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Incorporating functional nanomaterials into polymers is an
effective approach to achieving enhanced performances and
creating new functionalities for the lightweight material
applications. The resulting polymer nanocomposites benefit
from advantages of both polymer matrix and nanoreinforce-
ment phase. For the past few decades, polymer nanocom-
posite has become one of the most attractive research areas
drawing magnificent attentions from both academia and
industry. It is designed by taking advantage of specific char-
acteristics of components, with intention for broad applica-
tions such as lightweight structures and energy and biomedi-
cal applications. Selected original research articles were com-
piled in this special issue reviewing some recent achievement
on multifunctional polymer nanocomposites.

P. Gao and Y. Zhang synthesized zinc borate nanowhisker
and used it to fabricate fire retardant polystyrene nanocom-
posites. Meanwhile, the nanowhisker also improved the
surface quality (smoothness) and mechanical properties. A
similar scenario was also reported by C. Yufei et al. in surface
modified titanium dioxide/polyurethane modified epoxy.
The improved interfacial interactions and dispersion because
of the surfactant on TiO

2
led to the enhancement of both

properties.
Y. Fu et al. dispersed nanosilica in epoxy to strengthen

the shape memory effects of polymer matrix. The resulting
nanocomposites showed both improved triple shapememory
effects and the shape fixity properties. Nanocomposite fiber
composed of ultrahigh molecular weight polyethylene and

surface modified nanosilica was fabricated by J. Yeh and
coworkers. Processing procedures were optimized leading to
enhanced mechanical properties which can be attributed to
the good dispersion and surface modification of nanosilica.

M.A. Awad et al. reported antibacterial activities of nano-
silver modified polystyrene nanocomposites with intended
application for food packaging, which can be used against
Gram-negative bacteria Escherichia coli, Klebsiella pneumo-
niae, and Salmonella andGram-positive bacteria Staphylococ-
cus aureus. M. G. Albu et al. prepared nanocomposite scaf-
folds with nanosilver for biomedical applications, which
showed a clear antiseptic activity against Escherichia coli.

These original research articles focused on critical issues
in polymer nanocomposites including nanoparticle resources
and dispersion, polymer/nanoparticle interface, and process-
ing of nanocomposites and their effects on the structural
properties and functionalities. We hope to enrich our readers
and researchers with the state-of-the-art research by compil-
ing these articles in this special issue.

Bin Li
Nazanin Emami

Guan Gong
Weidong Song

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2016, Article ID 5790194, 1 page
http://dx.doi.org/10.1155/2016/5790194
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Polymer matrix of EP-PU was prepared by epoxy resin which was polyurethane toughened, and TCA201 coupling agent was used
to modify nano-TiO

2
, and TiO

2
/EP-PU composite was synthesized using EP, PU, and TCA201-TiO

2
. The results of SEM and TEM

showed that the surface of TiO
2
was coated with TCA201 coupling agent through the bonding between the hydroxyl of nano-

TiO
2
particle and coupling agent molecules, the interaction would be beneficial to improve compatibility of inorganic and organic

phases, and TCA201-TiO
2
would disperse evenly in composite and improve performance of composite materials. The mechanical

properties, thermal stability, dielectric properties, and breakdown strength of composites were investigated by electronic tensile
machine, TGA, dielectric spectrum, and CS2674C type voltage tester. The results indicated that appropriate amount of TCA201-
TiO
2
could improve mechanical properties, the shear strength of 3 wt%-TiO

2
/EP-PU reached the maximum value at 27.14MPa, its

thermal decomposition temperature was 397.82∘C, enhanced 17.48∘C more than that of EP-PU matrix, and its dielectric constant
(𝜀) and dielectric loss (tan 𝛿) showed 4.27 and 0.02, respectively. Its breakdown field strength was 14 kV/mm. Its performance met
the requirement of dielectric materials.

1. Introduction

Epoxy resin (EP) is one of the most commonly used ther-
mosetting materials in high voltage apparatus as insula-
tion due to its excellent mechanical, electrical properties
and chemical stability. EP adhesive with excellent bonding
properties is widely used in aerospace, military, electronics,
construction, and many other fields [1]. The main purpose
of this study was that polyurethane (PU) and inorganic
nano-TiO

2
are used to increase the mechanical strength,

thermal stability and improve the dielectric properties of the
composites. Polyurethane (PU) was used as the flexibilizer
that reinforced toughness of epoxy resin, and the interfacial
theory of composite materials was used to analyze the
relationship between material structure and properties of
composite [2]. Owing to the poor compatibility existing
between the interface of organic matrix and inorganic fillers,
some efforts were usually necessary to enhance the compat-
ibility between the inorganic fillers and the polymer matrix
during the preparation of hybridmaterials [3]. To achieve this

objective, TCA201 coupling agent is usually used to modify
nano-TiO

2
and the surface ofmodified nano-TiO

2
has existed

in active group (–OH, –COOH), so the relations of inorganic
fillers and polymer matrix should be improved and were
beneficial to interfacial energy in the formation of hybrid
composites. In this research, EP-PU has existed in “island”
structure; this structure is in favor of composites toughness
[4]. At the same time, the performance of the composites was
tested through mechanical properties, thermal stability, and
dielectric properties.

2. Experimental

2.1. Materials. The chemicals used in this study such as
epoxy resin (EP-51) andmethyl tetrahydrophthalic anhydride
(MTHPA) were industrial products and were purchased
from the Lanxing New Chemical Materials Co., Ltd., China.
Polyurethane (PU) was industrial products and obtained
from JindaoMaterial Sci &TechCo., Ltd., Beijing, China, and
imidazole was industrial products and purchased from Jinyan

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 167150, 7 pages
http://dx.doi.org/10.1155/2015/167150
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Figure 1: The chemical structure of TCA201.

Trading Co., Ltd., Guangzhou, China. The density of TiO
2

is 0.42 g/cm3, the size of particle is 25 nm, and the melting
point of TiO

2
is 1830–1850∘C and comes from Yicheng

Jingrui New Material Co., Ltd., China. Coupling agent of
titanate (TCA201) is brought from Jing Tianwei Chemi-
cal Co., Ltd., Nanjing, China. The structure of isopropyl
tri(dioctylpyrophosphate) titanate (TCA201) was shown in
Figure 1.

2.2. Modification of Nano-TiO
2
. TCA201 was dissolving in

17mL toluene and its concentration was 2.6%. TiO
2
was

added into above solution until the system was evenly about
2–4 hours under 80∘C and then was leached. TiO

2
was 10 g.

Washing modified TiO
2
solution with toluene 3-4 times and

leaching, put it into the oven and let it dry for 10 hours at 80∘C
and get TCA201-TiO

2
.

2.3. Preparation of Material Composites. Technological pro-
cess of composite materials was described as follows. A
certain percentage of the EP-51 and PU were mixed at 80∘C
until they dispersed evenly, and a certain amount of TCA201-
TiO
2
powder was added into above systems. The solution

was dissolving in the ultrasonic condition, cooled to 50∘C,
and added into MTHPA and imidazole until the system was
mixed completely. The mixture was degassed to remove air
bubbles and pour into preprepared molds for molding in the
oven and curing temperature was 80∘C for 2 hr, 120∘C, 150∘C,
and 180∘C for 1 hr, respectively.

2.4. Measurements. The FT-IR spectra, which were used to
study the chemical structure of the polymer matrix, were
performed with EQUINOX-55 Fourier transform spectrom-
eter (GER), in the 400–4000 cm−1 range, and 5 scans were
averaged for each spectrum. And it could be seen that there
existed the characteristic absorption peaks of material.

The fracture structures of samples were examined on the
Hitachi S-4300 scanning electron microscope (SEM, Japan).
Samples were deposited on a sample holder with adhesive
carbon foil and sputtered with gold.

The state of aggregation and morphology of nano-TiO
2

were tested by JEM-2100 transmission electron microscopy

(TEM, Japan), the test temperature was 18∘C, and voltage was
120 kV.

The FT-IR spectra, which were used to study the chem-
ical structure of the polymer matrix, were performed with
EQUINOX-55 Fourier transform spectrometer (GER), in the
400–4000 cm−1 range, and it could be seen that there existed
the characteristic absorption peaks of material.

The shearing strength of the composite materials was
determined with CSS-44300 electronic testing machine
(China) according to a native standard of GB/T7124-1986.
Standard tensile shear experiments were performed at room
temperature, under a speed of 5mm/min. For each sample,
at least five measurements were made, and the average value
was taken.

Thermogravimetric analysis (TGA), which could not
only investigate the state of a material and the process of
decomposition but also provide useful information about the
thermal stability of material, was recorded on a Perkin-Elmer
6 series thermal analysis system. Samples were heated from
200∘C to 800∘C at a heating rate of 20∘C/min in a nitrogen
atmosphere and weight of sample was about 10–15mg.

The dielectric constant (𝜀) and dielectric loss (tan 𝛿)
of composite materials were measured with Agilent-4294A
precision impedance analyzer (Japan) in the frequency of
50Hz at room temperature according to GB/T 1409-89.

CS2674C pressure tester (GER) was used to test the
breakdown strength of the composites.

3. Results and Discussions

3.1. FT-IR Spectral Analysis. FT-IR spectra of nano-TiO
2
were

presented in Figure 2. The curves ((a) and (b)) were desig-
nated as unmodified TiO

2
and TCA201-TiO

2
, respectively.

It was seen from Figure 2 that the curve of TCA201-
TiO
2
was different from the curve of unmodified TiO

2
. The

peak of curve (b) at 2864 cm−1 and 2934 cm−1 was due to
the stretching vibration of C–H in TCA201, and the peak at
1039 cm−1 was the characteristic peak of P–O–P [5].The peak
at 1724 cm−1 was the absorption band of P–O–H, and the
peak at 1464 cm−1 was the characteristic peak of P=O. It could
prove that TCA201 has been grafted to the surface of TiO

2
.

Chemical interaction of –OCH(CH
3
)
2
in titanate coupling

TCA201 and polar group for nano-TiO
2
would form organic

active monolayer, and this could help to facilitate two-phase
action between inorganic and organic phase and improve the
properties of composites.

3.2. Analysis of SEM Patterns. SEM was always used to
analyze microscopic structure of the composite material,
and the microstructures of nano-TiO

2
and composites were

shown in Figure 3.
Figures 3(a) and 3(b) show microtopography of unmod-

ified nano-TiO
2
, TCA201-TiO

2
and Figures 3(c) and 3(d)

show fracture SEM picture of 3 wt% (TCA201-TiO
2
)/EP-PU

and 7wt% (TCA201-TiO
2
)/EP-PU, respectively. Unmodified

TiO
2
particles had an irregular shape but uniformly dis-

perse. TiO
2
particles were of nanoscale and the white area

was relatively big, so the clusters phenomenon existed (see
Figure 4(a)). The surface that TCA201-TiO

2
was uniformly
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Figure 2: FT-IR spectra of nano-TiO
2
.

coated by coupling agent had relatively flat, smooth, and
small spherical particles, andwhite areasweremore dispersed
in Figure 3(b). Agglomeration tendency was weakened; the
interaction between the particles was reduced and uniformly
dispersed. It also indicated that particle size decreased, and
the surface area increased [6–8]. Figures 3(c) and 3(d)
showed that the relatively flat area was EP matrix, which
was continuous phase, and PU molecule had uniformly
formed “island structure” in EP matrix. Inorganic particles
were dispersing phase and were evenly dispersed in EP-PU
matrix, and the interaction of inorganic components and
PU matrix was very strong and they were distributed in PU
matrix “island structure” in Figures 3(c) and 3(d), and the
inorganic particles in “island structure” were of nanoscale.
Nanoparticles had a larger surface area [9], and the surface of
modified nanoparticles had active groups and compatibility
with organic phase, to promote the mutual penetration of
the two-phase interface; the interpenetration could help to
improve the mechanical properties.

3.3. Analysis of TEM Patterns. The morphology of TCA201-
TiO
2
was investigated by TEM in order to observe the effect

of modification and verified the result of FT-IR in Figure 4.
Figure 4 shows theTEM images of TCA201-TiO

2
; Figures

4(a) and 4(b) were magnified to 4 × 104 times and 8 × 104
times, respectively. In the picture, it would be seen that
TCA201-TiO

2
dispersed evenly, and the particle size was in

the nanosized andmodified nano-TiO
2
uniformly connected

at both ends of the coupling agent, which demonstrated that
the interaction of the active group in TiO

2
molecular and

the active group in TCA201 was existing. The interaction
could be intermolecular cross-linking, inhibit reuniting of
TiO
2
, and improve the interaction of two phases, titanate

made the epoxy resin and nano-TiO
2
surface connection

strengthen, and organic functional groups of titanate and the
epoxy resin should produce chemical bonding, so the nano-
TiO
2
well dispersed in an epoxy resin and TCA201-TiO

2

could greatly improve and enhance their overall performance.
Transmission electron microscopy showed how nano-TiO

2

and TCA201 connected.

3.4.Mechanical Properties. Thediagram of the shear strength
of TCA201-TiO

2
/EP-PU composite was shown in Figure 5.

With the increase of TCA201-TiO
2

filler, the shear
strength of the composites gradually increased and then
declined. The shear strength of 3 wt% TCA201-TiO

2
/EP-PU

compositewas themaximumvalue for 27.14MPa.The content
of TCA201-TiO

2
was more than 3wt% and the shear strength

of composite materials decreased but still was higher than
that of pure polymer matrix EP-PU.

Generally, TCA201-TiO
2
modified by coupling agent

was not simply physically blending with polymer matrix.
TCA201-TiO

2
and polymer matrix could form chemical

bonds through coupling agent; as the surface of TCA201-
TiO
2
has existed in much active groups, these groups could

improve fracture energy and adhesive strength of the com-
posites [10]. The structure of coupling agent had two kinds
of functional group; one was active group and the other
was nonactive group; this structure would play the role of a
bridge which associated with the nano-TiO

2
and the epoxy

matrix. The function enhanced the interfacial adhesion and
consumed more energy; thereby mechanical properties of
composites were improved [11].

Nanoparticles had large specific surface area and high
superficial energy; it could help to improve interactions
with epoxy matrix. When the content of nanoparticles was
more excessive, the interactions of inorganic particles could
be enhanced, but the interactions of polymer matrix and
inorganic component would weaken, and inorganic TiO

2

would be reunion and the dispersion of two phases would be
much difficult. The phenomenon of agglomeration occurred,
which resulted in stress concentration point, and themechan-
ical properties of composites could decrease, but the shear
strength of compositeswas still higher than that of pure epoxy
resin matrix [12, 13].

3.5. Heat Resistance Properties. Thermal degradation behav-
iors of compositeswere evaluated by thermogravimetric anal-
ysis (TGA). TGA curves of composite materials were shown
in Figure 6. The results demonstrated that 𝑇

𝑑
of TCA201-

TiO
2
/EP-PU was firstly increased and then decreased with

the increase of TCA201-TiO
2
doping. When the amount of

TCA201-TiO
2
was 3wt%, 𝑇

𝑑
that reached up to 397.82∘C

was higher 17.48∘C than that of pure materials. The main
reasons were that firstly heat resistance of inorganic TCA201-
TiO
2
was stronger and to increase its content in the polymer

matrix was bound to enhancing the heat resistance of the
composite. Secondly, there were active groups in the TCA201-
TiO
2
particles structure, and there were a large number

of hydroxyl groups in the organic phase; the two kinds of
active groups could have contact with cross-linking agent
and exist in strong interactions. This interaction enhanced
fracture energy of composites and became beneficial to
the heat resistant properties of composite [14, 15]. Thirdly,
inorganic TCA201-TiO

2
particles possessed a large specific

surface area, contacting area of organic matrix was larger,
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(a) (b)

(c) (d)

Figure 3: SEM photos of TiO
2
and TCA201-TiO

2
/EP-PU composite.

(a) (b)

Figure 4: TEM patterns of TCA201-TiO
2
.

and there were nanoeffects. So the thermal stability of com-
posites is enhanced. Fourthly, when the content of inorganic
component was excessive, the interaction forces of inorganic
particles would be enhanced and dispersion of two phases
weakened and easily led to agglomeration in the epoxy resin.

Figure 7 shows SEM patterns for the breakdown point of
7 wt%TCA201-TiO

2
/EP-PU. Figures 7(a), 7(b), and 7(c) show

back breakdown point of composite and Figure 7(d) shows
face breakdown point of composite.

It was seen that a large number of inorganic components
were separated (in Figures 7(a), 7(b), and 7(c)). This was
because electrical energy would transform into heat energy
in the breakdown processing; the heat energy caused epoxy
resin matrix to decompose and inorganic component of
composite was separated [16, 17]. And the heat energy of
back breakdown could not spread rapidly; therefore, it would
produce thermal loss. The produced heat energy during face
breakdown of composite radiated its heat away into space and
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Figure 5: Shear strength curve of TCA201-TiO
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2
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could not make two-phase inorganic and organic component
separate in Figure 7(d).

3.6. Dielectric Properties. Figure 8 shows the dielectric con-
stant and dielectric loss curve of TCA201-TiO

2
/EP-PU com-

posites. It was noted that dielectric constant of TCA201-
TiO
2
/EP-PU increased with the increasing of amount of

TCA201-TiO
2
. As polar functional groups increased, it would

result in the degree of polarization of the composite material
to enhance and led to the increase of the dielectric constant
eventually. At the same time, because nano-TiO

2
particles in

epoxy resin had a good surface effect, other polarization also
could occur in the two-phase interface of composite and led
to increasing the degree of polarization of the composite [18].

Dielectric loss (tan 𝛿) curve in Figure 8 displayed that
tan 𝛿 increased, too, with the increase of TCA201-TiO

2
filler.

There could be two reasons; one was electrical conductivity
loss of polar functional groups and the other was the
relaxation loss of the polar functional groups. From the above
analysis, conclusions were obtained that the polar functional
groups of the composite materials were driven by electric
field strength to generate strong polarization. And the content
of TCA201-TiO

2
in composite increased and the number of

the conductive carriers increased, too. Under the influence
of an external electric field, it made the carrier bring about
the directional movement phenomenon of the heat loss of
dielectric material, ultimately.

3.7. Breakdown Field Strength. Breakdown strength of insu-
lating material generally generates thermal breakdown and
electrical breakdown at the breakdown point, and simul-
taneously electric energy was changed to thermal energy,
so breakdown phenomenon would happen and the com-
posite is destroyed. Though the modified nanoparticles and
the organic polymer could be compatible well, and there
were certain defects between the inorganic phase and the
organic phase interface. It was seen in Figure 9 that the
breakdown field strength of TCA201-TiO

2
/EP-PU composite

was reduced with the content of TCA201-TiO
2
. Because

insulating materials might release heat and convert part of
the electrical energy into heat under an external electric
field, the dielectric loss happened and the energy was lost.
Therefore, the increase of dielectric loss gave the media issue
more heat and enhanced temperature, which would break the
balance of heating and cooling. In addition, TiO

2
had the

semiconductor, so the conductivity of composites improved
rapidly with the increase of temperature. This resulted in the
decline of material breakdown strength [19].

It would aggravate the second reunion of nanoparticles
in the composite curing process, which caused deformities
of the electric field and made the temperature at test point
of the local area slightly higher than the others. And this
part of heat could not be well distributed out and make
the thermal breakdown occur in this region. Secondly, there
were some compatibility issues between the two-phase inter-
faces when inorganic particles and the epoxy matrix were
mixed, at which some tiny bubbles and trap appeared in
composite materials, and the defects also increased with the
increase of TiO

2
. These factors brought about the decline of

breakdown field strength of composite material. Breakdown
field strength of 3 wt%-TCA201-TiO

2
/EP-PU composite was

14 kV/mm; it met the requirement of insulating material.

