquewas developed to uniformlymixCunanoparticles with the 𝛾Al
2
O
3
powders,

and then the as-obtained powders were consolidated toAl
2
O
3
-Cu nanocomposites by spark plasma sintering. In the RCVDprocess,

the metal-organic precursor of copper dipivaloylmethanate (Cu(DPM)
2
) reacted with O

2
and then was reduced by H

2
in order to

erase the contamination of carbon. At 1473K, the relative density of Al
2
O
3
-Cu increased with increasing 𝐶Cu and the maximum

value was 97.7% at 𝐶Cu = 5.2 mass%. The maximum fracture toughness of Al
2
O
3
-Cu was 4.1MPam1/2 at 𝐶Cu = 3.8 mass%, and

1MPam1/2 higher than that of monolithic Al
2
O
3
, validating the beneficial effects of Cu nanoparticles.

1. Introduction

The incorporation of small amounts of metal nanoparticles,
such as Cu [1], Ni [2–4], W [5], and Cr [6], has been proved
to be beneficial for improving the densification, mechanical
properties, and conductivity of Al

2
O
3
. Particularly, the incor-

poration of Cu nanoparticles has attracted much attention
due to its high ductility and good electrical conductivity
[1, 7, 8]. Kim et al. fabricated Al

2
O
3
-Cu nanopowders by

ball milling for 30 h and then sintered at 1100–1400∘C for
5min in vacuum under a pressure of 50MPa by the pulse
electric current sintering (PECS) [7].The composites sintered
at 1250∘C for 5min showed a relative density above 97%
and enhanced fracture toughness of 4.5MPam1/2. Oh and
Yoon fabricated Al

2
O
3
-Cu nanocomposites by hydrogen

reduction and hot pressing of Al
2
O
3
/CuO powders. The

composite prepared fromAl
2
O
3
-Cunitratemixture exhibited

maximum strength of 953MPa [8].
In general, that the wet methods such as coprecipitation

usually produces 𝛾Al
2
O
3
phase, which would transform to

𝛼Al
2
O
3
during high temperature sintering. Thus the uni-

form distribution of Cu would be quite necessary for high
mechanical properties. However, the agglomeration of Cu

nanoparticles in sol-gel process and ball milling is usually
unavoidable [9]. Compared to the ballmilling andwet sol-gel,
the dry CVD technique seemsmore promising due to its easy
operation and low pollution to the environments. Fluidized
bed CVD (FBCVD) is one of the most efficient CVD
techniques to coat each individual particle of a powder from
gaseous species [10]. However, the application of FBCVD on
powder is limited depending mainly on density and particle
size of powder [11, 12].The use of a novel rotary CVD (RCVD)
technique to prepare Ni nanoparticles on ceramic powders
has been reported in our previous work. Ni nanoparticles
13.9–84.5 nmand 10–100 nm in diameterwere precipitated on
the surface of hBN [13] and cBN [14], respectively.The relative
density and hardness of hBN were found to be increased
by the incorporation of Ni nanoparticles. The hardness of
Al
2
O
3
-30 vol% cBN/Ni was 27GPa, about 1 GPa and 5GPa

higher than that of Al
2
O
3
-30 vol% cBN and monolithic

Al
2
O
3
.

In the present study, Cu nanoparticle was precipitated on
𝛾Al
2
O
3
for uniform mixture by RCVD using copper dipival-

oylmethanate (Cu(DPM)
2
) as a precursor. In order to erase

the carbon contamination, the powder was firstly oxidized by
oxygen and then reduced by hydrogen into the metal state.
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Then the 𝛾Al
2
O
3
-Cu powders were consolidated by spark

plasma sintering at 1373 to 1573K for 0.6 ks. The effects of Cu
nanoparticles on the sintering behavior, microstructure, and
mechanical properties of Al

2
O
3
were investigated.

2. Experimental Procedures

Thedetailed description about RCVDcan be found elsewhere
[13]. In the present study, Cu nanoparticles were precipitated
on 𝛾Al

2
O
3
powders by RCVDat 573 to 873K for 30min using

Cu(DPM)
2
as a precursor. The Cu(DPM)

2
precursor in the

evaporator was heated at 393 to 423K and carried into the
reaction zone by Ar at a flow rate of 1.67 × 10−6m3⋅s−1. The
supply rate (𝑅

𝑠
) of Cu(DPM)

2
was set at 0.56 × 10−6 kg⋅s−1,

and O
2
was also filled in to erase the carbon contamination

from Cu(DPM)
2
. The 𝛾Al

2
O
3
powder, <100 nm in average

diameter and 2 g in weight, was fed into the reactor and
preheated at 793 to 823K. The total inner pressure of the
RCVD apparatus was kept at 800 Pa with a partial pressure
of 240 Pa for O

2
and 560 Pa for Ar. The deposition time was

fixed at 1.8 ks. After deposition, the O
2
was cut off and H

2

was used to reduce the CuO to Cu. The 𝛾Al
2
O
3
-Cu powder

was consolidated by spark plasma sintering (SPS, model SPS-
210LX, SPS Syntex Inc., Japan) at 1373 to 1673K for 0.6 ks.
The heating rate was 3.3 K⋅s−1 and the pressure was 100MPa
loaded in the whole sintering process. The temperature was
measured by an optical pyrometer focused on a hole (𝜙 2 ×
5mm) in the graphite die.

The crystal structure and phase of the 𝛾Al
2
O
3
-Cu powder

and the sintered bodies were identified by X-ray diffrac-
tion (XRD) with CuK𝛼 radiation. The microstructure was
observed by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The Cu mass content
(hereafter, 𝐶Cu) in the Al

2
O
3
-Cu powder was estimated

by energy-dispersive X-ray spectroscopy (EDS) and was
averaged by five measurements at different areas.The specific
surface area, a total surface area per unit of mass, was
measured by the BET method and calculated using [15]

𝑎BET =
𝑉
𝑚
𝐿𝑎
𝑚

𝑉
𝐿

. (1)

Here 𝑎
𝑚

is the area occupied by a molecule of the
adsorbate, 𝐿 is the Avogadro’s number, and 𝑉

𝐿
is the molar

volume of the analysis gas at standard temperature and
pressure (STP). 𝑉

𝑚
is the monolayer adsorbed gas quantity,

which could be obtained from

𝑃

𝑉 (𝑃 − 𝑃
0
)
=
1

𝑉
𝑚

(
1

𝐶
+
𝐶 − 1

𝐶
×
𝑃

𝑃
0

) . (2)

Here𝑃 and𝑃
0
are the equilibrium and saturation pressure

of adsorbates at the temperature of adsorption, 𝑉 is the
adsorbed gas volume quantity, and 𝐶 is the BET constant.

The bulk density of the sintered body was determined
by an Archimedes’ method and converted to relative density
using the theoretical density of Al

2
O
3
(3.99 × 103 kg⋅m−3)

[16] and Cu (8.99 × 103 kg⋅m−3) [17]. The hardness of Al
2
O
3
-

Cu nanocomposites wasmeasured using Vicker’s indentation
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Figure 1: XRD patterns of (a) Al
2
O
3
and Cu precipitated Al

2
O
3

powders at 𝑇SPS = (b) 573, (c) 673, (d) 773, and (e) 873K.

test under a load of 19.6N [18] and the fracture toughness was
evaluated bymeasuring the crack length generated byVicker’s
indentation [19]. Ten points were averaged for each value of
hardness and fracture toughness.

3. Results and Discussion

Figure 1 shows the effects of precipitation temperature (𝑇
𝑝
)

on phase structure of the RCVD-treated Al
2
O
3
powders. At

𝑇
𝑝
= 573K, no Cu peaks were identified due to the low

precipitation temperature. At 673 to 873K, the diffraction
peaks at 2𝜃 = 43.3∘(111) and 50.5∘(200) were indexed to Cu,
and no CuO and C peaks were observed. On the other
hand, the intensity of Cu peaks varied with the precipitating
temperature and showed the highest at 773K. Figure 2 shows
the TEM image and EDS spectrum of Cu precipitated 𝛾Al

2
O
3

powders at 773K. The EDS spectrum showed clearly the
presence of Cu peaks. The Mo peaks were also observed
due to the Mo mesh grids used to support the powder for
TEM observation. However, it is difficult to distinguish the
Cu nanoparticles from Al

2
O
3
by the TEM images due to the

small grain size of Al
2
O
3
and Cu. The presence of carbon

and oxygen peaks in the EDS spectra was ascribed to the
thin organic film coated on the Mo mesh grid to support
the powders for TEM observation. Table 1 shows the specific
surface area, Cu grain size, and 𝐶Cu of Al2O3 and Al

2
O
3
-Cu

powders. The specific surface area of monolithic 𝛾Al
2
O
3
was

49.3m2⋅g−1.The addition of Cu decreased the specific surface
area of Al

2
O
3
slightly from 41.8 to 45.4m2⋅g−1 due to the high

theoretical density of Cu (kg⋅m−3). The crystalline grain size
of the Cu nanoparticles was obtained by Scherrer’s Formula
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Figure 2: (a) TEM image and (b) EDS spectrum of Cu precipitated 𝛾Al
2
O
3
powders at 𝑇

𝑝
= 773K.

Table 1: Specific surface area, grain size of Cu and content of Cu in
Al2O3 and Al2O3-Cu powders.

Precipitation
temperature/K

Specific
surface

area/m2 g−1
Grain size
of Cu∗/nm

Content of
Cu/mass%

Al2O3 — 49.3 — —
Al2O3-Cu 573 41.8 — 1.2
Al2O3-Cu 673 42.3 18 3.8
Al2O3-Cu 773 45.4 25 5.2
Al2O3-Cu 873 43.8 28 2.1
∗The crystalline grain size of the Cu nanoparticles was obtained by Scherrer’s
formula from the XRD patterns.

for the strongest peak using the diffraction angle of the peak
andhalf width of the peak area of Figure 1.The grain size ofCu
increased from 18 to 28 nm with increasing the precipitating
temperature from 673 to 873K. The maximum 𝐶Cu reached
5.2 mass% at 773K.

Figure 3 shows the effect of sintering temperature (𝑇SPS)
on the phase structure of Cu precipitated 𝛾Al

2
O
3
powders at

𝑇SPS = 773K.The phase transformation of 𝛾Al
2
O
3
to 𝛼Al

2
O
3

started at 𝑇SPS = 1273K, where three 𝛼Al2O3 peaks appeared
together with 𝛾Al

2
O
3
and Cu peaks. At 𝑇SPS = 1373K, the

𝛾Al
2
O
3
transformed completely to 𝛼Al

2
O
3
.

Figure 4 shows the effect of 𝐶Cu on the relative density of
Al
2
O
3
-Cu nanocomposites. At 𝑇SPS = 1373, 1473, and 1573K,

the relative density of Al
2
O
3
was 93.6%, 98.4%, and 97.6%,

respectively. The maximum value of 98.4% at 𝑇SPS = 1473K
was a little higher than Kim’s results at 𝑇SPS = 1523K for 0.3 ks
(97%) [7], indicating that RCVD is better in precipitating
Cu nanoparticles for the densification of Al

2
O
3
. Hotta and

Goto have consolidated 𝛼Al
2
O
3
by spark plasma sintering

from the raw powder of Al
2
O
3
of ∼200 nm in diameter [20].

The relative density at 𝑇SPS = 1473K reached above 99%.
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Figure 3: XRD patterns of Al
2
O
3
-Cu at 𝐶Cu = 5.2 mass% by spark

plasma sintering at 𝑇SPS = (a) 1073, (b) 1173, (c) 1273, (d) 1373, (e)
1473, and (f) 1573 K.

In our present work, however, the maximum relative density
was only 98.4% at 𝑇SPS = 1473K using the 𝛾Al

2
O
3
of 80 nm

in grain size, lower than Hotta’s result using the 𝛼Al
2
O
3

starting powder at the same sintering temperature. This
could be attributed to the phase transformation of 𝛾Al

2
O
3
to

𝛼Al
2
O
3
in the present sintering process, which retarded the

densification process slightly. At 𝑇SPS = 1473K, the relative
density of Al

2
O
3
-Cu increased with increasing 𝐶Cu and
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Figure 4: The effect of Cu content on the relative density of Al
2
O
3
-

Cu composites at 𝑇SPS = 1373, 1473, and 1573K, respectively.

the maximum value was 97.7% at 𝐶Cu = 5.2 mass%. But at
𝑇SPS = 1373 and 1573K, the relative density of 𝐶Cu decreased
with increasing 𝐶Cu. At 𝑇SPS = 1573K and 𝐶Cu = 5.2mass%,
the relative density was only 90.6%, about 7% lower than that
of monolithic Al

2
O
3
at the same sintering temperature. The

decrease of the relative density at 𝑇SPS = 1573K was explained
from the microstructural observation of Figure 5.

Figure 5 shows SEM images of the fracture surface of
Al
2
O
3
and Al

2
O
3
-Cu sintered at 𝑇SPS = 1373 to 1573K. At

𝑇SPS = 1373K, some pores were observed in Al
2
O
3
fracture

surfaces. In contrast, almost no pores were identified in
Al
2
O
3
-Cu at the same sintering temperature, indicating Cu

nanoparticles improved the densification of Al
2
O
3
. Adding a

small amount of nanoparticles could usually inhibit the grain
growth of Al

2
O
3
. For example, Ji and Yeomans found that

5 vol% Cr apparently decreased the grain growth of Al
2
O
3

hot pressed at 1723K and thus increased the strength and
fracture toughness of Al

2
O
3
[6]. Zhang et al. also found that

Ni could decrease the grain growth of Al
2
O
3
[21]. In the

present study, however, although the grain size of Al
2
O
3
was

not apparently inhibited, the relative density was increased
due to the decrease of the pores.The reasonmight be that the
Cuwas in situ coated on the surface of 𝛾Al

2
O
3
(80 nm in grain

size) instead of ball-mill mixing. At 𝑇SPS = 1473 and 1573K,
the pores were both observed in Al

2
O
3
and Al

2
O
3
-Cu. By

incorporating pores among grains, the grain size increase of
Al
2
O
3
-Cu at 𝑇SPS = 1573K induced the lower relative density

as shown in Figure 4. On the other hand, at 1373K, the
nanocomposite is less porous than monolithic Al

2
O
3
, due

to the filling of the Cu nanoparticles in the pores of bulk
Al
2
O
3
. However, the opposite is true at 𝑇SPS = 1573K as Cu

might retard the diffusion of the densification process at a
high temperature.

Figure 6 shows the effect of 𝐶Cu on the Vickers’ hardness
and fracture toughness at a load of 19.6N. The maximum
hardness was 20.7 ± 1.4GPa at 2.1 mass% Cu, whereas the
maximum fracture toughness was 4.1 ± 0.3MPam1/2 at
𝐶Cu = 3.8 mass%. Compared to those values of 19.8 GPa
and 3.1MPam1/2 of the monolithic Al

2
O
3
, the hardness and

fracture toughness of Al
2
O
3
-Cu nanocomposites were about

4% and 32% higher at 3.8 mass%, respectively. The reason
that the hardness and toughness were achieved at different
compositions is that the concentration of Cu determined
these two quantities differently. The Cu nanoparticle would
like to fill the pores of Al

2
O
3
and thus increased the relative

density and the hardness of Al
2
O
3
. But the fracture toughness

was increased mainly by crack deflecting and bridging. Thus
the maximum hardness and toughness were achieved at
different compositions as shown in Figure 6.

The incorporation of second particle phases, such as
Cu, Cr, and Ni, would often induce the crack deflection
and bridging by absorbing the energy and thus increase the
fracture toughness related to the indentation crack length [6,
7, 22]. In the present study, the optimum 𝐶Cu was 3.8 mass%,
withwhich the crack length is the lowest and then the fracture
toughness was calculated to be the largest value according to
the method as described in the experimental part [19]. On
the other hand, the Al

2
O
3
-Cu nanocomposites in [7] has a

fracture toughness of 4.5MPam1/2 and 0.4MPam1/2 higher
than the value in the present study, but the hardness of the
nanocomposites was not mentioned [7]. The higher value of
the fracture toughness of the nanocomposite in [7] might be
due to its lower hardness and the different testing techniques.
When the 𝐶Cu was higher than 4 mass%, the fracture
toughness and hardness of Al

2
O
3
-Cu nanocomposites both

decreased, which might be due to the agglomeration of Cu
nanoparticles at a higher content.

Figure 7 shows a comparison of the hardness and frac-
ture toughness with Al

2
O
3
-based nanocomposites in litera-

ture mixed by various methods, typically ball milling. The
hardness of Al

2
O
3
body, Al

2
O
3
-Nb, and Al

2
O
3
-Nb-CNTs

composites ranged from 16 to 22GPa, with the low fracture
toughness of 2.8–3.6MPam1/2 [6, 23]. The incorporation
of soft phases, such as Ti

3
SiC
2
, would increase the fracture

toughness of Al
2
O
3
body with a decrease of hardness [24, 25].

Yao et al. incorporated Ni to increase the fracture toughness
of Al
2
O
3
to 4.3MPam1/2, while the hardness was 14.2 GPa

[26]. It is common that the higher hardness, the lower fracture
toughness. The reported values ranged in the hatched area
in Figure 7. In the present study, the fracture toughness
increased to 4.1MPam1/2, about 40% higher than that of
Al
2
O
3
body with the hardness of 20.4GPa, higher than most

of reported values for the Al
2
O
3
body andmanyAl

2
O
3
-based

composites in literature.

4. Conclusions

Cu nanoparticles were precipitated on 𝛾Al
2
O
3
by rotary

chemical vapor deposition at 𝑇SPS = 673 to 873K for 30min,
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Figure 5: SEM fracture surface images of Al
2
O
3
sintered at 𝑇SPS = (a) 1373K, (b) 1473K, and (c) 1573 K and Al

2
O
3
-Cu sintered at 𝑇SPS = (d)

1373K, (e) 1473K, and (f) 1573 K.
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Figure 6: The dependence of Vickers hardness and fracture toughness on the mass content of Cu.

and then the as-obtained composite powders were con-
solidated by spark plasma sintering to get bulk Al

2
O
3
-Cu

nanocomposites. Although the grain size and 𝐶Cu increased
with increasing precipitation temperature from 𝑇SPS = 673
to 873K, they were still in the range of nanocomposite
powders.The incorporation of Cu enhanced the densification
of Al
2
O
3
body by SPS at 𝑇SPS = 1473K. The sintered Al

2
O
3
-

Cu nanocomposites with a fine microstructure showed the
maximum hardness and fracture toughness of 20.7 ± 1.4GPa

at 𝐶Cu = 2.1 mass% and 4.1 ± 0.3MPam1/2 at 𝐶Cu = 3.8
mass%, respectively. Therefore, the treatment of rotary CVD
and spark plasma sintering could be a promising route to
obtain high performance ceramic-based nanocomposites.
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The effect of temperature on the tensile behavior of the armchair (6, 6) single-walled carbon nanotubes with a Ni-coating (SWCNT-
Ni) was investigated using molecular dynamics (MD) methods. The mechanical properties of SWCNT-Ni and SWCNT were
calculated and analyzed at different temperatures in the range from 220K to 1200K. From the MD results, temperature was
determined to be the crucial factor affecting the mechanical properties of SWCNT-Ni and SWCNT. After coating nickel atoms
onto the surface of a SWCNT, the Young’s modulus, tensile strength, and tensile failure strain of SWCNT were greatly reduced
with temperature rising, indicating that the nickel atoms on the surface of SWCNT degrade its mechanical properties. However,
at high temperature, the Young’s modulus of both the SWCNT and the SWCNT-Ni exhibited significantly greater temperature
sensitivity than at low temperatures, as the mechanical properties of SWCNT-Ni were primarily dominated by temperature and
C-Ni interactions. During these stretching processes at different temperatures, the nickel atoms on the surface of SWCNT-Ni could
obtain the amount of energy sufficient to break the C-C bonds as the temperature increases.

1. Introduction

Since discovery in 1991 [1] and due to the excellent proper-
ties such as high thermal and electrical conductivity, ultra
mechanical strength, low density, and high aspect ratio,
carbon nanotubes (CNTs) have gained increasing attention
from both academia and industry. The thermal conductivity
of multiwalled carbon nanotubes (MWCNT) can reach up
to 3000W/mK [2], and the thermal conductivity of single-
walled nanotubes (SWCNT) can be even higher [3]. Some
types of CNTs are considered to be ideal candidates as
reinforcingmaterials to enhance the properties of composites
and electrical and thermal devices [4, 5].

Because of the remarkable mechanical properties of
SWCNT, it is believed that the mechanical properties of a
metal matrix can be greatly improved by mixing the metal
with SWCNT coated by ametal film, such as nickel or copper.
For some types of metals, during mixing, the metal could

agglomerate into discrete deposits on SWCNT bundles [6, 7],
which could decrease the adhesive force between SWCNT
and themetalmatrix, thus preventing the improvement of the
mechanical properties of the metal by mixing the metal with
SWCNTs. To increase the adhesive force between SWCNT
and some metal atoms, the surface of each SWCNT must
be treated by coating some metal films, such as nickel or
copper. After coating certain metal films onto the surfaces
of SWCNTs, the SWCNTs with a coating of metal film are
suitable to mix with the metal matrix, thereby improving
the efficiency of load transfer from the metal matrix to
the carbon nanotubes. Coating nickel or copper is one
conventional method of decorating the surface of SWCNT.
Nickel atoms can be coated onto suspended single-walled
carbon nanotubes using electron-beam evaporation, as the
coating of nickel atoms on the suspended carbon tubes has
been demonstrated to be continuous and quasi-continuous
[6]. Somemetals were also deposited onto a vertically aligned
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SWCNT (VA-SWCNT) film by evaporative deposition [7];
and the continuous spreading of nickel atoms onto carbon
nanotubes was investigated using molecular dynamics meth-
ods [8]. Some experiments also indicated that themechanical
and tribological properties of the copper matrix composites
could be significantly enhanced by the incorporation of
SWCNT reinforcements after coating SWCNT with nickel
metal [9]. Meanwhile, the decorated CNTs could also be
functionalized to satisfy interconnecting processing or for the
application of nanoscale sensors [10].

To determine the effect of temperature on themechanical
properties of armchair (6, 6) single-walled carbon nanotubes
with a Ni-coating (SWCNT-Ni), a perfect SWCNT decorated
with a coating of nickel atoms on its surfaces is considered in
this work. Although the influence of nickel atoms on SWCNT
was investigated at 0 K and 300K [11], a wide temperature
range will be defined in this paper by considering tempera-
tures of 220K, 300K, 500K, 700K, 1000K, and 1200K. After
modeling and analyzing the stretching process of SWCNT
and SWCNT-Ni at different temperatures of 220K, 300K,
500K, 700K, 1000K, and 1200K using molecular dynamics
methods, the mechanical behaviors of the SWCNT and
the SWCNT-Ni can then be determined. In the following
molecular dynamics simulation for stretching SWCNT and
SWCNT-Ni, a more complicated second-generation Brenner
reactive empirical bond-order potential will be introduced
for analyzing the behaviors of SWCNT-Ni and SWCNT. In
the following section, the stress-strain curves of SWCNT and
SWCNT-Ni are determined with the data from these molec-
ular dynamics computational results, their fracture surfaces
are also determined, and the influence of temperature on the
coating of nickel onto the surface of SWCNT is revealed.