4. Conclusions

The results of FT-IR, TEM, and SEM demonstrated that
TCA201 coupling agent had connected with TiO

2
particle

through chemical cross-linking, and TCA201-TiO
2
could

disperse well in EP-PU matrix. This would improve the
properties of composite. When the amount of TCA201-
TiO
2
was 3wt%, shear strength gained maximum value for

27.14MPa, the thermal decomposition temperature reached
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Figure 7: SEM of TCA201-TiO
2
/EP-PU breakdown point.

tan𝛿

𝜀

0.012

0.014

0.016

0.018

0.020

0.022

0.024

0.026

0.028

D
ie

le
ct

ric
 lo

ss
 (t

an
𝛿

)

2 4 6 80 10

Nano-TiO2 (wt%)

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

D
ie

le
ct

ric
 co

ns
ta

nt
 (𝜀

)

Figure 8: Dielectric constant and dielectric loss curves of TCA201-
TiO
2
/EP-PU.

up to 397.82∘C, which was higher 17.48∘C than pure poly-
mer matrix, breakdown field strength of composite was
14 kV/mm, and the performances could meet the require-
ment of insulating material.
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Zinc borate nanowhiskers 4ZnO⋅B
2
O
3
⋅H
2
O were in situ successfully synthesized via one-step precipitation reaction. A set of

experiments was performed to evaluate the influence of reaction temperature. Increasing the temperature up to 70∘C led to the high
purity of zinc borate nanowhiskers with a monoclinic crystal structure measuring 50 nm to 100 nm in diameter and approximately
1 𝜇m in length. However, higher temperature decreases the crystallization due to the emergence of other styles of zinc borate.
Flame-resistant nanocomposites of polystyrene and zinc borate nanowhiskers were also successfully synthesized.The samples were
investigated by XRD, FESEM, FTIR, and TG. The mechanical properties of the composites were also tested. The incorporation of
zinc borate nanowhiskers improved the thermal and mechanical properties for polystyrene. FESEM images show that zinc borate
nanowhiskers increased the smoothness of composites. The composites presented good responsive behavior in relation to LOI
(limiting oxygen index) allowing them to be suitable for green flame retardants.

1. Introduction

Zinc borate is a commonly used material in a variety of
industries. It is used as a lubricating oil additive and in
refractory ceramicmaterials, nonlinear optical materials, and
solid electrode materials, but its use in fire retardants is
its most typical application [1–3]. Zinc borate is naturally
occurring but it is also easily synthesized and is used as an
inorganic fire retardant material because of its high surface
area and its good mechanical properties.

The addition of zinc borate has been demonstrated
to improve the fire retardant properties of polymers [4].
The effect of zinc borate has been attributed to the for-
mation of a glassy char at the polymer surface which
protects the bulk from the combustion zone. In addi-
tion, zinc borate has been recognized for its ability to
suppress smoke and afterglow, which often occur during
the burning of a polymer composite or wood [5, 6].
The compounds 2ZnO⋅3B

2
O
3
⋅3.5H
2
O, 2ZnO⋅3B

2
O
3
⋅3H
2
O,

2ZnO⋅3B
2
O
3
⋅7H
2
O, and 4ZnO⋅B

2
O
3
⋅H
2
O are widely used as

fire retardants. Among these, 4ZnO⋅B
2
O
3
⋅H
2
O is the most

important as it can be incorporated into polymers at much

higher temperatures due to its exceptionally high dehydration
temperature (about 415∘C).

Nanomaterials have unique properties due to their small
size and as a result they have found applications in many
industries [7, 8]. Researchers have become increasingly inter-
ested in nanoreinforcement of polymermatrices as it has been
suggested that in general nanocomposites show improved
properties when compared to similar microsized systems
[9]. Nanowhiskers in particular have enhanced performance
resulting from their high surface area and good mechanical
properties [10–15]. Thus, there has been a growing interest
in synthesizing nanowhiskers as nanoreinforcement for poly-
mermatrixes [16]. In these studies, fire retardant performance
andmechanical properties of polymer matrices are improved
by controlling the morphology and size of nanowhisker
additives.

Recently, Zheng et al. [17] synthesized 4ZnO⋅B
2
O
3
⋅H
2
O

nanowhiskers and demonstrated their ability to increase
the thermal stability of polyethylene. However, the appli-
cation of zinc borate nanowhiskers to other polymers has
not been explored. In this study, zinc borate nanowhiskers
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(4ZnO⋅B
2
O
3
⋅H
2
O) were synthesized and their flame retar-

dant behavior in polystyrene matrix was characterized. The
effect of reaction temperature on the nanowhiskers forma-
tion is investigated by XRD and FESEM. The effects of
the nanowhiskers on the thermal stability and mechanical
performance of the polymer matrix were also evaluated.
These results and the LOI provide information which allow
for promising applications of this material.

2. Experimental Procedure

2.1. Materials. All chemicals in the synthesis process of
this experiment, namely, Zn(NO

3
)
2
⋅6H
2
O (99.5 wt.% purity),

Na
2
B
4
O
7
⋅10H
2
O (99.5 wt.% purity), sodium dodecylben-

zenesulfonate (SDBS) (99.5 wt.% purity), polystyrene, NaOH
(96wt.% purity), absolute ethanol, and cyclohexane, were
bought from Tianjin Reagent Factory (Tianjin, China) and
used as reactants without further purification. Distilled water
was used during the treatment and synthesis processes.

2.2. Synthesis of Zinc Borate Nanowhiskers. In a typical
procedure, 1.91 g ofNa

2
B
4
O
7
⋅10H
2
O and 0.5 g of sodium

dodecylbenzenesulfonate (SDBS) are dissolved in 50mL of
distilled water at room temperature in a 1 L constant tem-
perature water bath reactor equipped with a reflux condenser
and a mechanical stirrer operating at 300 rpm. The reactor is
placed in a water jacket to control the reaction temperature.
The slurry is then heated at constant temperature for 30min.
Subsequently, a solution of 5.95 g Zn(NO

3
)
2
⋅6H
2
O in 10mL

of distilled water is added and stirred at 600 rpm. NaOH
solution is used to adjust the pH to 7.0.The resulting solution
is stirred for 7 h. The resulting precipitate is separated via
centrifugation, washed with absolute ethanol and distilled
water to remove adsorbed ions, and dried in a vacuum oven
at 80∘C for 12 h giving zinc borate nanowhiskers as a white
powder.

2.3. Synthesis of Polystyrene/Zinc Borate Nanowhiskers. 15 g
polystyrene is dissolved in 100mL of cyclohexane in a 250mL
three-neck round-bottom flask equipped with a mechanical
stirrer.The solution is stirred at 800 rpm until homogeneous.
Zinc borate nanowhiskers are then added to polystyrene
solution over the course of 2 h. Pouring the mixture onto a
piece of clean glass gives the final polystyrene/zinc borate
nanowhiskers composites.

2.4. Characterizations. Powder X-ray diffraction (XRD)
measurements were carried out using a Bruker AXS GmbH
BrukerD8FOCUSautomaticX-ray diffractometer to identify
the crystal structure of the samples using Ni-filtered and
graphite-monochromated CuK𝛼 radiation (𝜆 = 1.5406 Å,
40 kV, and 40mA) with a step size of 0.02∘. The registrations
were performed in the 5∘–80∘ (2𝜃) range. HITACHI X-650
field-emission scanning electron microscope (FESEM) was
used to characterize the morphology and size of the product
(before SEM imaging, the sample was coated with thin layers
of gold). Fourier transform infrared (FT-IR) spectroscopy
of the samples as powder-pressed KBr pellets was examined
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Figure 1: XRD patterns of samples obtained at different reaction
temperature. (a) Reaction temperature: 50∘C. (b) Reaction temper-
ature: 70∘C. (c) Reaction temperature: 90∘C.

in the wave number range from 4500 to 400 cm−1 with a
PerkinElmer 2000 spectrophotometer. The thermal gravi-
metric analysis (TG) was carried out on NETZSCH STA
409 instruments under N

2
atmosphere at a heating rate

of 10∘Cmin−1. Mechanical property of composite samples
was studied in a AG-10KNA Material Machine and the
method was followed ASTM638 standard. LOI data of all
products were obtained at room temperature with an oxygen
index instrument (DRK304) (Jinan Drick Instruments Co.,
Ltd., China) produced by Jinan Drick Instruments Co., Ltd.,
according to ASTM D2863-77 standard. The dimensions of
all samples are 120mm × 7.0mm × 3.0mm.

3. Results and Discussion

3.1. XRD Spectra of Zinc Borate. The samples with a sort of
stable white powders were obtained at room temperature.
The XRD of zinc borate synthesized at different reaction
temperature (50∘C, 70∘C, and 90∘C) is illustrated in Figure 1.
The data reveal that as the reaction temperature increases
the resulting nanowhiskers become more crystalline. When
the reaction temperature is set to 50∘C, XRD of the resulting
product shows only low intensity reflections demonstrating
that the sample is largely amorphous (Figure 1, a). In contrast,
when the reaction temperature is increased to 70∘C, high-
intensity peaks are observed at 2𝜃 = 16.40∘, 20.35∘, and 36.35∘
(Figure 1, b), indicating that the organized microporous
framework in the sample is composed of a structure which
is in good agreement with the crystal structure of zinc borate
[18]. Additionally, when compared to the sample synthesized
at 50∘C, the microporous ordering is significantly improved
in samples synthesized at 70∘C. Increasing the reaction tem-
perature to 90∘C, however, results in the observation of many
extra peaks (Figure 1, c). Some of the peaks, at about 34.45∘
and 56.63∘, correspond to pure zinc oxide and other peaks
to a different structure of zinc borate. This result indicates
that when the reaction temperature is too high, zinc oxide
reacts incompletely and can generate an undesirable form of
zinc borate. Therefore, the optimal reaction temperature for
4ZnO⋅B

2
O
3
⋅H
2
O nanowhiskers is 70∘C.
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Figure 2: FESEM images of samples obtained at different reaction temperature. (a) Reaction temperature: 50∘C. (b) Reaction temperature:
70∘C. (c) Reaction temperature: 90∘C.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm−1)

a

b

Figure 3: FT-IR images of the samples. (a) Zincborate
nanowhiskers. (b) Polystyrene/zinc borate nanowhiskers composite
materials.

3.2. FESEMMicrograph of Zinc Borate. Theeffects of reaction
temperature on the zinc borates morphology were evaluated
using SEM. Figure 2 shows the SEM images of zinc borate
synthesized at 50∘C, 70∘C, and 90∘C.Thematerial synthesized
at 50∘C has small-sized whiskers with many disordered
blocks. In contrast, the material synthesized at 70∘C is
composed of relatively uniform whiskers which are 50–
100 nm in diameter, demonstrating that increased reaction
temperature can promote the formation of ordered whiskers
with regular morphology. However, when the temperature
was further increased to 90∘C, the sample consisted of
several tiny-sized particles with irregular morphology. These
experimental results show the effects of reaction temperature
on the morphology of zinc borate nanowhiskers which are
likely caused by changes in growth mechanisms and rates of
crystallization.

3.3. FT-IR Spectrum of the Samples. The FTIR spectra of
zinc borate nanowhiskers and of polystyrene/zinc borate
nanowhiskers composites are shown in Figures 3-a and
3-b, respectively. The intensity of the absorption band
at 3480 cm−1, corresponding to the bending vibration of
–OH, increases in the spectrum of polystyrene/zinc borate

nanowhiskers composite relative to that of the nanowhiskers
alone. Additionally, absorption bands at 3200 cm−1 and
3000 cm−1 emerge in the composite, implying that the
–OH groups in zinc borate nanowhiskers interact with
the polystyrene matrix. The absorption band at 1630 cm−1
also indicates interaction between the nanowhiskers
and polystyrene. The absorption bands at 1605 cm−1 and
1541.87 cm−1 in the composite can be attributed to the ]C = C
(benzene) and result from the presence of polystyrene. In
addition, the absorption at 2922.54 cm−1 corresponds to
the B-H stretching mode and the peaks at 1213.84 cm−1,
718.26 cm−1, and 537.57 cm−1 can be attributed to the B(3)-O
stretching vibrations indicating the presence of zinc borate
in the composite. Together, the FTIR results show that zinc
borate nanowhiskers have been successfully introduced into
the framework of the polystyrene.

3.4. FESEM Micrograph of the Composites. Many properties
of polymers can be improved by adjusting theirmorphologies
through the use of additives. The effects of the addition of
zinc borate nanowhiskers on the morphology of polystyrene
were evaluated using SEM. Figure 4 shows the FESEM
micrographs of the fractured surface of pure polystyrene
(Figure 4(a)) and the polystyrene/nanowhisker composite
material (nanowhisker content is 7 wt. % (Figure 4(b))). In
the pristine material, there are a number of discontinu-
ous blocks of polymer mixed with large voids, which is
undesirable in the macromolecule materials (Figure 4(a)).
In comparison, the micrograph of the composite shows a
fracture surface which is more homogeneous and continu-
ous (Figure 4(b)). In the composite, no voids or blocks of
polystyrene were observed and, interestingly, the interface
between the polymer and nanowhiskers is not clear, suggest-
ing that a protective layer has been formed in the composite
which could protect the polymer from burning during the
combustion process and improve the flame retardant behav-
ior of the composite. This result is consistent with analysis of
LOI.

3.5. TG of the Samples. TG is a widespread method used
to investigate the thermal decomposition of polymers.
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Figure 4: FESEM images of the products: (a) pure polystyrene and (b) polystyrene/zinc borate nanowhiskers compositematerials (zinc borate
nanowhiskers 4ZnO⋅B
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O content is 7 wt.%).
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Figure 5: TG of the samples: (a) pure polystyrene and (b)
polystyrene/zinc borate nanowhiskers composite materials (zinc
borate nanowhiskers 4ZnO⋅B
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O content is 7 wt.%).

Figure 5 shows the degradation curves of pure polystyrene
(Figure 5, a) and the polystyrene/nanowhiskers composite
(nanowhisker content is 7 wt.% (Figure 5, b).The TG curve of
pure polystyrene shows that its weight changes from 200∘C to
500∘C while the TG curve of the composite shows that dehy-
dration occurs between 220∘C and 530∘C. The mass remain-
der ratios of polystyrene and the composite at 350∘C were
83.4% and 86.2%, respectively. The difference between the
two is probably caused by a few low molecular weight poly-
mers which are less volatile in the polystyrene/zinc borate
nanowhiskers composite. Additionally, because they release
water into the vapor phase, the zinc borate nanowhiskers
can effectively dilute the volatile species emanating from
polymer degradation. A notable mass loss was observed
when the temperature increased to 400∘C, indicating that the
nanocomposite has a higher decomposition temperature than
pure polystyrene. It is reasonable to assume that the collapse
of the nanocomposite structure during combustion forms a
phosphate carbonaceous structure on the surface, which acts
as a barrier to mass transport and insulates the underlying

polystyrene. Through this mechanism, the addition of zinc
borate can improve the thermal stability of polystyrene.

3.6. Mechanical Property of Composite Samples. Figures 6(a)
and 6(b) show the effects of zinc borate nanowhiskers loading
on the mechanical properties of the composite. These results
were obtained from the tensile test on the composites. The
trends show that the tensile strength and tensile strain at
break both increase with increased loading of zinc borate
nanowhiskers until they reach a maximum and decrease
with further addition of zinc borate nanowhiskers. When the
content of the zinc borate nanowhiskers is 7 wt.%, the tensile
strength reaches a maximum with a tensile strain at break
of 26.4MPa. These results indicate that the introduction of
zinc borate nanowhiskers improves the tensile properties
of polystyrene. The result may be due to the small size of
the zinc borate nanowhiskers, resulting in a high surface-
to-volume ratio and a large aspect ratio and thus a high-
energy surface. The enhanced bonding between the polymer
matrix and the nanoparticles with high interfacial energy
is the cause of improved mechanical properties in these
composites. The decrease in mechanical strength when zinc
borate nanowhiskers content is too high probably results
from the aggregation of zinc borate nanowhiskers which
inhibits the bonding between the polymer matrix and the
nanowhiskers.

3.7. LOI of the Composite Samples. Comparison of
polystyrene/zinc borate nanowhiskers and polystyrene/
commercial ZB2335 composites was accomplished by LOI as
shown in Figure 7. The LOI of polystyrene was dramatically
enhanced as zinc borate nanowhiskers were loaded up to 7%.
It was shown that zinc borate nanowhiskers for polystyrene
have a remarkable resistance characteristic. With the filler
content improved to 9%, the reduction of LOI is tender. The
probable reason is that zinc borate nanowhisker particles
do not satisfactorily disperse. The curves show that the
flame retardation of polystyrene/zinc borate nanowhiskers
composites is exceedingly excellent compared with that of
ZB2335 for polystyrene. This result shows that the optimum
content of zinc borate nanowhiskers in the nanocomposites
had the outstanding capability of inflaming retarding.
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Figure 6: Effect of zinc borate nanowhiskers loading on mechanical properties of polystyrene/zinc borate nanowhiskers composites. (a)
Effect of zinc borate nanowhiskers loading on tensile strength of polystyrene/zinc borate nanowhiskers composites. (b) Effect of zinc borate
nanowhiskers loading on tensile strain at break of polystyrene/zinc borate nanowhiskers composites.
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Figure 7: LOI of the composites.

4. Conclusions

Zinc borate nanowhiskers were successfully synthesized
using the one-step precipitation method with zinc nitrate
and borax as raw materials under the optimum temperature
(70∘C). The morphological analyses results revealed that
zinc borate exhibited nanowhiskersmorphologywith particle
sizes of 50 nm to 100 nm.The formed polystyrene/zinc borate
nanowhiskers composite was confirmed by FTIR and FESEM
data. The TG curve results indicate that the thermal stability
of the polystyrene/zinc borate nanowhiskers composite is
better than that of pure polystyrene. Improved bonding
between the polymermatrix and the reinforcing phase results

in improved mechanical properties. Moreover, zinc borate
nanowhiskers mainly improve the flame retardant property
of polystyrene.When the dosage of zinc borate in polystyrene
reached 7wt.%, the LOI of the composite was the highest,
indicating that the composite has the best flame retardant
performance. Therefore, zinc borate nanowhiskers as green
flame retardant have wide application in material industry.
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Triple-shape memory epoxy composites with bilayer structures of well-separated glass transition temperatures have been
successfully prepared.Thedifferent glass transition temperatures of the epoxy composites were obtained by physically incorporating
various amounts of nanosilica particles, which were introduced into the epoxy by utilizing polyethylene glycol. A scanning electron
microscope and a transmission electron microscope were used to analyze the dispersibility of the nanosilica particles. The effects
of nanosilica particles on the mechanical properties as well as on the dual-shape memory effects (DSME) and triple-shape memory
effects (TSME) of the nanocomposites were studied. The nanosilica particles were homogenously dispersed in the matrix and well
incorporated into the epoxymatrix.The resulting nanocomposites exhibited excellent TSME, and their shape fixity properties were
significantly improved by nanosilica particles.

1. Introduction

Shape memory polymers (SMPs) are smart materials that
can fix their deformed temporary shapes and recover their
permanent shapes in a defined way upon external stimuli
[1–3]. SMPs have attracted considerable attention because
of their promising applications in textiles [4–6], adhesives
[4, 5], smart coatings [4–9], biomedical devices [4–6, 10], and
aerospace structures [6, 10].

In recent years, triple-SMPs (TSMPs) have received
even greater attention because shape changes are no longer
limited to being unidirectional but could now potentially
offer unique opportunities in many applications, including
morphing aircrafts, fasteners, and medical devices [1, 11].
Unlike conventional dual-SMPs, which can recover from a
temporary shape to a permanent shape, TSMPs can fix two
temporary shapes and recover sequentially from one tempo-
rary shape to the other and eventually to the permanent shape
[12]. TSMPs have either more than one switching thermal
transition [1] or a single switching transition with a broad
thermal transition range [13]. Triple-shape memory effects

(TSME) can be achieved through many ways, including
polymers blends, grafting and blocking copolymers, SMP
hybrids, and polymer laminates [14]. Bellin et al. [15] first
reported a SMP with a two-step TSME by copolymerizing
poly(ethylene glycol) monomethyl ether monomethacrylate
with poly(caprolactone) dimethacrylate. The grafting and
blocking copolymers of different soft segments result in more
than one well-separated multiple phase in a single SMP. Bae
et al. prepared SMPU bilayer films of different molecular
weights with nanosilica particles acting as multifunctional
cross-links and reinforcing fillers [16]. Xie et al. prepared
TSMP bilayer epoxy by curing the high 𝑇

𝑔
epoxy layer on top

of the low 𝑇
𝑔
epoxy layer [1].