2. Computational Methods and Models

To investigate the effect of nickel atoms and temperature
on the mechanical behavior of SWCNT-Ni, the surface of
an armchair (6, 6) SWCNT was coated with nickel using
metal cluster deposition [8]. After coating nickel atoms
onto the surface of SWCNT, nickel clusters were demon-
strated to spread and form a continuous smooth surface
of a VA-SWCNT, in which the equilibrium position for
nickel atoms was the center of the hexagons of the carbon
atoms of SWCNT [12]. In this work, molecular dynamics
simulations of the stretching process at different temperatures
for SWCNT-Ni and SWCNT were performed, based on
the large-scale atomic/molecular massively parallel simulator
(LAMMPS) code [13]. In the molecular dynamics (MD)
modeling of SWCNT and SWCNT-Ni, to simplify the clus-
ter deposition process, nickel atoms were simply placed
in the vicinity of the center of a carbon hexagon, with
every computing step of the molecular dynamics simulation
following a period of energy minimization; MD simulations
for the stretching process of SWCNT-Ni and SWCNT were
conducted at different temperatures of 220K, 300K, 500K,
700K, 1000K, and 1200K, and Figures 1 and 2 show the
stretching models. In the stretching diagrams of Figures 1
and 2, the molecular model of the armchair (6, 6) SWCNT
consisted of 576 carbon atoms, and the molecular model of

the armchair (6, 6) SWCNT-Ni had 576 carbon atoms and
264 nickel atoms. In the two models shown in Figures 1
and 2, the first two rings of atoms located at each model’s
right end were fixed, the last two rings of atoms located
at the left end were also restricted in their 𝑥- and 𝑦-
directions, and the stretching process occurred along the 𝑧-
direction. In the MD simulations for SWCNT and SWCNT-
Ni, the entire stretching process occurred in an isothermal
environment; the C-C interactions were modeled using the
second-generation Brenner reactive empirical bond-order
potential [14], which has been successfully used to investigate
various carbon and hydrocarbon systems; the C-Ni and Ni-
Ni interaction parameters were also determined using the
Brenner-type potential, and its potential parameters were
used from these results [14]. This type of potential could be
described by the following formulae:

𝐸
C-Ni
𝑖𝑗

=
𝐷
𝑒

𝑆 − 1
exp {−𝛽√2𝑆 (𝑟

𝑖𝑗
− 𝑅
𝑒
)}

− 𝐵
∗ 𝐷𝑒𝑆

𝑆 − 1
exp {−𝛽√2/𝑆 (𝑟

𝑖𝑗
− 𝑅
𝑒
)} ,

𝐵
∗
= {1 + 𝑏 (𝑁

C
− 1)}

𝛿

,

𝐸
Ni-Ni
𝑖𝑗

=
𝐷
𝑒

𝑆 − 1
exp {−𝛽√2𝑆 (𝑟

𝑖𝑗
− 𝑅
𝑒
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−
𝐷
𝑒
𝑆

𝑆 − 1
exp {−𝛽√2/𝑆 (𝑟

𝑖𝑗
− 𝑅
𝑒
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𝐷
𝑒
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𝐷
(𝑁

M
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𝑅
𝑒
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𝑖
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𝑖𝑘
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𝑁
M
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(1)

Here, 𝑟
𝑖𝑗
was the distance between the two atoms 𝑖 and

𝑗. 𝐷
𝑒
and 𝑅

𝑒
were the binding energy and equilibrium bond

length, respectively. 𝑆, 𝛽, 𝑏, and 𝛿 determined the shape of
the potential functions. For the C-Ni interactions, the many-
body effects were defined by using an additional term 𝐵

∗,
which was expressed as a function of the carbon coordination
number of a metal atom 𝑁

C. For the Ni-Ni interactions,
the binding energy 𝐷

𝑒
and the equilibrium bond length 𝑅

𝑒

were expressed as direct functions of the metal coordination
number𝑁M. Consider

𝑓 (𝑟
𝑖𝑗
) =

{{{{{
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,

1
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[1 + cos

𝜋 (𝑟
𝑖𝑗
− 𝑅
1
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𝑅
2
− 𝑅
1

] 𝑅
1
≤ 𝑟 ≤ 𝑅

2
,

0 𝑟 > 𝑅
2
.

(2)

The cutoff function equation in the second-generation
Brenner reactive empirical bond-order potential introduced
a dramatic increase in the interatomic force at 𝑟 = 𝑅

1
(similar

to a camelback on the force curve) [15], which could rise
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Figure 1: Stretching model diagram of a SWCNT.
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Figure 2: Stretching model diagram of a SWCNT-Ni.

sharply with a peak near the bond breaking length.Therefore,
𝑅
1
= 𝑅
2
= 2.0 Å [16] was used to avoid overestimating the

force in the molecular dynamics simulation of this paper.
In this work, the structure of SWCNT-Ni was two con-

centric cylinders, and the cross-sectional of SWCNT-Ni was
two concentric circles; the cross-sectional area of SWCNT-
Ni was defined by the area between SWCNT and nickel layer,
and the thickness of SWCNT-Ni was the distance between
SWCNT and nickel layer.The distance between SWCNT and
nickel layer was 1.5 Å and the diameter of (6, 6) SWCNT was
8.14 Å. So the cross-sectional area of SWCNT-Ni was defined
as 93.74 Å × Å. In the atomistic simulation, the stress of 𝜎

𝑚𝑛

on the 𝑚 and 𝑛 directions is given by the following formula
[17]:

𝜎
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=
1
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[
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1
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𝑟
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]

]

, (3)

where 𝑁S is the number of particles contained in the region
𝑆, and 𝑆 is defined as the region of atomic interaction, V

𝑖
is the

velocity of the particle 𝑖, and 𝑟𝑚
𝑖𝑗
and 𝑟𝑛
𝑖𝑗
are two components

of the vector from the atoms 𝑖 to 𝑗. 𝑉
𝑖
is the volume assigned

to atom 𝑖.
For each atomic model from this work, the constant

pressure and constant temperature (NPT) integration was
performed using a Nose/Hoover temperature thermostat and
a Nose/Hoover pressure barostat, and the bulk pressure
was defined as zero. Subsequently, under the conditions of
constant volume and constant temperature (NVT), these
models were equilibrated to the desired temperatures using
a Nose/Hoover temperature thermostat. The velocity Verlet
method was used to integrate the classical equations of
motion with a time step of 0.5 fs.

During the entire stretching process shown in Figures 1
and 2, the 47th and 48th rings of carbon atoms at the right end
of bothmodels were fixed, the first and second rings of carbon
atoms at the left end were also restricted in their 𝑥- and 𝑦-
directions, and the models of SWCNT and SWCNT-Ni were
gradually stretched along the 𝑧-direction; the tensile load was
applied along the 𝑧-direction. After every step of stretching,
it was necessary that the simulation system provide sufficient
time for the model to relax. In the modeling of the stretching
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Figure 3: Stress-strain curves of SWCNT at different temperatures.

process, the relaxation time was defined to be 10 ps. The
external applied force was obtained by summing the internal
forces acting on the atoms of the stretching section. All the
data used to evaluate the mechanical properties of SWCNT
and SWCNT-Ni was extracted from the back 1000 steps
after the relaxation time of every instance of stretching.
Considering unintentional sudden variations, the average of
10 sets of data at an interval of 100 steps during the above
1000 steps was used to determine the mechanical properties
of SWCNT and SWCNT-Ni.

3. Results and Discussions

After the MD computations of the stretching process for
SWCNT and SWCNT-Ni at the different temperatures of
220K, 300K, 500K, 700K, 1000K, and 1200K, the internal
forces acting on the atoms and the stretching distance were
obtained, which could be transformed into the corresponding
stress and strain values. Due to the difficulty of defining
the thickness of SWCNT-Ni, the definition of stress in the
stretching process was from the atomistic stress of the MD
modeling [17]. Figures 3 and 4 show all the simulated stress-
strain curves over the prescribed temperature range for
SWCNT and SWCNT-Ni, which clearly indicates that tem-
perature was the crucial factor that determines the diversity
of the stress-strain curves. From the curves in Figure 4,
the stress-strain curves of SWCNT-Ni over the temperature
range underwent some phase of linear elastic deformation,
nonlinear elastic deformation, yield deformation, strengthen-
ing, and rupture, for which the length of any phase exhibited
the temperature effect. Compared with SWCNT-Ni’s stress-
strain curves in Figure 4, SWCNT’s stress-strain curves in
Figure 3 were different. During the stretching process over
all the prescribed temperatures, the stress-strain curves of
the SWCNT did not exhibit any yielding phase. Unlike
SWCNT’s stress-strain curves, the stress-strain curve of the
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Figure 4: Stress-strain curves of SWCNT-Ni at different tempera-
tures.

SWCNT-Ni at 220K clearly exhibited a yielding section after
elastic deformation in Figure 4, which was also found in the
other curves of SWCNT-Ni. In Figure 4, SWCNT-Ni’s stress-
strain curves were different from those of SWCNT, which
revealed that the nickel atoms coated onto the surface of
SWCNT play an important role in affecting the mechanical
behavior of SWCNT-Ni. In SWCNT-Ni’s stretching process
at different temperatures, nickel atoms’ rearrangement can
occur, which would change some mechanical properties
of SWCNT-Ni. The strain-stress curve of the armchair (5,
5) carbon nanotubes with nickel-coating exhibited a flat
phase at the beginning of the stretching at 300K [11]; this
phenomenon did not occur in the stress-strain curves shown
in Figure 4, which might be due to the use of a different
initial equilibrium method and the change of the cutoff
function. In this work, NPT integration was performed using
a Nose/Hoover temperature thermostat and Nose/Hoover
pressure barostat, the bulk pressure was defined as zero, and
the internal stress could be released fully.

According to the force and deformation data from the
MD computations for the stretching at different tempera-
tures, the various curves, such as the failure force and tem-
perature, the failure stress and temperature, the failure strain
and temperature, and Young’s modulus and temperature,
could be analyzed, thus enabling the mechanical properties
of SWCNT and SWCNT-Ni to be determined at the different
temperatures. Figures 5, 6, 7, and 8 show the failure force,
failure stress, failure strain, and Young’s modulus, respec-
tively, at temperatures of 220K, 300K, 500K, 700K, 1000K,
and 1200K. In the failure force and temperature curves
in Figure 5, the failure force of SWCNT and SWCNT-Ni
decreases as the temperature increases. In the same way,
this tendency of decreasing as the temperature increases was
observed in the curves of failure stress, failure strain, and
Young’s modulus in Figures 6, 7, and 8, respectively.
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Figure 5: Failure force versus temperature curves of SWCNT and
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As shown in Figure 6, the failure stress of SWCNT
decreases more rapidly than that of SWCNT-Ni as the
temperature increases. In the MD computation in this work,
the attenuation distance 𝑅

1
of the cutoff function increased

and the failure stress of SWCNT was still higher than the
experimental values that range from 11GPa to 63GPa at room
temperature [18], which resulted from the perfect SWCNT
used in the molecular dynamics modeling in this work. At
the same time, the failure stress at different temperatures
in Figure 6 was still larger than that of the modeling for
a (5, 5) pristine SWCNT using a modified Tersoff-Brenner
potential [19], which could be caused by differences in the
SWCNT modeled. In Figure 6, the failure stress of SWCNT-
Ni was nearly half that of SWCNT over the same temperature
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range, which was also found in a previous study [11], and
it could be attributed partly to the increase of the cross-
sectional diameter and the decrease of the failure force of
the SWCNT-Ni. Compared with SWCNT, the nickel atoms
on the surface of SWCNT-Ni could weaken the strength
of SWCNT. When being stretched, the six-member ring of
SWCNT-Ni suffered local distortion, the C-C bond length
became longer along the 𝑧-axis (tensile direction), and the
C-C interaction became equal to the C-Ni interaction, which
enabled thermal fluctuation to be a key factor for determining
the rupture of SWCNT-Ni. In this work, the MD simulation
of SWCNT-Ni was different from those using the pristine
Brenner potential and the dissimilar attenuation distance [11].

For the failure strains shown in Figure 7, the failure strain
of SWCNT was still larger than the experimental results
of 10–13% failure strain [18] and 25% smaller than those
results [20]. Figure 7 clearly shows that the failure strain of
SWCNTand SWCNT-Niwould decrease almost linearlywith
temperature, thus indicating that the effect of temperature
is dominant when the temperature increases. During the
stretching processes, carbon atoms could prefer to exhibit a
sp2 structure and tend to maintain this structure at the Bren-
ner potential [21]. For the stretching of SWCNT-Ni, once a
particular C-C bond is broken, the nearby nickel atomswould
terminate the dangling bonds of the carbon atoms and form
bondswith each other [11]. Unlike the failure stress and failure
strain shown in Figures 6 and 7, Young’s modulus of SWCNT
and SWCNT-Ni was not severely sensitive to temperature. In
Figure 8, the variation of Young’s modulus of SWCNT was
approximately 6% from220K to 1000K,whichwas consistent
with the results of [22]; however, when the temperature
increased to 1200K, Young’s modulus of SWCNT decreased
by approximately 10.6%. In Figure 8, all Young’s modulus
values of SWCNT at temperatures from 220K to 1200K
were larger than the results of [11]. However, compared to
those simulations using the Brenner potential function [22]
and the modified Morse potential function [15, 23], in this
work, Young’s modulus of SWCNT was in the range of the
computed and experimental values of [18]. After coating
nickel onto the surface of SWCNT, Young’s modulus of
SWCNT-Ni decreased over the temperature range from 220
to 1200K by approximately 27.6%. Apparently, the sectional
diameter of SWCNT-Ni was larger than that of SWCNT,
and the C-Ni interactions decreased the C-C bond strength,
thereby affecting the mechanical behavior of SWCNT-Ni.

When SWCNT or SWCNT-Ni was stretched to some
extent, rupturing failure was inevitable. As shown in Figure 9,
all the final rupture surfaces at different temperatures were
found to be completely brittle, in agreement with the past
report [15]. From the stretching rupture surfaces shown in
Figure 9, the rupture surfaces of SWCNT-Ni at different
temperatures were completely separated, while the rupture
surfaces of SWCNT were slightly connected by a single chain
of carbon atoms after breaking failure; similar rupture sur-
faces were also noted in the past [24]. During the stretching
simulation for SWCNT and SWCNT-Ni, when breakage of
the C-C bonds occurred, a significant amount of elastic
potential energy was released. As the temperature increased,
nickel atoms would obtain enough energy to overcome the
energy barrier, thereby breaking the nearby C-C bonds,
followed by the occurrence of rupture, with the rupture
surfaces 45∘ from the 𝑧-direction, as shown Figure 9.

In the MD simulations of stretching SWCNT and
SWCNT-Ni at different temperature ranging from 220 to
1200K, the initial working length, that is, the initial equi-
librium total length minus the length of the fixed layer of
carbon atoms, could also indicate the effect of temperature
on thermal expansion behaviors. The initial working lengths
of SWCNT and SWCNT-Ni shown in Figure 10 indicated
that the working length of SWCNT-Ni was longer than that
of SWCNT at the same temperature, the equilibrium bond
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Figure 9: Rupture surfaces of SWCNT and SWCNT-Ni at different
temperatures.

length of the nickel atoms increased with temperature, and
the SWCNT-Ni had a larger thermal expansion coefficient;
therefore, SWCNT-Ni was more temperature sensitive than
SWCNT. At higher temperature during stretching, the C-
C, C-Ni and Ni-Ni interactions were weakened, leading to
the diversification of the mechanical properties, while the
nickel atoms on the surface of the SWCNT-Ni played a role in
interfering with the C-C bonds at a variety of temperatures.

4. Conclusions

In this work, using the second-generation Brenner reactive
empirical bond-order potential with a modified attenuation
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Figure 10: Initial working lengths of SWCNT and SWCNT-Ni at
different temperatures.

distance of the attenuation function of the Brenner potential,
MD simulations of stretching the armchair (6, 6) SWCNT
and the SWCNT-Niwere conducted at different temperatures
of 220K, 300K, 500K, 700K, 1000K, and 1200K. The simu-
lation results revealed that the mechanical properties of both
SWCNT and SWCNT-Ni were influenced by temperature.
In particular, the failure stress and failure strain of SWCNT
were obviously reduced at higher temperature, but Young’s
modulus of SWCNT was not very sensitive to temperature;
however, when the temperature was above 1000K, Young’s
modulus became greatly reduced. Compared with SWCNT,
Young’s modulus of SWCNT-Ni was lower at the same
temperature. Meanwhile, the failure force and the failure
stress of SWCNT and SWCNT-Ni were greatly weakened
at higher temperatures. When the surface of SWCNT was
coated with nickel atoms, the nickel atoms tended to bind
to the carbon atoms. With increasing temperature, nickel
atoms on the surface of SWCNT-Ni became more active, and
the influence of the nickel interference with the C-C bond
became more significant, thereby leading to increased tem-
perature sensitivity of the mechanical properties of SWCNT-
Ni.
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A typical diglycidyl ether of bisphenol-F (DGEBF)/diethyl toluene diamine (DETD) epoxy systemmodified by multiwalled carbon
nanotubes (MWCNTs) and a reactive aliphatic diluent named n-butyl glycidyl ether (BGE) was used as the matrix for glass fiber
composites.The glass fiber (GF) reinforced composites based on the unmodified andmodified epoxymatrices were prepared by the
hand lay-up hot-press process. Mode II interlaminar fracture toughness at both room temperature (RT) and cryogenic temperature
(77K) of the GF reinforced epoxy composites was investigated to examine the effect of the matrix modification. The result showed
that the introduction of MWCNTs and BGE at their previously reported optimal contents led to the remarkable enhancement in
mode II interlaminar fracture toughness of the composites. Namely, the 22.9% enhancement at RT and the 31.4% enhancement
at 77 K were observed for mode II interlaminar fracture toughness of the fiber composite based on the optimally modified epoxy
matrix by MWCNTs and BGE compared to the unmodified case.

1. Introduction

It is well known that matrices play a very important role
in load transfer and crack resistance and hence signifi-
cantly affect the mechanical properties of fiber reinforced
composites. Epoxy resins are most popular matrices for
fiber reinforced composites. Due to their shortages such
as high brittleness, they are often modified by toughening
agents. In our previous work [1], a reactive aliphatic diluent,
namely, n-butyl glycidyl ether (BGE), was displayed to be
a proper toughening agent for modifying epoxy resins. On
the other hand, carbon nanotubes (CNTs) have exhibited
excellent mechanical properties and also demonstrated a
great potential as toughening agents for modifying epoxy
resins [2–6].

Delamination of the composite laminates would take
placewhen shear and peeling stress concentrationswere high.
And the fracture toughness under shear loading (i.e., mode

II interlaminar fracture toughness) is a critical property to
evaluate the potential crack growth resistance [7]. There-
fore, mode II interlaminar fracture toughness (𝐺IIc) is an
important parameter for design of composites in practical
applications. Shindo et al. [7] investigated 𝐺IIc of glass
fiber reinforced epoxy composites at cryogenic temperature.
However, there is no report yet about mode II interlaminar
fracture of fiber reinforced composites based on modified
epoxy resins especially by both stiff modifier like CNTs and
soft modifier such as BGE.

In our previous work [8], it has been demonstrated that
the 0.5 wt% content of multiwalled CNTs was the optimal
amount for modifying the epoxy resins since a higher CNT
content would lead to CNT aggregates and thus deteriorated
the epoxy performance. On the other hand, reactive BGE has
also been displayed to have an effective role in modifying
epoxy resins at the optimal content of 10 wt% [8]. At these
optimal contents, the glass fiber reinforced composites based
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on modified epoxy resins have shown great enhancements in
tensile properties [9] and interlaminar shear strength at RT
[10].

In this work, the diglycidyl ether of bisphenol F
(DGEBF)/diethyl toluene diamine (DETD) epoxy system
modified by multiwalled CNTs and BGE was prepared
according to our previous works [1, 8–10] as the matrix. The
glass fiber reinforced composites based on the unmodified
and modified matrices were fabricated by the hand lay-up
hot press process. Mode II interlaminar fracture toughness
(𝐺IIc) at RT and 77K of the glass fiber reinforced composites
based on the unmodified and modified epoxy resins was
investigated to examine the effect of matrix modification by
multiwalled carbon nanotubes (MWCNTs) and BGE. The
significant enhancement in mode II interlaminar fracture
toughness at both RT and 77K of the glass fiber reinforced
composite was observed by the modification of the epoxy at
the optimal contents of MWCNTs and BGE.

2. Experimental

2.1. Materials. Woven E-glass fibers (GF) were purchased
from Feihangtongda Co., Ltd., China. The average diameter
of single GF was about 11 𝜇m. The epoxy resin used in
this work was diglycidyl ether of bisphenol-F (DGEBF,
D.E.R.354, DowChemical Co., USA) with the epoxide weight
equivalence in the range of 167–174. The curing agent was
diethyl toluene diamine (DETD, Kunshan Chemical Material
Co., Ltd., China), which is a mixture of the two DETD
isomers (74–80wt.% 2,4-isomer and 18–24wt.% 2,6-isomer).
n-Butyl glycidyl ether (BGE, Changshu Jiafa Chemistry Co.,
Ltd., China) was used as a soft modifier for epoxy resin.
Multiwalled carbon nanotubes (MWCNTs) made by CVD
(purity >95wt.%, Chengdu Organic Chemicals Co., Ltd.,
China) were employed as a stiffmodifier for epoxy resins.The
diameters of the nanotubes were in the range of 30–50 nm
and the length was between 10 and 20 𝜇m [8]. The chemical
structures of DGEBF,DETD, and BGEhave been given in our
previous work [9].

2.2. Preparation of Composites. The preparation of the glass
fiber reinforced epoxy composite has been given in detail
in our previous works [10] and is briefly described here.
First, the modified epoxy matrix was prepared by mixing
epoxy resins and other additives at 50∘C. The pure epoxy
system was also employed as the matrix for the purpose
of comparison. Formulations of unmodified and modified
epoxy resins as matrices are shown in Table 1. Second, glass
fiber clothes were impregnated with these epoxy resins.
Twenty impregnated prepregs were stacked via the hand lay-
up method and glass fiber reinforced composites based on
the unmodified and modified matrices were fabricated by
the hot-press process via the curing press machine (QLB
40T) under 5MPa. Temperature and pressure profiles for
manufacturing composites are shown in Figure 1. In order
to induce the initial cracks between the middle layers, thin
release films were partially placed during fabrication. Finally,
the composites were cured at 130∘C for 10 h. The resulting
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Figure 1: Temperature and pressure profiles formanufacturing glass
fiber reinforced composites.

a0 = 12.5

𝜙4

𝜙10

2h
=
3

2L = 50

l = 70

Unit: mm

Figure 2: The dimensions of the samples for measurement of 𝐺IIc.

glass fiber reinforced composites have a fiber volume content
of about 56% [10]. The specimens for the mechanical tests
were cut from the composite plates. The dimensions of the
samples for measurement of 𝐺IIc are shown Figure 2.

2.3. Measurement. In the end notched flexure (ENF) test, the
critical energy release rate is determined by [11]:
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where 𝑎
0
and 𝑎

1
are the initial crack length and the crack

length at the critical load, respectively. 𝐶
0
indicates the

compliance within initial elastic deformation without crack
growth and𝐶

1
indicates the compliance at the critical load.𝑃

1

is the critical load which can be determined by the maximum
load or 5% offset load according to the load-displacement
curve. 𝑏 and 2L represent the width and the span length
of the specimen, respectively. All the tests were performed
using an Instron 5882 universal machine with 5 kN load cell.
The crosshead rate was 2mm/min at both RT and 77K. The
cryogenic temperature condition was achieved by immersing
the specimens completely in a liquid nitrogen filled cryostat
to ensure the uniform temperature of 77 K [12]. At least five
specimens were tested for each composition.
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Table 1: Interlaminar fracture toughness at RT and 77K for the composites based on unmodified and modified epoxy resins.

Matrix DGEBF (g) DETD (g) MWCNT (g) BGE (g) 𝐺IIc (kJ/m
2)

RT 77K
A 100 25.8 1.40 ± 0.03 3.25 ± 0.25
B 99.5 25.7 0.5 1.46 ± 0.08 3.63 ± 0.40
C 100 28.4 10 1.59 ± 0.04 3.99 ± 0.42
D 99.5 28.3 0.5 10 1.72 ± 0.07 4.27 ± 0.32
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Figure 3: Typical ENF load-displacement curves at room tem-
perature for (A) unmodified epoxy/glass fiber composite, (B)
MWCNT modified epoxy/glass fiber composite, (C) BGE modified
epoxy/glass fiber composite, and (D) both MWCNT and BGE
modified epoxy/glass fiber composite.

0 1 2 3 4 5
0

200

400

600

800

1000

1200

D

C

B

A

Lo
ad

 (N
)

Displacement (mm)

Figure 4: Typical ENF load-displacement curves at 77 K for (A)
unmodified epoxy/glass fiber composite, (B) MWCNT modified
epoxy/glass fiber composite, (C) BGE modified epoxy/glass fiber
composite, and (D) both MWCNT and BGE modified epoxy/glass
fiber composite.

The fracture surfaces of the composites were evaluated by
scanning electron microscopy (SEM, Hitachi S-4300) at an
accelerating voltage of 10 kV. All specimens were coated with
a thin layer of gold to eliminate charging effects.
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Figure 5:The interlaminar fracture toughness at room temperature
for (A) unmodified epoxy/glass fiber composite, (B)MWCNTmod-
ified epoxy/glass fiber composite, (C) BGE modified epoxy/glass
fiber composite, and (D) both MWCNT and BGE modified
epoxy/glass fiber composite.
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Figure 6: The interlaminar fracture toughness at 77 K for (A)
unmodified epoxy/glass fiber composite, (B) MWCNT modified
epoxy/glass fiber composite, (C) BGE modified epoxy/glass fiber
composite, and (D) both MWCNT and BGE modified epoxy/glass
fiber composite.