Herein, novel triple-shape memory epoxy nanocompos-
ites with two different glass transition temperatures have been
prepared through casting nanosilica/epoxy nanocomposites
layer by layer. By varying the amounts of polyethylene glycol
(PEG) and nanosilica in the epoxy system, we achieved a
series of composite layers with different glass transition tem-
peratures. The dispersibility of the nanosilica particles was
evaluated via field emission scanning electron microscopy
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Table 1: Raw material ratios of pure EP and A
10
, A
00
, A
01
, and A

02
.

E-51 (g) PA (g) Nanosilica (g) PEG (g)
EP 50 39 0 0
A
10

50 39 0 20
A
00

50 39 0 10
A
01

50 39 1 10
A
02

50 39 2 10

(FE-SEM) and transmission electronmicroscopy (TEM).The
effects of the nanosilica particles on themechanical and shape
memory properties of the composites were analyzed and
discussed.

2. Experiment

2.1. Materials. Epoxy resin E-51 (WSR618) and the curing
agent (PA) were procured from Jinhong Resin Factory,
Hangzhou, China. Nanosilica (15 ± 5 nm) was obtained
from Aladdin Chemical Reagents Co., Ltd., Shanghai, China.
Polyethylene glycol 200 (PEG200) was purchased from
Shanghai Putong Gaonan Chemical Plants, China.

2.2. Preparation of SiO
2
/Epoxy Resin Nanocomposites. SiO

2
/

epoxy nanocomposites were prepared according to our pre-
vious reportwith a slightmodification [17]. Typical procedure
was as follows: a known amount of SiO

2
was dispersed in PEG

by mechanical stirring for 3 h. Then epoxy resin and curing
agent were dissolved in the SiO

2
dispersion undermechanical

stirring for another 0.5 h. Subsequently, the mixture solution
was degassed placed in a vacuumoven. And then, themixture
solution was poured into a Teflon mold, cured at 60∘C for
4 h. Changing the mass ratio of the SiO

2
and PEG in the

mixture and according to the above method, the SiO
2
/epoxy

nanocomposites were obtained with different mass ratio of
1 wt% and 2wt%, respectively. Meanwhile, the pure epoxy
and the PEG mixed epoxy composites were also prepared in
the absence of nanosilica particles via the method described
above. The stoichiometric amounts of every material used to
prepare the SiO

2
/epoxy nanocomposites have been listed in

Table 1.
Bilayer SiO

2
/epoxy nanocomposite was prepared as fol-

lows: themixture solutionA
02
was poured into a Teflonmold,

cured at 60∘C for 0.5 h. And then the mixture solution A
10

was poured on top of the A
02
, cured at 60∘C for 3.5 h. Finally,

the bilayer SiO
2
/epoxy nanocomposite was obtained with the

weight ratio of A
02

to A
10
, that is, 2 : 1, and the sample was

designated as B
21
.

2.3. Characterization. The dispersibility of nanosilica parti-
cles dispersed in PEG and the fracture surfaces of some sam-
ples were characterized by field emission scanning electron
microscope (ZEISS ULTRA55) and transmission electron
microscope (TEM, JSM-2100).

Tensile properties of the composites were measured
by using a universal testing machine (UTM) (Instron
3367R4415, Canton, MA, USA) at a crosshead of 5mm/min.
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Figure 1: Schematic of a temperature (𝑇)-loading stress (𝑀)-
length (𝐿) plot showing the eight-step thermomechanical cycle for
attaining triple-shape memory effect.

The dimensions of the rectangular filmwere 50mm× 5mm×
2mm, and the length gripped the sample was 30mm.

Dynamic mechanical analysis (DMA) was performed
with the use of DMA Q800 (TA Instruments, New Castle,
USA) in a uniaxial tension mode at 1Hz and a heating rate of
3∘C/min.The dimensions of the rectangular film were 10mm
× 5mm × 2mm.

A thermomechanical cycle test was conducted with a
UTMwith a temperature controlling chamber. To investigate
the dual-shape memory effect (DSME), the sample was
stretched to themaximum strain (𝜀

𝑚
) of 10% at𝑇

𝑑1
(𝑇
𝑑1
> 𝑇
𝑔
,

where 𝑇
𝑔
is the glass transition temperature), followed by

cooling the sample to 𝑇
𝑑2

(𝑇
𝑑2
< 𝑇
𝑔
) and maintaining the

load for several minutes. And then, the sample was unloaded
at 𝑇
𝑑2

with an unloading strain (𝜀
𝑢
). The permanent strain

(𝜀
𝑝
) was reached during the reheating of the sample from
𝑇
𝑑2

to 𝑇
𝑑1
. This completes a thermomechanical cycle and

four circles were conducted to examine the shape recovery
capacity of the composites. Shape fixity (𝑅

𝑓
) and shape

recovery (𝑅
𝑟
) ratios for the cycle are defined as follows [16, 18]:

Shape fixity ratio, 𝑅
𝑓
=
𝜀
𝑢

𝜀
𝑚

× 100%,

Shape recovery ratio, 𝑅
𝑟
=
𝜀
𝑟

𝜀
𝑚

× 100%, (1)

where 𝜀
𝑟
= 𝜀
𝑚
− 𝜀
𝑝
. 𝑇
𝑑1

and 𝑇
𝑑2

were 42∘C and 15∘C for A
10

and A
00
and 72∘C and 42∘C for A

02
and A

01
, respectively.

The triple-shape memory was performed through eight
thermomechanical loading steps using a DMA Q800 in a
uniaxial tensionmode, as shown in Figure 1 [19].The analysis
was conducted under strain controlled programming and the
heating and cooling rates were 3∘C/min. At step 1 (𝐹

1
), the

sample was stretched from 𝐿
0
to 𝐿
1
at 𝑇
ℎ
(𝑇
ℎ
> 𝑇trans1 >

𝑇trans2, where 𝑇trans1 and 𝑇trans1 are two thermal transition
temperatures); the corresponding strain was recorded as 𝜀

𝑚𝐵
.
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(a) (b)

Figure 2: (a) TEM and (b) FE-SEM images of nanosilica dispersed in PEG.

(a) (b)

Figure 3: Cross section morphology of silica/epoxy nanocomposites: (a) A
01
and (b) A

02
.

At step 2 (𝐹
2
), the sample was cooled to 𝑇

𝑚
(𝑇trans1 > 𝑇𝑚 >

𝑇trans2) and the load was maintained, where A
10
and A

02
were

glassy and rubbery states, respectively. At step 3 (𝐹
3
), the

external load was removed, and the sample was fixed at the
first temporary shape 𝐵, with the strain of 𝜀

𝑢𝐵
:

𝑅
𝑓𝐵
=
𝜀
𝑢𝐵

𝜀
𝑚𝐵

× 100%, (2)

where 𝜀
𝑚𝐵

and 𝜀
𝑢𝐵

are the maximum and the loading strains,
respectively.

At step 4 (𝐹
4
), the sample was further stretched to the

strain of 𝜀
𝑚𝐴

(𝐿
2
) at 𝑇
𝑚
. At step 5 (𝐹

5
), the sample was cooled

to𝑇
𝑙
while keeping the strain at 𝜀

𝑚𝐴
. At step 6 (𝐹

6
), the second

temporary shape 𝐴 with a strain of 𝜀
𝑢𝐴

was fixed at 𝑇
1
after

the removal of the external force:

𝑅
𝑓𝐴
=
𝜀
𝑢𝐴
− 𝜀
𝑢𝐵

𝜀
𝑚𝐴
− 𝜀
𝑢𝐵

, (3)

where 𝜀
𝑚𝐴

and 𝜀
𝑢𝐴

are the maximum and unloading strains,
respectively.

At step 7 (𝐹
7
), the sample was reheated to 𝑇

𝑚
, and it was

recovered to the first temporary shape 𝐵, with the strain of
𝜀
𝑝𝐵
. At step 8 (𝐹

8
), the sample was recovered to shape 𝐶 with

the strain of 𝜀
𝑝𝐶

by heating back to 𝑇
ℎ
. The recovery ratio of

shape band shape 𝐶 was obtained as follows:

𝑅
𝑟𝐵
=
𝜀
𝑢𝐴
− 𝜀
𝑝𝐵

𝜀
𝑢𝐴
− 𝜀
𝑢𝐵

,

𝑅
𝑟𝐶
=
𝜀
𝑝𝐵
− 𝜀
𝑝𝐶

𝜀
𝑢𝐵

.

(4)

𝑇
𝑙
,𝑇
𝑚
, and𝑇

ℎ
are set to 15∘C, 42∘C, and 72∘C, respectively;

𝜀
𝑚𝐵
= 2.5% and 𝜀

𝑚𝐴
= 5%.

3. Results and Discussion

3.1. Morphology of Nanocomposites. Figure 2 shows the mor-
phology evolution of nanosilica dispersed in PEG. Figure 2(a)
and Figure 2(b) are the TEM and FE-SEM images of nanosil-
ica dispersed in PEG, respectively. It confirms that the
nanosilica particles are well distributed and no agglomerates
present in the PEG. The cryofractured cross section of the
silica/epoxy nanocomposites was observed by FE-SEM. In
Figure 3, the samples A

01
(Figure 3(a)) and A

02
(Figure 3(b))

images reveal that the nanosilica particles are also well
dispersed in the epoxy matrix. Through the typical process,
it is noted that the obtained silica/epoxy nanocomposites
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Figure 4: DMA curves for the samples.

Table 2: Glass transition temperature (𝑇
𝑔
) of A

10
, A
00
, A
01
, A
02
, and

B
21
.

Sample A
10

A
00

A
01

A
02

B
21

𝑇
𝑔
(∘C) 36 38 48 65 30, 66

are fully composed of well dispersion of nanosilica particles
within epoxymatrix, whichmay lead to excellent mechanical
properties of composites [17].

3.2. Dynamic Mechanical Properties. The dynamic mechan-
ical properties of samples from the DMA test are shown in
Figure 4. The samples A

10
, A
00
, A
01
, and A

02
prepared in

this study possess glass transition temperatures (𝑇
𝑔
s) of 36∘C,

38∘C, 48∘C, and 65∘C, respectively, based on their tan delta
peaks in the DMA curves (as shown in Figure 4(a)), as shown
in Table 2. It is also noted that the 𝑇

𝑔
of sample was increased

with the increasing amount of nanosilica and decreased with
the increasing amount of PEG, which was attributed to the
segmentalmotion of polymer that was hindered by nanosilica
particles and PEG acted as a plasticizer.

In view of the well phase mixing of nanocomposites,
A
02

and A
01

show a relatively narrow switching transition,
implying that sufficient chain movement is achieved within
that short temperature regime. The tan 𝛿 peaks of all of
samples are relatively high (higher than 0.6) indicating
that the significant difference between viscous and elastic
components of SMP in the 𝑇trans regime, which is of great
benefit to shape recovery ratio of sample [20–22]. Moreover,
in Figure 4(a), two tan 𝛿 peaks can be clearly observed in
the curve of B

21
, and it is also found that the sample B

21

possessed the two well-separated glass transitions, which is

shown in Figure 4(b). This phenomenon could be attributed
to the formation of the phase-separated bilayer structure and
provided the conditions to achieve TSME.

3.3. Mechanical Properties of the Composites. Figure 5 shows
the stress-strain behaviors of the composites at different
temperatures. It can be seen from the results of Figures 5(a),
5(c), and 5(e) that the break strength and elongation of the
silica/epoxy nanocomposites were improved by the addition
of nanosilica particles, except for the sample A

00
that has

better break elongation than the samples A
01
and A

02
at 15∘C.

It may be attributed to the reinforcing function and homoge-
nous dispersion of the nanosilica particles as observed in
the FE-SEM images (Figure 3). Moreover, the samples A

01

and A
02
also show good strain energy storage capacity which

can be obtained from the area under the stress-strain curve,
implying that the silica/epoxy nanocomposites may have
better shape recovery effect [16, 20]. Meanwhile, the break
strength and the elongation of the composites decreased with
the increasing amount of PEG, indicating that PEG serves as
plasticizer.

The stress-strain behaviors of B
21
depend on the temper-

ature as illustrated in Figures 5(b), 5(d), and 5(f). Comparing
with the stress-strain behaviors of B

21
at 15∘C and 72∘C, B

21

at 42∘C exhibits an interesting phenomenon of the stress
maintaining almost constant when the strain increased from
31% to 34%.This ismainly because the sample B

21
is consisted

of two layers, including A
10

layer in the rubbery state and
A
02
layer in the glassy state at 42∘C, respectively. Additionally,

A
10
layer of B

21
does not break at the strain of approximately

25%, whereas the sample A
10
breaks.This result might be due

to the powerful interfacial adhesion of the two layers. For
comparison, stress-strain behavior for pure EP at different
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Figure 5: Stress-strain behavior of the samples at 15∘C (a, b), 42∘C (c, d), and 72∘C (e, f).

temperatures is displayed in Figure 6. A notable difference
between EP composites and pure EP is that the failure strain
of EP composites is greatly improved due to the addition of
PEG in EP matrix.

3.4. Shape Memory Behavior

3.4.1. DSME. The four cycles of thermomechanical behavior
of the composites are shown in Figure 7, and the detailed
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Figure 7: Thermomechanical cyclic behavior of (a) A
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00
, (c) A
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, and (d) A

02
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Table 3: Shape fixity and shape recovery of A
02
, A
01
, A
00
, and A

10

(𝑁 = number of thermomechanical cycles).

𝑁(a)
Fixity ratio (%) Shape recovery ratio (%)

A
10

A
00

A
01

A
02

A
10

A
00

A
01

A
02

1 75 82 90 93 98 99 99 99
2 74 80 89 90 98 99 99 99
3 73 79 88 89 98 98 98 99
4 70 78 87 88 96 97 97 97
(a)Thermomechanical cycle number.
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Figure 8: Triple-shape memory cycles of the sample for B
21
.

data are summarized in Table 3. On the basis of DMA curves
(Figure 6(a)), the rubbery state and glassy state of the samples
A
02

and A
01

can be achieved at 72∘C and 42∘C, and those
of the samples A

00
and A

10
can be achieved at 42∘C and

20∘C, respectively.The composites deformed in their rubbery
state and generated a decrease in conformational entropy of
the constituent polymer network chains. Then, the cooling
down of the deformed material triggered vitrification, which
kinetically traps the SMP in its low entropy state as a result
of a significant reduction in chain mobility. Shape recovery
is later initiated by reheating the material under stress-
free conditions and allowing for the relaxation of polymer
chain segments (with regained mobility) to their original
entropically favored conformational state [11]. Additionally,
it should be noted that the shape fixities of A

00
and A

10

are relatively low while the samples A
01

and A
02

display
better shape fixities at 87–93% for the four cycles, which
may be contributed from the addition of nanosilica particles.
Furthermore,The shape recovery effect of all the samples was
96%–99%, especially the sample A

02
that is better than the

others. This finding is coincident with previous analysis.

3.4.2. TSME. The triple-shape memory capability for B
21

is
shown in Figure 8. The sample was first strained to 2.5% at
72∘C, which was followed by cooling down to 42∘C. After
the stress was released, the strain instantaneously shrunk
to 1.96%. At this step, the shape fixity was decided by the

Shape C 72
∘C Shape B 42

∘C

Shape A 15
∘C

1

2

3

4

Figure 9: Illustration of triple-shape memory effect of B
21
: shape

(𝐶) original shape, shape (𝐵) first temporary shape, and shape (𝐴)
second temporary shape.

molecular frozen of A
02
because rubbery state of A

10
tended

to recoil the sample. At last, the shape fixity ratio 𝑅
𝑓𝐵

of
78% was achieved. Then, the sample was stretched to 5% at
42∘C, followed by cooling down to 15∘C and the subsequent
releasing of the stress, and the strain shrunk from 5% to 4.5%.
At 15∘C, although both A

02
and A

10
were in glassy state, A

02

had a tendency to keep shape 𝐵, resulting in 𝑅
𝑓𝐴

of 84%.
Finally, the sample was reheated to 42∘C and 72∘C; the strain
was 2% and 0.04% at 42∘C and at 72∘C, respectively. 𝑅

𝑟𝐵
=

97% and 𝑅
𝑟𝐶
= 100% were calculated based on (4).

The TSME is further demonstrated visually in Figure 9.
B
21

was cut into a rectangular film of dimensions 50mm ×
5mm × 2mm (shape 𝐶). Shape 𝐶 was first heated in an
oven at 72∘C and then quickly deformed to a “𝑈” shape
and quenched in a water bath at 42∘C; some minor recovery
occurred due to the not so perfect shape fixing ratio, butmost
of the deformation was kept and fixed at a temporary shape
𝐵 (progress 1). After this, shape 𝐵was transformed into shape
𝐴 and immersed in a water bath of 15∘C; shape 𝐴 was fixed
at the same time (progress 2). Reheating to 42∘C and 72∘C,
shape 𝐵 and shape 𝐶 recovered in turn (progress 3 and 4).
Shape 𝐵 and shape 𝐶 behaved just the corresponding shape
at the right temperature due to their excellent shape recovery
ratio.

4. Conclusions

A novel bilayer epoxy system shape memory composites
with TSME have been successfully synthesized and designed.
The triple-shape memory nanocomposites were prepared by
casting together two different shape memory composites
exhibiting outstanding shape recovery effect. By varying the
amount of PEG and nanosilica particles, we prepared a series
of nanocomposites layers with different 𝑇

𝑔
. The dispersibility

of the nanosilica particles and the failure strains of the
nanocomposites were significantly improved by the addition
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of PEG. The mechanical and shape memory fixity properties
of the composites were significantly improved by the addition
of nanosilica particles.
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A novel, nontoxic, simple, cost-effective and ecofriendly technique was used to synthesize green silver nanoparticles (AgNPs). The
AgNPs were synthesized using orange peel extract as a reducing agent for silver nitrate salt (AgNO

3
). The particle size distribution

of AgNPs was determined by Dynamic Light Scattering (DLS). The average size of silver nanoparticles was 98.43 nm. The stable
dispersion of silver nanoparticles was added slowly to polystyrene solution in toluene maintaining the temperature at 70∘C. The
AgNPs/polystyrene (PS) nanocomposite solution was cast in a petri dish. The silver nanoparticles encapsulated within polymer
chains were characterized by X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) equipped with Energy Dispersive
Spectroscopy (EDS) in addition to Transmission Electron Microscopy (TEM).The green AgNPs/PS nanocomposite film exhibited
antimicrobial activity against Gram-negative bacteria Escherichia coli, Klebsiella pneumoniae and Salmonella, and Gram-positive
bacteria Staphylococcus aureus. Thus, the key findings of the work include the use of a safe and simple AgNPs/PS nanocomposite
which had a marked antibacterial activity which has a potential application in food packaging.

1. Introduction

The nanomaterials can be synthesized by different methods
including chemical, physical, and biological methods. The
development of new chemical or physical methods has
resulted in environmental contamination, since the chemical
procedures involved in the synthesis of nanomaterials gener-
ate a large amount of hazardous byproducts [1].Thus, there is
a need for “green nanotechnology” that includes a clean, safe,
ecofriendly, and nontoxic method of nanoparticle synthesis,
without the use of high pressure, energy, temperature, and
toxic chemicals [2].The biological methods include synthesis
of nanomaterials from the extracts of plant, bacterial, fungal
species, and so forth [3].