3. Results and Discussion

3.1. Mode II Interlaminate Fracture Toughness. Typical ENF
load-displacement curves at room temperature (RT) and
liquid nitrogen temperature (77K) for the composites are
shown in Figures 3 and 4, respectively. At RT, the applied load
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Figure 7: SEM images for the fracture surfaces (crack growth from left to right) after testing at RT and 77K of (A) unmodified epoxy/glass
fiber composite, (B)MWCNTmodified epoxy/glass fiber composites, (C) BGEmodified epoxy/glass fiber composite, and (D) bothMWCNT
and BGE modified epoxy/glass fiber composites.

shows nonlinearity at a relatively low load about 300 N. After
attaining themaximum value, the load decreases gradually to
the failure. In contrast, at 77 K, the applied load shows a linear
relationshipwith the displacement and unstable crack growth
occurs when the maximum value is reached. Moreover, the
maximum load at 77K is much higher than that at RT. In
addition, it should be noted that the maximum load for the
composite based on themodified epoxymatrix is higher than
that based on the pure epoxy matrix at both RT and 77K.

The results for the interlaminate fracture toughness at
RT and 77K are shown in Figures 5 and 6, respectively. It
can be easily noticed that 𝐺IIc of the composites based on
the modified matrix is higher than that of the composite

based on the unmodified epoxy matrix at both RT and 77K.
Moreover, 𝐺IIc at 77 K is much higher than that at RT for
the same composite. When the temperature decreased from
RT to 77K, the chemical bond of the epoxy matrix would
shrink and the binding forces betweenmatrix and fiber could
become stronger [8]. The higher mechanical performance at
77 K compared to RT might be attributed to the stronger
binding forces at 77K compared to RT.

The data for the interlaminar fracture toughness at RT
and 77K for the composites based on unmodified and
modified epoxy matrices are given in Table 1. At RT, 𝐺IIc
of Samples B and C are 4.3% and 13.6% higher compared
to Sample A, respectively. In particular, the incorporation
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of both MWCNTs and BGE (Sample D) results in 22.9%
improvement in 𝐺IIc compared to Sample A. On the other
hand, at 77 K, 𝐺IIc of Samples B and C are improved by 11.7%
and 22.8% compared to Sample A, respectively.Moreover, the
𝐺IIc value of Sample D is enhanced by 31.4% compared to
Sample A. Consequently, it can be seen that the simultaneous
incorporation of MWCNTs and BGE into the epoxy resin
leads to the maximum enhancements in𝐺IIc. In addition, the
enhancement in 𝐺IIc at 77 K was higher than that at RT, this
was likely because the chemical bond and molecules of the
epoxy matrix would shrink and the binding forces between
molecules would become stronger when the temperature
decreased from RT to 77K [8].

3.2. Microstructure of the Composites. The SEM images are
presented in Figure 7 for the fracture surfaces of the ENF
specimens. It is revealed that at RT, GF of the composite
samples with modified matrices have a rougher surface than
those of Sample A.The fracture surface observation coincides
with the results for 𝐺IIc of samples. This indicates that the
incorporation of MWCNTs and BGE into the conventional
GFRP composites based on the pure epoxy matrix creates an
increased fracture surface due to crack deflection [13], which
will lead to the enhancement in the interlaminar fracture
toughness. Sample D with the simultaneous introduction
of MWCNTs and BGE into the epoxy resin shows the
noticeable effect on the improvement of interlaminar fracture
toughness.

At 77K, the decrease in temperature makes the epoxy
more brittle and reduces its strain to failure.The hackle mark
features are shown inFigure 7.These hackle patterns are likely
caused by secondary cracks [14].The hackle patterns aremore
obvious at 77 K than at RT. The increased fracture surface of
the hackle pattern morphology means more surface energy
dissipation and therefore an increase of the interlaminar
fracture toughness compared to the RT case. The hackle
pattern formation also helps to reduce the stress (or strain)
concentration at the tip of the principal crack [15]. Therefore,
it is reasonable to observe that the simultaneous introduction
of MWCNTs and BGE into the epoxy matrix has brought
about the significant enhancement in mode II interlaminar
fracture toughness.

4. Conclusions

In this work, glass fiber reinforced composites have been
prepared by the hand lay-up hot press process based on
unmodified and modified epoxy matrices by introducing
MWCNTs and BGE into a pure epoxy resin in modifying the
epoxy resins. Mode II interlaminar fracture toughness (𝐺IIc)
of the glass fiber reinforced composites has been investigated
at both room temperature (RT) and cryogenic temperature
(77 K) to examine the effect of the matrix modification. It
has been clearly demonstrated that the epoxy modification
by both MWCNTs and BGE can lead to great enhancements
in 𝐺IIc at both RT and 77K.
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In order to investigate the anisotropic micromechanical properties of single-crystal nickel-based superalloy DD99 of four
crystallographic orientations, (001), (215), (405), and (605), microindentation test (MIT) was conducted with different loads and
loading velocities by a sharp Berkovich indenter. Somematerial parameters reflecting themicromechanical behavior of DD99, such
as microhardness 𝐻, Young’s modulus 𝐸, yield stress 𝜎

𝑦
, strain hardening component 𝑛, and tensile strength 𝜎

𝑏
, can be obtained

from load-displacement relations.𝐻 and𝐸 of four different crystal planes evidently decrease with the increase of ℎ.The reduction of
𝐻 is due to dislocation hardening while 𝐸 is related to interplanar spacing and crystal variable. 𝜎

𝑦
of (215) is the largest among four

crystal planes, followed by (605), and (001) has the lowest value. 𝑛 of (215) is the lowest, followed by (605), and that of (001) is the
largest. Subsequently, a simplified elastic-plastic material model was employed for 3D microindentation simulation of DD99 with
various crystal orientations. The simulation results agreed well with experimental, which confirmed the accuracy of the simplified
material model.

1. Introduction

In recent years, single-crystal nickel-based superalloys are
widely used as blade of modern gas turbine aeroengines, as
they significantly raise the operation temperature and effi-
ciency due to excellentmechanical properties in service [1–6].
Their excellent high-temperature properties are superior to
conventional cast alloys, such as high-temperature creep and
oxidation-resistant performance, which results from the elim-
ination of grain boundaries in single-crystal alloys. However,
the absence of grain boundaries also leads to orientation-depend-
ent material response [7–9]. To date, a lot of researches con-
cerned about different orientation of single-crystal nickel-
based superalloys have been done. Caron et al. [10] inves-
tigated the anisotropic creep behavior of some advanced
superalloys (CMSX-2, Alloy 454, MXON, and CMSX-4) in
the temperature ranging from 1033 to 1323K. He et al. [11]
discussed the creep/fatigue damage characteristics of DD6

and the results show the capability of DD6 to avoid fatigue
damage in [011] direction is better than that in [001] direction.
Yi et al. [12] gave modeling process of tertiary creep of single-
crystal superalloy along different orientations. Wu et al. [13]
made extensile and compression tests at different tempera-
tures onDD8with various strain rates and the results indicate
that the tendency to the plastic deformation inhomogeneity
decreases in the order of [011], [001], and [111]. The previous
investigations mainly concentrated on the fatigue life and
creep properties with different orientations, while other
fundamental performances of materials, such as hardness,
Young’s modulus, and yield stress are rarely focused on.

Conventional tensile tests are difficult to conduct at
nano-and microscales to determine orientation dependent
behavior. Microindentation can be an alternative approach
to tension or compression to probe the micromechanical
properties, such as elastic modulus and hardness. Due to its
precise measurement and advantages of celerity, accuracy,
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Figure 1: Power-law elastic-plastic, true stress-strain behavior [14].

and nondestructiveness [15], it will become increasingly
popular in the future. However, thorough understanding of
materials behavior under indenter cannot be achieved just
through MIT; for example, the equivalent stress and strain
cannot be obtained directly by indentation.

FEM may be used as a supplement to solve complex
3D problems and more information can be extracted from
microindentation simulation [16–18]. Lim and Munawar
Chaudhri [19] investigated microindentation hardness of
individual grains [(110) and (111) surfaces] of a polycrystalline
copper using a spherical indenter and reported the indenta-
tion hardness in copper with different orientations to be very
similar. Liu et al. [20] performed nanoindentation simulation
using 3D elastic-plastic crystal plasticity FEM on single-
crystal copper specimens on three orientations [(011), (100),
and (111)] using a conical indenter and reported twofold,
fourfold, and sixfold symmetries on (011), (100), and (111)
faces, respectively. Fivel et al. [21] developed a 3D model to
combine discrete dislocations with FEM for nanoindentation
simulation on single-crystal copper. However, most of these
researches were based onmaterial properties of single-crystal
data obtained from tensile testing at macroscale. In fact, it is
essential to extract these parameters at micrometer scale.

In this paper, MIT were conducted on crystal planes of
nickel-based single-crystal DD99 to investigate its microme-
chanical properties. Subsequently, a FEMmodel based on the
results of MIT was implemented in 3D ABAQUS/Explicit to
prove the accuracy of this FEMmodel.

2. Calculation Methods

2.1. Elastic-Plastic Properties. The load-displacement response
obtained by microindentation contains information about
the elastic and plastic deformation of the indented materials.
Therefore, it is often regarded as “fingerprint” of materials’
properties under identification [22]. Mechanical properties,
such as the hardness and Young’s modulus, can be readily
extracted from the load-displacement curves. In general,

h

hm

hf

Pmax

S

P

Figure 2: The typical 𝑃-ℎ curve in instrumented indentation test.

plastic behavior of metals can be characterized by a power-
law description, as shown in Figure 1. A simplified elastic-
plastic, true stress-strain behavior can be expressed as

𝜎 = {
𝐸𝜀, for 𝜎 ≤ 𝜎

𝑦

𝑅𝜀
𝑛
, for 𝜎 ≥ 𝜎

𝑦
.

(1)

When 𝜎 is equal to 𝜎
𝑦
, 𝑅 can be deduced as follows:

𝑅 = 𝜎
𝑦
(
𝐸

𝜎
𝑦

)

𝑛

. (2)

Thus, (1) can be rewritten as follows:

𝜎 =

{{

{{

{

𝐸𝜀, for 𝜎 ≤ 𝜎
𝑦

𝜎
𝑦
(1 +

𝐸

𝜎
𝑦

𝜀
𝑟
)

𝑛

, for 𝜎 ≥ 𝜎
𝑦
.

(3)

In order to describe themechanical properties of a power-
law material, Young’s modulus 𝐸, yield stress 𝜎

𝑦
, and strain

hardening exponent 𝑛 are needed.
The typical𝑃-ℎ curve ofmicroindentation test is shown in

Figure 2. Two important parameters (maximum indentation
depth ℎ

𝑚
and maximum load 𝑃

𝑚
) can be obtained from

the curve. According to Kick’s law, the loading curve of
indentation can be expressed as

𝑃 = 𝐶ℎ
2
. (4)

According to the model proposed by Oliver and Pharr
[23, 24], unloading curve can be interpreted as

𝑃 = 𝐵 × (ℎ − ℎ
𝑓
)
𝑡

. (5)

The relationship between the apparent modulus 𝐸∗ and
Young’s modulus 𝐸 is as follows:

1

𝐸∗
=
1 − ]2

𝐸
+
1 − ]2
𝑖

𝐸
𝑖

. (6)
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𝐸
𝑖
and ]

𝑖
are Young’s modulus and Poisson’s ratio of the

indenter whose values are 1141 GPa and 0.07 for diamond
indenter, respectively [25].

According to King [26], 𝐸∗ has the form

𝐸
∗
=
√𝜋

2𝛽

𝑆

𝑄
. (7)

𝑆 and 𝑄 can be obtained by the following equations, respec-
tively:

𝑆 =
𝑑𝑃

𝑑ℎ

ℎ=ℎ
𝑚

= 𝑚 × 𝐵 (ℎ
𝑚
− ℎ
𝑓
)
𝑚−1

, (8)

𝑄 = 𝜋(ℎ
𝑚
− 𝛾

𝑃
𝑚

𝑆
)

2

tan2𝜃 = 𝐾(ℎ
𝑚
− 𝛾

𝑃
𝑚

𝑆
)

2

, (9)

where 𝐾 is a constant related with indenter, whose value is
24.56 for Berkovich indenter, and𝛾 is a coefficient with value
of 0.75 for Berkovich indenter [27, 28].

The next task is to find the yield stress 𝜎
𝑦
and strain

hardening exponent 𝑛. The method used to obtain 𝜎
𝑦
and

𝑛 is dimensional analysis proposed by Y. T. Cheng and C.
M. Cheng and Tunvisut et al. [29–33]. For a sharp indenter
(Berkovich indenter in this paper), the load 𝑃 can be related
with the following parameters [34]:

𝑃 = 𝑃 (ℎ, 𝐸
∗
, 𝜎
𝑐
, 𝑛) . (10)

According to Π theorem in dimensional analysis, the
equation above can be rewritten as

𝑃 = 𝜎
𝑐
ℎ
2
Π
1
(
𝐸
∗

𝜎
𝑐

, 𝑛) . (11)

Π
1
function is independent of 𝑛 when strain is equal to 0.033

[34]. And 𝜎
0.033

can be obtained as

Π
1
(

𝐸
∗

𝜎
0.033

) =
𝐶

𝜎
0.033

= −1.131 [ln( 𝐸
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𝜎
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)]

3

+ 13.635 [ln( 𝐸
∗

𝜎
0.033

)]

2

− 30.594 [ln( 𝐸
∗

𝜎
0.033

)] + 29.267.

(12)

Similarly, the unloading slope can be described as follows
at ℎ = ℎ

𝑚
:
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+ (122.65069𝑛
3
− 63.88418𝑛

2
− 9.58936𝑛 + 6.20045) .

(14)

Finally, after plugging value of 𝜎
0.033

and 𝑛 into (3), 𝜎
𝑦
can

be calculated. Thus, one can obtain the elastic-plastic model
characterized by a power-law function based on (1) and (2).

2.2. Tensile Strength. The ultimate tensile strength charac-
terizes the resistance of largest uniform plastic deformation.
The tensile strength is usually determined by uniaxial tensile
test: the highest point of the stress-strain curve is the tensile
strength. However, it can also be calculated by MIT.

In the stage of uniform plastic deformation stage, load 𝐹

is as follows:
𝐹 = 𝜎𝐴. (15)

The result of differential calculation of (15) is
𝑑𝐹

𝐹
=
𝑑𝜎

𝜎
+
𝑑𝐴

𝐴
. (16)

When nonuniform deformation such as necking occurs
on certain part ofmaterials,𝐹 reaches itsmaximumvalue and
𝑑𝐹 = 0. According to (16), it can be induced that

𝑑𝜎

𝜎
= −

𝑑𝐴

𝐴
= 𝑑𝜀, (17)

𝑑𝜎

𝑑𝜀
= 𝜎. (18)

It has the following relationship, according to (18):
𝑑𝜎

𝑑𝜀

𝜀=𝜀
𝑏

= 𝜎|𝜀=𝜀
𝑏

. (19)

According to (19), 𝜀
𝑏
can be calculated and it is equal to 𝑛,

which has been confirmed by [35]. Consider
𝐹 = 𝜎

𝑏
𝐴 = 𝜎

𝑏
𝐴
𝑏
= (𝑅𝜀

𝑛

𝑏
) 𝐴
𝑏
= (𝑅𝑛

𝑛
) 𝐴
𝑏
, (20)

𝜎
𝑏
= (𝑅𝑛

𝑛
)
𝐴
𝑏

𝐴
. (21)
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Table 1: Chemical composition of DD99 superalloy (mass fraction,
%).

C Cr Co W Al Ti Ta Ni
0.016 8.5 5.0 9.5 5.5 2.2 2.8 Bal.

Its formula is

ln 𝐴

𝐴
𝑏

= 𝜀
𝑏
. (22)

According to (21) and (22), 𝜎
𝑏
can be calculated:

𝜎
𝑏
= (𝑅𝑛

𝑛
) 𝑒
−𝜀
𝑏 = (𝑅𝑛

𝑛
) 𝑒
−𝑛

= 𝑅(
𝑛

𝑒
)

𝑛

. (23)

2.3. Microhardness. Hardness is an ability of resistance to
permanent (plastic) deformation. It represents the overall
mechanical properties of materials. For example, hardness
is related to other mechanics parameters, such as Young’s
modulus, yield stress, and strain hardening component
[36]. Besides, many references have shown that the intrin-
sic material length scale characterizing size scale can be
identified from microhardness [37–41]. It has been found
that the microhardness of materials is significantly higher
that the microhardness and, furthermore, the correlation of
microhardness and the indentation depth implies that the
materials strength depends on both the absolute specimen
size and strain gradients. Therefore, the results of the micro-
hardness provide a new implication for the strain gradient-
dependent constitutive equations in continuum plasticity
theory.This has led to the development of phenomenological
or mechanism-based strain gradient plasticity (SGP) theo-
ries, which have been used to interpret the size dependence
of hardness from the micro- to nanoscales.

Shim et al. [42] guessed the yield strength very roughly
based on the hardness values from Berkovich indentations.
Nix and Gao [43] showed that equivalent stress (𝜎eq) has
the following relationship with hardness: 𝜎eq = 𝐻/3. As a
testing method under micro- and nanoscale, MIT plays an
important role in the evaluation of microhardness and the
microhardness can be obtained as follows:

𝐻 =
𝑃
𝑚

𝑄
=

𝑃
𝑚

𝜋 (ℎ
𝑚
− 𝛾 (𝑃

𝑚
/𝑆))
2 tan2𝜃

. (24)

3. Experimental and Simulation Procedures

3.1. Experimental Procedure. The nominal chemical compo-
sitions of as-received single-crystal nickel-based superalloy
DD99 (5mm × 5mm × 3mm rectangle block) which has its
crystal plane (001) marked in advance are shown in Table 1.

Although nickel-based single crystal has the optimum
performance along crystal orientation [001] [14], there
inevitably exist misorientations for actual engineering appli-
cation. Moreover, as the structures of production, such as
blade parts of aeroengine, are complicated, it is difficult to
guarantee each plane of the product is parallel to [001]. In
order to investigate the orientation dependent properties

and provide performance reference of different planes for
engineering applications in the future, the specimens of
DD99 were subjected to wire-electrode cutting with angle
of 30∘, 45∘, and 60∘ to crystal plane (001), as shown in
Figures 3(a), 3(b), and 3(c).The red lines in Figure 3 represent
molybdenum wire used in wire-electrode cutting and the
cutting curve is parallel to [010].

The cutting specimens along with the original one with
crystal plane (001) were carefully ground with sand paper.
Then, they were polished with 1.5 𝜇m diamond to mirror
finish. Subsequently, the specimens were etched with cor-
rosives (5 g CuSO

4
+ 20mL HCl + 100mL H

2
O) for 15 s

to reduce the influence of surface hardening. Finally, MIT
was performed using the commercial MCT W501 equipped
with a Berkovich diamond indenter at room temperature.The
test condition was shown in Table 2. There are four different
loading velocities and under each of them nine different
maximum loads were conducted. Notably, each test was
conducted five times and the average values were calculated
in order to eliminate the errors.

3.2. Simulation Procedure. In the researches of Li et al. [44]
and Yuan et al. [45], the axisymmetric 2D was created by
using the quadrilateral elements to simulate the indentation
process and the 𝑃-ℎ line of FEM is slightly higher than that of
experiments. Walter and Mitterer [46] found that 2D model
predicts higher scatter and relatively higher mean Young’s
modulus compared to 3D model. According to researches
from FEM simulation of indentation, it can be concluded that
the main differences between 2D and 3D model are in the
following two aspects.

In terms of the shape of indenter, the Berkovich indenter
of 2Dmodel is represented by a straight with an angle of 70.3∘
to axis of symmetry, indicating the indenter itself as a whole
is conical. In contrast, the real shape of Berkovich indenter
is triangular pyramid. Considering the boundary conditions,
circumferential displacement in 2D model is constrained
and only the displacement in radial direction is permitted.
By comparison, constrained circumferential displacement
just appears on the symmetry plane and deformation can
be expanded in both circumferential and radial direction
within matrix in 3D model. Considering above variations
and the fact that 2D model cannot be utilized to discuss
the orientation dependent properties due to its rotational
symmetry, a 3D simulation seems preferable, even though
computational time is considerably higher.

The Berkovich indenter is a triangular-based pyramid
having a threefold symmetry. The load is applied along the
axis of the indenter; thus the load symmetry is the same as the
geometric one. For these considerations, a three-dimensional
model is defined only by one-third of the entire system. The
3D model setup is shown in Figure 4. In the simulations, the
indenter is modeled as a rigid body. This is justified as the
diamond indenter has a modulus of 1141 GPa. In this paper,
the dimension of material in FEM model is 2mm × 2mm ×

1mm, which is much larger than maximum indentation
displacement. As for the mesh section, size of mesh is
generally a compromise between the computational cost and
the solution accuracy. Based on various deformation levels,
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Figure 3: Schematic diagram of specimens with different cutting angles: (a) 30∘; (b) 45∘; (c) 60∘.

Table 2: MIT condition.

Max load (mN) 500 1000 1500 2000 2500 3000 3500 4000 4500
Velocity (mN/s) 17.2842 34.5684 51.8527 103.7053

Indenter

Material

Figure 4: Microindentation model setup.

a finer mesh is used near the indenter tip and a coarser mesh
for farther regions. And the element of material is C3D8R,
while that of indenter is R3D3. The effect of friction coeffi-
cient on the nanoindentation behavior has been investigated
by Liu et al. [47], illustrating that the friction does not change
the load-displacement relationship. A lower friction contact

pair is defined by two contact surfaces with associated nodes
between the indenter and thematerial. In addition, boundary
conditions are defined as an element on two symmetry planes
parallel to indenter movement direction constrained, only
able to expand along radical and axial direction with the help
of cylindrical coordinate. But the elements on the bottom
of material were defined as having no displacement in any
direction.

4. Experimental Results and Analysis

4.1. Microhardness and Tensile Strength. The load-displace-
ment curves (𝑃-ℎ curves) of crystal plane (405) under loading
velocity of 17.284mN/s are shown in Figure 5. It can be
found that curves of various loads show similar shape, which
indicates a better repeatability of indentation tests. Different
from the nanoindentation test, no “pop-in” size by the abrupt
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Figure 5: 𝑃-ℎ curves of (405) under velocity of 17.284mN/s.

plastic flow generated by the high density of dislocation
nucleation and propagation is observed in microindentation
[48]. Based on these curves,micromechanical parameters (𝐻,
𝐸, 𝜎
𝑦
, 𝜎
𝑏
, and 𝑛) can be obtained according to equations

mentioned in Section 2.
Based on (24), microhardness of four different crystal

planes ((001), (215), (405), and (605)) has been calculated.The
results are shown in Figure 6.

It can be seen from Figure 6 that 𝐻 of each crystal
plane under different velocities is almost the same although
data of (001) with 51.8527mN/s derives from others slightly,
which indicates that microindentation loading velocities had
little influence on the results of 𝐻. And the similar phe-
nomenon was founded in Ti-6Al-4V alloy [49]. Therefore,
loading velocity of 17.2842mN/s was used in the following
investigation. 𝐻 of different crystal planes corresponding to
17.2842mN/s was shown in Figure 7.

According to Figure 7,𝐻 of four crystal planes evidently
decreases with the increase of maximum load. The phe-
nomenon that indentation depth increases with increase of
maximum load confirms the reduction of 𝐻. In addition,
the apparent drop of 𝐻 occurs when the loads are less
than 2000mN. When loads are above 2000mN, their values
reduce up to 8%. This phenomenon is attributed to inden-
tation size effects (ISE) caused by geometrically necessary
dislocations (GNDs). At the micro/nanoscales, GNDs are
large enough and arranged periodically and regularly to cause
strong obstacles to slip. GNDs have a strengthening effect
on hardness and enhance indurations of material [50]. But
values of GNDs have a decreasing tendency with the increase
of ℎ, which can be demonstrated by the equation of density
of GNDs (𝜌

𝐺
) for a Berkovich indenter:

𝜌
𝐺
=
3tan2𝜃
2𝑏ℎ

, (25)

where 𝜃 is the angle between surface of the indenter and plane
of the surface with the value of 19.7∘ for Berkovich indenter
[27].

Moreover, Nix and Gao proposed a new model of𝐻 and
ℎ, based on Taylor dislocation and geometrically necessary
dislocation model [43, 51]:

𝐻

𝐻
0

= √1 +
ℎ
∗

ℎ
, (26)

where ℎ∗ is a length that characterizes the depth dependence
of hardness:

𝐻
0
= 3√3𝛼𝜇𝑏√𝜌

𝑆
, (27)

ℎ
∗
=
81

2
𝑏𝛼
2tan2𝜃(

𝜇

𝐻
0

)

2

, (28)

where 𝛼 is a constant, whose value is 0.3–0.5.
According to (26) and (27), one can find that when 𝑃 is

low, ℎ is of small value correspondingly. Thus 𝜌
𝐺
of region

under indenter is considerable and the measured values of
𝐻 are large. When load is relatively higher, 𝜌

𝐺
is in a lower

amount and its hardening effect is relatively small on𝐻, when
𝐻 remains almost stable.