Nanoparticles of silver have been found to exhibit inter-
esting antibacterial activity [4], and the investigation of this
phenomenon has gained importance due to the increase of

bacterial resistance to antibiotics, caused by their overuse.
Recently, materials have been developed (mainly textiles)
containing silver nanoparticles, which exhibit very interest-
ing antimicrobial activity. Antibacterial activity of the plastic-
containing silver can be used, for example, in medicines to
reduce infections as well as preventing bacteria colonization
on plastic devices such as prostheses, catheters, vascular
grafts, and dental materials [5]. Under ideal temperature and
humidity conditions, plastics can be a good medium for the
generation and the propagation ofmicroorganismswhich can
cause irritations and infections. For these reasons, the poly-
meric materials must be protected against microorganisms in
order to suppress their growth and dissemination. Owing to
the high antimicrobial activity, relatively low cost, and easy
production in a polymer-embedded form, nanoscopic silver
could be a very adequate filler for such a purpose [6].
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Silver nanoparticles (AgNPs) have been reported to form
composites with polymers such as polyvinyl alcohol, poly-
pyrrole, polyvinylidene fluoride, chitosan, and cellulose. The
formation of polymer-silver nanocomposites requires that
the size of nanoparticles in the polymermatrix be controllable
and that their distribution within the polymer matrix be
uniform [7]. Many previous attempts to form polymer-silver
nanocomposites have involvedmixing of a nanoparticle solu-
tion into the polymerization mixture. These polymer-silver
nanocomposites can be used in a wide range of biomedical
products, such as surgical gloves, antibacterial cloths and
towels, and anti-infectious urinary catheters [8]; also they
can be incorporated into aseptic coverings for plastic surgery,
traumatic wounds, leg ulcers, skin grafts, incisions, and
abrasions. Further, they can be used in numerous household
applications such as textiles disinfection in water treatment,
food storage containers, and home appliances and in medical
devices [9].

The idea of the present study was green synthesis of
AgNPs by chemical reduction of silver nitrate using orange
peel extract as a reducing agent, and the preparation of
AgNPs/polystyrene nanocomposite film. In addition, to study
the antimicrobial potential of a silver-polystyrene nanocom-
posite system. To the best of our knowledge, this is the first
study describing the preparation of silver nanoparticles using
orange peel extract from toluene and their composite with
polystyrene polymer.

2. Experimental

2.1. Chemicals Materials. For green synthesis of silver nano-
particles and silver/polystyrene nanocomposite, the reagents
used were of analytical grade and were used as received
without further purification. Silver nitrate (AgNO

3
) was from

Techno Pharmchem, India. Polystyrene was supplied by the
Saudi Basic Industries Corporation (SABIC) (Saudi Arabia).
The brand name for polystyrene is PS 125, with molecu-
lar weight, 259000 g/mole. Toluene, C

6
H
5
CH
3
, molecular

weight (92.14 g/mol), with 99.5% purity provided by (BDH
Co).

2.2. Green Synthesis of Silver Nanoparticles. 200mg of orange
peel was crushed to which 20mL of toluene was added with
vigorous stirring for 10 minutes at 60∘C to prepare the extract
of orange peel.The extract thenwas centrifuged for 5minutes
at 7000 rpm at room temperature. Then, 1mmole/mL silver
nitrate was dissolved in 20mL of toluene with vigorous
stirring at 70∘C for 5 minutes. Thereafter 5mL of orange peel
extract was added to the solution of silver nitrate, the color
changed to brown which indicated reduction of Ag ions and
the formation of silver nanoparticles.

2.3. Synthesis of Green AgNPs/PS Nanocomposite Film. Vari-
ous methods are employed to prepare antimicrobial AgNPs/
PS nanocomposite [10]. In our study, solution method was
used to prepare antimicrobial AgNPs/PS films. 2 g of Poly-
styrene (PS) was added to the silver nanoparticles that were
dispersed in toluene and synthesized as described in the
previous section. The solution was stirred under vigorous

stirring at 60∘C until PS completely dissolved. Then, the
solution was cast in a glass plate and the toluene was allowed
to evaporate at room temperature, to produce the nano-
composite film. The film was then removed from the glass
plate after 24 hours.

2.4. Antimicrobial Study. Theantibacterial activity of AgNPs/
PS nanocomposite was evaluated against Gram-negative
bacteria, Escherichia coli (E. coli), Klebsiella pneumoniae,
and Salmonella and Gram-positive, Staphylococcus aureus,
by disc diffusion method. Nutrient agar medium plates
were prepared, sterilized, and solidified. After solidification,
bacterial cultures were swabbed on these plates. Then, 0.5 ×
0.5 cm from pure PS, 1% AgNPs-PS nanocomposite film, and
1mmole/mL silver nanoparticles solution were placed in the
nutrient agar plate and kept for incubation at 37∘C for 24
hours. Zones of inhibition were measured. The experiments
were repeated 3 times for each sample and mean values of
zone diameter were determined [10].

2.5. Characterization of AgNPs-PS Nanocomposite Film.
Nanocomposite film was characterized spectrophotometri-
cally using X-ray diffraction, Bruker D8 Discover, while the
size of synthesized green AgNPs was analyzed through Zeta-
sizer, Nano series, HT Laser, ZEN3600 (Molvern Instrument,
UK).

Transmission Electron Microscopy (JEM-1011, JEOL,
Japan) was employed to characterize the size, shape, andmor-
phologies of formed green synthesized nanocomposite accel-
erating voltage of 80 and 100KV, while Thermo Scientific,
Nicolet 6700, FT-IR spectrophotometer was used for record-
ing the infrared (IR) spectrum.

Energy Dispersive Spectroscopy (EDS) analysis was per-
formed for the confirmation of elemental silver. Elemental
analysis on single particles was carried out using Oxford
Instrument, Incax-act, equipped with Scanning Electron
Microscopy using (JEOL-FE SEM, Japan).

3. Results and Discussions

3.1. X-Ray Diffraction Analysis. In this study, we described
the characterization of the morphology, crystalline phase,
composition, and structure of nanocomposites which was a
combination of the silver nanosized powders and the (PS)
polymer matrix.

Figure 1 shows XRD pattern of PS and AgNPs and
AgNPs/PS nanocomposite. XRD pattern of PS shows that
broad peaks appeared at 2𝜃 ∼ 5–20∘ which corresponds to
a mixture of ordered and disordered structure of the amor-
phous phase of PS [11]. The amorphous halo is caused by the
spacing of individual polymer chains.

A comparison between diffraction patterns of PS and
AgNPs/PS nanocomposites showed that the peaks corre-
sponding to PS became more broader, suggesting the smaller
AgNPs embedded in PS chains [12].

3.2. Particle Average Size Determination by Zetasizer. The
results of DLS Zetasizer showed very homogenous distribu-
tion of AgNPs with average particle size of 45.55 nm which
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Figure 1: XRD pattern of PS (a) prepared film of AgNPs, PS nanocomposite (b).
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Figure 2: Particle size distribution of AgNPs.

is clearly observed from the appearance of one peak with an
intensity 100% and width 8.115 nm as shown in Figure 2. This
refers to monodispersity of nanoparticles which gives very
high stability of nanoparticles for a long time. In addition, the
(PDI), which is 0.292, indicates high stability and homogene-
ity of the resulting AgNPs.

3.3. TEM Analysis of Green Silver Nanoparticles and Green
Nanocomposite. TEM technique was employed to visualize
the shape and morphology of green nanoparticles produced.
The electron micrograph (Figure 3) confirms data obtained
from the DLS. TEMmicrograph of AgNPs revealed that their
average size ranged between 27 and 41 nm. Figure 3(b) shows
distribution of AgNPs into the polystyrene matrix over the
sample with spherical shape.

3.4. SEM and EDS Analysis of Green Silver Nanoparticles and
Green Nanocomposite. Energy-dispersive spectroscopic (EDS)
and SEM analysis investigated the presence of nanosilver
in polystyrene matrix. The elemental analysis of AgNPs/PS
nanocomposite film was studied by energy dispersive anal-
ysis of X-rays (EDS). Figure 4(b) shows EDS spectrum of
AgNPs/PS nanocomposite.Thepeaks observed at the binding
energies of 0.85, 1.0, and 3.4 keV correspond to the binding

energies of C, O, and Ag, respectively.The presence of carbon
in the EDS spectrum is related to PS. The presence of oxygen
could be due to the presence of residue of the extract of
the orange peel such as fatty acid. The result corroborates
the formation of AgNPs/PS nanocomposite film. The SEM
image of silver nanoparticles exhibits that almost all the nano-
particles are of spherical shape dispersed in polystyrene
matrix with no agglomeration.

3.5. FT-IR Analysis of Green Silver Nanoparticles and
Green Nanocomposite. The interfacial interaction between
AgNPS/PS nanocomposites was confirmed by FT-IR spectra
(Figure 5). The infrared spectrum of PS features bands at
3066 cm−1, 3025 cm−1, 2922 cm−1, and 2851 cm−1 due to the
stretching of the (C-H) group. The peaks at 1666–1945, 1491–
1599, 1188–1368, and 1026 cm−1 could be attributed to the
presence of aromatic C=C bonds stretching vibrations. The
bands in the region 907–650 cm−1 can be assigned to the
aromatic C-H bonds bending vibrations. The infrared of
AgNPS/PS nanocomposites spectra showed all the character-
istic bands of polystyrene (PS) in addition to bands at 441.8
and 422.5 cm−1 due to Ag. Also a slight shift in the band
corresponding to PS was observed indicating the interaction
between PS and AgNPS.

3.6. Antibacterial Efficacy of Green Silver Nanoparticles and
Green Nanocomposite. The in vitro antibacterial screening
of AgNPs/PS nanocomposite was tested against gram pos-
itive Staphylococcus aureus and gram negative bacteria E.
coli, Klebsiella pneumoniae, and Salmonella. The inhibitory
activity was measured based on the diameter of the clear
inhibition zone. If there was no surrounding clear zone, it
was assumed that there was no inhibitory zone. Contact
area was used to evaluate growth inhibition underneath. The
zones of inhibition around pieces of AgNPs, pure PS film,
and AgNPs/PS nanocomposite film for bacterial culture are
shown in Figure 6(a) while numerical values of diameter of
inhibition zones were compiled in Figure 6(b). The results
exhibited very high toxicity against gram negative bacteria
Escherichia coli and Salmonella, low toxicity againstKlebsiella
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Figure 3: TEM image of AgNPs and AgNPs/PS nanocomposite from (a) to (b).
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Figure 4: SEM and EDS analysis of AgNPs/SP nanocomposite film.
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Figure 5: Fourier transform infrared spectra analysis for (a) AgNPs and (b) AgNPs/PS nanocomposite.

pneumoniae, and lower toxicity against grampositive bacteria
Staphylococcus aureus.The presence of greenAgNPs from the
nanocomposite explains the antimicrobial properties found
in the prepared nanocomposite. In addition to this, the
antimicrobial properties that have been exhibited in our
results are similar to Morones et al. [13] who reported that
small size nanoparticles may pass through cell membranes
generating cell malfunction [14]. It can be concluded that
the nanocomposite (greenAgNPs/PS) that has been prepared
is an effective agent against Gram-negative and Gram-
positive bacteria (which is our case), taking into account that

the nanoparticles are uniformly dispersed in the polyethylene
matrix.

In general, the mechanism of the inhibitory effects of
Ag ions on microorganisms is partially known. Some studies
have reported that the positive charge on the Ag ion is crucial
for its antimicrobial activity through the electrostatic attrac-
tion between the negative charge on the cell membrane of
microorganism and positively charged nanoparticles [15–17].
In contrast, Dragieva et al. [18] reported that the antimicro-
bial activity of silver nanoparticles onGram-negative bacteria
was dependent on the concentration of Ag nanoparticle and
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Figure 6: (a) Antibacterial activity assay of (A) pure PS film, (B) green AgNPs/PS nanocomposite film, and (C) green AgNPs and (b) diagram
for the antibacterial activity.

was closely associatedwith the formation of the pits in the cell
wall of bacteria. Ag nanoparticles accumulated in the bacte-
rial membrane caused a change in the permeability, resulting
in cell death. However, there studies included both positively
charged Ag ions and negatively charged Ag nanoparticles; it
does not explain the antimicrobial mechanism of only the
positively charged Ag nanoparticles. Therefore, we expect
that there is another possible mechanism. Amro et al., 2000,
suggested that metal depletion may cause the formation of
irregularly shaped pits in the outer membrane and change
membrane permeability, which is caused by progressive
release of lipopolysaccharide molecules and membrane pro-
teins [19]. Also, Dragieva et al. speculate that a similar
mechanism may cause the degradation of the membrane
structure of E. coli during treatment with Ag nanoparticles
[18]. Although the interference mechanism of AgNPs and
bacteria involve some sort of binding mechanism, the level
of that interaction between AgNPs and component(s) of the
outer bacterial membrane is still not well understood.

Hence, this facile approach for synthesis of green AgNPs-
PS nanocomposite film can be useful in a wide range of
biomedical products, such as surgical gloves, antibacterial
cloths and towels, anti-infectious urinary catheters, bandage,
food packaging, water container, and industrial applications.
The method has been distinguish as a method which allows
the use of nontoxic, abundant ecofriendly bioavailable mate-
rial which is energy saving and low cost.

4. Conclusion

The synthesis of nanocomposite film showed significant anti-
bacterial activity on both Gram-positive and Gram-negative
bacteria. This promises a potential use of the nanocomposite

in the pharmaceutical, biomedical, and industrial fields, such
as bandages, wounds dressing, and dental tools. In addition,
the applications include also food and water storage as well as
wastewater treatment.

Highlights

(i) Silver/polystyrene nanocomposite is a novel approach.

(ii) Orange peel is extracted by toluene as a reducing
agent.

(iii) Ecofriendly silver/polystyrene nanocomposite showed
highly effective antibacterial activity towards Gram-
positive and Gram-negative bacteria.
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This paper presents the synthesis, characterisation, and in vitro testing of homogenous and heterogeneous materials containing
silver nanoparticles (nanoAg). Three types of antiseptic materials based on collagen (COLL), hydroxyapatite (HA), and
collagen/hydroxyapatite (COLL/HA) composite materials were obtained. The synthesis of silver nanoparticles was realized by
chemical reaction as well as plasma sputtering deposition. The use of chemical reduction allows the synthesis of homogenous
materials while the plasma sputtering deposition can be easily used for the synthesis of homogeneous and heterogeneous support.
Based on the in vitro assays clear antiseptic activity against Escherichia coli was relieved even at low content of nanoAg (10 ppm).

1. Introduction

Silver nanoparticles are of increasing interest for scientists
due to their very good biological properties and limited side
effects. Used since 1000 BC, silver proved its biocidal activity
for a wide number of bacteria and recently it was also known
to be active in the treatment of cancer [1]. As a consequence
of silver multifunctionality (antiseptic [2], antitumoral [3, 4],
and IR-sensitizing agent [5]) the number of published papers
dealing with silver nanoparticles increases exponentially
yearly, at present over 10 000 papers [6] being indexed on
SCOPUS database. The distribution of the published papers,
per year, can be visualized in Figure 1.

Silver nanoparticles are widely used for their biological
activity as colloidal suspension [7–10] or in association with
other materials [11–14]. Silver nanoparticles were associated

with different components such as manganite [15], carbon
nanotubes [16], hydroxyapatite [17, 18], and chitosan [19].
Mostly, silver nanoparticles play antibacterial [17] and anti-
tumoral [3] role.

Collagen is widely used for many biomedical applications
[20–22]. Adding of calcium phosphates to collagen resulted
in composite materials which proved to be remarkable bone
grafts [23–31]. A common shortcoming of these grafts is
related to the high incidence of infection [32]. Most surgical
interventions involve antibiotic administration [33] which
could be avoided by using silver nanoparticles [10, 34, 35].

In the case of bone cancer, many times surgical resection
is necessary. In order to treat bone cancer themultifunctional
COLL/HA-Fe

3
O
4
composite materials were proposed. The

composite support assures a faster healing of the bone defect
while magnetite can assure the necessary hyperthermia to
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Figure 1:The evolution of the number of papers dealing with “silver
nanoparticles.”

induce tumoral cells death. It is also important to mention
that magnetite can be activated, any time, by applying a
proper, external electromagnetic field [36].

The current paper presents the synthesis and character-
isation of new antiseptic materials based on silver nanopar-
ticles embedded in collagen, hydroxyapatite, or collagen/
hydroxyapatite composite material. Silver nanoparticles were
synthesised by two different methods: chemical reduction
and plasma sputtering. The obtained materials are intended
to be used as bone grafts.

2. Materials and Methods

Type I fibrillar collagen (C) gel having about 300000Da,
concentration of 1.6% (w/w), and pH 7.4 was extracted from
calf hide as previously described [20, 25].

Antiseptic collagen sponge was obtained by chemical
reduction of Ag+ in the presence of glucose and by plasma
sputtering of Ag nanoparticles onto the collagen sponge. In
both cases collagen sponge was obtained by cross-linking of
the collagen gel with glutaraldehyde. For cross-linking 0.5%
glutaraldehyde, reported to dry collagen, was used.

The reduction of Ag+ occurs in the presence of glucose
which undergoes an oxidation process as presented in the
following reaction:

Ag+ + C
6
H
12
O
6
(glucose) → Ag0 + C

6
H
12
O
7

(1)

Antiseptic HA powder was also obtained by the same two
methods starting from HA powder obtained by coprecipita-
tion from Ca(OH)

2
and NaH

2
PO
4
[23].

The antiseptic composite materials were obtained by a
similar way as antiseptic collagen sponge but starting from
mineralized collagen gel and COLL/HA composite sponges,
respectively.

The COLL/HA composite material was synthesised as we
described in our previously published papers [25, 37]. Briefly,
the collagen gel (when plasma sputtering method is used)

or silver containing collagen gel (when chemical method is
used) was neutralizedwithCa(OH)

2
24 h and then the proper

amount of NaH
2
PO
4
was added and let for other 24 h to

interact. During these steps which lead to the HA nucleation
on the collagen, the pH was set at 9. The final steps consist in
cross-linking followed by freeze-drying.

Plasma sputtering of silver nanoparticles was realised
using a BAL-TEC SCD005 Sputter Coater with nitrogen
plasma and the deposition current was 59mA while the
deposition time was set at 60 s.

Theobtainedmaterials were investigated byX-ray diffrac-
tion, IR spectroscopy, scanning electron microscopy, trans-
mission electron microscopy, and antimicrobial activity
against Escherichia coli.

X-ray diffraction analysis was performed using a Shi-
madzu XRD 6000 diffractometer at room temperature. In all
the cases, CuK

𝛼
radiation fromaCuX-ray tubewas used.The

samples were scanned in the Bragg angle, 2𝜃 range of 10–70.
For IR spectroscopy (Shimadzu 8400FTIR Spectrometer)

measurements, the spectra were recorded in the wavenumber
range of 400–4000 cm−1, with a resolution of 2 cm−1.

SEM analyses were performed on a HITACHI S2600N
electron microscope on samples covered with silver layer.

The transmission electron images were obtained on finely
powdered samples using a Tecnai G2 F30 S-TWIN high reso-
lution transmission electronmicroscope (HRTEM) equipped
with STEM-HAADF detector, EDX, and EELS. The micro-
scope was operated in transmission mode at 300 kV while
TEM point resolution was 2 Å and line resolution was 1 Å.

The antibacterial activity was evaluated in triplicate
against Escherichia coli. Escherichia coli (K 12-MG1655) were
cultured in a tube containing Luria-Bertani (LB) medium
[38] at 37∘C (LB medium composition: peptone, 10 g/L; yeast
extract 5 g/L, NaCl 5 g/L). Sterile samples were incubated for
18 hours in test tubes containing 5mL culture of Escherichia
coli. Culture was obtained from a volume of 100mL sterile
culture medium. The sterile medium was inoculated with
1mL of Escherichia coli (1%). Once obtained 5mL of culture
was placed over the samples. Optical density was determined
after 18 hours of incubation. Incubation was performed in
the incubator Laboshake Gerhardt. The bacterial growth
was determined by measuring optical density for the four
samples and control (Escherichia coli culture without sample)
at 600 nm using UV-VIS spectrophotometer (Jenway Spec-
trophotometer).

The antibacterial activities were determined by calculat-
ing the inhibition of growth using [39]

𝐼% =
[(𝐵
18
− 𝐵
0
) − (𝐶

18
− 𝐶
0
)]

(𝐵
18
− 𝐵
0
)

⋅ 100, (2)

where 𝐼 is the inhibition of growth, %, 𝐵
18

is the blank-
compensated optical density at 600 nm (OD

600
= 3.36 of the

positive control of the organism at 18 h), 𝐵
0
is the blank-

compensated OD
600

of the positive control of the organism at
0 h (OD

600
= 0.049),𝐶

18
is the negative control-compensated

OD
600

of the organism in the presence of test sample at 18 h,
and 𝐶

0
is the negative control-compensated OD

600
of the

organism in the presence of test sample at 0 h.
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Figure 2: XRD pattern of COLL/Ag antiseptic composite materials.
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Figure 3: FTIR spectra of (a) COLL/Ag, (b) HA-Ag, and (c)
COLL/HA-Ag antiseptic materials.

3. Results and Discussion

The antiseptic materials were characterized by appropriate
methods.

3.1. X-Ray Diffraction. X-ray diffraction pattern was used to
prove the formation of the AgNPs regardless of the synthesis
method as we presented in Figure 2. Silver was identified
based on the ASTMfile number 0040783. Sodiumnitrate was
identified as a secondary crystalline phase, its presence being
explained based on the collagen extraction technology.

3.2. Infrared Spectroscopy. The three FTIR spectra reveal
the absorption bands of the components except the AgNPs
which appear far below the lower limit of wavelength of the
spectrophotometer as Figure 3 showed.

The main absorption band of HA appears as follows, a
triple degenerate band associatedwith theO-P-Oband at 560,
600, and 630 cm−1; a triple degenerate band at 1030, 1090, and
1110 cm−1; and a band associated with a symmetric stretch

of P-O band at 960 cm−1, while the main absorption bands
of collagen appear at 1628 (amide I), 1540 (amide II), 1236
(amide III), 2854 (CH

2
asymmetric stretching), 2926 (CH

2

symmetric stretching), and 2957 (CH
3
symmetric stretching).

The wide band from 3000 to 3600 cm−1 corresponds to the
associated hydroxyl groups from collagen, hydroxyapatite,
and water.

3.3. Scanning ElectronMicroscopy. The silver particles cannot
be identified by SEM images because of their low content and
nanosize into the collagen composites (Figure 4). At 2000
and 3,500x magnification, the COLL/HA-Ag sample presents
agglomerations which can be easily assigned to the inorganic,
hydroxyapatite phase [24].This observation is also supported
by the comparison with the COLL/Ag sample (Figures 4(a)–
4(c)) where no agglomerations can be identified. Silver
visualization will be possible at higher magnification using
TEM or HRTEM. That is why only in the case of COLL/HA-
Ag composite material agglomerates can be visualised on the
collagenic matrices, these agglomerates being clearly identi-
fied on the collagenicmatrix at amagnification of 2000xwhile
in the case of COLL/Ag material no agglomerations can be
identified at this magnification.

Scanning electron microscopy was also used for the
characterization of HA-Ag nanopowder (Figure 5). Based on
themicrographs, it can be seen that nanometric particleswere
obtained. The size and shape are difficult to determine based
on the SEM images and consequently TEM will be further
used to evaluate the size and to determine the shape of these
nanoparticles.

3.4. Transmission Electron Microscopy. TEM analysis was
performed on pure silver nanoparticles obtained by plasma
sputtering (Figure 6), COLL/Ag sample obtained by plasma
sputtering (Figure 7), and HA-Ag nanopowder obtained by
HA precipitation and chemical reduction of Ag+ (Figure 8).
In the case of pure silver nanoparticles obtained by plasma
sputtering nanoAg agglomerates can be identified. From the
point of view of particle size distribution very small particles
with 1-2 nmaswell as oversized particles with about 10–20 nm
diameter can be visualized.The characteristic silver bands can
be identified in SAED as well as silver oxide which means
that during the deposition silver is partially oxidized to silver
oxide.

In the case of COLL/Ag antiseptic sample, due to the
collagen harsh matrix the silver is more uniformly deposited,
the particles having generally 2–4 nm diameter.

Analyzing Figure 7, it can be seen that practically the par-
ticles are independent which means that collagen matrix acts
as a dispersing agent and does not allow the silver nanoparti-
cles to form agglomerates.

In the case of HA-Ag sample both HA and Ag can be
identified based on their different contrast or based on their
interplanar distances. At low magnification a severe agglom-
eration of the silver nanoparticles (darker nanoparticles) is
noticed while, at high resolution characteristic planes of HA
and Ag demonstrate their presence. Comparing with the
COLL/Ag sample, the HA-Ag is less homogeneous because,
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Figure 4: SEM images of (a)–(d) COLL/HA-Ag nanocomposite and (a)–(c) COLL/Ag.
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Figure 5: SEM image of HA-Ag nanopowder.

Figure 6: TEM images of plasma sputtered silver nanoparticles.

in the bulk nanopowder, it is possible to identify silver-rich
areas (containing silver agglomerates) but also silver-free
areas (pure HA). Based on TEM image, silver as well as HA
can be consideredmonodisperse, silver having spherical form
and a maximum diameter of less than 20 nm.

3.5. Antimicrobial Studies. As found in the literature data, the
antimicrobial activity is dependent on concentration, silver
size, and shape [40]. Because only for the HA-Ag sample
different compositionswere obtained, the antimicrobial stud-
ies will be presented only for HA/Ag samples obtained by
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Figure 7: TEM image of the antiseptic COLL/Ag matrix.

Figure 8: TEM images of HA-Ag powder.
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Figure 9: Antibacterial activity of the HA-Ag samples.
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Table 1: Potential applications of the synthesized samples.

Materials Synthesis method Potential applications
Colloidal silver Chemical reduction Treatment of different infections (equivalent of antibiotics) or even cancer and so forth

COLL/Ag

Chemical reduction Skin cancer or burns (not recommended in the case of infections because glucose and its
derivatives could serve as a growth medium)

PS symmetric Skin cancer, infections associated with burns (can be used also for the people with
diabetes)

PS asymmetric
Skin cancer/infections (silver-rich face is in contact with the skin);
burns (silver-rich face is not in contact with the skin; Ag nanoparticles are only for their
antiseptic activity)

HA/Ag or
COLL/HA-Ag

Chemical reduction Treatment of bone defects and even for bone cancer (Ag nanoparticles have antitumoral
activity and antiseptic activity, respectively)PS symmetric

PS asymmetric Treatment of bone defects and bone cancer (silver-rich face has to be in contact with
cancerous tissue due to its antitumoral and antiseptic activity)

plasma sputtering and containing 10, 100, and 1000 ppm silver
nanoparticles. The bacteriological experiments performed
in vitro demonstrated the effectiveness of these samples in
inhibiting the growth of Escherichia coli (Figure 9), even at
low silver content.

It can be concluded that even at low content of sil-
ver nanoparticles (10 ppm), the HA-Ag sample inhibits the
growth of E. coli (43%) while increasing content of silver
induces a higher level of antimicrobial activity (51% for
100 ppm and 77% for 1000 ppm of nanoAg, resp.).

Based on the presented results these materials are
intended to be further tested for the following applications,
as presented in Table 1.

4. Conclusions

Three types of antiseptic, multifunctional materials were
obtained, each having different potential medical applica-
tions. COLL/nanoAg is potential material for skin repair and
can be used especially for the injuries caused by burns or can-
cer. HA/nanoAg and COLL/HA-nanoAg are potential bone
grafts antiseptic materials but can be also used in different
kinds of bone cancer, where surgical resection is necessary.
Besides the material, in the cases of infections or tumours
the silver-rich face of the materials has to be in contact with
these tissues. When only antiseptic activity is required both
symmetric (homogenous) and asymmetric materials can be
used. In the cases of skin injuries it is recommended to
use asymmetric COLL/Ag scaffolds and the silver-rich face
does not have to be in contact with the skin, having only
protective role for potential infections.
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Original and/or functionalized nanosilica particles with a quoted specific surface area of 100, 300, and 600m2/g, respectively, were
used to investigate the influence of specific surface areas of nanosilica particles on ultradrawing and ultimate tensile properties
of ultrahigh molecular weight polyethylene (UHMWPE), UHMWPE/nanosilica, and UHMWPE/functionalized nanosilica fibers.
The specific surface areas of well-dispersed functionalized nanosilica particles in UHMWPE/functionalized nanosilica fibers can
positively affect their ultradrawing, orientation, ultimate tensile properties, and “micro-fibrils” morphologies. Excellent orientation
and ultimate tensile properties of UHMWPE/nanofiller fibers can be prepared by ultradrawing the UHMWPE/functionalized
nanosilica as-prepared fibers with optimal contents of the best prepared functionalized nanosilica particles well dispersing in
the as-prepared fibers. The ultimate tensile strength value of the best prepared UHMWPE/functionalized nanosilica drawn
fiber reaches 7.6GPa, which is about 2.3 times of those of the best prepared UHMWPE drawn fiber without addition of any
nanofiller. Specific surface area, morphological and Fourier transform infrared analyses of original and functionalized nanosilica
particles, and/or investigations of thermal, orientation factor, and ultimate tensile properties of as-prepared and/or drawn
UHMWPE/functionalized nanosilica fibers were performed to understand the above improved ultradrawing and ultimate tensile
properties of the UHMWPE/functionalized nanosilica as-prepared and/or drawn fibers.

1. Introduction

As a kind of extremely significant and strategic material,
ultrahigh molecular weight polyethylene (UHMWPE) fibers
have attractedmuch attention for the last three decades, since
they exhibit significantly higher tenacity but lower density
values than those of other high performance fibers, such as
carbon and aramid fibers [1–5]. Polyethylene fibers [1, 6–31]
are typical high performance fibers produced using the gel
spinning processing method from flexible polymer chains.
Remarkable progress has been made in the improvement
of these high performance fibers since then; however, the
highest tensile strengths andmoduli achieved for UHMWPE

fibers are still well below the broad range of theoretical tensile
strengths and moduli reported for the UHMWPE perfect
crystals [1]. The highest tenacity of commercially available
UHMWPE fibers reaches as high as 45 g/den [32]; however,
this obtained strength is still far below the theoretical achiev-
able strength, 372 g/den reported for the perfect polyethylene
crystal [16]. The key element in obtaining high-strength
UHMWPE fibers is to find a way to draw the as-prepared gel
specimens to an ultrahigh draw ratio after the gel spinning
process.The drawability of the as-prepared gel specimenswas
found to depend significantly on the compositions of solu-
tions from which gels were made [6, 7, 33]. Several authors
[12–15, 33] reported that the drawing temperature and rate

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 146718, 16 pages
http://dx.doi.org/10.1155/2015/146718

http://dx.doi.org/10.1155/2015/146718


2 Journal of Nanomaterials

could markedly affect the maximal achievable draw ratio
and tensile properties of solution-grownUHMWPE samples.
In addition to the gel solution compositions and drawing
conditions, it is generally recognized that the conditions
used in the formation process after spinning and/or solution
casting of gel solutions can also have a significant influence on
the morphology, microstructure, and drawing properties of
the specimens formed during the above-mentioned processes
[7, 9, 14, 17–23].

Our recent investigations [24–27] found that the
achievable draw ratios (achievable 𝜆) of UHMWPE/nano-
fillers as-prepared fibers prepared near the optimal
UHMWPE concentration improve to a maximal value as
their nanofillers contents reach an optimal value, respectively,
in which, the nanofillers (e.g., carbon nanotube (CNT) [24],
attapulgite [25], nanosilica and/or their functionalized
nanofillers [26], and functionalized bacterial cellulose [27])
with extremely high specific surface areas can serve as
efficient nucleation sites and facilitate the crystallization of
UHMWPE molecules into crystals but with lower melting
temperatures (𝑇

𝑚
) and/or evaluated smaller crystal thickness

(𝑙
𝑐
) values during their crystallization processes. Presumably,

the crystals with lower 𝑇
𝑚
and/or evaluated smaller 𝑙

𝑐
values

obtained at proper plain and/or modified nanofiller contents
can be melted and pulled out of folded lamellar crystals
relatively easily during ultradrawing processes and hence
this results in higher drawability and orientation of the
UHMWPE/nanofillers or UHMWPE/modified nanofillers
fibers. The maximal achievable draw ratios of UHMWPE/
nanofillers or UHMWPE/modified nanofillers as-prepared
fiber specimens and the tensile strengths of the drawn
UHMWPE/nanofillers or UHMWPE/modified nanofillers
fiber specimens are significantly higher than those of the
plain UHMWPE as-prepared and drawn fiber specimens
prepared at the same draw ratios of UHMWPE concentra-
tions but without addition of the nanofillers and/or modified
nanofillers, respectively. The ultimate tensile strength values
of UHMWPE/purified attapulgite, UHMWPE/function-
alized CNT, UHMWPE/functionalized nanosilica, and
UHMWPE/functionalized bacterial cellulose drawn fibers
prepared using one-stage drawing process at 95∘C can reach
4.7, 5.8, 7.0, and 7.1 GNm−2, respectively, which is about
1.74, 2.15, 2.59, and 2.63 times of that of the corresponding
plain UHMWPE drawn fibers prepared at the same optimal
UHMWPE concentration, formation, and drawing condition
but without incorporation of modified nanofillers.

The above results clearly suggested that nanofillers with
high specific surface areas can serve as efficient nucle-
ation sites for crystallization of UHMWPE molecules and
improve the ultradrawing and ultimate tensile properties
of UHMWPE/nanofiller fibers. Among these nanofillers,
nanosilica particles are cheap and commercially avail-
able for a wide range of specific surface areas. In this
study, the ultradrawing and ultimate tensile properties of
the UHMWPE/nanosilica and UHMWPE/functionalized
nanosilica fibers with a wide range of specific surface areas
were systematically investigated. The maximal achievable 𝜆
and ultimate tensile strength values obtained for the best

prepared UHMWPE/functionalized nanosilica as-prepared
fibers are even higher than those of the best prepared
UHMWPE/modified attapulgite, UHMWPE/functionalized
CNT, and UHMPE/functionalized bacterial cellulose as-pre-
pared fibers prepared at the optimal modified attapulgite,
functionalized CNT, and functionalized bacterial cellulose
contents, respectively [24–27]. Specific surface area, mor-
phological and Fourier transform infrared analyses of the
original and functionalized nanosilica specimens, and/or
investigations of thermal, orientation factor, and ultimate
tensile properties of the as-prepared and drawn UHMWPE/
functionalized nanosilica fiber specimens were performed to
understand the above improved ultradrawing and ultimate
tensile properties of the UHMWPE/functionalized nanosil-
ica as-prepared and/or drawn fibers.

2. Experimental

2.1.Materials and Sample Preparation. TheUHMWPEGUR-
4120 resin used in this study is associated with a weight
averagemolecular weight (Mw) of 5.0× 106, whichwas kindly
supplied by Celanese (Nanjing) Diversified Chemical Cor-
poration, Nanjing, China. Three types of nanosilica particles
(Merck SSA-100, SSA-300, and SSA-600) used in this study
were purchased from Lu Ming Nanomaterials Corporation,
Dalian, China. The specific surface areas of SSA-100, SSA-
300, and SSA-600 nanosilica (NSI) particles were quoted as
90–105m2/g, 285–305m2/g, and 580–610m2/g, respectively,
by Lu Ming Nanomaterials Corporation. Functionalized
nanosilica (FNSI) particles were prepared by grafting maleic
anhydride grafted polyethylene (PEg-MAH) molecules onto
NSI particles in ultrasonicated mixtures of decalin, NSI, and
PEg-MAH at 170∘C for 1 hour, in which, PEg-MAH resin was
purchased from Langfang Plastic Corporation, Langfang,
China.The nanosilica and functionalized nanosilica particles
prepared above are referred to as NSI𝑥 and FNSI𝑥m𝑦, respec-
tively, in the following discussion, in which, the superscript
𝑥 denotes the quoted specific surface areas of virgin NSI
nanosilica particles and the subscript 𝑦 denotes the weight
ratio of PEg-MAH to NSI𝑥 used in the preparation processes of
FNSI𝑥m𝑦 functionalized nanosilica particles. Table 1 summa-
rized designations and compositions of typical nanosilica and
functionalized nanosilica particles prepared in this study.

Varying contents of NSI𝑥 and FNSI𝑥m𝑦 particles together
withUHMWPE resinwere dispersed and dissolved in decalin
at 135∘C for 1.5 hours, in which 0.1% di-t-butyl-p-cresol was
added as an antioxidant. The UHMWPE, UHMWPE/NSI𝑥,
and UHMWPE/FNSI𝑥m𝑦 gel solutions prepared above were
then fed into a temperature-controlled hopper and kept as
hot homogenized gel solutions before spinning. The hot
homogenized gel solutionswere then gel-spun using a conical
die with an exit diameter of 1mm at an extrusion rate of
1000mm/min and an extrusion temperature of 170∘C. A
water bath and a winder with 70mm in diameter were placed
at a distance of 520mm and 810mm from the spinneret
exit, respectively. The extruded gel fibers were cooled in
a temperature-conditioned atmosphere and then quenched
into a water bath for about 1 minute, where the temperature
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Table 1: Designations, compositions, and specific surface areas of
nanosilica particles (NSI𝑥) and functionalized nanosilica particles
(FNSI𝑥m𝑦) prepared in this study.

NSI𝑥 and FNSI𝑥m𝑦
specimens

Mass ratios of
PEg-MAH to NSI𝑥

Specific surface areas
(m2/g)

NSI100 0.0 102.3
FNSI100m1 1.0 109.7
FNSI100m2 2.0 114.8
FNSI100m3 3.0 129.8
FNSI100m6 6.0 122.4
FNSI100m12 12.0 109.6
NSI300 0.0 303.9
FNSI300m2 2.0 314.5
FNSI300m3 3.0 325.5
FNSI300m6 6.0 335.8
FNSI300m9 9.0 330.8
FNSI300m12 12.0 315.3
NSI600 0.0 601.7
FNSI600m2 2.0 617.4
FNSI600m3 3.0 621.4
FNSI600m6 6.0 625.3
FNSI600m9 9.0 630.7
FNSI600m12 12.0 621.4

of the air atmosphere and water bath was controlled at 5∘C.
The quenched fibers were then extracted in n-hexane bath
for 5 minutes to remove the residual decalin solvent. The
extracted fiber specimens were then dried in air for 30
minutes to remove the remaining n-hexane solvent before
any drawing run. The UHMWPE, UHMWPE/NSI𝑥, and
UHMWPE/FNSI𝑥m𝑦 as-prepared fiber specimens prepared
above are referred to as F

100
, F
100

NSI𝑥
𝑧
, and F

100
FNSI𝑥m𝑦-𝑧

as-prepared fiber specimens, respectively, in the follow-
ing discussion, in which, the superscript 𝑥 denotes the
quoted specific surface areas of varying NSI𝑥 particles used
to prepare NSI𝑥 and FNSI𝑥m𝑦 particles in F

100
NSI𝑥
𝑧
and

F
100

FNSI𝑥m𝑦-𝑧 as-prepared fiber specimens, respectively; the
subscript 100 denotes one hundred parts of UHMWPE resins
used in the as-prepared fibers; 𝑦 denotes the weight ratio
of PEg-MAH to NSI𝑥 used in the preparation processes of
FNSI𝑥m𝑦 fillers, while the subscript 𝑧 denotes parts of NSI

𝑥

or FNSI𝑥m𝑦 fillers used in per hundred parts of UHMWPE
resins in the as-prepared fibers. Table 2 summarized des-
ignations of typical UHMWPE, UHMWPE/nanosilica, and
UHMWPE/functionalized nanosilica as-prepared fiber spec-
imens and the corresponding compositions of gel solutions
used in the gel spinning processes.