As for each crystal plane, 𝐻 of (001) is close to that of
(405), while it is higher than those of (215) and (605). (405)
has the largest values of 𝐻, followed by (001) and (215),
which can be explained by dislocation hardeningmechanism.
It is well known that there are four mechanisms existing
in metallic: solid solution hardening, dislocation hardening,
boundary hardening, and precipitation hardening. In this
paper, single crystal that has no crystal boundary was investi-
gated and the solid solution and precipitation hardening can
be ascribed to dislocation movement. Therefore, dislocation
hardening is the dominant factor on 𝐻. In the literature, the
density equation of dislocation (𝜌) has been proposed:

𝜌 =
3tan2𝜃
2𝑏

(
1

ℎ
+

1

ℎ∗
) . (29)

The statistically stored dislocations density on four crystal
planes can be calculated through (29), as shown in Figure 8.
It can be seen that (001) has the largest dislocation density
among these crystal planes, and second for (405), the lowest
for (215). Compared with𝐻 of four crystal planes in Figure 7,
it is reasonable that 𝐻 of (605) and (215) is lower than those
of other two planes. Because dislocation density is lower,
hardening effect caused by dislocation is weaker. However,
with regard to𝐻 of (001) and (405),𝐻 of (405) is larger than
that of (001), although 𝜌 of (001) is higher. This phenomenon
can be explained by the following facts. Formetallic materials
with FCC crystal structure, slip easily takes place on the close-
packed {111} octahedral planes and in the ⟨110⟩ close-packed
directions. Generally, for FCC lattice there are four slip planes
and three corresponding slip directions, namely, posing
twelve slip systems. But there are eight equivalent {111} ⟨110⟩
slip systems on (001) planes, while there is only one equivalent
slip system on (405), (605), and (215). Compared with (405),
dislocation may extend through different slip systems and
hardly pile up due to more slip systems on (001). Therefore,
𝐻 of (001) is a little lower than that of (405).
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Figure 6: Microhardness𝐻 of different crystal planes under different velocities: (a) (001); (b) (215); (c) (405); (d) (605).
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Figure 8: Density of dislocation density 𝜌 of four crystal planes.

4.2. Young’s Modulus 𝐸. Of the various unique mechanical
properties of materials, Young’s modulus, which is a measure
of elasticity, has attracted particular attention. Figure 9 shows
Young’s modulus of four different crystal planes ((001), (215),
(405), and (605)) calculated according to (6).

It can be seen from Figure 9 that the calculated 𝐸 of each
crystal plane under different velocities has similar values,
illustrating that microindentation loading speeds had little
influence on the results of 𝐸. And the similar phenomenon
was also found in Ti-6Al-4V alloy [49]. Therefore, loading
speed with value of 17.2842mN/s was used for the following
investigation.

Figure 10 gives the values of 𝐸 from different crystal
planes under the loading speed of 17.2842mN/s. As shown
in Figure 10, it can be concluded that 𝐸 decreases with the
increase of ℎ on the whole.

Compared with 𝐻 of the same planes, 𝐸 also decreases
rapidly with loads below 2000mN. And its values remain
almost the same when subjected to the higher loads. The
induced damage is responsible for this phenomenon. The
reduction of Young’s modulus is typically regarded as a char-
acterization of damage evolution and accumulation. When
dislocations accumulate or pile up in a certain region, it is easy
for stress to concentrate and eventually surpass its threshold.
Thus, damage can be easily generated and extended under
indentation load, resulting in elastic properties weaken-
ing and 𝐸 decreasing. In addition, when loads are below
2000mN, each of𝐸 curves falls quickly due to the high values
of 𝜌 (Figure 8) and the corresponding rapid damage accumu-
lation. However, when the loads are around 4000mN, fluctu-
ation of 𝜌 is steady and has no obvious effect on variation of𝐸.

For each crystal plane, 𝐸 of (001) is larger than others and
(215) has the lowest value. Crystalline structure and theory of
metallic plasticity contribute qualitatively to the explanation
of diverse 𝐸 from different crystal plane. For example, for

cubic system, the expression for the interplanar spacing (𝑑)
is as follows:

1

𝑑2
=
𝑗
2
+ 𝑘
2
+ 𝑙
2

𝑎2
, (30)

where 𝑎 is 0.358 nm for DD99.
According to (30), the interplanar spacing of (001),

(215), (405), and (605) is 0.358 nm, 0.0703 nm, 0.06 nm, and
0.0493 nm, respectively. The greater the interplanar spacing
is, the larger the density of atoms on this crystal plane is. The
greater interplanar spacing is significantly efficient in driving
the movement of atoms on the crystal plane, which poses a
larger 𝐸. However, this explanation does not work for (405)
in comparison with that of (215); this phenomenon needs
further research.

According to theory of metallic plasticity, the crystal 𝐸
can be also obtained through stiffness coefficient and crystal
indices [52]. For cubic system, 𝐸 can be calculated as the
following equation:

1

𝐸
= 𝑆
11
− 2𝑆
𝐴

(𝑗𝑘)
2

+ (𝑗𝑙)
2

+ (𝑘𝑙)
2

(𝑗2 + 𝑘2 + 𝑙2)
,

𝑆
𝐴
= 𝑆
11
− 𝑆
12
−
𝑆
44

2
.

(31)

For the samematerial, 𝐸with different crystal orientation
and planes mainly depends on

[(𝑗𝑘)
2

+ (𝑗𝑙)
2

+ (𝑘𝑙)
2
]

(𝑗2 + 𝑘2 + 𝑙2)
2

. (32)

For crystal nickel-based DD99, value of 𝑆
𝐴
is negative.

According to (32), the value of (001) is 0, which is the smallest
one among four crystal planes, while (605) is having the
largest data of 0.24187. So (001) has the largest𝐸, but𝐸 of (605)
is relatively lower.

4.3. Elastic-Plastic Constitutive Model. According to equa-
tions in Section 2.1, the values of 𝜎

𝑦
and 𝑛 of (405) under

different loads are shown in Figure 11. It is evident that they
remain constant regardless of the different loads.

As shown in Figure 12, values of 𝜎
𝑦
and 𝑛 are shown in bar

graph. It can be found that 𝜎
𝑦
of (215) is the largest, followed

successively by (605) and (001). However, the values of 𝑛
show the opposite tendency. That is, 𝑛 of (215) is the lowest,
followed by (605), and that of (001) is the largest.

It is well known that 𝜎
𝑦
is the strength assessing the

ability to resist the plastic deformation. And for materials
with power hardening law, 𝑛 is used as a parameter evaluating
a kind of ability that maintains homogeneous deformation.
The higher 𝑛 of certain material, the better compatibility of
deformation of material. The differences of 𝜎

𝑦
on four crystal

planes can be explained by Schmid’s law.
In Figure 13, a typical uniaxial tensile stress 𝜎 exerted

on a metal cylinder is shown. 𝐴
0
is the area normal to

the axial force 𝐹 and 𝐴
1
is the area of the slip plane on

which the resolved shear force 𝐹
𝑟
is acting. 𝜙 is the angle
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Figure 9: Young’s modulus 𝐸 of different crystal planes under different speeds: (a) (001); (b) (215); (c) (405); (d) (605).
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Figure 10: 𝐸 of different crystal planes under 17.2842mN/s.
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Figure 12: 𝜎
𝑦
and 𝑛 of four different crystal planes.

between 𝐹 and the normal to the slip plane area 𝐴
1
, and 𝜆

is the angle between 𝐹 and the slip direction. For activating
dislocations to move in the slip system, a sufficient resolved
shear stress (𝜏

𝑟
) in the slip direction must be produced, and

𝜏
𝑟
is computed as

𝜏
𝑟
=

𝐹
𝑟

𝐴
1

=
𝐹 cos 𝜆
𝐴
0
/ cos𝜙

=
𝐹

𝐴
0

cos 𝜆 cos𝜙 = 𝜎 cos 𝜆 cos𝜙.

(33)

This is called Schmid’s law.𝑚 is called Schmid factor and
defined as follows:

𝑚 = cos 𝜆 cos𝜙. (34)

𝑚, 𝜎
𝑦
, and 𝑛 are shown in Table 3.

𝜏
𝑟
is a constant for a previous known lattice, and indepen-

dent of the orientation of 𝐹, it can be inferred that 𝜎 is larger,
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Figure 13: Schematic diagram of uniaxial tension model.

Table 3:𝑚, 𝜎
𝑦
, and 𝑛 of different crystal planes.

Crystal indices 𝑛 𝜎
𝑦
(GPa) 𝑚

(001) 0.3449 0.8248 0.408
(215) 0.2529 1.6701 0.435
(405) 0.3338 0.9667 0.448
(605) 0.3242 1.0585 0.442

if 𝑚 is smaller according to (33) and (34). Therefore, the fact
that 𝜎 of (215) is larger than that of (605), which is followed
by (405), can be understandable, because 𝑚 of (215), (605),
and (405) increases sequentially. With particular emphasis
on 𝑚 of (001) which is the lowest, it has eight equivalent
{111} ⟨110⟩ slip systems, while there is only one equivalent
slip system on (405), (605), and (215). For FCC single-
crystal structure, Schmid’s law is no longer valid, regardless
of potential slip systems.When value and orientation of 𝐹 are
appropriate, 𝜏

𝑟
of two or more slip systems can be achieved,

whichmakes the situation complicated, and Schmid law does
not work anymore.

For (001) crystal having eight equivalent {111} ⟨110⟩ slip
systems and a relatively lower 𝜎

𝑦
, the dislocations can extend

easily and the deformation resistance is low, resulting in
better compatibility of uniform deformation. So, it has the
largest 𝑛. With regard to (215), (605) and (405) who yield
only one equivalent slip system, the yield strength decrease
in order, namely, compatibility of deformation of (405) is the
best, followed by (605). And that of (215) is the worst of all.
Therefore, 𝑛 of (405) is larger than that of (605).

Based on (2) and (23), 𝑅 and 𝜎
𝑏
along with other parame-

ters representing elastic-plastic properties can be obtained in
Table 4.

Mechanical property parameters, 𝐸, 𝑅, 𝑛, and 𝜎
𝑦
, were

obtained from microindentation experimental data; thus the
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Table 4: Elastic-plastic properties parameters.

Crystal indices 𝑅 𝑛 𝜎
𝑦
(GPa) 𝜎

𝑏
(GPa)

(001) 3.8941 0.3449 0.8248 1.9110
(215) 3.3090 0.2529 1.6701 1.8150
(405) 3.9661 0.3338 0.9667 1.9694
(605) 3.8123 0.3242 1.0585 1.9133
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Figure 14: Experimental versus computed 𝑃-ℎ curves of 500mN,
2500mN, and 4500mN on (405).

elastic-plastic equations of DD99 on different crystal planes
can be obtained as

Crystal plane (001) 𝜎 = {
137.9𝜀, 𝜎 ≤ 824.8

3.8941𝜀
0.3449

, 𝜎 ≥ 824.8,

Crystal plane (215) 𝜎 = {
70.332𝜀, 𝜎 ≤ 1670.1

3.309𝜀
0.2529

, 𝜎 ≥ 1670.1,

Crystal plane (405) 𝜎 = {
114.3465𝜀, 𝜎 ≤ 966.7

3.9661𝜀
0.3338

, 𝜎 ≥ 966.7,

Crystal plane (605) 𝜎 = {
112.414𝜀, 𝜎 ≤ 1058.5

3.8123𝜀
0.3242

, 𝜎 ≥ 1058.5.

(35)

5. Verification of Elastic-Plastic Model

Simulation calculations have been performed by using the
commercial finite element software ABAQUS. The experi-
mental and FEM results of 500mN, 2500mN, and 4500mN
on crystal plane (405) were shown in Figure 14. The exper-
imental curves agreed well with computed 𝑃-ℎ curves,
which indicates that above elastic-plastic equations of DD99
obtained byMIT are valid and 3D FEMmodel of indentation
can fully describe and simulate microindentation process.

Although FEM results deviate from experimental results
slightly, it is of great importance to focus on their difference.

In order to illustrate cause of deviation to achieve better
simulations in the future, experimental and FEM results of
2500mN on different crystal planes were shown in Figure 15.

As shown in Figure 15, it can be concluded that FEM
results seem like experimental data moving right. To be more
specific, FEM results have various degrees of deviation from
experimental results during the loading process, especially in
the middle process of the loading. This phenomenon can be
explained byKick’s law (Equation (4)) and decrease of𝐸 along
with increase of ℎ.

There is a relationship between 𝐻 and 𝜎
𝑦
originally

suggested by Tabor [53]:
𝐻 = 𝐶

𝜃
𝜎
𝑦
. (36)

According to (9) and (24),𝑃
𝑚
can be expressed as follows:

𝑃
𝑚
= 𝜔𝜎
𝑦
ℎ
2

𝑚
, (37)

where 𝜔 is a constant.
Therefore, Kick’s law seems to be reasonable. However,

microindentation test is not an ideal plastic deformation
process. ISE exists in the process of microindentation as dis-
cussed above, resulting in decrease of𝐻. As𝐻 is the function
of ℎ shown in (26), 𝜎

𝑦
is also a function of ℎ according to

(37). And the relationship between 𝑃
𝑚
and ℎ is no longer

quadratic function. When the load is low, ISE is obvious [54]
and error of results from Kick’s law is larger compared with
those under high load. In order to prove it, the experimental
and FEM results of (405) under 500mN and 2500mN were
utilized, as shown in Figure 16. Besides, the lower load yields
a poor accuracy between simulated and experimental results
in comparison with the higher load, which may be due to the
transition of contact modes from purely elastic under lower
loads to elastic/plastic under higher loads. Jian et al. [22, 55,
56] have maintained that the behaviors during indentation
can be roughly divided into two stages by the variation of
microhardness. Namely, the hardness initially increases with
the penetration depth due to the transition between purely
elastic and elastic/plastic contact.

Also the decrease of 𝐸 along with increase of ℎ may also
be blamed for the difference between experimental and FEM
results. In FEM model, the selection of 𝐸 is a complicated
question. As shown in Figure 10, 𝐸 of four crystal planes
decreases with the increase of ℎ due to damage, 𝐸 actually
changes a little with high load, and the value of 𝐸 with
high load is used in FEM model. In the preliminary stage of
indentation, 𝐸 of materials is higher than that used in FEM
model. According to stress-strain relationship in the elastic
stage, the higher 𝜀 is corresponding to the smaller 𝐸. So ℎ of
FEM is larger than that of experimental data.

With regard to unloading process, the slope of unloading
curve is related with 𝐸 according to (13). And it can be found
that all the unloading curves of FEM results are parallel
to that of experimental data (Figure 15), indicating that the
difference of unloading process is attributed to the error of
ℎ in loading process and the selection of 𝐸 in FEM model is
reasonable.

In order to interpret the matching degree of 𝑃-ℎ curves
in FEM results and experimental data quantitatively, the pre-
dictability of the applied load is further quantified employing
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Figure 15: Experimental and FEM results of 2500mN on different crystal planes: (a) (001); (b) (215); (c) (405); (d) (605).

standard statistical parameters correlation coefficient (𝑈). 𝑈
was a commonly used statistic and provides information on
the dispersion between the experimental and the computed
values. It was expressed as [57, 58]

𝑈 =

∑
𝑁

𝑖=1
(𝑃
𝑖

exp − 𝑃exp) (𝑃
𝑖

𝑝
− 𝑃
𝑝
)

√∑
𝑁

𝑖=1
(𝑃𝑖exp − 𝑃exp)

2

∑
𝑁

𝑖=1
(𝑃𝑖
𝑝
− 𝑃
𝑝
)
2

, (38)

where 𝑃exp is the experimental indenter load, 𝑃
𝑝
is the

predicted indenter load, and 𝑃exp and 𝑃𝑝 are the mean values
of 𝑃exp and 𝑃

𝑝
, respectively.

According to literature [59], the predictability of the
matching degree of 𝑃-ℎ curves can also be quantified by the

average absolute relative error (AARE) and the results of 𝑈
and AARE are as shown in Table 5:

AARE (%) = 100 ×
1

𝑁

𝑁

∑

𝑖=1



𝑃
𝑖

exp − 𝑃
𝑖

𝑝

𝑃𝑖exp



. (39)

6. Conclusions

Microindentation measurements using a sharp Berkovich
indenter on single-crystal nickel-based superalloy DD99 of
four crystallographic orientations, that is, (001), (215), (405),
and (605), were made to determine the load-displacement
relations. Some material parameters reflecting the microme-
chanical behavior ofDD99, such asmicrohardness𝐻, Young’s
modulus 𝐸, yield stress 𝜎

𝑦
, strain hardening component

𝑛, and tensile strength 𝜎
𝑏
, can be obtained from load-

displacement relations. Subsequently, the process of MIT is
simulated using 3D FEM based on the above parameters.
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Figure 16: Experimental and FEM results of (405) with different loads: (a) 500mN; (b) 2500mN.

Table 5: Error analysis of four different crystal planes.

Crystal indices Correlation
coefficient 𝑈

Average absolute
relative error (AARE

%)
(001) 0.9884 15%
(215) 0.9914 14%
(405) 0.99024 14.3%
(605) 0.992515 12.8%

Eventually, the influence of crystal orientations on microme-
chanical properties can be concluded as follows.

(1) 𝐻 of four different crystal planes evidently decreases
with the increase of ℎ. The crystal plane (405) has the
largest micro-hardness values, followed by (001). 𝐻
of (215) is the lowest. This phenomenon is related to
dislocation hardening.

(2) 𝐸 of these planes decreases with the increase of ℎ.
(001) has the largest 𝐸, followed by (405). And 𝐸 of
(215) is the lowest, which is attributed to the fact that
(001) has the largest interplanar spacing and smallest
crystal variable.

(3) 𝑛 is inversely correlated with 𝜎
𝑦
on all these planes.

𝜎
𝑦
of (215) is the largest among four crystal planes,

followed by (605), and (001) has the lowest value.
However, 𝑛 of (215) is the lowest, followed by (605),
and that of (001) is the largest. It can be explained by
Schmid’s factor (𝑚) and the larger𝑚 crystal plane has
and the lower 𝜎

𝑦
it possesses. In addition, 𝜎

𝑏
on four

planes was calculated and it is similar except for (215).

Although FEM results deviate slightly from experimental
results, they can be used as sufficient evidences indicating the

accuracy of 3DFEMmodel andmaterial elastic-plasticmodel
founded fromMIT.

Nomenclature

𝐴: Cross-sectional area, mm2
𝐴
𝑏
: Cross-sectional area corresponding to

𝜎
𝑏
, mm2

𝑎: Lattice constant
𝐵 and 𝑡: Fitting coefficients
𝑏: Burgers vector
𝐶: A variable related to material properties

as well as indenter geometry
𝐶
𝜃
: Constraint factor

𝐸: Elastic modulus, MPa
𝐸
∗: Effective elastic modulus of damaged

material, MPa
𝐻: Microhardness, kg⋅mm−2
𝐻
0
: microhardness regardless of strain

gradient plasticity, kg⋅mm−2
ℎ: Indenter displacement, 𝜇m
ℎ
𝑓
: Residual depth after unloading, 𝜇m

ℎ, 𝑘, and 𝑙: Miller indices
𝑚: Schmid factor
𝑛: Strain hardening exponent
𝑃: Indenter load, mN
𝑅: Strength coefficient
𝑆
11
, 𝑆
12
, and 𝑆

44
: Independent elastic compliance
constant.

Greek Letters

𝜀: True strain
𝜀
𝑦
: Corresponding strain to initial yield stress

𝜀
𝑏
: Strain corresponding to 𝜎

𝑏
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𝜎
𝑦
: Initial yield stress, MPa

𝜎
𝑐
: Representative stress, MPa

𝜎
𝑏
: Ultimate tensile strength, MPa

𝜎: Flow stress, MPa
]: Poisson’s ratio
𝜇: Shear modulus, MPa
𝜌
𝑆
: Density of statistically stored dislocations.
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For carbon nanotubes of sufficiently large diameter at sufficiently low temperature, due to the action of the van der Waals forces,
the ground state is a bilayer graphene with closed edges, the so-called collapsed configuration. Molecular dynamics simulation
of collapsed carbon nanotubes is performed. The effect of length, diameter, and chirality of the nanotubes on their properties
is investigated. It is shown that collapsed nanotubes after relaxation have rippled structure which is strongly dependent on the
nanotube chirality. The structural properties are studied by calculating the radial distribution function and energy distribution
along various regions in the collapsed carbon nanotubes.

1. Introduction

Due to their extraordinary properties arising from the unique
one-dimensional structure, carbon nanotubes (CNTs) have
been the subject of intense theoretical and experimental
studies since their discovery [1]. There have been numerous
works on the mechanics of nanotubes and their properties in
recent years because of their great potential for composites,
sensors, electronic devices, and many other applications [2–
6]. Calculation of the elastic properties of nanotubes confirms
that they are extremely rigid in the axial direction and are
most likely to distort perpendicular to the axis [7, 8].

Experimental investigations, as well as theoretical works
ranging from full atomistic simulations to continuum mod-
eling, have been used to study the existence of CNTs whose
overall geometry differs radically from that of an ideal
cylinder. Recent studies [9–17] have shown that a single-
walled CNT with an appropriate diameter has two stable
states, circular and collapsed, with different potential energy.

Such an energy difference is interesting because CNTs can be
used as an energy source during the transformation between
the two states.The nanotubes, which are collapsed along their
length, energetically are more favorable than the form with
a circular cross-section [11]. Nanotube collapse was called
“domino process” andmodeled bymolecular dynamics (MD)
both at zero and finite temperatures [9, 10]. It was also shown
that collapse can significantly affect the electrical properties
of CNTs [18–20].

The collapse of single-walled CNT studied via classical
MD and molecular mechanics suggested that CNTs with
a radius larger than 3 nm will collapse, since the energy
of the collapsed state is lower than that of the circular,
uncollapsed state. The energetics of the collapse of single-
and multiwalled CNTs via MD was also studied in [21].
The formation of fully collapsed single-walled CNT with
the atomic scale finite-element method was investigated in
[22]. Interestingly, collapsed multiwalled CNTs may exist in
different forms [23]. The elastic model shows that there exist
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collapsed configurations of different orders, each involving a
different number of collapsed layers [24].

In particular, the production of super-strong nanotube
bundles and other three-dimensional carbon structures
remains a challenge to the current materials science. Since
then, many researches have been carried out to understand
the behavior of bundles of carbon nanotubes under high
pressures [25–32].

In this paper, the MD simulation aimed at the inves-
tigation of energy and structure of collapsed single-walled
CNTs is presented. Phenomena of structural transformation
are shown by the radial distribution functions. Various types
of rippled collapsed structures are studied.

2. Simulation Details

The topography of CNT is denoted by a pair of integer
numbers (𝑛,𝑚). In this study, initial atomic configurations
were obtained by creating a CNT with specified parameters.
Four CNTs of various chirality are considered: zigzag (96,0),
armchair (55,55), and two chiral CNTs (50,60) and (40,70).
The chirality indices are chosen to maintain the number of
atoms in the CNTs to be almost the same at the same length
and nearly the same diameter. The number of carbon atoms
in the largest CNTs is about 18500. Single-walled CNTs of
various lengths from 𝐿 = 20 to 200 nm are simulated to
check the effect of length on its properties. It was shown
that the length has no significant effect on some properties
of collapsed structures, while it can slightly affect the other
properties. The length 𝐿 = 100 nm, as the average between
considered values, is chosen as the example for further
descriptions.

The simulations are carried out using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package [33] with the adaptive intermolecular reactive empir-
ical bond order (AIREBO) potential [34], which has been
widely used to describe the short range bonding energies
among carbon atoms in many studies on the behavior
and properties of graphitic polymorphs [31, 32, 35–38].
Additionally, the van der Waals forces between two carbon
atoms are modeled by the Lennard-Jones potential with the
equilibriumdistance of 3.4 Å and the bond energy of 0.024 eV.
Relaxational dynamics is carried out to find the equilibrium
configurations of the collapsed CNTs.

Stability of the collapsed configuration was shown in the
previous studies [9, 10]. The main goal of this work was
the investigation of the collapsed state and the properties of
collapsed nanotubes; that is why the initial open state of the
CNT is not presented here. Collapsed nanotubes were created
by application of the lateral forces applied to the atoms. After
the collapsed nanotube is created, the action of the external
forces is removed and the self-folded structure is relaxed to
a minimum potential energy state, as shown in Figure 1(a).
The relaxation of the CNT strongly depends on the chirality,
which will be discussed in the sequel.