2.2. Fourier Transform Infrared Spectroscopy. Fourier trans-
form infrared (FTIR) spectroscopicmeasurements of NSI𝑥 or
FNSI𝑥m𝑦 specimens with varying specific surface areas were
recorded on a Nicolet Avatar 360 FTIR spectrophotometer at
25∘C, wherein 32 scans with a spectral resolution 1 cm−1 were

collected during each spectroscopic measurement. Infrared
spectra of NSI𝑥 or FNSI𝑥m𝑦 film specimens were determined
using the conventional KBr diskmethod. Alcohol and decalin
solutions containing NSI𝑥 or FNSI𝑥m𝑦 particles, respectively,
were cast onto KBr disk and dried at 60∘C for 30minutes.The
cast films used in this study were prepared sufficiently thin
enough to obey the Beer-Lambert law.

2.3. Morphological Analyses. In order to understand the
morphology on the surfaces of NSI𝑥 or FNSI𝑥m𝑦 particles
with varying specific surface areas prepared in Materials and
Sample Preparation, NSI𝑥 particles were dispersed in alcohol,
while FNSI𝑥m𝑦 particles were dispersed in decalin to have
a better dispersed morphology before examination. Before
morphological analyses, ten micrograms of NSI𝑥 or FNSI𝑥m𝑦
particles was added and ultrasonicated in 10mL alcohol and
decalin at 25∘C for 5minutes, respectively.The dispersed par-
ticleswere then dried onto a carbon-coated copper grid under
ambient conditions prior to morphological analyses.The cast
NSI𝑥 or FNSI𝑥m𝑦 particles were then examined using a Philip
transmission electron microscope (TEM) model Tecnai G20
operated at 200 kV.

2.4. Specific Surface Area Analyses. A Laser Particle Size
Analyzermodel BT-9300H (Dandong Bettersize Instruments
Corporation, Dandong, China) was used to study the specific
surface areas of NSI𝑥 or FNSI𝑥m𝑦 particles with varying spe-
cific surface areas. Before analyses, ten micrograms of NSI𝑥
or FNSI𝑥m𝑦 particles was added and ultrasonicated in 10mL
alcohol and decalin at 25∘C for 5 minutes, respectively. The
specific surface areas of NSI𝑥 or FNSI𝑥m𝑦 particles were then
measured by placing the ultrasonicated solutions prepared
above in the curette of the Laser Particle Size Analyzer at
25∘C.

2.5.Thermal andOrientation Factor Analyses. Thermal prop-
erties of all as-prepared fiber specimens were performed on a
DuPont differential scanning calorimeter (DSC)model 2000.
All scans were carried out at a heating rate of 20∘C/min under
flowing nitrogen at a flow rate of 25mL/min. Samples weigh-
ing 0.5mg and 15mg were placed in the standard aluminum
sample pans for determination of their melting tempera-
ture (𝑇

𝑚
) and percentage crystallinity (𝑋

𝑐
) values, respec-

tively. The percentage crystallinity values of the as-prepared
fiber specimens were estimated using baselines drawn from
40 to 200∘C and a perfect heat of fusion of polyethylene of
293 J/g [28].

In order to understand the ultradrawing properties of
UHMWPE, UHMWPE/NSI𝑥, and UHMWPE/FNSI𝑥m𝑦 as-
prepared fiber specimens, the lamellar thickness (𝑙

𝑐
) values

of the above as-prepared fibers were evaluated from their 𝑇
𝑚

values using Hoffman and Weeks’ equation [28, 29] given in
(1) as follows, in which, an equilibrium melting temperature
(𝑇
𝑚

𝑜) of 145.5∘C, a perfect heat of fusion (Δ𝐻
𝑓

0) of 293 J/g,
and a folded surface free energy (𝜎

𝑒
) of 9 × 10−6 J/cm2 of

polyethylene crystals [28]were used for evaluation of 𝑙
𝑐
values
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Table 2: Designations, melting temperatures (𝑇
𝑚
), percentage crystallinity (𝑋

𝑐
), and evaluated lamellar thickness (𝑙

𝑐
) values of UHMWPE,

typical UHMWPE/nanosilica, and UHMWPE/functionalized nanosilica as-prepared fiber specimens and corresponding compositions of gel
solutions used in the gel spinning processes.

As-prepared fiber specimens
Original
nanosilica
(g/phr)

Functionalized
nanosilica (g/phr)

UHMWPE
(g/phr)

Volumes of
decalin in gel
solutions (mL)

𝑇
𝑚

(∘C)
𝑋
𝑐

(%)
𝑙
𝑐

(nm)

F
100 0 — 2/100 100 142.7 65.1 30.7

F
100

NSI1000.05 0.001/0.05 — 2/100 100 141.1 67.8 25.6
F
100

NSI1000.1 0.002/0.1 — 2/100 100 140.2 70.1 17.5
F
100

NSI1000.125 0.0025/0.125 — 2/100 100 141.9 66.0 18.2
F
100

NSI3000.0375 0.00075/0.0375 — 2/100 100 140.9 68.3 22.5
F
100

NSI3000.0625 0.00125/0.0625 — 2/100 100 140.2 70.8 17.5
F
100

NSI3000.1 0.002/0.1 — 2/100 100 141.1 67.8 22.5
F
100

NSI600
0.0375 0.00075/0.0375 — 2/100 100 140.7 69.1 19.3

F
100

NSI600
0.05 0.001/0.05 — 2/100 100 139.9 71.5 15.7

F
100

NSI600
0.1 0.002/0.1 — 2/100 100 140.8 67.8 22.1

F
100

FNSI100m2-0.0375 — 0.00075/0.0375 2/100 100 141.6 66.2 25.8
F
100

FNSI100m2-0.075 — 0.0015/0.075 2/100 100 139.3 70.3 15.1
F
100

FNSI100m2-0.1 — 0.002/0.1 2/100 100 139.5 69.0 15.4
F
100

FNSI100m3-0.0375 — 0.00075/0.0375 2/100 100 140.7 69.1 17.5
F
100

FNSI100m3-0.075 — 0.0015/0.075 2/100 100 138.3 75.4 12.4
F
100

FNSI100m3-0.1 — 0.002/0.1 2/100 100 138.9 75.1 13.5
F
100

FNSI100m6-0.0375 — 0.00075/0.0375 2/100 100 140.9 68.9 22.5
F
100

FNSI100m6-0.075 — 0.0015/0.075 2/100 100 139.2 72.4 14.1
F
100

FNSI100m6-0.1 — 0.002/0.1 2/100 100 139.6 71.3 14.7
F
100

FNSI300m3-0.025 — 0.0005/0.025 2/100 100 139.5 73.2 14.6
F
100

FNSI300m3-0.05 — 0.001/0.05 2/100 100 138.6 74.0 13.1
F
100

FNSI300m3-0.075 — 0.0015/0.075 2/100 100 139.3 73.4 14.2
F
100

FNSI300m6-0.025 — 0.0005/0.025 2/100 100 138.5 75.2 12.7
F
100

FNSI300m6-0.05 — 0.001/0.05 2/100 100 137.6 76.0 11.3
F
100

FNSI300m6-0.075 — 0.0015/0.075 2/100 100 138.3 75.4 12.4
F
100

FNSI300m9-0.025 — 0.0005/0.025 2/100 100 139.0 74.1 13.6
F
100

FNSI300m9-0.05 — 0.001/0.05 2/100 100 138.1 75.0 12.0
F
100

FNSI300m9-0.075 — 0.0015/0.075 2/100 100 138.8 73.9 13.5
F
100

FNSI600m3-0.025 — 0.0005/0.025 2/100 100 137.8 74.2 11.6
F
100

FNSI600m3-0.0375 — 0.00075/0.0375 2/100 100 137.2 74.8 10.7
F
100

FNSI600m3-0.075 — 0.0015/0.075 2/100 100 138.3 73.7 12.4
F
100

FNSI600m9-0.025 — 0.0005/0.025 2/100 100 136.5 76.2 10.7
F
100

FNSI600m9-0.0375 — 0.00075/0.0375 2/100 100 136.1 76.8 9.5
F
100

FNSI600m9-0.075 — 0.0015/0.075 2/100 100 137.0 75.9 10.1
F
100

FNSI600m12-0.025 — 0.0005/0.025 2/100 100 137.3 74.7 11.1
F
100

FNSI600m12-0.0375 — 0.00075/0.0375 2/100 100 136.7 75.3 9.8
F
100

FNSI600m12-0.075 — 0.0015/0.075 2/100 100 137.8 74.3 11.6

of UHMWPE, UHMWPE/NSI, and UHMWPE/FNSI as-
prepared fiber specimens:

𝑇
𝑚
= 𝑇
𝑚

𝑜
[1 −
2𝜎
𝑒

𝑙
𝑐
Δ𝐻
𝑓

0
] . (1)

The orientation factor (𝑓
0
) values of UHMWPE,

UHMWPE/NSI𝑥, and UHMWPE/FNSI𝑥m𝑦 as-prepared and
drawn fiber specimens were measured using a sonic velocity
orientation instrument model SCY-III, which was purchased
from Donghuakaili Chemicals and Fiber Technology
Corporation, Shanghai, China. Before testing, the fiber



Journal of Nanomaterials 5

specimen with 60 cm in length was wound and clamped on a
testing device with a span of 40 cm. 𝑓

0
values of the as-spun

and drawn fiber specimens were then measured at 25∘C. A
minimum of five samples of each specimen were tested and
averaged during 𝑓

0
measurements. 𝑓

0
values were evaluated

using (2) as suggested by Xiao and coauthors [30]:

𝑓
𝑠
= 1 − (
𝐶
𝑢

𝐶
)
2

, (2)

where 𝐶 is the sonic velocity of the as-prepared or drawn
UHMWPE fiber specimen and 𝐶

𝑢
is the sonic velocity of the

fully unoriented sample, taken as 1.65 km/s [30].

2.6. Drawing and Tensile Properties of Fiber Specimens.
TheUHMWPE, UHMWPE/NSI𝑥, and UHMWPE/FNSI𝑥m𝑦
fiber specimens used in the drawing experiments were
cut from the dried as-prepared fibers and then stretched
on a Gotech tension testing machine model GT-TFS-2000
equipped with a temperature-controlled oven. The fibers are
150mm in length, which were wound and clamped in a
stretching device and then stretched at a crosshead speed of
20mm/min and a constant temperature of 95∘C. The draw
ratio of each fiber specimenwas determined as the ratio of the
marked displacement after and before drawing. The marked
displacement before drawing was 27mm. The tensile prop-
erties of the as-prepared and drawn fibers were determined
using a Hung Ta tension testing machine model HT-9112 at a
crosshead speed of 20mm/min. A minimum of five samples
of each specimen were tested and averaged during the tensile
experiments.

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy. Figure 1 illus-
trates typical Fourier transform infrared (FTIR) spectra of
nanosilica (NSI𝑥), functionalized nanosilica (FNSI𝑥m𝑦), and
maleic anhydride grafted polyethylene (PEg-MAH) specimens.
PEg-MAH specimen exhibited two distinctive absorption
bands centered at 1711 and 1791 cm−1, which were generally
attributed to themotion ofO-C=OandC=O stretching vibra-
tions of maleic anhydride [31] (see Figure 1(a)). As shown
in Figures 1(b), 1(f), and 1(j), there are three distinguished
absorption bands centered at 1097, 1635, and 3442 cm−1
corresponding to the motions of Si-O-Si stretching, H-O-H
bending, and Si-OH stretching vibrations [31], respectively,
which were found in the spectra of NSI100, NSI300, andNSI600
specimens. It is interesting to note that the peak magnitudes
of Si-O-Si stretching, H-O-H bending, and Si-OH stretching
bands of NSI𝑥 specimens increased significantly as their
quoted specific surface areas increased from 100 to 300 and
600m2/g (see Figures 1(b), 1(f), and 1(j)). The significant
increase in the magnitude of Si-O-Si stretching, H-O-H
bending, and Si-OH stretching bands of NSI𝑥 specimens is
attributed to the increased amounts of Si-O-Si, H-O-H, and
Si-OH groups exposed on NSI𝑥 particles with higher specific
surface areas.

After grafting PEg-MAH to NSI100, NSI300, and NSI600
particles, the peak magnitudes corresponding to H-O-H

bending and Si-OH stretching bands of FNSI𝑥m𝑦 specimens
reduced significantly as the weight ratios of PEg-MAH to NSI𝑥
increased (see Figures 1(b) to 1(e), 1(f) to 1(i), and 1(j) to 1(m)).
In fact, as shown in Figures 1(d) to 1(e), 1(h) to 1(i), and 1(l) to
1(m), H-O-H bending and Si-OH stretching bands originally
present in NSI𝑥 specimens disappeared almost completely as
the weight ratios of PEg-MAH to NSI100, NSI300, and NSI600 of
FNSI100m𝑦, FNSI

300

m𝑦, and FNSI600m𝑦 specimens were equal
to or more than 3, 6, and 9, respectively. In the meantime,
a new absorption band centered at around 1228 cm−1 cor-
responding to the motion of ester C-O stretching vibration
[31] was found in the spectra of FNSI100m𝑦, FNSI300m𝑦,
and FNSI600m𝑦 specimens (see Figures 1(c) to 1(e), 1(g) to
1(i), and 1(k) to 1(m)). In contrast, the absorption bands
centered at 1711 and 1791 cm−1 corresponding to themotion of
C=O and O-C=O stretching vibrations of maleic anhydride
gradually reappeared as the weight ratios of PEg-MAH to
NSI100, NSI300, and NSI600 of FNSI100m𝑦, FNSI

300

m𝑦, and
FNSI600m𝑦 specimens, respectively, were equal to 6, 9, and
12. Presumably, the gradually disappearing H-O-H bending
and Si-OH stretching bands and newly developed ester C-O
stretching bands of FNSI100m𝑦, FNSI

300

m𝑦, and FNSI600m𝑦
specimens are attributed to the reaction of the hydroxyl
groups of NSI100, NSI300, and NSI600 particles with themaleic
anhydride groups of PEg-MAH molecules during their func-
tionalized processes. The reappearance of O-C=O and C=O
stretching bands of maleic anhydride groups is most likely
due to the overdosage of PEg-MAH during the functionalized
processes of FNSI100m𝑦, FNSI

300

m𝑦, and FNSI600m𝑦 particles.

3.2. Morphological Analyses of 𝑁𝑆𝐼𝑥 and FNSI𝑥m𝑦 Particles.
Figure 2 exhibits typical TEM micrographs of NSI𝑥 and
FNSI𝑥m𝑦 particles. Typical irregular particle feature with
dimensions of 250–350, 150–200, and 50–80 nm in diameter
was observed for NSI100, NSI300, and NSI600 particles (see
Figures 2(a), 2(d), and 2(g)). After modification by PEg-MAH,
some translucent resins were found attaching on the surfaces
of NSI100, NSI300, and NSI600 particles, wherein the amounts
of attached translucent resins increased gradually as the
weight ratios of PEg-MAH to NSI100, NSI300, and NSI600
increased, respectively (see Figures 2(b) to 2(c), 2(e) to 2(g),
and 2(h) to 2(i)). As evidenced by FTIR analyses in the previ-
ous section, the attached translucent resins were most likely
the grafted PEg-MAH molecules, which were firmly bonded
to NSI100, NSI300, and NSI600 particles by the reaction of the
maleic anhydride groups of PEg-MAH resins with the hydroxyl
groups of NSI100, NSI300, and NSI600 particles, respectively.
In fact, the translucent resins were found fully surrounding
and overwrapping on NSI100, NSI300, and NSI600 particles, as
the weight ratios of PEg-MAH to NSI100, NSI300, and NSI600
were greater than 3, 6, and 12, respectively (see Figures 2(c),
2(f), and 2(i)).

3.3. Specific Surface AreaAnalyses of𝑁𝑆𝐼𝑥 and FNSI𝑥m𝑦 Parti-
cles. Thevalues of specific surface areas of NSI𝑥 and FNSI𝑥m𝑦
particles are summarized in Figure 3 and Table 1.The specific
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Figure 1: FTIR spectra of (a) PEg-MAH, (b) NSI
600, (c) FNSI600m3, (d) FNSI

600

m9, (e) FNSI
600

m12, (f) NSI
300, (g) FNSI300m3, (h) FNSI

300

m6, (i)
FNSI300m9, (j) NSI

100, (k) FNSI100m2, (l) FNSI
100

m3, and (m) FNSI100m6 specimens (the superscript 𝑥 denotes the quoted specific surface areas
of virgin NSI𝑥 nanosilica particles; 𝑦 denotes the weight ratio of PEg-MAH to NSI𝑥 used in the preparation processes of FNSI𝑥m𝑦 functionalized
nanosilica particles).

surface areas of NSI100, NSI300, and NSI600 particles were
evaluated at around 100, 300, and 600m2/g (i.e., 102.3, 303.9,
and 601.7m2/g), respectively. After modification by PEg-MAH,
the specific surface areas of FNSI100m𝑦, FNSI300m𝑦, and
FNSI600m𝑦 particles reached a maximal value at 129.8, 335.8,
and 630.7m2/g, respectively, as the weight ratios of PEg-MAH

to NSI100, NSI300, and NSI600 approached an optimal value at
3, 6, and 9, respectively. Presumably, the beneficial effect of
PEg-MAH contents on specific surface areas of FNSI𝑥m𝑦 parti-
cles is attributed to the increase in grafted amounts and spe-
cific surface areas of PEg-MAH on NSI𝑥 particles during their
functionalized processes. However, PEg-MAH molecules may
agglomerate, bundle, entangle together, and overwrap NSI𝑥
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Figure 2: TEM micrographs of (a) NSI100, (b) FNSI100m3, (c) FNSI
100

m6, (d) NSI
300, (e) FNSI300m6, (f) FNSI

300

m9, (g) NSI
600, (h) FNSI600m9,

and (i) FNSI600m12 specimens.

particles, as PEg-MAH molecules are superfluous and can no
longer graft ontoNSI𝑥 particles. As evidenced bymorphology
analyses in the previous section, some translucent resins
were found fully surrounding and overwrapping on NSI𝑥
particles (see Figures 2(c), 2(g), and 2(i)), as the weight
ratios of PEg-MAH to NSI100, NSI300, and NSI600 were more
than 3, 6, and 9, respectively. Based on this premise, it is
reasonable to infer that the overwrapped FNSI𝑥m𝑦 particles

exhibit relatively lower specific surface areas than those
FNSI100m3, FNSI

300

m6, and FNSI600m9 particles grafted with
proper amounts of PEg-MAH resins.