Figure 1(b) shows the schematic of a collapsed CNT. To
study the energy distribution, the atoms of the self-folded
CNT with its total width 𝐻 were divided into two groups:

y

x
z

(a)

h

H

LIII II

(b)

Figure 1: (a) Initial structure of collapsed CNT
(50,60)

. (b) Schematic
of folded CNT. Bilayer graphene of width ℎ is the region I and the
two round edges constitute the region II.

the atoms in the central flat region where one has bilayer
graphene of width ℎ (region I) and the atoms in the two round
edges (region II). Let 𝑁

1
denote the number of atoms in the

bilayer graphene area (ℎ × 𝐿) and 𝑁 the total number of
atoms. Then the region II has 𝑁

2
= 𝑁 − 𝑁

1
atoms. For the

collapsed structure, the opposite walls in region I are within
the van der Waals distance.

The studied energies are the energy per atom of bilayer
graphene, 𝐸

1
(region I), and the energy per atom for round

edges, 𝐸
2
(region II). The energy in region I is

𝐸
1
=
𝑒

𝑁
1

, (1)

where 𝑒 is the potential energy of the area ℎ×𝐿, and the energy
in region II is

𝐸
2
=
(𝐸 − 𝑒)

𝑁
2

, (2)

where 𝐸 is the total potential energy of the area𝐻 × 𝐿.

3. Results and Discussion

The effect of CNT diameter 𝐷 on the potential energy is
studied for the collapsed armchair CNTs with 𝐿 = 100 Å.
The nanotube chirality slightly affects the energies 𝐸

1
and 𝐸

2

but has no qualitative effect; that is why the results only for
the armchair CNTs are presented as the example. In Figure 2,
the potential energy as the function of CNT diameter is
shown for 𝐸

1
(solid line) and 𝐸

2
(dashed line). It can be

seen that for the small diameter the energy of collapsed edges
of the nanotubes, 𝐸

2
, is higher and it rises nonlinearly with

decrease in 𝐷, which is in consistence with the previous
works [9, 10]. The competition of the van der Waals energy,
providing attractive force to collapse the tube, and the elastic
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Figure 2: The potential energy per atom as the function of CNT
diameter 𝐷 for region I (𝐸

1
, solid line) and region II (𝐸

2
, dashed

line).

energy, which always tends to keep the tube circular, leads
to the mechanically bistable configuration of a single-walled
CNT with the two competitive energies. For tubes of smaller
diameter, the elastic energy is dominant (thus the circular
structure of the tube is stable), while for tubes with larger
diameter the van der Waals energy is dominant, meaning
that the collapsed structure of the tube is stable whereas
the circular structure is metastable [7]. In the following, the
properties of collapsed nanotubes are reported for the CNT
diameter of𝐷 ∼ 7.5 nm.

The effect of the CNT length on the potential energy of
the CNT in the relaxed state is investigated. The behavior
of chiral CNTs is quite different from that of armchair and
zigzag CNTs. For the whole range of lengths, 𝐸

1
stays almost

constant for all CNTs, while the energy of round edges, 𝐸
2
,

slowly decreases with the length increase for the armchair
CNT and remains constant for other types of CNTs. The
energy of chiral CNTs is found to be lower than that of the
armchair and zigzag CNTs. No distinct effect of CNT length
on the collapse and formation of final relaxed structures
is observed since the considered CNTs have a relatively
large length. The detailed analysis of the distribution of the
potential energy showed that the highest energy concentrates
on the ridges of the collapsed edges, while bilayer graphene
(region I) has the lowest potential energy.

The relaxed states of four collapsed CNTs are shown
in Figure 3 for (a) CNT

(40,70)
, (b) CNT

(50,60)
, (c) CNT

(55,55)
,

and (d) CNT
(96,0)

. It can be seen that CNTs after relaxation
become rippled, which is in consistence with graphene
[39, 40]. In reality, the bilayer graphene region will not
remain ideally flat and its shape will depend on the spatially
distributed cohesive forces due to van derWaals interactions.
As it can be seen from Figure 3, a set of ripples appear in the
collapsed CNTs reflecting the (in)commensurate structures
in the mutual arrangements of atoms in the two graphene
sheets in contact. The ripples contribute to the total potential
energy of the collapsedCNTs. According to the earlier studies
[15, 21], the most energetically favorable mutual position

(a)

(b)

(c)

(d)

Figure 3: Relaxed structures of collapsed CNTs: (a) CNT
(40,70)

, (b)
CNT
(50,60)

, (c) CNT
(55,55)

, and (d) CNT
(96,0)

.

of the two graphene sheets is when the C atoms of one
sheet are above the centers of the 6-atom rings of another
sheet. The ripples in bilayer graphene appear to minimize
the contribution from the van der Waals bonds to the total
potential energy of CNT. Only in the case of zigzag and
armchair orientations the minimal energy position can be
achieved by the mutual translation of the two sheets in
contact. In other cases the mutual rotation of the sheets is
required. In the case of collapsed CNT the mutual rotation
is restricted by the closed ends of the graphene sheets. Only
local atomic shifts and rotations can be realized resulting in
the appearance of ripples. Not only rippling of the bilayer
graphene region but also the shape of the edges is strongly
dependent on the chirality of CNT. Physically, stretching of
the C–C bonds is difficult because they are stiff and strong.
Therefore, during collapse, the cross-section configuration of
CNT will be such that the stretching of the C–C bonds is
minimal. On the other hand, the bending rigidity of graphene
sheet is known to be rather small. In some cases, the elastic
energy of bending can be concentrated to create a sharp
ridge. This happens, for example, for CNT

(55,55)
, as can be

seen in Figure 3(c). For CNTs with other chiralities the sharp
ridges are not observed.

To further analyze the collapsed structures of CNTs,
radial distribution functions (RDF), 𝑔(𝑟), are presented in
Figure 4 for CNT

(96,0)
(thin solid line), CNT

(55,55)
(thick solid

line), and CNT
(50,60)

and CNT
(40,70)

(dashed line). Note that
the coordination shells for single-layer flat graphene have
radii 𝜌,√3𝜌, 2𝜌,√7𝜌 . . ., where 𝜌 is the C–C bond length. For
𝜌 = 1.42 Å the main peaks of RDF are expected at 1.42, 2.46,
2.84, 3.75. . . Å, which is in good agreement with the results
shown in Figure 4. The small and relatively broad peak near
3.4 Å, also shown in the inset of Figure 4, can be attributed to
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Figure 4: Radial distribution functions for CNT
(96,0)

(thin solid
line), CNT

(55,55)
(thick solid line), and CNT

(50,60)
and CNT

(40,70)

(dashed line).

the van der Waals bonds between layers in bilayer graphene.
It can be seen that for the zigzag and chiral CNTs this peak
is broader than for the armchair nanotube, meaning that
the coherency of layers in region I for the nanotubes of
different chirality is different. For the nanotubes CNT

(50,60)

and CNT
(40,70)

, RDF is almost the same, as shown by the
dashed line in Figure 4.

4. Conclusions

The energy distribution and structure of collapsed carbon
nanotubes of different diameter, length, and chirality have
been investigated using molecular dynamics simulations.
The obtained results revealed that the relaxed shape of the
collapsed CNTs strongly depends on the chirality and other
geometry parameters. For CNTs with different chiralities, we
have observed different ripple configurations of the bilayer
graphene region as well as different structures of the edges
(see Figure 3). This is important because the ripples and
cross-sectional profile can considerably change the mechani-
cal and physical properties of CNTs.

The highest potential energy density in collapsed CNTs
is observed along the ridges, which appear on the collapsed
circled edges, while bilayer graphene has the lowest energy
density. Taking into account the ability of collapsed CNT to
return to the tubular metastable state through a reversible
thermodynamic process explained in [10], it is possible to
develop novel structures with anomalous thermal expansion
and other anomalous properties in the temperature range
where such transformation takes place. The results are there-
fore expected to provide new insights that will enhance the
design of collapsed CNT-based devices and materials. The
process of collapse and its effect on the properties as well
as interplay between curvature energy and van der Waals
energy may also be relevant to the collapse of larger graphitic
structures such as carbon whiskers and are relevant to the
description of the structure and properties of crumpled
graphene [41, 42].
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Understanding the interaction between hydrogen and carbon nanotubes is crucial to enhancing the performance of hydrogen
storage and nanofluidic carbon-adsorbent systems. Accordingly, this study performs a series of molecular dynamics simulations to
investigate the transport properties of hydrogen molecules confined within a flexible narrow carbon nanotube.The tube’s diameter
is 10.8 Å at temperatures in the range of 100∼800K. The particle loadings inside carbon nanotubes are ranging from 0.01∼1 No/Å.
The results show that the hydrogen molecules exhibit three distinct diffusion regimes, namely, single-file, Fickian, and ballistic,
depending on the value of the Knudsen number. In addition, it is shown that with the Knudsen number of less than 1, the tube-wall
long wavelength acoustic phonons induced Rayleigh traveling wave prompts a longitudinal wave slip and compression-expansion
of the hydrogen molecule crowds within the CNT, which leads to a significant increase in the mean square displacement of the
molecules.

1. Introduction

A hydrogen-based energy economy, properly integrated with
the use of renewable energy resources, provides the potential
to satisfy the energy requirements of vehicles, buildings,
portable electronic devices, and so on [1, 2]. However, in
practice, the feasibility of a hydrogen economy is constrained
by the difficulties involved in designing suitable hydrogen
storage and delivery systems. Previous studies have shown
that hydrogen gas condenses to a high density state when
confined within a narrow, single-wall nanotube (SWNT)
[3]. The actual mechanisms of hydrogen diffusion within
SWNTs and carbon nanotubes (CNTs) are still unclear.
Many researchers [1–9] have demonstrated that the structure
and properties of nanometer scale materials can be quite
different from those of bulk materials due to the presence
of surface effects. Accordingly, lightweight carbon adsorbent
materials have become interesting for possible use in a
hydrogen storage system. The exceptional physical proper-
ties of CNTs, including high thermal conductivity, strong
mechanical properties, excellent electrical conductivity, and

so forth, render themhighly promising candidates for a range
of hydrogen storage and delivery applications. Consequently,
the nanofluidic adsorption properties and transport mech-
anisms of hydrogen molecules within SWNTs and CNTs
have attracted great interest in the energy industry [4–7].
According to conventional physisorption principles, the gas-
adsorption performance of a porous solid ismaximizedwhen
the pores are no larger than a few molecular diameters [8].
Zuo et al. had conducted a series simulation and suggested
an interesting result that MWCNT can be separated into
SWCNT in appropriate solvents [9]. Under these conditions,
the potential fields produced at the wall overlap to produce a
stronger interaction force than that observed in adsorption
on a simple plane. However, the mechanisms responsi-
ble for the adsorption and transportation of hydrogen in
nanoporous solids or nanopores are not easily observed using
experimental methods. As a result, the use of computational
methods such as molecular dynamics (MD) or Monte Carlo
(MC) simulations have emerged as the method of choice
for examining the nanofluidic properties of liquids and
gases within nanoporous materials [10]. Several groups have
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performed numerical simulations to study the adsorption
of water in CNTs [11–16], while others have investigated
the diffusion of pure hydrocarbon gases and their mixtures
through various SWNTs with diameters ranging from 2∼
8 nm [6, 17, 18]. These studies focus on self- and transport
diffusion coefficients of inert gases, hydrogen, and methane
in infinitely long SWNTs [19, 20]. In general, the results
show that the transport rates in nanotubes are in orders of
magnitude higher than those measured experimentally in
zeolites or other microporous crystalline solids. In addition,
it has been shown that the dynamic flow of helium and argon
atoms through SWNTs is highly dependent on the surface
temperature of the nanotube wall [21]. Specifically, the flow
rate of the helium and argon atoms, as quantified in terms
of their self-diffusion coefficients, increasedwith temperature
due to the greater thermal activation effect.

PreviousMD simulations of the nanofluidic properties of
liquids and gases generally assumed the nanoporous material
to have a rigid structure. However, if the nanoporousmaterial
is not in fact rigid, the simulation results may deviate from
the true values by several orders of magnitude. Several
researchers had investigated the conditions under which the
assumption of a rigid lattice is, or is not, reasonable [22, 23].
In general, the results showed that while the use of a rigid
latticewas permissible inmodeling the nanofluidic properties
of a gas or liquid in an unconfined condition, a flexible lattice
assumption was required when simulating the properties of
a fluid within a constrained channel. Moreover, in real-world
conditions, the thermal fluctuations of the atoms on a CNT
wall impact the diffusive behavior of the adsorbedmolecules,
and must therefore be taken into account. Jakobtorweihen
et al. have reported careful simulations ofmolecular diffusion
considering nanotube flexibility [24]. The reproduction of
the results of a flexible carbon nanotube in a rigid nanotube
simulation was excellent. Ayappa had examined the influence
of nanotube flexibility on the transport diffusion of CH

4
in

nanotubes [25]. The inclusion of nanotube flexibility reduces
the transport diffusion relative to the rigid nanotube by
roughly an order of magnitude close to zero pressure. At the
pressure over 1 bar the transport diffusivities for flexible and
rigid nanotubes are very similar. Interestingly, whether or not
it is reasonable to assume a rigid lattice in diffusion studies
is far from being understood [23]. An obvious hypothesis
would be that only in the case of narrow passages is flexibility
very important. For the cases of gas molecules in carbon
nanotubes, or other nanoporous materials, a rigid lattice is
a very reasonable assumption [24]. That is to say, if one
has a material in which the flexibility cannot be ignored,
such as diffusion in confined space, the mechanism will
be dominated by surface effect. To prove this opinion, we
present herein simulations to track the MSD behavior of
hydrogen diffusion inside narrow SWCNT. The simulations
show that until the carbon nanotubes are filled with hydrogen
molecules up to a specific cutoff density, themolecules diffuse
through the nanotubes will transit to a wave manner induced
by long wavelength acoustic phonons. For comparison pur-
pose, we conduct a rigid-latticemodel to provide the evidence
between flexible and rigid lattice model. Results of rigid-
lattice model agree with A. I. Skolulidas’ results. However,

the MSD curves of rigid-lattice model do not reveal the jump
behavior. Rigid-lattice model simulations are shown in the
Appendix [Animation A1, A2; Supporting Information].

This study performs a series ofMD simulations to investi-
gate the transport properties of hydrogenmolecules confined
within a narrow CNT with a diameter of 10.8 Å (∼1 nm) in
temperatures ranging from 100∼800K and particle loadings
of 0.01∼1 No/Å. To ensure the validity of the simulation
results, the MD model assumes the tube to have a flexible
wall. Hydrogen molecules are treated as spherical particles.
In performing the simulations, the hydrogen molecules are
assumed to have a perfectly spherical shape. In addition,
the interactions between the molecule and the atoms on the
CNT wall and the interactions between the carbon atoms
within the CNT wall are modeled using the Lennard-Jones
potential [26, 27]. The simulations focus on the hydrogen
adsorption within the SWNT instead of in the interstices or
the external surface of nanotube bundles. As described above,
the simulations performed in this study consider a CNT with
a pore size (diameter) of 10.8 Å. In such a small-pore regime
[28], the interactions between the pore wall and the hydrogen
molecules have a significant effect on the diffusion behavior
of the molecules as they migrate along the CNT. The simu-
lations performed in this study consider Knudsen numbers
in the range of 0.1 < Kn < 10 [29]. In this particular flow
regime, the local transport mechanism depends on a num-
ber of interfacial parameters, including the strength of the
liquid-solid coupling, the thermal roughness of the interface,
and the commensurability of the wall and liquid densities,
respectively [30].The diffusivity of the hydrogenmolecules is
quantified in terms of the mean square displacement (MSD)
and self-diffusion coefficient under particle loadings ranging
from 0.01∼1 No/Å. In diffusion studies, it is a common
practice to integrate the equations of motion for hydrogen
molecules confinedwithin infinitely long nanotubes.The self-
diffusion coefficient is obtained from the average MSD of the
hydrogen molecules as a function of time. General Fickian-
type diffusion is described by the seminal relation

⟨𝑋
2
⟩ = 2𝐷𝑡

𝛾 with 𝛾 = 1. (1)

However, for more complicated random driving forces,
the diffusive behavior may be slower (𝛾 < 1, subdiffusion) or
faster (𝛾 > 1, superdiffusion) than normal diffusion [29]. In
the present simulations, the results obtained for themean free
path are used to compute the Knudsen number, and the diffu-
sion regime is inferred by comparing the time-based variation
of the MSD profile with the predicted time-dependent MSD
profiles for single-file, Fickian and ballistic diffusion, respec-
tively. In addition to analyzing the change in the diffusion
regime over time, the simulations also find out an unexpected
“jump phenomenon” on MSD curves. Simulations are con-
ducted to investigate the “slip” of the hydrogen molecules
caused by long wavelength acoustic phonons. Tube wall
peristaltic movement activates a compression-relaxation dif-
fusionmechanism at very low values of the Knudsen number.
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Figure 1: Simulation model of hydrogen molecules within SWCNT.

2. Simulation Model

In the simulations, the hydrogen molecules are initially dis-
persed with a random distribution within the CNT. Figure 1
presents a snapshot of the simulation model for the case
in which the CNT contains 70 hydrogen molecules. The
current simulations are performed using the methodology
presented in [24], which closely mimics the actual interfa-
cial interactions between the hydrogen molecules and the
tube wall. In the simulations, the hydrogen molecules are
assumed to be “free” (i.e., they can migrate freely from
their initial positions) and are heated to an equilibrium state
(∼104 fs) via their interaction with the heated CNT wall.
The CNT temperature is maintained at the specified value
using the Nosé-Hoover thermostat method. In performing
the simulations, two different tube-diffuser interactions take
place. The interactions can be divided into two types: (1) the
carbon atoms vibrate as a result of the applied temperature
and collide with the hydrogen molecules near the wall,
thereby imparting a transfer of thermal and mechanical
energy from the wall to the hydrogen molecules, and (2) the
tube is flexible; long wavelength acoustic phonons will be
induced and therefore apply a peristaltic driving force to the
hydrogenmolecules. Since the nanotube is flexible, the lattice
vibrational modes are critical. Thus, flexibility can change
the morphology of nanotube following the mode of nature
vibration. We use a nanotube of length ∼30 nm to sample the
vibration modes accurately and avoid the size effects.

In order to accurately model the interaction between the
tube wall and the hydrogen molecules, the simulations con-
sider the case where just one hydrogenmolecule exists within
the tube such that the effects of inter-diffusant collisions
can be ignored. As a result, the diffusion of the hydrogen
molecules through the CNT is consistent with the thermal
transpiration phenomenon identified by Reynolds [30–34],
in which the molecules have more impact on the CNT wall
than on one another. In the simulations, the diffusion of the
hydrogen molecules is governed by two transient processes.
In the first process, the hydrogen molecules are activated by
the heated tube surface toward a thermal equilibrium state
and start to diffuse within the CNT, while in the second
process, the activated molecules interact with the stagnant
molecules and cause thesemolecules to diffuse also.Thus, the
moving behavior tends to become a specified diffusion type.

In Figure 1 we show a right view which is parallel with
and a left view perpendicular to the pore axis. Note that
carbon atoms are shown in black while hydrogen molecules
are shown in red. Pore diameter is 10.8 Å.

Table 1: Parameters for the carbon interaction potential used in the
simulation.

𝐾
𝐶𝑟
= 478.9 kJmol−1Å−2 𝑟

𝐶
= 1.418 Å

𝐾
𝐶𝜃

= 562.2 kJmol−1 𝜃
𝐶
= 120.00

∘

𝜀cc = 0.4396 kJmol−1 𝜎cc = 3.851 Å

Table 2: Morse potential dimensionless units used in the simula-
tion.

Unit Dimensionless unit
Length 𝑟 (Å) 𝑟

∗
= 𝑟/𝑟
0

Time step 𝑑𝑡 (s) 𝑑𝑡
∗
= 𝑑𝑡 ⋅ √𝐷/(𝑚 ⋅ 𝑟2

0
)

Temperature 𝑇 (K) 𝑇
∗
= 𝑇 ⋅ (𝑘/𝐷)

Energy 𝐸 (eV) 𝐸
∗
= 𝐸/𝐷

2.1. Potential Functions. The carbon nanotube is modeled by
terms describing theMorse bond and harmonic cosine of the
bonding angle as [35, 36]

𝑈(𝑟
𝑖𝑗
, 𝜃
𝑖𝑗𝑘
) = 𝐾

𝑐𝑟
(𝜉
𝑖𝑗
− 1)
2

+
1

2
𝐾
𝑐𝜃
(cos 𝜃

𝑖𝑗𝑘
− cos 𝜃

𝑐
)
2
, (2)

where

𝜉
𝑖𝑗
= exp [−𝛾 (𝑟

𝑖𝑗
− 𝑟
𝑐
)] , (3)

𝜃
𝑖𝑗𝑘

represents all possible bending angles, and 𝑟
𝑖𝑗
represents

all distances between bonded atoms. 𝐾
𝑐𝑟
, 𝐾
𝑐𝜃

are the force
constants of stretch, bendpotentials, respectively. 𝑟

𝑐
, 𝜃
𝑐
are the

corresponding reference geometry parameters. The Morse
stretch and angle bending parameters were first given by
Guo et al. [36]. These parameters, listed in Table 1, originally
derived to describe the geometry and phonon structure of
graphite and fullerene crystals. A Lennard-Jones term is
added to the nanotube potential to account for the steric and
van der Waals carbon-carbon interaction

𝑈(𝑟
𝑖𝑗
) = 4𝜀cc [(

𝜎cc
𝑟
𝑖𝑗

)

12

− (
𝜎cc
𝑟
𝑖𝑗

)

6

] . (4)

Excluding 1-2 and 1–3 pairs, the parameters 𝜀cc and 𝜎cc are
taken from the so-called Universal Force Field (UFF) [31–37].

The physical model scale lying at the microscopic level
necessitates introducing some dimensionless units into the
simulation activity. These dimensionless parameters are pre-
sented in Table 2.
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3. Results and Discussions

3.1. Boundary Slip due to Compression-Expansion Process.
Before discussion, a key nondimensional parameter for gas
micro flows is the Knudsen number (Kn), which is defined as
the ratio of the mean free path over a characteristic geometry
length. A classification of the different flow regimes is given
by Schaaf and Chambre [38]. We can observe that, after
thermal equilibrium regime, cases with Kn < 1 represent
a sharp vertical jump simultaneously in MSD curve. Next,
we investigate the physical origin of the interaction behavior
observed at the moment when “slip” phenomena happened.

To clarify the effect of the initial hydrogen density on
the transport properties within the CNT, simulations were
performed with various numbers of hydrogen molecules in
the range of 0.01∼1 No/Å. In each case, the simulation results
were used to compute the MSD curves over the duration
of the simulation as a function of the system temperature.
Figures 2(a)∼2(d) present the MSD curves for temperatures
of 100K, 300K, 500K, and 800K, respectively. For clarity,
each figure shows the MSD curves only for loadings of 10,
30, 50, 70, and 90 molecules, respectively. (Note, however,
that these curves are representative of the curves obtained
for all values of the particle loading.) In each figure, it can be
seen that the MSD curves exhibit an increase of five to seven
orders of magnitude at periodic intervals in the simulation
procedure. The jumps in the MSD curves correspond to a
“slip” of the hydrogenmolecules along the pore axis. Previous
studies have concluded that the exceptionally high transport
rates observed in nanotubes are the result of the inherent
smoothness of the nanotube wall surface [39, 40]. However,
the present simulation results suggest that the “slip flow”
phenomenon is caused not only by the virtually frictionless
interface at the CNT wall, but also by the effects of the
compression-relaxation process with Kn < 1. The results
presented in Figure 2 indicate that following the slip events,
the hydrogen molecules diffuse in a ballistic mode until the
end of the simulation. Previous studies have reported that
boundary slips at the nanoscale occur in both the positive
and the negative directions [41–43]. The present simulation
results suggest that the occurrence of positive and negative
slip in gas flows within a confined space may be a result of a
compression-expansion effect.

3.2. Mechanisms of Hydrogen Diffusion. The hydrogen dif-
fusion mechanism within the CNT can be inferred from
the scaling behavior of the MSD curves over time. The
present simulation results indicate that hydrogen diffusion
occurs after 104 picoseconds and tends toward an anomalous
diffusion mode in either the subdiffusion regime (𝛾 < 1)
or the superdiffusion regime (𝛾 > 1) as the simulation
time approaches 50 ns. In this study, the diffusion mode of
the hydrogen molecules is quantified using the following
formulation:

⟨𝑋
2
⟩ = 2𝐶𝑡

𝛾
, (5)

where 𝐶 is the diffusion mobility and 𝛾 is a coefficient whose
value depends on both the pore diameter and the particle
loading. In other words, the index 𝛾 reflects the easiness with

which the molecules can (or cannot) pass one another within
the CNT.