3.4. Thermal Properties of the As-Prepared Fibers. Typical
DSC thermograms, melting temperature (𝑇

𝑚
), percentage

crystallinity (𝑋
𝑐
), and evaluated lamellar thickness (𝑙

𝑐
)

values of UHMWPE (F
100

), UHMWPE/NSI (F
100

NSI𝑥
𝑧
),
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Figure 3: Specific surface areas of carbon nanofiber (∙), NSI100 (X),
NSI300 (◼), NSI600 (), FNSI100m𝑦 (◊), FNSI

300

m𝑦 (◻), FNSI
600

m𝑦 (△),
and modified carbon nanofiber (∘) specimens.

and UHMWPE/FNSI (F
100

FNSI𝑥m𝑦-𝑧) as-prepared fiber
series specimens are summarized in Figure 4 and Table 2.
A main melting endotherm with 𝑇

𝑚
and 𝑋

𝑐
at 142.7∘C

and 65.1%, respectively, was found for F
100

specimen.
After incorporation of NSI𝑥 and/or FNSI𝑥m𝑦 particles
in UHMWPE, 𝑇

𝑚
(or evaluated 𝑙

𝑐
) values of F

100
NSI𝑥
𝑧

(i.e., F
100

NSI100
𝑧
, F
100

NSI300
𝑧
, and F

100
NSI600

𝑧
) and/or

F
100

FNSI𝑥m𝑦-𝑧 (i.e., F100FNSI
100

m𝑦-𝑧, F100FNSI
300

m𝑦-𝑧, and
F
100

FNSI600m𝑦-𝑧) as-prepared fibers reduced to a minimal
value, as their NSI𝑥 and/or FNSI𝑥m𝑦 contents reached
an optimal value, respectively, in which 𝑇

𝑚
and 𝑙

𝑐

values of F
100

FNSI100m𝑦-0.075, F
100

FNSI300m𝑦-0.05, and
F
100

FNSI600m𝑦-0.0375 as-prepared fibers prepared at the
optimal FNSI𝑥m𝑦 contents at 0.075, 0.05, and 0.0375 phr,
respectively, were significantly lower than those of
the corresponding F

100
NSI100

0.1
, F
100

NSI300
0.0625

, and
F
100

NSI600
0.05

as-prepared fibers with an optimal NSI𝑥
content at 0.1, 0.0625, and 0.05 phr, respectively. However,
𝑋
𝑐
values of F

100
NSI𝑥
𝑧
and/or F

100
FNSI𝑥m𝑦-𝑧 as-prepared

fibers increased to a maximal value, as NSI𝑥 and/or FNSI𝑥m𝑦
contents reached their corresponding optimal values,
respectively, wherein 𝑋

𝑐
values of F

100
FNSI100m𝑦-0.075,

F
100

FNSI300m𝑦-0.05, and F
100

FNSI600m𝑦-0.0375 as-prepared
fibers prepared at their optimal FNSI𝑥m𝑦 contents,
respectively, were significantly higher than those of
the corresponding F

100
NSI100

0.1
, F
100

NSI300
0.0625

, and
F
100

NSI600
0.05

as-prepared fibers prepared at their
optimal NSI𝑥 contents, respectively. Moreover, it is worth
noting that F

100
FNSI100m𝑦-0.075, F

100
FNSI300m𝑦-0.05, and

F
100

FNSI600m𝑦-0.0375 as-prepared fibers prepared at the
optimal FNSI𝑥m𝑦 contents exhibited another minimal 𝑇

𝑚
(or

evaluated 𝑙
𝑐
) but other maximal𝑋

𝑐
values as their FNSI100m𝑦,

FNSI300m𝑦, and FNSI600m𝑦 were modified using an optimal
weight ratio of PEg-MAH to NSI100, NSI300, and NSI600 at 3, 6,
and 9, respectively (see Figures 5(j), 6(i), and 7(h)). Finally,
it is interesting to note that the lowest 𝑇

𝑚
(or evaluated 𝑙

𝑐
)

values obtained for F
100

FNSI100m3-0.075, F100FNSI
300

m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared fibers prepared at the

optimal FNSI𝑥m𝑦 contents and weight ratio of PEg-MAH to
NSI𝑥 reduced significantly as the specific surface areas of
FNSI𝑥m𝑦 particles increased, while the highest 𝑋

𝑐
values

obtained for F
100

FNSI100m3-0.075, F
100

FNSI300m6-0.05, and
F
100

FNSI600m9-0.0375 as-prepared fibers increased consistently
as the specific surface areas of their FNSI𝑥m𝑦 particles
increased. For instance, 𝑇

𝑚
values of F

100
FNSI100m3-0.075,

F
100

FNSI300m6-0.05, and F
100

FNSI600m9-0.0375 as-prepared
fibers reduced from 138.3∘C to 137.6∘C and to 136.1∘C, as
the specific surface areas of FNSI100m3, FNSI300m6, and
FNSI600m9 present in F

100
FNSI100m3-0.075, F100FNSI

300

m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared fibers increased from

129.8 to 335.8 and 630.7m2/g, respectively, while their
𝑋
𝑐
values increased from 75.4% to 76.0% and 76.8%, as

the specific surface areas of FNSI100m3, FNSI300m6, and
FNSI600m9 present in F

100
FNSI100m3-0.075, F100FNSI

300

m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared fibers increased from

129.8 to 335.8 and 630.7m2/g, respectively.
As evidenced by specific surface area and TEM analyses

in the previous sections, NSI𝑥 and/or FNSI𝑥m𝑦 particles
are with a wide range of relatively large surface areas per
volume, which make them in close proximity to a large frac-
tion of the UHMWPE matrix. Apparently, even very small
contents of dispersed NSI𝑥 and/or FNSI𝑥m𝑦 particles can
serve as efficient nucleation sites for UHMWPE molecules
during their gel spinning processes.These efficient nucleation
sites of NSI𝑥 and/or FNSI𝑥m𝑦 particles then facilitate the
crystallization of UHMWPE molecules into crystals with
thinner lamellar thickness and/or lower 𝑇

𝑚
values during

their crystallization processes. After grafting PEg-MAH to
NSI100, NSI300, and NSI600 particles, the properly modified
FNSI𝑥m𝑦 particles with even higher specific surface areas
are likely to disperse better in UHMWPE and serve as
more effective sites for nucleation of UHMWPE molecules
during their gel spinning processes than NSI𝑥 particles.
As a consequence, F

100
FNSI100m𝑦-𝑧, F100FNSI

300

m𝑦-𝑧, and
F
100

FNSI600m𝑦-𝑧 as-prepared fiber specimens exhibit sig-
nificantly higher 𝑋

𝑐
but lower 𝑇

𝑚
(or evaluated 𝑙

𝑐
) val-

ues than the corresponding F
100

NSI100
𝑧
, F
100

NSI300
𝑧
, and

F
100

NSI600
𝑧
as-prepared fiber specimens prepared with the

same NSI𝑥 contents but without modification by PEg-MAH,
respectively. Moreover, the minimal 𝑇

𝑚
(or evaluated 𝑙

𝑐
)

values obtained for F
100

FNSI100m3-0.075, F100FNSI
300

m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared fibers prepared at the

optimal FNSI𝑥m𝑦 contents and weight ratio of PEg-MAH to
NSI𝑥, respectively, reduced significantly as the specific surface
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Figure 4: DSC thermograms of (a) F
100

, (b) F
100

FNSI600m3-0.025, (c) F100FNSI
600

m3-0.0375, (d) F100FNSI
600

m3-0.05, (e) F100FNSI
600

m3-0.625, (f)
F
100

FNSI600m3-0.075, (g) F100FNSI
600

m9-0.025, (h) F100FNSI
600

m9-0.0375, (i) F100FNSI
600

m9-0.05, (j) F100FNSI
600

m9-0.625, (k) F100FNSI
600

m9-0.075, (l)
F
100

FNSI600m12-0.025, (m) F
100

FNSI600m12-0.0375, (n) F100FNSI
600

m12-0.05, (o) F100FNSI
600

m12-0.0625, and (p) F
100

FNSI600m12-0.075 as-prepared fibers.

areas of FNSI𝑥m𝑦 particles increased, while the highest 𝑋
𝑐

values obtained for F
100

FNSI100m3-0.075, F100FNSI
300

m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared fibers increased consis-

tently as the specific surface areas of their FNSI𝑥m𝑦 particles
increased.

3.5. Achievable Draw Ratios of the As-Prepared Fibers.
Figure 5 summarized the achievable draw ratio (achievable
𝜆) values of F

100
, F
100

NSI𝑥
𝑧
, and F

100
FNSI𝑥m𝑦-𝑧 as-prepared

fiber specimens prepared at varying NSI𝑥 and/or FNSI𝑥m𝑦
contents, respectively. For comparison purposes, achievable
𝜆 values of the best prepared UHMWPE/functionalized
carbon nanotube (FCNT) as-prepared fibers (i.e., F

100
Cf2-0.1

specimens) obtained in our previous investigations [24]
were also summarized in Figure 5, in which, functionalized
carbon nanotubes are with relatively high (i.e., 272.7m2/g)
but significantly lower specific surface areas than those
of FNSI300m𝑦 and FNSI600m𝑦 particles prepared in this
study. After addition with NSI𝑥 and/or FNSI𝑥m𝑦 particles
in UHMWPE, the achievable 𝜆 values of F

100
NSI𝑥
𝑧
and/or

F
100

FNSI𝑥m𝑦-𝑧 as-prepared fibers increased initially and
reached a maximal value as their NSI𝑥 and/or FNSI𝑥m𝑦 con-
tents approached an optimal value, respectively, in which the

achievable 𝜆 values of F
100

FNSI100m𝑦-0.075, F100FNSI
300

m𝑦-0.05,
and F

100
FNSI600m𝑦-0.0375 as-prepared fibers prepared at the

optimal FNSI𝑥m𝑦 contents at 0.075, 0.05, and 0.0375 phr,
respectively, were significantly higher than those of the cor-
responding F

100
NSI100

0.1
, F
100

NSI300
0.0625

, and F
100

NSI600
0.05

as-prepared fibers prepared at the optimal NSI𝑥 contents
at 0.1, 0.0625, and 0.05 phr, respectively. Moreover, it is
worth noting that F

100
FNSI100m𝑦-0.075, F100FNSI

300

m𝑦-0.05, and
F
100

FNSI600m𝑦-0.0375 as-prepared fibers prepared at the opti-
mal FNSI𝑥m𝑦 contents exhibited other maximal achievable 𝜆
values at 176, 289, and 361, respectively, as their FNSI100m𝑦,
FNSI300m𝑦, and FNSI600m𝑦 particles were modified using
an optimal weight ratio of PEg-MAH to NSI100, NSI300, and
NSI600 at 3, 6, and 9, respectively. It is further interest-
ing to note that the highest achievable 𝜆 values obtained
for the best prepared F

100
FNSI100m3-0.075, F100FNSI

300

m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared fibers prepared at the

optimal FNSI𝑥m𝑦 contents and weight ratios of PEg-MAH
to NSI𝑥 improved significantly as the specific surface areas
of their FNSI𝑥m𝑦 particles increased. In fact, the maximal
achievable 𝜆 value (i.e., 361) obtained for F

100
FNSI600m9-0.0375
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Figure 5: Achievable draw ratios as-prepared fibers.

as-prepared fiber is about 2.05 and 1.25 times of those of
F
100

FNSI100m3-0.075 and the best prepared UHMWPE/FCNT
as-prepared fibers and is 2.85 times of that of F

100
as-prepared

fiber without addition of original and/or modified nanosilica
particles.

3.6. Orientation Factor Analyses of the As-Prepared and
Drawn Fiber Specimens. Typical orientation factor (𝑓

0
) val-

ues of F
100

, F
100

NSI𝑥
𝑧
, and F

100
FNSI𝑥m𝑦-𝑧 as-prepared and

drawn fibers are summarized in Figure 6. No significant
difference in 𝑓

0
values was found for F

100
, F
100

NSI𝑥
𝑧
,

and F
100

FNSI𝑥m𝑦-𝑧 as-prepared fibers. As expected, 𝑓
0
val-

ues of F
100

, F
100

NSI𝑥
𝑧
, and F

100
FNSI𝑥m𝑦-𝑧 fibers increased

consistently as their draw ratios increased. After addition
of NSI𝑥

𝑧
and/or FNSI𝑥m𝑦-𝑧 particles, 𝑓0 values of drawn

F
100

NSI𝑥
𝑧
and/or F

100
FNSI𝑥m𝑦-𝑧 fibers were significantly

higher than those of drawn F
100

fibers with the same
draw ratios. 𝑓

0
values of drawn F

100
NSI𝑥
𝑧
fibers with a

fixed draw ratio reached a maximal value as their NSI100,
NSI300, and NSI600 contents approached the optimal val-
ues at 0.1, 0.0625, and 0.05 phr, respectively. Similarly, 𝑓

0

values of each drawn F
100

FNSI𝑥m𝑦-𝑧 fiber series specimen
reached a maximal value as their FNSI100m𝑦, FNSI

300

m𝑦,

and FNSI600m𝑦 contents approached an optimal value
at 0.075, 0.05, and 0.0375 phr, respectively, in which,
𝑓
0
values of drawn F

100
FNSI100m𝑦-0.075, F100FNSI

300

m𝑦-0.05,
and F

100
FNSI600m𝑦-0.0375 fibers prepared at the optimal

FNSI𝑥m𝑦 contents were significantly higher than those of
the corresponding drawn F

100
NSI100

0.1
, F
100

NSI300
0.0625

, and
F
100

NSI600
0.05

fibers prepared with the same draw ratios
and at an optimal NSI𝑥 content, respectively. Moreover, it
is worth noting that F

100
FNSI100m𝑦-0.075, F100FNSI

300

m𝑦-0.05,
and F
100

FNSI600m𝑦-0.0375 drawn fibers prepared at the optimal
FNSI𝑥m𝑦 contents exhibited other maximal 𝑓

0
values as

their FNSI100m𝑦, FNSI
300

m𝑦, and FNSI600m𝑦 particles were
modified using an optimal weight ratio of PEg-MAH to NSI100,
NSI300, and NSI600 at 3, 6, and 9, respectively. It is further
interesting to note that the maximal 𝑓

0
values obtained

for the best prepared F
100

FNSI100m3-0.075, F100FNSI
300

m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared fibers prepared at the

optimal FNSI𝑥m𝑦 contents and weight ratios of PEg-MAH to
NSI𝑥 improved significantly as the specific surface areas of
their FNSI𝑥m𝑦 particles increased.

As evidenced by thermal and lamellar thickness
analyses, 𝑇

𝑚
(or evaluated 𝑙

𝑐
) values of F

100
NSI𝑥
𝑧
and/or



Journal of Nanomaterials 11

40

50

60

70

80

90

100

0 80 16
0

24
0

32
0

40
0

Draw ratios

f
0

va
lu

es

Draw
ratios

Functionalized nanosilica contents (phr) 

0.025 0.0375 0.05 0.0625 0.075 0.1

0 44.7 44.9 45.0 44.9 44.6 44.4
20 74.7 79.2 77.4 74.2 72.9 70.7
40 78.0 81.7 78.5 77.2 74.9 72.4
80 79.5 83.0 79.8 78.6 77.7 75.2

120 81.8 84.3 81.9 80.9 79.2 78.0
0 44.9 45.1 45.0 45.0 44.8 44.7

20 77.7 80.2 78.4 77.2 73.9 73.2
40 79.0 81.7 79.0 79.2 76.4 75.8
80 81.8 84.9 82.1 81.4 78.6 77.2

120 82.8 86.2 83.4 83.2 79.1 80.0
160 84.0 88.6 85.6 84.4 81.5 81.0
200 88.2 91.2 86.6 86.3 83.0 82.9

0 45.2 45.3 45.0 45.0 44.8 44.7
20 78.7 83.2 80.4 77.2 75.9 74.7
40 81.0 84.7 82.0 79.2 78.7 76.2
80 82.5 86.0 83.6 81.4 80.7 79.2

120 84.8 88.3 85.9 83.2 82.2 81.0
160 86.0 89.6 86.9 84.4 82.5 82.0
200 87.2 91.5 88.6 86.3 85.0 83.9
240 89.5 92.7 90.6 88.1 — —
280 91.7 94.2 92.5 — — —
320 — 95.5 — — — —
360 — 95.8 — — — —

F100FNSI100m3-y

F100FNSI300m6-y

F100FNSI600m9-y

As-prepared
fiber specimens

F100FNSI100m3-0.025
F100FNSI100m3-0.0375
F100FNSI100m3-0.05
F100FNSI100m3-0.0625
F100FNSI100m3-0.075
F100FNSI100m3-0.1

F100FNSI300m6-0.025
F100FNSI300m6-0.0375
F100FNSI300m6-0.05
F100FNSI300m6-0.0625
F100FNSI300m6-0.075
F100FNSI300m6-0.1

F100FNSI600m9-0.025
F100FNSI600m9-0.0375
F100FNSI600m9-0.05
F100FNSI600m9-0.0625
F100FNSI600m9-0.075
F100FNSI600m9-0.1

Figure 6: The orientation factor (𝑓
0
) values as-prepared and drawn fibers with varying draw ratios.

F
100

FNSI𝑥m𝑦-𝑧 as-prepared fibers reduced to aminimal value,
as their NSI𝑥 and/or FNSI𝑥m𝑦 contents reached an optimal
value, respectively. Moreover, the lowest 𝑇

𝑚
(or evaluated

𝑙
𝑐
) values obtained for the best prepared F

100
FNSI100m3-0.075,

F
100

FNSI300m6-0.05, and F
100

FNSI600m9-0.0375 as-prepared
fibers prepared at the optimal FNSI𝑥m𝑦 contents and weight
ratio of PEg-MAH to NSI𝑥 reduced significantly as the
specific surface areas of their FNSI𝑥m𝑦 particles increased.
Presumably, these crystals with lower 𝑇

𝑚
and/or evaluated

𝑙
𝑐
values can be melted and pulled out of folded lamellar

crystals relatively easily during the ultradrawing processes,
and hence this results in higher drawability and orientation
of the best prepared F

100
FNSI100m3-0.075, F100FNSI

300

m6-0.05,
and F

100
FNSI600m9-0.0375 fibers, in which, the drawability and

orientation of the best prepared fibers improved significantly
as the specific surface areas of FNSI100m3, FNSI

300

m6, and
FNSI600m9 present in F

100
FNSI100m3-0.075, F100FNSI

300

m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared and/or drawn fibers

increased. However, the amounts of coagulated NSI𝑥 and/or
FNSI𝑥m𝑦 particles are likely to increase significantly when
their NSI𝑥 and/or FNSI𝑥m𝑦 contents are higher than certain
values, respectively. These coagulated NSI𝑥 and/or FNSI𝑥m𝑦
particles can slide against each other and serve as the defects
for stress concentration during the drawing processes of
F
100

NSI𝑥
𝑧
and F

100
FNSI𝑥m𝑦-𝑧 as-prepared fibers and hence

lead to an early breakage and/or significant reduction in
achievable 𝜆 and 𝑓

0
values of the resulting drawn fibers.

Based on these premises, it is reasonable to understand that
the achievable 𝜆 values of F

100
NSI𝑥
𝑧
and F

100
FNSI𝑥m𝑦-𝑧

as-prepared fibers and 𝑓
0
values of the drawn F

100
NSI𝑥
𝑧

and F
100

FNSI𝑥m𝑦-𝑧 fibers with a fixed draw ratio reduce
significantly when their NSI𝑥 and/or FNSI𝑥m𝑦 contents are
higher than the specific optimal value, respectively.

3.7. Morphological Analyses of the As-Prepared and Drawn
Fibers. Figure 7 exhibits typical SEM micrographs of
the as-prepared and drawn F

100
, F
100

FNSI100m3-0.075,
F
100

FNSI300m6-0.05, and F
100

FNSI600m9-0.0375 fibers with
various draw ratios. Many demarcated drawn “micro-
fibrils” were found paralleling the drawing direction of
the drawn F

100
, F
100

FNSI100m3-0.075, F100FNSI
300

m6-0.05, and
F
100

FNSI600m9-0.0375 fibers as their draw ratios increased,
wherein the thicknesses of these drawn micro-fibrils
reduced significantly as the draw ratios increased. Moreover,
more and thinner “micro-fibrils” were found on the
surfaces of F

100
FNSI100m3-0.075, F

100
FNSI300m6-0.05, and

F
100

FNSI600m9-0.0375 as-prepared and/or drawn fibers with
the same draw ratio as the specific surface areas of their
FNSI100m3, FNSI

300

m6, and FNSI600m9 particles increased.
It is not completely clear what accounts for the interesting

demarcated “micro-fibril” morphology found on the
surfaces of F

100
, F
100

FNSI100m3-0.075, F
100

FNSI300m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared and drawn fibers.