The MSD profiles presented in Figure 4 show that
the hydrogen molecules experience three distinct diffusion
regimes, namely, a short ballistic regime, followed by a
subdiffusive regime due to a thermal equilibrium process,
and finally an anomalous-diffusion regime or a return to
a ballistic-diffusion regime, depending on the value of Kn.
Similar distinct diffusion regions have been observed for
the diffusion of colloids and certain lightweight molecules
[24, 25, 44, 45].

To better understand the hydrogen diffusion mechanism
within the present CNT, the following discussions consider
the extreme case in which the nanotube contains only one
molecule (i.e., free-molecular flow). Under this condition,
Kn is larger than 100 (𝜆 ≫ 𝑑; ∼ ∞); that is, the mean
free path is much larger than the pore size. As a result, the
migration behavior of the hydrogen atom is dominated by
its interaction with the pore wall. The MD results suggest
that in free molecular flow condition hydrogen molecule
would be exerted a resistance force by the tube wall. The
MSD curves represent a quasihorizontal trend toward the
end of simulation. This coordinated motion mechanism
is observed in a temperature range from 100K to 800K.
Observing theMSDprofiles in Figure 4, it can be seen that the
curves exhibit a quasihorizontal trend toward the end of the
simulations. This characteristic is particularly pronounced at
a temperature lower than 300K.The relatively constant value
of theMSD implies that the wall exerts a resistive effect which
opposes the motion of the hydrogen molecule. In practice,
it is thought that this resistive force originates from the
thermally-induced peristaltic motion of the CNTwall, which
gives rise to a nonuniform potential field. With temperatures
lower than 300K, the hydrogen molecule has insufficient
kinetic energy to overcome this “surface roughness” effect,
and thus its diffusion coefficient saturates to a constant value
as the simulation proceeds.The thermally-induced roughness
of the CNT surface provides an interesting new insight
into the stick-slip phenomena observed in many boundary
lubrication problems [40].

The present results indicate that the hydrogen molecules
diffuse in a single-file mode for Knudsen numbers in the
range of 2 < Kn < 4. In such a condition, the hydrogen
molecules are so rare, and the kinetic energy of eachmolecule
becomes so low, that the molecules cannot overtake one
another as they migrate along the CNT. When the tempera-
ture is increased to 800K, the hydrogen molecules exhibit an
anomalous diffusion mode for 0.5 < 𝛾 < 1. In this regime,
the MSD curves are characterized by a greater fluctuation
due to the enhanced thermal roughness of the CNT wall.The
confined hydrogen molecules diffuse in accordance with a
Fickian-typemechanism in the range of 1<Kn< 2 since in this
particular regime, the molecules are able to pass one another
easily as they travel along the CNT. However, as the value
of the Knudsen Number is reduced, the diffusion mechanism
transits to either superanomalous diffusion (𝛾 > 1) or ballistic
diffusion (𝛾 = 2), depending on the particular value of Kn.
For the values of Kn less than 1, the diffusion mechanism
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Figure 2: (a)–(d): mean square displacement curves, that is, mean square displacement curves of hydrogen molecules along the pore axis
(𝑑𝑧2 ∼ Å2) as function of time for simulation temperatures of 𝑇 = 100K, 300K, 500K, and 800K, respectively. Note that the green, turquoise,
blue, red, and violet lines correspond to particle loadings of 10, 30, 50, 70, and 90 adsorbed hydrogen molecules, respectively. In addition, the
three black lines represent the scaling behavior expected for the ballistic diffusion mechanism (dashed), the Fickian mechanism (solid), and
the single-file diffusion mechanism (dashed-dotted), respectively.

transits to a ballistic mode as a result of the compression-
expansion process discussed in the previous section.

To understand how the transport properties of confined
hydrogen molecules vary as the degree of particle loadings
changes, we conducted simulations for several degree of
filling ranging from 10 to 120No/Å and the corresponding
Knudsen numbers are located in transition flow regime. We
repeat the simulation procedure up to 50 ns of production
time. In Figure 3, we report the MSD obtained for hydrogen

in partially filled SWNTs. At longer time (above 100 ps)
the diffusion mechanism tends to become slower or faster
than the Fickian-type which is dependent on Kn. In cur-
rent simulation results, MSD curves indicate that after the
transition zone flow mechanism becomes highly dependent
on Kn. This means that the dominating effect on the flow
either will still be wall interaction or change to particle
collisions. If Kn is greater than 1, flowmechanismperforms an
anomalous type with 0.5 < 𝛾 < 1 dominated by wall thermal
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Figure 3: Sequence of simulation snapshots. Sequence of simulation snapshots obtained for 50 hydrogenmolecules confined within SWCNT
at 500K.The results show the formation of two neighboringmolecule crowds which subsequently interact with each other via a compression-
relaxation process. Note that the inset shows the tube-wall and diffuser axial vibration displacements at 500 K; load density = 10molecules/nm.
According to the results, both the radial vibration displacements of hydrogen and tubewall present a resonance profile and the radial breathing
mode is the most relevant effect in current case.

roughness. Wall fluctuation affects the hydrogen flow. When
Kn is smaller than 1, it is clear from visual observation
of Animation 2 that particle collisions are responsible for
the formation of piecewise crowd distribution of hydrogen
molecules within the SWCNTs. The concerted motion of
compression-relaxation transport determines the ballistic-
type diffusion mechanism evident from the analysis of MSD
for up to 106∼108 fs (see Figure 3).

3.3.Molecular Origin of DiffusionMechanism. To understand
this jump behavior by molecular origin and appreciate the
molecular mechanism of hydrogen diffusion, a simulation
model is proposed. Figure 3 presents a sequence of four
consecutive snapshots of the simulation model for the case
where the CNT contains 50 hydrogen molecules and the
system temperature is equal to 500K (Kn = 0.48). It
can be seen that the hydrogen molecules have a uniform
density distribution initially. However, as the thermal energy
is transferred through the tube wall, the hydrogen molecules
are transported in the radial direction (i.e., toward the center
of the tube). The resulting collisions between the activated
molecules and the stagnant molecules, together with the long
wavelength acoustic phonons effect exerted by the flexible
CNT wall, cause a piecewise increase in the hydrogen density

along the pore axis. The piecewise molecular density distri-
bution produces a concentration gradient across the pore and
creates a driving force parallel to the pore axis. After a certain
elapsed time, the peristaltic effects and the concentration
gradient prompt neighboring crowds of hydrogen molecules
to approach one another (i.e., to compress) in the direction
indicated by the gray arrow. Interestingly, if the compression
gets higher the crowd of hydrogen molecules reacts against
the wall compression and moves rapidly along with the
tube axis in the direction opposite to the neighbor crowd
moves. As the compression effect increases, the resistive
force between the hydrogen molecules within neighboring
crowds also increases and eventually prompts a separation
(i.e., a relaxation) of the two crowds. Therefore, a sudden
increase (jump) in the MSD of the hydrogen molecules
occurs. Due to the periodic boundary conditions imposed
in the simulations, this compression-resistance-relaxation
process is repeated periodically along the length of the
CNT. And then, this piecewise density distribution performs
longitudinal wave propagation. Using this model we can
approach the real state of the hydrogen molecules inside
SWNTs [Animation 1 (a), (b); Supporting Information]. It is
worth mentioning that there exists a singular phenomenon
“molecular escape through the CNT interstitial” which also
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Table 3:Kn and 𝛾 under different temperatures and particle loading.

𝑇 100K 300K 500K 800K
𝐾𝑛; 𝛾 𝐾𝑛 𝛾 𝐾𝑛 𝛾 𝐾𝑛 𝛾 𝐾𝑛 𝛾

Number
1 ∞ ∞ ∞ ∞

10 3.75 0.5 1.575 1 2.5 0.85 1.25 1.16
30 2.125 0.5 1.023 0.8 0.537 2 0.525 2
50 1.0627 1 0.613 2 0.48 2 0.4625 2
70 1.023 1 0.5 2 0.45 2 0.3 2
90 0.43 2 0.53 2 0.48 2 0.338 2

can release this compression pressure.This interesting behav-
ior occurred randomly with Kn < 1 [Animation 2; Supporting
Information].

3.4. Dependence of Hydrogen Diffusion Mode on Particle
Loading. Table 3 summarizes the correlation between the
value of Kn and the diffusion behavior of the hydrogen
molecules. It can be seen that the diffusion mode of the
hydrogen molecules changes from anomalous diffusion to
ballistic diffusion as the value of Kn decreases.

Figure 5 shows the variation of the hydrogen self-
diffusion coefficient with the particle loading in the range
of 10∼120No/Å as a function of the simulation temperature.
The results show that the diffusion coefficient increases expo-
nentially with an increasing particle loading. (Note that the
loading is plotted in logarithmic scale.) For a loading of less
than approximately 30 molecules, the diffusion coefficient is
independent of the number of molecules within the CNT
and is determined primarily by the effects of the interactions
between the molecules and the tube wall. By contrast, for
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Figure 5: Self-diffusion coefficients. Note that the lines represent the
best-fitting approximation for each set of simulation results.

loadings greater than 30 molecules, the diffusion coefficient
increases rapidly as the number of molecules is increased. As
the loading increases, the mean free path decreases as a result
of the greater collision frequency. Consequently, at higher
particle loadings, the coefficient diffusion is dominated by the
interdiffusant collision frequency rather than the interaction
effects of the nanotube wall. As shown in Figure 5, each
curve tends to approach toward a limiting value of diffusion
coefficient at temperature of 100K, 300K, 500K, and 800K
respectively. In Figure 5, simulation results also show that the
diffusion coefficient of hydrogen inside SWCNT exists as a
limiting value of 3.04 × 10−3m2 s−1 with Kn < 1.

4. Conclusions

This study has performed a series ofMD simulations to inves-
tigate the diffusion behavior of hydrogen molecules within a
CNT of infinite length and a diameter of 10.8 Å. The simula-
tions have considered temperatures in the range 100∼800K
and particle loadings ranging from 1∼120 molecules/nm.
The diffusion of the hydrogen molecules under each of the
considered simulation conditions has been quantified by
computing the variation of the mean square displacement
and the self-diffusion coefficient over time. In general, the
results have shown the existence of three distinct diffusion
regimes, depending on the value of the Knudsen number
(Kn). For values of Kn greater than 1, the hydrogenmolecules
exhibit an anomalous diffusionmechanism (i.e., single-file or
Fickian), whereas for values of Kn less than 1, the hydrogen
molecules exhibit a ballistic behavior as a result of a thermally
induced compression-relaxation of the hydrogen molecule
crowds within the CNT. A concerted cluster-typemotion was
also observed for polymers [46, 47] and LJ fluid [19, 48] in
SWCNTs. However, the present simulation results differ from
the results presented in these studies in that the hydrogen
bonds form crowds rather than clusters due to their low
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Figure 7: Mean square displacement curves of hydrogen molecules
in the rigid-lattice SWNT as function of time for simulation
temperatures of 𝑇 = 100K (red), 300K (green), 500K (blue),
and 800K (light blue), respectively. Note that particle loadings 70
adsorbed hydrogen molecules.

self-interaction potential. Furthermore, the ballistic motion
of the hydrogen molecules prompted by the compression-
relaxation process persists for a relatively long time (i.e.,
∼50 ps) compared to that of the clusters reported in [19, 43,
44]. Consequently, it is inferred that simulation time in the
order of tens of nanoseconds is required to reliably estimate
the self-diffusion coefficients of molecules confined within
a narrow CNT. Recently, Sisan and Lichter proposed that
the solitons can transport water in narrow CNTs [49]. This
result may give the connection between quantum sieving and
hydrogen storage in adsorbents.

Appendix

To provide the evidence to support the opinion of the influ-
ences between flexible and fixed lattice model, we conduct a
rigid-lattice model to simulate the hydrogen diffusion inside
SWNT for comparison purpose. The nanotubes considered
here are describedwith carbon atomsfixedduring the simula-
tions. The self-diffusion coefficients predicted for simple flu-
ids through rigid SWCNTs can be faster than those predicted
through flexible SWCNTs [35].This effect is important at low
loadings and becomes less important as the loading density
increases. For the scope of the present work, which is to
investigate the mechanism of hydrogen molecules diffusion
within narrow SWCNTs, it is unreasonable to consider rigid
SWCNTs for saving computation effort since two types of
carbon atom vibrations are expected to affect the tendency of
adsorbed hydrogenmolecules.This study performs a series of
molecular dynamics simulations to investigate the transport
properties of hydrogen molecules confined within a rigid
carbon nanotube with a diameter of 10.8 Å at temperatures
in the range of 100∼800K and high particle loadings 1No/Å.
We never observe the MSD curves jump behavior on rigid-
lattice model. To assess the reliability of our results, we repeat
selected simulation runs with different initial conditions. No
significant difference was noticed on the conclusions here
reported (see Figures 6 and 7).
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The physical and mechanical properties of bamboo-wood hybrid scrimber filled with different loadings of nanoparticles were
studied. The effects of nanoparticles on flame retardant and smoke suppression properties of bamboo-wood hybrid scrimber were
studied by means of thermogravimetric analysis (TGA), cone calorimeter (CONE), and scanning electron microscope (SEM).
The results showed that the physical and mechanical properties of bamboo-wood hybrid scrimber were improved by adding
a moderate loading of nanoparticles; the optimal loading of nanoparticles was 10%. The heat transfer in bamboo-wood hybrid
scrimber was prevented and the escaping channel of combustible gas was blocked by the uniformly filling effect of nanoparticles.
The gas concentrationwas diluted by the noncombustible gas produced by pyrolysis of nanoparticles; the combustion chain reaction
was suppressed by highly reactive free radicals produced by pyrolysis of nanoparticles. The residual mass of bamboo-wood hybrid
scrimber filled with nanoparticles in thermogravimetric (TG) curve at 900 s and burned by method of cone calorimeter (CONE)
at 600 s was increased compared to that of untreated one, which showed that inorganic mineral powder has the effect of catalytic
charring.

1. Introduction

The process of production of traditional wood particle board
and fiber board deteriorated the natural wood texture and
influenced the properties of rawmaterials. As for the bamboo
based panels, there are a number of shortcomings including
being hard to glue, difficult machining, and a low utilization
rate of rawmaterial [1, 2].The bamboo-wood hybrid scrimber
which is prepared by different bamboo-wood hybrid ratio has
high specific modulus and specific strength. Furthermore, it
can not only keep the texture direction of raw material in a
great extent, fully showing their respective advantages, but
also reduce the production cost, increasing the value of the
fast-growing timber [3, 4]. Bamboo-wood hybrid scrimber
can be widely used in furniture, flooring, and building mate-
rials industries; all these areas require products which are
flame retardant. In recent years China has seen the frequency
of fires increase. The resulting damages, in both life and

property, has meant that research on the flame retardant and
smoke suppression nature of bamboo-wood hybrid scrimber
has become more and more important. Natural inorganic
mineral powder has the advantages of being nontoxic, being
noncorrosive, and being of cheap price. The channels which
used for water absorption and free formaldehyde release can
be blocked by a small amount of nanoparticles that filled in
bamboo-wood hybrid scrimber, the physical and mechanical
properties and environmental property of bamboo-wood
hybrid scrimber can be improved as well [5, 6]. Nanoparticles
have the property of flame retardant; some nanoparticles
also can be decomposed to produce noncombustible gases
to block the smoke release channel in bamboo-wood hybrid
scrimber at high temperature, that makes it have the function
of flame retardant and smoke suppression. In recent years,
reports of inorganic mineral powder research are mainly
focused on the effect on physical and mechanical properties
of materials, while this paper is about the preparation of
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Figure 1: The physical and mechanical properties of bamboo-wood hybrid scrimber filled with different loadings of nanoparticles.

bamboo-wood hybrid scrimber made by bamboo, wood, and
phenol formaldehyde resin (PF) and the effect of nanoparti-
cles on the flame retardant and smoke suppression properties
of bamboo-wood hybrid scrimber.

2. Materials and Methods

2.1. Raw Materials

Bamboo. From Taohuajiang bamboo industry Co., Ltd. in
Yiyang Hunan province. Age of bamboo is 4-5 years old,
diameter at breast height (DBH) is 60–80mm, thickness of
bamboo wall is 3–5mm, andmoisture content is around 12%.

Eucalyptus. From Taohuajiang bamboo industry Co., Ltd. in
Yiyang Hunan province. Moisture content is around 12%.

Water-Soluble Phenolic-Formaldehyde Resin (PF). From Tao-
huajiang bamboo industry Co., Ltd. in Yiyang Hunan prov-
ince. Appearance is brown red liquid, solid content is 51.2%,
viscosity is 280–360mPa⋅s (20∘C), and PH is 10.53.

Nanoparticles. Diameter is 5–50 nm andmain ingredients are
CaCO

3
, CaO, MgCO

3
, and MgO.

2.2. The Preparation and Performance Test of Bamboo-Wood
Hybrid Scrimber. The bamboo-wood hybrid ratio was 3 : 2,
solid content of adhesive was 25%. Adding a certain amount
of nanoparticles into the PF, stir evenly, put the bamboo strips
andwood strips into the PF and completely soak it for 10min,
then take them out, and put them into the drying oven for
3 hours under 60∘C after there is no drop of glue liquid
dropping out. Assembly pattern is achieved by “Bamboo
layer-wood layer-bamboo layer” in a longitudinal uniform
arranged way [7], the slab design density was 1.1 g/cm3, size
is 400 × 250 × 16mm, using hot pressing process in which

the hot board comes in and the cold board goes out. Hot
process temperature is 150∘C, hot process time is 1.5min/mm,
and unloading the plates temperature is 50∘C. For cone test, 5
specimens were tested for each sample and took the average.

Detectionmethod on physical andmechanical properties
of bamboo-wood hybrid scrimber was according to GB/T
7657.4-2003.

2.3. Thermogravimetric Analysis (TGA). Thermogravimetric
(TG) and differential scanning calorimetry (DSC) analysis of
the specimen were researched by STA449C thermobalance
from NETZSCH Company in Germany. 10–15mg samples
powder was weighed in Al

2
O
3
crucible; test temperature

scope is 40∘C–1000∘C; heating rate (𝛽) is 10∘C/min, using N
2

as shielding gas.

2.4. Cone Calorimeter (CONE). The specimen was
researched by cone calorimeter (Stanton Redcroft), radiant
heat flux is 50KW/m2 which was close to the actual fire
intensity 780∘C, specimen size is 100 × 100 × 10mm, and
time to ignition (TTI) was recorded by man, using origin
software for data processing.

2.5. SEM Analysis. The specimen was analyzed by scanning
electron microscope quanta 450, and the specimen section
was fixed and on the specimen stage by conducting carbon
cloth rubber, flattened, and then dried on the heating plate;
specimen surface was plated with 3 nm platinum by ion
sputtering apparatus. Working voltage is 20 kV, accelerating
current is 15mA, and working distance is 15mm.

3. Results and Discussion

3.1. The Effect on Physical and Mechanical Properties of
Bamboo-Wood Hybrid Scrimber Filled with Different Loadings
of Nanoparticles. Figure 1 is the physical and mechanical



Journal of Nanomaterials 3

200 400 600 800 1000
0

20

40

60

80

100

TG
 (%

)

Untreaed bamboo-wood hybrid scrimber
Treated by 10% nanoparticles
Pure nanoparticles 

T (∘C)

(a)

200 400 600 800 1000
−0.75

−0.60

−0.45

−0.30

−0.15

0.00

Untreated bamboo-wood hybrid scrimber
Treated by 10% nanoparticles 
Pure nanoparticles 

D
TG

 (%
·

−
1

min
)

T (∘C)

820.69∘C
341.61∘C

336.32∘C

721.15∘C79.29∘C

(b)

Figure 2: The TG, DTG curves of bamboo-wood hybrid scrimber and nanoparticles.

properties of bamboo-wood hybrid scrimber filled with dif-
ferent loadings of nanoparticles; it shows that each mechani-
cal property of bamboo-wood hybrid scrimber was improved
by the treatment of 10% nanoparticles; Modulus of Rupture
(MOR), Modulus of Elasticity (MOE), and Internal Bond
(IB) strength were increased. Thickness Swelling (TS) rate of
water absorbing was decreased.This is because nanoparticles
was in a fine powder shape, nanoparticles can fill into the
porosity of the bamboo-wood hybrid scrimber with the
glue, then fix the glue into the porosity of the bamboo-
wood hybrid scrimber. The whole plate becomes more close-
grained, and organizational units junction increases; the
local stress concentration was decreased, bonding strength
become stronger, and moisture absorption channels can also
be blocked by nanoparticles; this will improve the dimension
stability of bamboo-wood hybrid scrimber [8, 9]. Internal
Bond strength of bamboo-wood hybrid scrimber will be
decreased if the loading of nanoparticles was over 10%; this
is because nanoparticles have bad compatibility with the
base. It is easy to de-bond the connection between rigid
particles and base if the bamboo-wood hybrid scrimber
was under external force because of the bad compatibility.
Adhesives’ unit effective components in the surface area of
bamboo strip and eucalyptus strip are reduced owing to the
excess nanometer inorganic mineral powder added in, and
as a consequence of the weak boundary, layer was formed
between bamboo strip and adjacent bamboo strip, bamboo
strip and adjacent wood strip, and wood strip and adjacent
wood strip [10, 11]. Based on the analysis above, the optimal
loading of nanoparticles was 10%.

3.2. Thermogravimetric Analysis (TGA). Figure 2 is the ther-
mogravimetric (TG) and derivative thermo gravimetric anal-
ysis (DTG) curve of bamboo-wood hybrid scrimber filled
with 10% nanoparticles, untreated bamboo-wood hybrid

scrimber, and pure inorganic mineral powder. The figure
showed that the pyrolysis processing of bamboo-wood hybrid
scrimber has experienced three stages of the loss of free
water, pyrolysis, and the end of thermal decomposition of
coke [12], while the pyrolysis processing of bamboo-wood
hybrid scrimber filled with nanoparticles has experienced
four stages of the loss of free water, pyrolysis, pyrolysis of
nanoparticles, and the end of thermal decomposition of coke
and pure nanoparticles have experienced just one stage of
pyrolysis processing. Figure 2(b) showed that in the main
pyrolysis stage, the DTG peak temperature of bamboo-wood
hybrid scrimber filled with nanoparticles moves to slightly
to higher temperature compared to untreated one and the
size of DTG peak was reduced by 13.6% compared to the
untreated one; all of these proved that nanoparticles can
restrain the pyrolysis of bamboo-wood hybrid scrimber. The
residual quantity of bamboo-wood hybrid scrimber filled
with nanoparticles (remove 10%mineral powder quality after
pyrolysis) was increased by 3.09% compared to untreated one
at 900∘C, and this shows that bamboo-wood hybrid scrimber
has the function of catalytic charring.

3.3. Cone Calorimeter (CONE). Table 1 is the main combus-
tion characteristic data of bamboo-wood hybrid scrimber
filled with nanoparticles and untreated one. Table 1 showed
that time to ignition (TTI) of bamboo-wood hybrid scrimber
filled with nanoparticles was lengthened compared to the
untreated one. This is because the incombustibility nanopar-
ticles distributed on the surface of bamboo-wood hybrid
scrimber delayed the time to burn. The residual quality
of bamboo-wood hybrid scrimber filled with nanoparticles
increased by 30.07% compared to untreated one after 600 s of
combustion. This showed that bamboo-wood hybrid scrim-
ber has the function of catalytic charring.This result is in line
with the TG results.
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Table 1: The main combustion characteristic data of bamboo-wood hybrid scrimber (radiant heat flux 50 kW/m2).

Sample TTI 𝑀
600

pk-HRR1 (𝑡
1
) pk-HRR2 (𝑡

2
) a-SEA pk-SEA1 (𝑡

1
)

(s) (%) (kW⋅m−2) (kW⋅m−2) (m2
⋅kg−1) (m2

⋅kg−1)
Untreated one 30 29.40 198.23 (75 s) 272.11 (555 s) 83.07 519.54 (25)
Treated by 10% nanoparticles 37 38.24 178.46 (65 s) 184.41 (585 s) 55.62 398.89 (20)
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Figure 3: The HRR curves of bamboo-wood hybrid scrimber.

Figures 3 and 4 are heat release rate (HRR) curve and total
heat release (THR) curve of bamboo-wood hybrid scrimber
filled with nanoparticles and untreated one. From Figure 3,
Figure 4, andTable 1we can know that the average heat release
rate (a-HRR) and the quantity of total heat release (THR)
of bamboo-wood hybrid scrimber filled with nanoparticles
were decreased by 37.22% and 33.19% compared to untreated
one, and two peaks of heat release rate of bamboo-wood
hybrid scrimber filled with nanoparticles were decreased by
9.97% and 32.23%; this showed that combustion exothermic
reaction in bamboo-wood hybrid scrimber can be restrained
by nanoparticles, and that is because nanoparticle has the
flame retardant property and a low heat transfer coefficient,
uniformly distributed in the bamboo-wood hybrid scrimber
to prevent heat from transferring and block the escape
channel of combustible volatiles produced by the process of
bamboo-wood hybrid scrimber pyrolysis. Nanoparticles con-
tain a large amount of CaCO

3
and MgCO

3
, decomposition

reaction is endothermic reaction at high temperature, so they
will absorb the heat around to decrease the temperature of
the surface and burned area,and carbon dioxide produced by
decomposition can dilute the concentration of combustible
gas and oxygen around to suppress the combustion. A large
amount of highly reactive free radicals HO∙ and H∙ produced
by the combustion of bamboo-wood hybrid scrimber are
closely related to the speed of combustion, nanoparticles
decomposed at high temperature, and free radicals were
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Figure 4: The THR curves of bamboo-wood hybrid scrimber.

produced by chemical bond rupture. These free radicals
reacted with highly reactive free radicals HO∙ and H∙, so the
combustion chain reaction was suppressed by highly reactive
free radicals [13].

Figure 5 is the total smoke rate (TSR) curve of bamboo-
woodhybrid scrimber filledwith nanoparticles and untreated
one. Figure 5 and Table 1 show that TSP of bamboo-wood
hybrid scrimber filled with nanoparticles was decreased
by 29.47% compared to untreated bamboo-wood hybrid
scrimber after 900 s of combustion, the values of average
extinction area (a-SEA) was decreased by 33.04%, this proved
that bamboo-wood hybrid scrimber filled with nanopar-
ticles has the function of smoke suppression, and that is
because nanoparticles blocked the escape channel of smoke
in bamboo-wood hybrid scrimber.

3.4. SEM Analysis (SEM). Figures 6 and 7 are the carbon
residue SEM figure of untreated bamboo-wood hybrid
scrimber and bamboo-wood hybrid scrimber filled with
nanoparticles. Figure 6 showed that the charcoal layer of the
untreated bamboo-wood hybrid scrimber after combustion
was cracked and was in a loose shape. This is because a
large sum of the smoke produced by combustion inside has
impact to the material itself; after charcoal layer cracked, heat
and oxygen are easy to enter inside with the combustible
gas coming out, and it is a threat for the material used
for retarding fire. Figure 7 showed that nanoparticles are
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Figure 5: The TSR curves of bamboo-wood hybrid scrimber.

Figure 6: The carbon residue SEM figure of untreated bamboo-
wood hybrid scrimber.

Figure 7: The carbon residue SEM figure of bamboo-wood hybrid
scrimber filled with nanoparticles.

uniformly distributed in the charcoal layer of bamboo-
wood hybrid scrimber, residual coal surface of bamboo-wood
hybrid scrimber filled with nanoparticles was dense and was
regularly arranged after combustion; that is because the hard
CaO and MgO produced by decomposition of CaCO

3
and

MgCO
3
formed a coating on the surface of material to inhibit

the release of combustible gas and smoke and isolate oxygen
from outside [14], as well as preventing the heat transfer.
CaO and MgO have flame retardant properties, uniformly
distributing in the bamboo-wood hybrid scrimber to prevent
the heat from transferring and block the escape channel of the
combustible gas.

4. Conclusions

(1) The physical and mechanical properties of bamboo-
wood hybrid scrimber were improved by adding
a moderate loading of nanoparticles; the optimal
loading of nanoparticles was 10%.

(2) Bamboo-wood hybrid scrimber thermal weight loss
maximum rate’s temperature can be improved by the
nanoparticles, the numerical of thermal weight loss
maximum rate was decreased as well, and it has the
function of restraining the pyrolysis of bamboo-wood
hybrid scrimber. The residual quantity of bamboo-
wood hybrid scrimber filled with nanoparticles was
increased, and it has the function of flame retar-
dant and catalytic charring. Residual coal surface of
bamboo-wood hybrid scrimber filled with nanopar-
ticles was dense and was regularly arranged after
combustion; this kind of construction inhibited the
release of combustible gas and smoke and isolated
oxygen from outside, as well as preventing bamboo-
wood hybrid scrimber to burn.

(3) The heat transfer in bamboo-wood hybrid scrimber
was prevented and the escaping channel of com-
bustible gas was blocked by the uniformly filling
effect of nanoparticles. The gas concentration was
diluted by the noncombustible gas produced by pyrol-
ysis of nanometer inorganic mineral powder, and
the combustion chain reaction was suppressed by
highly reactive free radicals produced by pyrolysis of
nanometer inorganic mineral powder.
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The aim of this study was to evaluate the effects of various acidic solutions on the surfacemechanical properties of commercial resin
composites with different microstructures (Filtek Z350 XT, TPH3, Durafill, and Superlux). Specimens were immersed in orange
juice, cola, and distilled water for 5 days and the nanohardness, elastic modulus, and wear behavior of the samples were determined
via the nanoindentation test and a reciprocating nanoscratch test. The nanoscratch morphology was observed using scanning
electron microscopy (SEM) and the wear depth was recorded by scanning probe microscopy (SPM). The results indicate that the
nanofilled resin composites had the greatest hardest and highest elastic modulus, whereas the microfilled composites exhibited
the lowest nanohardness and elastic modulus values. SEM observations showed that all resin composites underwent erosion and
surface degradation after immersion in acidic solutions. Furthermore, the wear resistance was influenced by the composition of
the acidic solution and was correlated with the nanohardness and elastic modulus. The dominant wear mechanism changed from
plastic deformation to delamination after immersion in acidic solutions.

1. Introduction

Nowadays, restorative resin composites are widely used for
the direct restoration of teeth because of their durability and
better aesthetic, biological, and mechanical properties [1].
These composites are subjected to a wide range of physical
and chemical conditions in themouth, including temperature
variation,masticatory forces, and chemicals from food.These
factors greatly influence the in vivo degradation or failure of
resin composites. One important chemical factor is exposure
to acidic solutions. In vivo studies indicate that the exposure
of resin composites to low-pH liquids can negatively affect
their mechanical properties [2, 3]. Several mechanisms have
been proposed to explain the degradation and failure of these
restorativematerials. Acidicmoleculesmay cause surface ero-
sion thatweakens thematrix-filler bonding and/or softens the
matrix, resulting in bond failures in the outer layer of the filler
[4].

The weakening of the matrix-filler bonding or the matrix
itself might be reflected by the wear processes that occur

during mastication. Many researchers have studied the influ-
ence of low pH on the wear behavior of resin composites
using microscopic and visual methods to measure wear [5–
7]. Acidic solutions have been shown to reduce the wear
resistance of resin composites [8]. These studies focused
on the microtribology; the actual wear mechanism and its
effect on the microstructure are very difficult to determine.
Micromechanics research can sufficiently explain the damage
caused by acidic solutions and their specific mechanisms of
wear.

The nanomechanics of resin composites exposed to acid
have not been thoroughly studied, and nanoindentation and
nanoscratch methods have not been applied to this field.
Nanoindentation technology is ideal for testing the material
properties of composites at the micron and submicron scales.
This method can be used to determine the local mechanical
properties of a resin composite by measuring the indentation
load-displacement response. This technology differs from
others because there is no need to image the indention
area to confirm the mechanical properties [9]. Nanoscratch
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experiments are performed in conjunction with indentation
tests, and the nanotribological properties of resin-based
composites are tested by scratching the surface, which can
reveal damage and further clarify the wear mechanism of
resin composites. The objective of this study was to use the
nanoindentation and nanoscratch techniques to characterize
the effects of acidic solutions on the surface degradation of
resin composites.

2. Materials and Methods

2.1. Samples Preparation. Four commercially available dental
resin compositeswith differentmatrix compositions and filler
types were used (Table 1), including Filtek Z350 XT, TPH3,
Durafill, and Superlux. A total of 15 specimens were prepared
for each type of resin composite. A silicone rubber mold (a
ring with a hole of diameter 15mm and depth 2mm) was
placed on a piece of transparent film and Vaseline was used
to avoid adhesion to the filled composites. The mold was
placed on a glass slide, manually filled with a slight excess
of resin composite (with care taken to minimize entrapped
air), and covered with another glass slide. A light-curing unit
(Translux Power Blue, LED-powered lamp, Heraeus Kulzer,
Hanau, Germany) was used to harden the composites. The
output light intensity was greater than 1100mW/cm2 and the
spectral range was 410–500 nm. Both the upper and lower
surfaces were cured for 40 s.

The hardened samples were removed from the mold and
their test surfaces were wet-polished with 400-grit to 1,200-
grit SiC papers to remove the resin-rich layer and obtain a
standard surface finish for the test.

2.2. Immersion Solution Preparation. Three different immer-
sion media, which are common beverages consumed by
people worldwide, in which children and adolescents are the
majority group consuming the drinks were used in this study
(Table 2): (1) distilled water, (2) orange juice, and (3) Coca-
Cola. Prior to the experiment, specimens were cleaned in
distilled water using an ultrasonic bath and then placed in
the immersion solutions.

2.3. Characterization of Mechanical Properties and Wear
Behavior. The hardness and elastic modulus were deter-
mined by the nanoindentation test using a Hysitron Tri-
boscope nanoindenter with a Berkovich diamond tip. The
functional area of the tip was calibrated using a silicon
standard. The angle of the tip was 142∘ and the radius was
approximately 100–200 nm. Nanoindentation was performed
in air under ambient conditions and temperature was in the
range of 28–32∘C. Loading was performed by following a
triangular profile with amaximum load of 6mN.The loading
and unloading rates were all 0.6mN/s. Five indentationswere
made on the top of each specimen with a 5-𝜇m spacing
between indentations.

The reciprocating nanoscratch tests were performed on
the sample surface with a constant load of 5mN and scratch
length of 15 𝜇m [10]. The tip scratch velocity was 30𝜇m/s.

The wear scars were observed by scanning probe microscopy
(SPM).

2.4. SEM Observations. Representative samples from each
group were selected for qualitative scanning electron
microscopy (INSPECTF, Czech Republic) observations. The
samples were immersed in different media and the wear
damage caused by the nanoscratch test was observed by
SEM.

2.5. Statistical Analysis. All data were statistically analyzed
(SPSS Statistics 17) by using one-way ANOVA test, followed
by a LSD 𝑡-test (𝑃 ≤ 0.05) for multiple comparisons between
means to determine significant differences, which was used
at a significance level set at 𝑃 ≤ 0.05.

3. Results and Discussion

The representative images of initial microstructures of the
four composites before immersion in solutions are shown
in the SEM micrograph in Figure 1. Resin composites are
exposed to complex and varying intraoral conditions. Some
substances with low pH values, such as beverages, may influ-
ence the chemical degradation of the composites. Degrada-
tion over time is inevitable and can be predicted by observing
the decrease in wear resistance and loss of substance that
occur under acidic conditions [11–13]. In this study, changes
in the nanohardness, elastic modulus, and wear depth were
measured to evaluate the degradation of dental materials
exposed to different pH solutions.

The use of nanoindentation to measure the elastic
modulus and nanohardness has several advantages. The
tests are simple, reproducible, and relatively nondestructive.
Nanohardness is obtained from the plastic depth rather than
the final depth, similar to the permanent deformation used in
microhardness calculations.

Figure 2 shows the means and standard deviations of
nanohardness of nanoindentation between the diamond tip
and the specimens that were immersed in distilledwater, cola,
or orange juice. The highest nanohardness was exhibited by
specimen Z350 immersed in cola (0.58 ± 0.08GPa) and the
lowest value was found for Durafill immersed in orange juice
(0.23 ± 0.02GPa).

For resin Z350 treated with orange juice, the surface
hardness was significantly higher (𝑃 < 0.05) compared to the
distilled water treatment, although there was no significant
difference in the nanohardness between the cola and orange
juice treatments (𝑃 = 0.213).

The TPH3 composite resin showed a pattern similar to
Z350; that is, it had significantly higher surface hardness
after immersion in orange juice or cola compared to distilled
water (𝑃 < 0.05). In addition, the nanohardness values
were significantly different between the cola and orange juice
treatments (𝑃 < 0.05).

For the Superluxmaterial, there was a significant decrease
in the surface hardness after treatment with cola. The
hardness was lower than that obtained with distilled water,
although it was greater than the value obtained for the orange
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(c) (d)

Figure 1: Representative SEMmicrographs of resin-based composites before immersion in solutions. (a) Z350, (b) Superlux, (c) Durafill, and
(d) TPH3.

Table 1: Specification of dental composites investigated in the present study.

Material Manufacturer Classification Resin Filler content Filler type and size

FiltekTMZ350 3M ESPE, St. Paul, MN, USA Nanofilled
BisGMA
BisEMA
TEGDMA
UDMA

78.5 wt% Zirconia and silica clusters:
0.6–1.4 𝜇m

TPH3 Dentsply Caulk, Milford, DE, USA Nanohybrid
BisGMA
BisEMA
TEGDMA

75–77 wt% BABS: <1 𝜇m; BAFG:
<1 𝜇m; Silica: 10–20 nm

Durafill VS Heraeus Kulzer, Hanau, Germany Microfilled UDMA 50.5 wt% Prepolymerized silica:
10–20𝜇m; silica: 0.02–2 𝜇m

Superlux DMG Germany Microhybrid
TEGDMA
BisGMA
UDMA

66 wt% SiO2 < 20 𝜇m

juice treatment. For Durafill, the nanohardness was greater
when treated with distilled water and the hardness values for
orange juice and cola treatment were different from those
obtained for the Superlux resin composite.

The elastic modulus describes the relative stiffness of a
material. In stress-bearing occlusal contact areas, materials
with a low modulus deform more under masticatory stresses
andmay cause a catastrophic failure (Figure 3). A high elastic

modulus is required to withstand deformation and cuspal
fracture [14, 15].

Durafill exhibited the lowest elastic modulus values of the
tested composites regardless of the treatment solution. The
Durafill elastic modulus values were different for the various
treatments (𝑃 < 0.05). For Z350, the elastic modulus was
higher when treated with orange juice or cola than when
treated with distilled water. However, for TPH3, the value for
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Table 2: Immersion media used in the present study.

Material Brand Manufacture pH Ingredients
Distilled water — Laboratory 6.8 Water

Cola drink (coke) Coca-Cola Roppongi area of 6-2-31,
Tokyo 2.9

High fructose corn syrup,
sugar, food additive
(caramel color, caffeine,
and phosphoric acid),
flavors agent, and
carbonated water

Orange juice Joos
470moo1, Sukhumvit
Road, Bangpoomal,
Muang, THAILAND

3.9
Water, sugar, orange pulp,
orange juice concentrate,
citric acid, pectin, and
vitamin c
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Figure 2: Mean values and standard deviations (vertical bar) for
nanohardness of four composites tested under different storage
media.

orange juice was higher than with distilled water but lower
than with cola immersion. For the two resin composites,
the modulus with orange juice immersion was significantly
higher than that with the cola treatment (𝑃 < 0.05).

Conditioning of the Superlux with TEGDMA, Bis-GMA,
and urethane dimethacrylate (UDMA) resulted in greater
nanohardness deterioration in orange juice or cola than
in water. The Z350 and TPH3 composites are BisGMA-
based. The nanohardness deterioration in distilled water
was significantly greater than in acid solution. In acid, an
increase in the nanohardness was observed. The resin matrix
of composites is known to absorb a small amount of water,
which alters certain physical properties. For example, the
surface hardness has been reported to be affected by water
sorption and the resin matrices of Z350 and TPH3 are more
susceptible to the softening effects of water.
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Distilled water
Orange juice
Coca-cola

14

12

10

8

6

4

2

0

El
as

tic
 m

od
ul

us
 (G

Pa
)

Figure 3: Mean values and standard deviations (vertical bar) for
elastic modulus of four composites tested under different storage
media.

In addition to the effect of the matrix, the particulate
filler also plays an important role in determining mechanical
properties.

An increase in the filler content is expected to increase
the hardness to some extent. The filler content of any two
materials is similar, although the distribution of the particles
in nanohybrid resins is less homogeneous. Additionally, the
range of fillers for nanohybrid resins is larger than for
nanofillers. However, a less homogeneous distribution of
filler andmatrix is less susceptible to acid attack. An increased
nanoparticle content might increase the hardness to some
extent [16, 17]. The filler contents are shown in Table 1.
The percentages of filler in the microfilled and universal
hybrid composites are lower than those of the other tested
materials. Thus, our results are in agreement with these
previous findings.

The ingredients of acids also influence the surface
nanohardness of specimens [18–20]. Orange juice contains
citric acid, whereas Coca-Cola contains phosphoric acid [21].
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Figure 4: Representative SEMmicrographs of the nanoscratchmarkmorphology of resin-based composites after immersion in Orange juice.
(a) Z350, (b) Superlux, (c) Durafill, and (d) TPH3.

Citric acid is a carboxylic acid that is capable of chelating ions
such as calcium to form complexes with amoderate solubility
in water. Phosphoric acid is capable of chelating calcium but
forms an essentially insoluble complex [22]. Phosphate ions
could slow the dissolution of calcium phosphate; that is, the
organic acids were found to induce softening of bis-GMA
polymers [8, 23] and the softening was strongly affected by
the acidity. Specific carboxylic acids are responsible for the
damage caused by orange juice, and a low pH is not the sole
factor, since an acidic solution should decrease the rate of
such hydrolysis [24].

SEM analysis showed that all composite resins experi-
enced surface changes after the nanoscratch test.The changes
could be considered to be part of a process of degradation and
erosion of the matrix. The surface features of the specimens
aged in orange juice were more affected than those of the
specimens aged in distilled water or cola. Several protruding
particles, voids, and cracks were observed in all of the
analyzed specimens. These findings are consistent with those
of a previous study [25]. As shown in Figures 4(b), 5(b),
and 6(b), the morphology of Superlux between each other
are quite different. The composites also displayed a poor
bond at the interfacial region between the matrix and the
reinforcement particles. Superlux presented some gaps in the
interface where particles and fibers contact the matrix. More

obviously, pieces of the mixture, components, and matrix
were disrupted and moved from the basement of the matrix
under the scratch mark under the orange juice and cola
treatments (Figure 5(b)). The fractures between the matrix
and fillers were still present, but the desquamation of themix-
ture components has been slightly reduced.There were many
visible porous cracks in or on the surface of the specimens
(Figure 4(b)).

In terms of the nanoscratch mark morphology, Durafill
presented a uniform thin tribolayer, and there were some
cracking and segmentation of the fillers. There was also
consistent wear of the matrix and particles. However, there
were also some fragments distributed around the scratch.
Figures 5(c), 6(c) illustrates the poor wear resistance in
samples treated with orange juice or cola. There were few
particles that broke or were removed from the matrix. The
layer detached from the matrix and some particles remained
in the scratch on the specimen surface (Figure 5(c)).

The acid-treated Z350 samples that only showed a small
amount of debris had a tribolayer with a smaller portion of
contact on the resin composite surface.

TPH3 presented a tribolayer, although the layer was
broken by detached particles and fibers from the matrix
that remained in contact with the specimen surface after
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Figure 5: Representative SEM micrographs of the nanoscratch mark morphology of resin-based composites after immersion in Coca-Cola.
(a) Z350, (b) Superlux, (c) Durafill, and (d) TPH3.

immersion in orange juice (Figure 5(d)). Similar results were
observed with cola (Figure 6(d)).

According to previously published results and our exper-
imental observations, the wear behavior of both composites
could be attributed to the delamination/pull-out or crack-
ing/fracture mechanisms. Delamination is generally defined
as the desquamation of reinforcement particles in the form of
sheets or flakes caused by subsurface crack propagation along
the sliding direction [26]. Such cracks occur in deformed
areas, thus, it is probable that plastic flowoccurred in the resin
matrix after filler displacement during the wear process.

Generally, TPH3 and Z350 experience less degradation
than Superlux and Durafill. This may be attributed to the
lower polymer matrix content in the composites. Because
TPH3 and Z350 have less polymer matrix than Superlux and
Durafill, the nanofiller composites showed a lower reduction
in nanohardness after immersion in acidic drinks compared
to a universal hybrid and microfilled composite. This differ-
ence can be attributed to the lower organic matrix content
of Superlux relative to TPH3. For example, the microfilled
composite showed a greater reduction in hardness when
compared to a universal hybrid composite. The reasoning
presented in a previous study that the nanosize of the
hard phase in biological materials will enhance the interface
strength that might be used to explain this result [4, 27].

It is suggested that as the diamond tip slides on the composite
surface, differences in the stress concentration between the
filler and matrix interfaces may exist due to differences in
the size of fillers. This implies that the stress and degradation
associated with larger filler particles were greater than those
with smaller particles which is consistent with the present
study [28].

As shown in Table 3, the One-way ANOVA analysis and
LSD 𝑡-test indicated a significant difference for the tested
immersion media and resin composites. The nanoscratch
depths for all materials indicate that a higher inorganic con-
tent corresponded to a lower the scratch depth. The depth of
nanoscratch of among composites followed by the decreasing
order Durafill > Superlux > TPH3 > Z350. The orange
juice significantly increased the depth of nanoscratch more
than the distilled water and cola. There was also significant
difference in depth changes between distilled water, orange
juice, and cola in all specimens under the same test condition.
(𝑃 < 0.05). As can be observed, increase in inorganic content
can decrease scratch depth, in scratching process compact
and hard inorganic network can resist penetration of indenter
and in this manner restricts deformation of the surface.

It is generally understood that highly filled composites
are more resistant to degradation [29, 30] because of the
limited spaces and pathways available for acid molecules to
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Figure 6: Representative SEM micrographs of the nanoscratch mark morphology of resin-based composites after immersion in distilled
water. (a) Z350, (b) Superlux, (c) Durafill, and (d) TPH3.

Table 3: Mean and standard deviation (S.D.) of depth parameters from nanoscratch test (nm).

Sample Distilled water Orange juice Cola
1 cycle 1 cycle 1 cycle

Z350 91.47 (0.23)aA 95.83 (0.45)bB 93.45 (0.47)dC

TPH3 101.44 (1.23)bA 105.41 (1.31)cB 102.82 (0.92)aC

Superlux 111.30 (1.64)cA 119.14 (1.43)dB 115.10 (2.24)bC

Durafill 122.27 (2.12)dA 130.94 (2.45)aB 127.31 (1.99)cC

Different uppercase letters in the same line indicate differences for storagemedia; different lowercase letters in the same column indicate differences formaterials
(P < 0.05).

diffuse within the polymer network. Thus, when a composite
is subjected to scratching, the compact and hard inorganic
network can resist the penetration of the indenter, which
limits the deformation.

In this study, it has been confirmed that all of the tested
factors can affect the resin performance. The behavior of
each material was influenced by its components but was not
entirely determined by one or more factors. Manufacturers
should consider these factors when producing materials with
a homogeneous body.

4. Conclusions

We can draw the following conclusions from this study.
Modern dental restorative materials have been shown to

behave differently when stored in different types of media.
The microfilled and universal hybrid resin composites were
significantly affected by exposure to cola and orange juice.
The nanofilled resin composites showed greater wear resis-
tance. In addition, other factors were found to play an
important role in determining the resin surface stability
characteristics, such as the filler loading, filler type, and the
proportion of filler/matrix.

Currently, the filler particles of resin composites can be
classified according to size as microfilled hybrid, nanohy-
brid, and nanofilled. Hybrids have different incorporation
particles sizes (15–20𝜇m and 0.01–0.05𝜇m) and fillers offer
excellent mechanical properties. Microfill composites have
excellent aesthetic effects and include colloidal silica and
particles (0.01–0.05 𝜇m). As the dental market improves,
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nanocomposites are increasingly used in clinical settings.
These materials combine the good mechanical strength of
the hybrids [31] with the aesthetic performance, surface
smoothness, and superior polish of themicrofills [32]. Several
types of nanocomposites are available, including nanohy-
brids, which can contain glass fillers and nanoparticles,
as well as nanofills, which contain many different sizes of
nanofill particles [33].
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At micro/nanoscale, the interaction potential between parabolic rotator and a particle located outside the rotator is studied on
the basis of the negative exponential pair potential (1/𝑅)𝑛 between particles. Similar to two-dimensional curved surfaces, we
confirm that the potential of the three-dimensional parabolic rotator and outside particle can also be expressed as a unified form
of curvatures; that is, it can be written as the function of curvatures. Furthermore, we verify that the driving forces acting on the
particle may be induced by the highly curved micro/nano-parabolic rotator. Curvatures and the gradient of curvatures are the
essential elements forming the driving forces. Through the idealized numerical experiments, the accuracy of the curvature-based
potential is preliminarily proved.

1. Introduction

In recent years, various phenomena at micro/nanoscales
increasingly draw people’s attention. The highly curved
spaces widely exist at micro/nanoscales. As a typical form,
curved surfaces are objects studied in differential geometry.
In addition, there is another space form, that is, the curved
surface body. A curved surface body is a three-dimensional
body. In this sense, it is outside the range of curved spaces.
Nevertheless, when the size scale we study is small enough,
the large specific surface area and the highly curved outer
surface will powerfully connect curved surface body with
curved space.

Similar to curved surfaces, curved surface bodies widely
exist at micro/nanoscales. In biological system, organic parti-
cles may be transported between cells by the tubular conduits
of tunneling nanotubes [1] (Figure 1). Human fibroblasts
extend by sensing the fiber curvatures [2]. Inward curvatures
of the plasma membrane may cause BAR-domain proteins to
release Rac [2, 3]. Silicone oil droplets on conical surfaces will
move spontaneously towards the end with bigger diameter
[4]. Through the interaction between the tip (Figure 2) and
the tested object [5], atomic force microscope can probe
the morphologies of surfaces [6]. All these cases involve the
interaction of the curved surface bodies.

Previously, based on the pair-potential of particles
((1/𝑅)𝑛), Yin et al. [7] studied the interaction between
micro/nano-curved surface and a particle located outside the
surface. Wu et al. [8, 9] explored the interaction between
micro/nano-curved surface and a particle located inside
the surface. Their researches verify that interaction between
highly curved surface and particle can be expressed as the
function of curvatures.Then they give the following proposi-
tions. (a) At micro/nanoscale, the highly curved surface can
induce driving forces. (b)The essential elements that form the
driving forces are curvatures and the gradient of curvatures.

Previous studies inspire us to raise questions. Will the
interaction potential between curved surface body and par-
ticle be expressed as the function of curvatures? Whether the
curved surface of the curved surface body can induce the
driving forces as well? This paper will give the answers.

2. Interaction between Semi-Infinite
Plane Body and a Particle Located
outside the Plane

As a prelude, we review the interaction between semi-infinite
plane body and a particle located outside the plane, which has
already existed in the flat space.
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Figure 1: The transportation of organic particles between cells by tunneling nanotubes [1].

Figure 2: Atomic force microscopes with sharp probe (B) and blunt probe (C) [5].

Semi-infinite plane body belongs to the three-
dimensional Euclid space. Thus, the interaction between it
and an outside particle is a classical mechanical problem.The
potential can be found in the book written by Israelachvili
[10]. As shown in Figure 3, if we assume that the pair-
potential between particles has the form of 𝑢(𝑟) = 𝐶/𝑟𝑛, the
number density of molecules in semi-infinite plane body

is 𝜌, and the nearest distance between the particle and the
plane is ℎ, then the interaction potential of the particle 𝑝 and
semi-infinite body can be written as

𝑈
𝑛
=

2𝜋𝜌𝐶

(𝑛 − 2) (𝑛 − 3) ℎ𝑛−3
, 𝑛 ≥ 4. (1)
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z

P(0, 0, h)

Figure 3: The interaction between semi-infinite plane body and an
outside particle.

If the surface of the plane body shown in Figure 3 bends, it
will become a curved surface body.Hence, semi-infinite plane
body is not only a particular case of the curved surface body,
but also the foundation for further studies.

3. Classification of Parabolic Rotators

Previously, researchers have studied the interaction between
certain curved surface body and a particle, like a sphere
and a cylinder [11, 12]. As a preliminary test, this paper will
study another simple case, that is, the interaction between a
parabolic rotator and a particle located outside the rotator.

According to the bending direction, parabolic rotators
can be divided into two categories, that is, convex parabolic
rotator and concave parabolic rotator (Figure 4). Obviously,
these two kinds of parabolic rotators are different when they
interact with an outside particle. From this perspective, these
two cases should be studied separately.

Whatever it is convex or concave, the biggest commonal-
ity of two kinds of parabolic rotators is that they have similar
curved surfaces, that is, the revolutionary paraboloid. In this
sense, it is possible to study two kinds of parabolic rotators
uniformly. A unified coordinate system is used to ensure the
uniformity.

As shown in Figures 5 and 6, a local Cartesian coordinate
system𝑂−𝑥𝑦𝑧 is built at the vertex𝑂 of the parabolic rotator.
The 𝑥−𝑦 plane is the tangent plane of the parabolic rotator at
the vertex𝑂.The function of the revolutionary paraboloid for
the convex and concave rotators can be uniformly expressed
as 𝑧 = (𝑐/2)(𝑥

2
+ 𝑦
2
) in such coordinate system. By the

differential geometry [13], the principal curvatures at the
vertex 𝑂 of the revolutionary paraboloid are 𝑐

1
= 𝑐
2
= 𝑐 with

𝑐 > 0 in the illustrated coordinate system.
Assuming that the outside particle 𝑝 is located on the axis

𝑧 and has a distance ℎ to the vertex 𝑂, the coordinate of the
particle𝑝 is (0, 0, −ℎ) for convex parabolic rotator and (0, 0, ℎ)
for concave parabolic rotator. To ensure uniformity, we
write the coordinate of the particle 𝑝 as (0, 0, 𝑧

𝑝
). Therefore,

𝑧
𝑝
= −ℎ corresponds to convex parabolic rotator and

𝑧
𝑝
= ℎ corresponds to concave parabolic rotator. Define the

dimensionless coordinates as

�̃�
𝑝
=
𝑧
𝑝

ℎ
. (2)

(a)

(b)

Figure 4: (a) Convex parabolic rotator and an outer particle; (b)
concave parabolic rotator and an outer particle.

A B

C

x

y

z

r

O𝜃0

P(0, 0, −h)

z =
c

2
(x2 + y2)

Figure 5:The coordinate system of convex parabolic rotator and an
outside particle.

Obviously, there are only two values for �̃�
𝑝
. �̃�
𝑝
= −1

corresponds to convex parabolic rotator, and �̃�
𝑝
= +1

corresponds to concave parabolic rotator.

4. Interaction Potential between Parabolic
Rotator and a Particle

4.1. The General Formulation of the Potential. In order to
derive the interaction potential between the particle𝑝 and the
parabolic rotator, we draw a sphere with the center at particle
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Figure 6: The coordinate system of concave parabolic rotator and
an outside particle.

𝑝 and the radius 𝑟. The intersection part of spherical surface
and parabolic rotator is an arc surface with the area 𝑆. Then
the potential between the particle and parabolic rotator is

𝑈
𝑛
= ∫

∞

ℎ

𝐶𝜌V𝑆

𝑟𝑛
𝑑𝑟. (3)

Equation (3) is valid for both convex parabolic rotator and
concave parabolic rotator.

4.2. The Uniform Formulation of the Area of the Arc Surface.
The area 𝑆 in (3) can be determined as follows. For convex
parabolic rotator (Figure 5), we have

𝑆 = ∫

2𝜋

0

𝑑𝜑∫

𝜃
0

0

𝑟
2 sin 𝜃𝑑𝜃 = 2𝜋𝑟2 (1 − cos 𝜃

0
) . (4)

The spherical center angle 𝜃
0
satisfies

cos 𝜃
0
=
𝑧 + ℎ

𝑟
. (5)

In triangle ABC, we have

𝑥
2
+ 𝑦
2
+ (𝑧 + ℎ)

2
= 𝑟
2
. (6)

By combining 𝑧 = (𝑐/2)(𝑥2 + 𝑦2) with (5) and (6), we get

cos 𝜃
0
=

√(2ℎ/𝑐) + (1/𝑐2) + 𝑟2 − (1/𝑐)

𝑟
.

(7)

Substitution of (7) into (4) leads to

𝑆 = 2𝜋𝑟 [𝑟 +
1

𝑐
−
1

𝑐

√1 + 2ℎ𝑐 + (𝑐𝑟)
2
] . (8)

For concave parabolic rotator (Figure 6), there is

̆𝑆 = 4𝜋𝑟
2
− ∫

2𝜋

0

𝑑𝜑∫

𝜃
0

0

𝑟
2 sin 𝜃𝑑𝜃 = 2𝜋𝑟2 (1 + cos 𝜃

0
) , (9)

cos 𝜃
0
=
𝑧 − ℎ

𝑟
. (10)

In triangle ABC, there is

𝑥
2
+ 𝑦
2
+ (𝑧 − ℎ)

2
= 𝑟
2
. (11)

By combing 𝑧 = (𝑐/2)(𝑥2 + 𝑦2) with (10) and (11), we get

cos 𝜃
0
=

√− (2ℎ/𝑐) + (1/𝑐2) + 𝑟2 − (1/𝑐)

𝑟
.

(12)

Substitution of (12) into (9) gives

̆𝑆 = 2𝜋𝑟 [𝑟 −
1

𝑐
+
1

𝑐

√1 − 2ℎ𝑐 + (𝑐𝑟)
2
] . (13)

Obviously, with the dimensionless coordinate �̃�
𝑝
, (8) and (13)

can be uniformly written as

𝑆 = 2𝜋𝑟 [𝑟 −
1

�̃�
𝑝
𝑐
+
1

�̃�
𝑝
𝑐

√1 − 2ℎ�̃�
𝑝
𝑐 + (�̃�

𝑝
𝑐𝑟)
2

] . (14)

4.3. Curvature-Based Interaction Potential between Particle
and Parabolic Rotator. By substituting (14) into (3), we obtain
the interaction potential between the particle 𝑝 and convex
and concave parabolic rotators uniformly:

𝑈
𝑛
= 2𝜋𝜌V𝐶

× ∫

∞

ℎ

1

𝑟𝑛−1

× [𝑟 −
1

�̃�
𝑝
𝑐
+
1

�̃�
𝑝
𝑐

√1 − 2ℎ�̃�
𝑝
𝑐 + (�̃�

𝑝
𝑐𝑟)
2

]𝑑𝑟.

(15)

The objective of this section is to express (15) as an explicit
function of curvature. The technique is mature, that is,
the series expansion for small parametric variable [14]. The
distanceℎ is used as the characteristic length in dimensionless
transformations:

𝑐 = 𝑐ℎ, 𝑟 =
𝑟

ℎ
. (16)

Then (15) can be written as

𝑈
𝑛
=
2𝜋𝜌V𝐶

ℎ𝑛−3

× ∫

∞

1

1

𝑟𝑛−1

× [𝑟 −
1

�̃�
𝑝
𝑐
+
1

�̃�
𝑝
𝑐

√1 − 2�̃�
𝑝
𝑐 + (�̃�

𝑝
𝑐𝑟)
2

]𝑑𝑟.

(17)

In (17), let

𝑓 (𝑐) = √1 − 2𝑐 + (𝑐𝑟)
2
. (18)

Here 𝑐 = �̃�
𝑝
𝑐 and 𝑓(𝑐) is the continuously differentiable

function of 𝑐. Suppose that the distance ℎ is a small quantity
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Table 1: The error of curvature-based potential between the convex parabolic rotator and the particle (𝑛 = 6).

𝑐 (
_̃
𝑈6)numerical (

_̃
𝑈6)polynomial 𝛿 =



(
_̃
𝑈6)polynomial − (

_̃
𝑈6)numerical

(
_̃
𝑈6)numerical



0.5 0.554354020074120 0.625000000000000 0.127438382996544
0.4 0.609849704658992 0.640000000000000 0.049438894715652
0.3 0.677316303948916 0.685000000000000 0.011344324662327
0.1 0.866023611886837 0.865000000000000 0.001181967642437
0.05 0.929014971306476 0.928750000000000 2.852174772848038𝑒 − 004

0.03 0.956428713838380 0.956350000000000 8.229974407998883𝑒 − 005

0.01 0.985151878051310 0.985150000000000 1.906357133214219𝑒 − 006

0.005 0.992534562174735 0.992537500000000 2.959922381342625𝑒 − 006

0.001 0.998496854809661 0.998501500000000 4.652183245473563𝑒 − 006

0.0001 0.999845094980028 0.999850015000000 4.920782226301011𝑒 − 006

compared to the curvature radius at the vertex of parabolic
rotator.Therefore, the dimensionless curvatures satisfy 𝑐 ≪ 1
and |𝑐| ≪ 1. Take 𝑐 as the small parametric variable and use
the method of series expansion [14]. Function 𝑓(𝑐) can be
expanded as Taylor’s series of small parametric variable 𝑐:

𝑓 (𝑐) ≈ 𝑓 (0) + (
𝜕𝑓

𝜕𝑐

𝑐=0

) 𝑐 +
1

2!
(
𝜕
2
𝑓

𝜕𝑐2

𝑐=0

) 𝑐
2

+
1

3!
(
𝜕
3
𝑓

𝜕𝑐3

𝑐=0

) 𝑐
3
+
1

4!
(
𝜕
4
𝑓

𝜕𝑐4

𝑐=0

) 𝑐
4
+ ⋅ ⋅ ⋅

+
1

𝑚!
(
𝜕
𝑚
𝑓

𝜕𝑐𝑚

𝑐=0

) 𝑐
𝑚
+ 𝑂 (𝑐

𝑚
) .

(19)

We omit the terms whose orders are higher than 3 to get the
polynomial of variable 𝑐:

𝑓 (𝑐) ≈ 𝑓 (0) + 𝑓

(0) 𝑐 +

𝑓

(0)

2!
𝑐
2
+
𝑓

(0)

3!
𝑐
3
+ 𝑂 (𝑐

3
)

= 1 − 𝑐 +
1

2
(𝑟
2
− 1) 𝑐

2
+
1

2
(𝑟
2
− 1) 𝑐

3
.

(20)

Substitution of (20) into (17) leads to the uniform polynomial
of curvature-based potential:

𝑈
𝑛
= 𝑈
𝑛
[1 +

𝑛 − 3

𝑛 − 4
�̃�
𝑝
𝑐 +

𝑛 − 3

𝑛 − 4
(�̃�
𝑝
𝑐)
2

] . (21)

Equation (21) requires 𝑛 ≥ 5. The value of index 𝑛 is
determined by the expanding order of 𝑐 in (19). If the series
is expanded to 𝑐3, then 𝑛 ≥ 4 is needed.

Although parabolic rotator is three-dimensional body,
(21) indicates that the interaction potential between the
rotator and the particle is still decided by the curvature 𝑐. If
𝑐 → 0, we have 𝑈

𝑛
→ 𝑈
𝑛
; that is, the interaction potential

𝑈
𝑛
will degenerate to 𝑈

𝑛
. Once the flat surface is curved, the

interaction potential is no longer 𝑈
𝑛
, and a modified term

of curvatures must be involved. The more curved the space
is, the more significant the influence of modified term of
curvatures is.

5. Numerical Verification

What is the accuracy of the curvature-based potential of
polynomial? The answer will be provided through numerical
verification.

First, both sides of curvature-based potential of polyno-
mial (21) are divided by 𝑈

𝑛
to get the dimensionless form:

(�̃�
𝑛
)
polynomial

=
𝑈
𝑛

𝑈
𝑛

= 1 +
𝑛 − 3

𝑛 − 4
�̃�
𝑝
𝑐 +

𝑛 − 3

𝑛 − 4
(�̃�
𝑝
𝑐)
2

. (22)

Then both sides of (17) are divided by 𝑈
𝑛
to get the

dimensionless potential of integral form:

(�̃�
𝑛
)
numerical

= (𝑛 − 2) (𝑛 − 3)

× ∫

∞

1

1

𝑟𝑛−1

× [𝑟 −
1

�̃�
𝑝
𝑐
+
1

�̃�
𝑝
𝑐

√1 − 2�̃�
𝑝
𝑐 + (�̃�

𝑝
𝑐𝑟)
2

]𝑑𝑟.

(23)

Finally, (�̃�
𝑛
)numerical in (23) and (�̃�

𝑛
)polynomial in (22) are

compared, and the accuracy of (22) may be estimated:

𝛿 =



(�̃�
𝑛
)
polynomial

− (�̃�
𝑛
)
numerical

(�̃�
𝑛
)
numerical



× 100%. (24)

In the numerical calculations, we will take 𝑛 = 6. The errors
of curvature-based potential of convex and concave parabolic
rotators are listed in Tables 1 and 2, respectively. From these
we can see that the curvature-based potential has enough
accuracy when 𝑐 is a small quantity.
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Table 2: The error of curvature-based potential between the concave parabolic rotator and the particle (𝑛 = 6).

𝑐 (
̃̆
𝑈
6
)numerical (

̃̆
𝑈
6
)polynomial 𝛿 =



(
̃̆
𝑈
6
)polynomial − (

̃̆
𝑈
6
)numerical

(
̃̆
𝑈
6
)numerical



0.5 1.999990099763677 2.125000000000000 0.062505259526582
0.4 1.767008983006020 1.840000000000000 0.041307666059404
0.3 1.548796643131850 1.585000000000000 0.023375151946961
0.1 1.162688575661165 1.165000000000000 0.001987999527320
0.05 1.078359520840800 1.078750000000000 3.621048005354316𝑒 − 004

0.03 1.046242770650530 1.046350000000000 1.024899310924430𝑒 − 004

0.01 1.015137871366782 1.015150000000000 1.194776942179518𝑒 − 005

0.005 1.007530503256329 1.007537500000000 6.944448479219859𝑒 − 006

0.001 1.001496244320401 1.001501500000000 5.247827567111332𝑒 − 006

0.0001 1.000145034778507 1.000150015000000 4.979499292623452𝑒 − 006

6. Discussions

6.1. Local Properties of the Curvature-Based Potential. The
integrand in (3) is

𝑔 (𝑟, 𝑐) =
1

𝑟𝑛−1
[𝑟 −

1

�̃�
𝑝
𝑐
+
1

�̃�
𝑝
𝑐

√1 − 2�̃�
𝑝
𝑐 + (�̃�

𝑝
𝑐𝑟)
2

] . (25)

The domain of integration is [ℎ,∞). Hence the interac-
tion between parabolic rotator and the particle reflects the
global properties of the system. However, in the viewpoint
of physics, the short-range interaction pair-potential deter-
mines that the particle 𝑝 mainly interacts with the nearest
zone of curved surface body. Thus, from the mathematical
point of view, the distribution of integrand 𝑔(𝑟, 𝑐) is of highly
local properties, which can be further proved as follows. For
convex and concave parabolic rotators, there are

𝑔 (𝑟, 𝑐) =
1

𝑟𝑛−1
[𝑟 +

1

𝑐
−
1

𝑐

√1 + 2𝑐 + (𝑐𝑟)
2
] ,

̆𝑔(𝑟, 𝑐) =
1

𝑟𝑛−1
[𝑟 −

1

𝑐
+
1

𝑐

√1 − 2𝑐 + (𝑐𝑟)
2
] .

(26)

The distribution diagrams are shown in Figures 7 and 8. We
can see that the values of the integrand mainly distribute in
the region of the dimensionless radius 𝑟 ∈ [1, 3]. Beyond this
region the integrand decreases to zero rapidly.

Moreover, we can interpret the mechanism in Figures 7
and 8 concretely. Along with the increase of the radius 𝑟,
the area of arc surface cutoff by the sphere with center 𝑝
from the curved surface body gets larger. However, the pair-
potential between particle 𝑝 and particles on the arc surface
decreases sharply. Their product will reach the maximum
when 𝑟 comes to a certain value. Later, the effect decreasing
potential exceeds that of the increasing area, causing the
integrand to decrease rapidly. This is the mathematical
foundation for the local properties of the interaction between
the particle and the parabolic rotator. Since the local particles
of parabolic rotator are mostly distributed on the surface
and the surface morphology is depicted by curvatures, the
interaction between the particle and parabolic rotator is

0
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Figure 7: The distribution of 𝑔(𝑟, 𝑐) along with 𝑟 when 𝑛 = 6, 𝑐 =
0.1.

mainly determined by curvatures and can be written as the
curvature-based form finally.

6.2. The Driving Force on the Particle. The dimensional form
of the curvature-based potential in (21) is

𝑈
𝑛
= 𝑈
𝑛
[1 +

𝑛 − 3

𝑛 − 4
𝑧
𝑝
𝑐 +

𝑛 − 3

𝑛 − 4
(𝑧
𝑝
𝑐)
2

] . (27)

Supposing that the movement of the particle is restricted on
the axis 𝑧, the driving force exerted on the particle in the 𝑧
direction isc

𝐹
𝑧
= −

𝜕𝑈
𝑛

𝜕𝑧
𝑝

= −𝑈
𝑛

𝑛 − 3

𝑛 − 4
𝑐 [1 + 2𝑧

𝑝
𝑐]

−
𝜕𝑈
𝑛

𝜕ℎ

𝜕ℎ

𝜕𝑧
𝑝

[1 +
𝑛 − 3

𝑛 − 4
𝑧
𝑝
𝑐 +

𝑛 − 3

𝑛 − 4
(𝑧
𝑝
𝑐)
2

] .

(28)
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Figure 8: The distribution of ̆𝑔(𝑟, 𝑐) along with 𝑟 when 𝑛 = 6, 𝑐 =
0.1.

Here there is 𝜕ℎ/𝜕𝑧
𝑝
= ±1, and it takes minus sign for convex

curved surface body and positive sign for concave curved
surface body.

If 𝑐 → 0, that is, parabolic rotator generates on semifinite
plane body, then (28) is

𝐹
𝑧
= −

𝜕𝑈
𝑛

𝜕ℎ

𝜕ℎ

𝜕𝑧
𝑝

. (29)

Equation (29) is the driving force acting on the particle by
semifinite plane body, which is a classical conclusion.

Once 𝑐 → ∞, then 𝐹
𝑧
→ ∞; that is, there are

infinite forces acting on the particle if curvatures of vertex
of parabolic body tend to infinity. Such vertex with infinite
curvatures is a sharp singularity geometrically. Thus, the
sharp singularity can induce strong driving force, which
provides insight to understand a large amount of abnormal
movements around singularities.

Specifically, if such driving force is attractive, strong
effect of hydrophilic will cause water droplets come into
being around singularities, which can help living organism
to absorb water from environment (Figure 9). Otherwise,
repulsive force will cause hydrophobic effect and help living
organism to discharge water into environment.

The above analysis enhances previous propositions:
curved spaces can induce driving forces. Definitely, curva-
tures can induce driving forces. By changing curvatures,
driving forces acting on the particle can be changed, which
means that it is possible to regulate movements of particles
by noncontacting and geometrical methods.

If the particle 𝑃 is confined to the parallel curved surface
with ℎ = Const. (Figure 10) and can only move along the
generating line of the parallel curved surface, then the particle
will sense the tangential force induced by the changing of
curvatures. Parabolic body is a particular case of curved
surface body, as principle curvatures at vertex are equal; that

(a)

(b)

Figure 9: The driving force around singularities: hydrophilic or
hydrophobic effect.

h

P

→
t

Figure 10: The movement of the particle induced by curvatures on
the parallel surface.

is, 𝑐
1
= 𝑐
2
= 𝑐. But once the particle moves and deviates from

the top of vertex, principle curvatures of two directions at the
nearest point from the body to the particle come to unequal
magnitude. Thus, in order to write the tangential force as
a function of the gradient of curvatures, the interaction
potential between the particle and general curved surface
body should be studied, which will be shown in a subsequent
paper.

7. Conclusions

Although the parabolic rotator at micro/nanoscale may be
a particular case of curved surface bodies, the propositions
deduced from it do not lose universality; that is, they are
valid in curved surface bodies with any bending surfaces.
In the succeeding papers, we will expand the propositions
in this paper to general curved surface bodies. Based on
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the progress in this paper, we can say that the propositions
derived in the curved surface and curved line will stay valid
in the curved surface body as well. In other words, the
proposition that micro/nano-curved spaces induce driving
force is of universality. It alsomeans that curvature is a crucial
factor at micro/nanoscale and should be one of the cores in
micro/nanomechanics.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by the National Natural Sciences
Foundation of China (Grant nos. 11072125, 11272175, 11102138,
and 10602040) as well as the Natural Science Foundation of
Jiangsu province (Grant nos. BK2011075 and BK20130910)
and Foundation of Doctoral Supervisor.

References

[1] N. M. Sherer and W. Mothes, “Cytonemes and tunneling nan-
otubules in cell-cell communication and viral pathogenesis,”
Trends in Cell Biology, vol. 18, no. 9, pp. 414–420, 2008.

[2] V. Vogel and M. Sheetz, “Local force and geometry sensing
regulate cell functions,” Nature Reviews Molecular Cell Biology,
vol. 7, no. 4, pp. 265–275, 2006.

[3] B. Habermann, “The BAR-domain family of proteins: a case of
bending and binding?”EMBOReports, vol. 5, no. 3, pp. 250–255,
2004.
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