Presumably, during the ultradrawing processes, many of
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Figure 7: SEMmicrographs of F
100

fibers with a draw ratio of (a) 1, (b) 50, and (c) 100; F
100

FNSI100m3-0.075 fibers with a draw ratio of (d) 1, (e)
50, and (f) 100; F

100
FNSI300m6-0.05 fibers with a draw ratio of (g) 1, (h) 50, and (i) 100; and F

100
FNSI600m9-0.0375 fibers with a draw ratio of (j) 1,

(k) 50, and (l) 100.

the UHMWPE kebab crystals with relatively thinner lamellar
thickness values can be unfolded and pulled out of the crystal
lamellae in an easier way than those kebab crystals with
thicker lamellar thickness values. The unfolded UHMWPE
molecules pulled out from the kebab lamellae can then
gradually transform into the oriented “micro-fibrils” during

their ultradrawing processes. As evidenced by DSC analyses
in the previous section, 𝑇

𝑚
(or evaluated 𝑙

𝑐
) values of

F
100

NSI𝑥
𝑧
and/or F

100
FNSI𝑥m𝑦-𝑧 as-prepared fibers were

significantly lower than that of F
100

as-prepared fiber and
reached a minimal value, as their NSI𝑥 and/or FNSI𝑥m𝑦
contents approached an optimal value, respectively, in
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which, the lowest 𝑇
𝑚
(or evaluated 𝑙

𝑐
) values obtained for

the best prepared F
100

FNSI100m3-0.075, F
100

FNSI300m6-0.05,
and F

100
FNSI600m9-0.0375 as-prepared fibers prepared at the

optimal FNSI𝑥m𝑦 contents and weight ratio of PEg-MAH to
NSI𝑥 reduced significantly as the specific surface areas of
their FNSI𝑥m𝑦 particles increased. Based on these premises,
it is reasonable to infer that the “micro-fibrils” found on the
surfaces of as-prepared and/or drawn F

100
FNSI100m3-0.075,

F
100

FNSI300m6-0.05, and F
100

FNSI600m9-0.0375 fibers are
more and thinner than those of the corresponding as-
prepared and/or drawn F

100
fibers with the same draw

ratios but without addition of any “nuclear” nanofillers.
By the same analogy, more and thinner “micro-fibrils” are
expected to be found on the surfaces of F

100
FNSI100m3-0.075,

F
100

FNSI300m6-0.05, and F
100

FNSI600m9-0.0375 as-prepared
and/or drawn fibers as the specific surface areas of their
FNSI𝑥m𝑦 particles increased.

3.8. Tensile Properties. Tensile strength (𝜎
𝑓
) and modulus

(𝐸) values of F
100

, F
100

NSI𝑥
𝑧
, and F

100
FNSI𝑥m𝑦-𝑧 as-prepared

fibers prepared at varying draw ratios are illustrated in
Table 3. For comparison purposes, 𝜎

𝑓
and 𝐸 values of the

best preparedUHMWPE/FCNT (i.e., F
100

Cf2-0.1) as-prepared
fiber obtained in our previous investigation [24] were also
summarized in Table 3. As expected, 𝜎

𝑓
and 𝐸 values of the

drawn F
100

, F
100

NSI𝑥
𝑧
, and F

100
FNSI𝑥m𝑦-𝑧 fibers improve

consistently as their draw ratios increase. It is worth noting
that 𝜎

𝑓
and 𝐸 values of drawn F

100
NSI𝑥
𝑧
and F

100
FNSI𝑥m𝑦-𝑧

fibers are significantly higher than those of the corresponding
drawn F

100
fibers with the same draw ratio but without

addition of NSI𝑥 and/or FNSI𝑥m𝑦 particles. Similar to those
found for their𝑓

0
values, 𝜎

𝑓
and 𝐸 values of drawn F

100
NSI𝑥
𝑧

and F
100

FNSI𝑥m𝑦-𝑧 fibers reach a maximal value as their
NSI𝑥 and/or FNSI𝑥m𝑦 contents approach the optimal values
at 0.075, 0.05, and 0.0375 phr, respectively, in which 𝜎

𝑓
and 𝐸

values of drawn F
100

FNSI100m𝑦-0.075, F100FNSI
300

m𝑦-0.05, and
F
100

FNSI600m𝑦-0.0375 fibers prepared at their optimal
FNSI𝑥m𝑦 contents are significantly higher than those of the
corresponding drawn F

100
NSI100

0.1
, F
100

NSI300
0.0625

, and
F
100

NSI600
0.05

fibers with the same draw ratio and an optimal
NSI𝑥 content at 0.1, 0.0625, and 0.05 phr, respectively.
Moreover, at a fixed draw ratio, drawn F

100
FNSI100m𝑦-0.075,

F
100

FNSI300m𝑦-0.05, and F
100

FNSI600m𝑦-0.0375 fibers prepared
at the optimal FNSI𝑥m𝑦 contents exhibited other maximal 𝜎

𝑓

and 𝐸 values, as their FNSI100m𝑦, FNSI
300

m𝑦, and FNSI600m𝑦
particles were modified using an optimal weight ratio
of PEg-MAH to NSI100, NSI300, and NSI600 at 3, 6, and 9,
respectively. It is interesting to note that the maximal 𝜎

𝑓
and

𝐸 values obtained for the best prepared F
100

FNSI100m3-0.075,
F
100

FNSI300m6-0.05, and F
100

FNSI600m9-0.0375 drawn fibers
prepared at the optimal FNSI𝑥m𝑦 contents and weight ratio
of PEg-MAH to NSI𝑥 increased significantly as the specific
surface areas of FNSI𝑥m𝑦 particles increased. For instance,
the ultimate 𝜎

𝑓
values of best prepared F

100
FNSI100m3-0.075,

F
100

Cf2-0.1, F
100

FNSI300m6-0.05, and F
100

FNSI600m9-0.0375
fibers reached 4.4, 5.1, 7.1, and 7.6GPa, respectively, as the
specific surface areas of FNSI100m3, FCNT, FNSI

300

m𝑦6, and
FNSI600m9 particles increased from 129.8 to 272.7, 335.8 and
to 630.7m2/g, respectively. The ultimate 𝜎

𝑓
value of the

best prepared F
100

FNSI600m9-0.0375 drawn fiber is about 1.7
and 1.5 times of those of the F

100
FNSI100m3-0.075 and the

best prepared UHMWPE/FCNT drawn fiber specimens,
respectively, and is about 2.3 times of that of the best prepared
UHMWPE drawn fibers prepared at the same optimal
UHMWPE concentration and drawing condition butwithout
addition of any nanofiller.

The mechanical properties of the drawn specimens are
generally believed to depend mainly on the degree of orien-
tation of the drawn specimens, as their molecular weights
are constant [16, 34]. As evidenced by orientation analyses
in the previous section, at a fixed draw ratio, 𝑓

0
val-

ues of drawn F
100

FNSI100m𝑦-0.075, F
100

FNSI300m𝑦-0.05, and
F
100

FNSI600m𝑦-0.0375 fibers prepared at the optimal FNSI𝑥m𝑦
contents were significantly higher than those of the corre-
sponding F

100
NSI100

0.1
, F
100

NSI300
0.0625

, and F
100

NSI600
0.05

fibers prepared at an optimal NSI𝑥 content, respectively.
Moreover,𝑓

0
values of F

100
FNSI100m3-0.075, F100FNSI

300

m6-0.05,
and F
100

FNSI600m9-0.0375 drawnfiberswere always higher than
those of other F

100
FNSI100m𝑦-0.075, F100FNSI

300

m𝑦-0.05, and
F
100

FNSI600m𝑦-0.0375 fibers preparedwith the samedraw ratios
and FNSI contents butmodified using an optimalweight ratio
of PEg-MAH to NSI100, NSI300, and NSI600 other than 3, 6,
and 9, respectively. In fact, the maximal 𝑓

0
values obtained

for the best prepared F
100

FNSI100m3-0.075, F100FNSI
300

m6-0.05,
and F

100
FNSI600m9-0.0375 drawn fibers improved significantly

as the specific surface areas of their FNSI𝑥m𝑦 particles
increased. These results clearly suggest that a good orien-
tation of UHMWPE molecules along the drawing direction
positively affects the tensile properties of F

100
, F
100

NSI𝑥
𝑧
,

and F
100

FNSI𝑥m𝑦-𝑧 fibers. Excellent orientation and ulti-
mate tensile properties of UHMWPE/nanofiller fibers can
be prepared by the ultradrawing of F

100
FNSI𝑥m𝑦-𝑧 as-

prepared fibers with optimal contents of the best prepared
FNSI100m3, FNSI300m6, and FNSI600m9 particles well dis-
persing in their as-prepared fibers. Moreover, the specific
surface areas of well-dispersed functionalized nanofillers
in UHMWPE/functionalized nanofiller fibers can positively
affect their ultradrawing, orientation, ultimate tensile prop-
erties, and “micro-fibrils” morphologies.

4. Conclusions

As evidenced by FTIR and TEM analyses, PEg-MAH molecules
were successfully grafted onto nanosilica particles with
varying specific surface areas through the reaction of the
hydroxyl groups of nanosilica particles with the maleic
anhydride groups of PEg-MAH molecules during their
functionalized processes. The specific surface areas of
FNSI100m𝑦, FNSI300m𝑦, and FNSI600m𝑦 functionalized
nanosilica particles reached a maximal value at 129.8, 335.8,



14 Journal of Nanomaterials

Table 3: Tensile strength (𝜎
𝑓
) and modulus values (𝐸) of UHMWPE (F

100
), UHMWPE/functionalized nanosilica (F

100
FNSI𝑥m𝑦-𝑧), and

UHMWPE/carbon nanotube (F
100

Cf2-0.1) fiber specimens with varying draw ratios.

Draw ratio
Specimen

F
100

F
100

Cf2-0.1 F
100

FNSI100m2-0.625 F
100

FNSI100m2-0.075 F
100

FNSI100m2-0.1

𝜎
𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa)

20 1.6 58.0 2.7 106.3 2.1 61.1 2.2 69.0 2.1 59.0
40 1.9 71.2 3.5 140.5 2.6 80.7 2.8 90.3 2.8 77.8
60 2.6 92.9 4.2 169.8 3.4 105.2 3.6 119.0 3.5 101.4
120 3.4 112.5 4.9 194.5 4.0 118.5 4.2 130.2 4.0 115.9
160 — — 5.1 204.6 4.4 163.3 4.8 184.3 4.5 152.3

Draw ratio
Specimen

F
100

FNSI100m3-0.625 F
100

FNSI100m3-0.075 F
100

FNSI100m3-0.1 F
100

FNSI100m6-0.625 F
100

FNSI100m6-0.075

𝜎
𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa)

20 2.4 73.1 2.5 81.0 2.4 71.0 2.2 67.1 2.3 75.0
40 2.9 92.7 3.1 102.3 3.1 89.8 2.7 86.7 2.9 96.3
60 3.7 117.2 3.9 131.0 3.8 113.4 3.5 111.2 3.7 125.0
120 4.3 130.5 4.5 142.2 4.3 127.9 4.1 124.5 4.3 136.2
160 4.6 175.3 5.0 196.3 4.8 164.3 4.4 169.3 4.8 190.3

Draw ratio
Specimen

F
100

FNSI100m6-0.1 F
100

FNSI300m3-0.375 F
100

FNSI300m3-0.5 F
100

FNSI300m3-0.075 F
100

FNSI300m6-0.375

𝜎
𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa)

20 2.2 65.0 2.5 79.3 2.6 84.2 2.3 75.9 2.9 93.3
40 2.9 83.8 3.2 108.3 3.3 112.9 2.8 102.9 3.6 122.3
60 3.6 107.4 4.1 151.7 4.2 156.7 3.9 147.0 4.5 165.7
120 4.1 121.9 4.7 172.7 4.9 176.9 4.4 167.6 5.1 186.7
160 4.6 158.3 5.7 184.9 5.8 187.9 5.5 183.9 6.1 198.9
200 — — 6.0 188.1 6.1 192.6 5.9 189.2 6.4 202.1

Draw ratio
Specimen

F
100

FNSI300m6-0.5 F
100

FNSI300m6-0.075 F
100

FNSI300m9-0.375 F
100

FNSI300m9-0.5 F
100

FNSI300m9-0.075

𝜎
𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa)

20 3.0 98.2 2.7 89.9 2.6 86.3 2.7 91.2 2.4 82.9
40 3.7 126.9 3.2 116.9 3.3 115.3 3.4 119.9 2.9 109.9
60 4.6 170.7 4.3 161.0 4.2 158.7 4.3 163.7 4.0 154.0
120 5.3 190.9 4.8 181.6 4.8 179.7 5.0 183.9 4.5 174.6
160 6.2 201.9 5.9 197.9 5.8 191.9 5.9 194.9 5.6 190.9
200 6.5 206.6 6.3 203.2 6.1 195.1 6.2 199.6 6.0 196.2

Draw ratio
Specimen

F
100

FNSI600m6-0.025 F
100

FNSI600m6-0.0375 F
100

FNSI600m6-0.05 F
100

FNSI600m9-0.025 F
100

FNSI600m9-0.0375

𝜎
𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa)

20 2.5 93.5 2.8 101.2 2.6 96.5 2.9 109.5 3.2 117.2
40 3.2 116.7 3.5 128.1 3.3 126.1 3.6 132.7 3.9 144.1
60 4.3 156.8 4.4 163.4 4.3 158.8 4.7 172.8 4.8 179.4
120 4.9 181.5 5.2 190.8 5.0 184.1 5.3 197.5 5.6 206.8
160 6.0 221.2 6.2 227.4 6.1 223.9 6.4 237.2 6.6 243.4
200 6.2 230.5 6.4 236.4 6.4 234.8 6.6 246.5 6.8 252.4
240 6.5 239.7 6.6 245.7 6.5 241.4 6.9 255.7 7.0 261.7
280 6.6 244.9 6.8 247.2 6.6 245.0 7.0 260.9 7.1 263.2
320 — — — — — — — — 7.2 266.0
360 — — — — — — — — 7.4 273.7
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Table 3: Continued.

Draw ratio
Specimen

F
100

FNSI600m9-0.05 F
100

FNSI600m12-0.025 F
100

FNSI600m12-0.0375 F
100

FNSI600m12-0.05 —
𝜎
𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) 𝜎

𝑓
(GPa) 𝐸 (GPa) —

20 3.0 112.5 2.4 100.5 3.0 108.2 2.8 103.5 —
40 3.8 142.1 3.4 123.7 3.7 135.1 3.6 133.1 —
60 4.7 174.8 4.5 163.8 4.6 170.4 4.5 165.8 —
120 5.4 200.1 5.1 188.5 5.4 197.8 5.2 191.1 —
160 6.5 239.9 6.2 228.2 6.4 234.4 6.3 230.9 —
200 6.8 250.8 6.4 237.5 6.6 243.4 6.6 241.8 —
240 6.9 257.4 6.7 246.7 6.8 252.7 6.7 248.4 —
280 7.0 261.0 6.8 251.9 6.9 254.2 6.8 252.0 —
320 — — — — 7.0 257.0 — — —

and 630.7m2/g, respectively, as the weight ratios of PEg-MAH
to NSI100, NSI300, and NSI600 nanosilica particles of
FNSI100m𝑦, FNSI300m𝑦, and FNSI600m𝑦 functionalized
nanosilica particles approached an optimal value at 3,
6, and 9, respectively. The specific surface areas of well-
dispersed functionalized nanosilica particles in UHMWPE/
functionalized nanosilica fibers were found to affect
positively on the achievable 𝜆, percentage crystallinity,
ultimate tensile strength values, and “micro-fibrils”
morphologies of the UHMWPE/functionalized nanosilica
as-prepared fibers. The achievable 𝜆 values of the best
prepared UHMWPE/functionalized nanosilica as-prepared
fibers (i.e., F

100
FNSI100m3-0.075, F

100
FNSI300m6-0.05, and

F
100

FNSI600m9-0.0375) improved consistently from 176 to 289
and 361, as the specific surface areas of the incorporated
functionalized nanosilica particles increased from 129.8 to
335.8 and 630.7m2/g, respectively. Similar to those found
for the achievable drawing properties of the best prepared
UHMWPE/functionalized nanosilica as-prepared fibers,
the orientation factor, ultimate 𝜎

𝑓
and 𝐸 values of the

best prepared UHMWPE/functionalized nanosilica drawn
fibers (i.e., F

100
FNSI100m3-0.075, F

100
FNSI300m6-0.05, and

F
100

FNSI600m9-0.0375) with a fixed draw improved positively,
as the specific surface areas of added functionalized
nanosilica particles increased from 129.8 to 335.8 and
630.7m2/g. For instance, the ultimate 𝜎

𝑓
values of the

best prepared UHMWPE/functionalized nanosilica drawn
fibers improved significantly from 4.4 to 7.1 and 7.6GPa,
respectively, as the specific surface areas of functionalized
nanosilica particles increased from 129.8 to 335.8 and
630.7m2/g, respectively. The maximal ultimate 𝜎

𝑓
value

(i.e., 7.6 GPa) of the best prepared UHMWPE/functionalized
nanosilica drawn fiber with the highest specific surface area
of functionalized nanosilica is about 2.3 times of that of the
best prepared UHMWPE drawn fiber prepared at the same
optimalUHMWPE concentration and drawing condition but
without addition of any nanofiller. The “micro-fibrils” found
on the surfaces of UHMWPE/functionalized nanosilica
drawn fibers with the same draw ratio became more and
thinner as the specific surface areas of their functionalized
nanosilica particles increased. Possible reasons accounting

for the above interesting properties were reported in this
study.

Conflict of Interests

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

Acknowledgments

The authors would like to express their appreciation to the
Department of Industrial Technology, Ministry of Economic
Affairs (99-EC-17-A-11-S1-155, 100-EC-17-A-11-S1-155, and 101-
EC-17-A-11-S1-155), and National Science Council (NSC 99-
2221-E-011-010-MY3 and NSC 102-2221-E-168-038-MY3) for
support of this work.

References

[1] K. Kajiwara and J. E. Mcintyre, Advanced Fibre Spinning
Technology, Woodhead Publishing, Cambridge, UK, 1994.

[2] C. Xiao, Y. Zhang, S. An, and G. Jia, “Investigation on the ther-
mal behaviors and mechanical properties of ultrahigh molecu-
lar weight polyethylene (UHMW-PE) fibers,” Journal of Applied
Polymer Science, vol. 59, no. 6, pp. 931–935, 1996.

[3] M. I. Abo El-Maaty, R. H. Olley, and D. C. Bassett, “On
the internal morphologies of high-modulus polyethylene and
polypropylene fibres,” Journal of Materials Science, vol. 34, no. 9,
pp. 1975–1989, 1999.

[4] K. Yamaura, M. Suzuki, M. Yamamoto, R. Shimada, and T.
Tanigami, “Gelation of poly(vinyl alcohol)/phenol/water solu-
tions and gel spinning,” Journal of Applied Polymer Science, vol.
58, no. 10, pp. 1787–1791, 1995.

[5] X. Zhang, T. Liu, T. V. Sreekumar, S. Kumar, X. Hu, and K.
Smith, “Gel spinning of PVA/SWNT composite fiber,” Polymer,
vol. 45, no. 26, pp. 8801–8807, 2004.

[6] O. Darras, R. Seguela, and F. Rietsch, “Dried gels from linear
low-density polyethylene: morphology, thermal behavior, and
mechanical properties,” Journal of Polymer Science Part B:
Polymer Physics, vol. 30, no. 4, pp. 349–359, 1992.

[7] J. Yeh and S. Chang, “Ultradrawing behavior of gel films of
ultrahigh molecular weight polyethylene and low molecular



16 Journal of Nanomaterials

weight polyethylene blends at varying drawing conditions,”
Polymer Engineering & Science, vol. 42, no. 7, pp. 1558–1567,
2002.

[8] J.-T. Yeh, Y.-T. Lin, and H.-B. Jiang, “Drawing properties of
ultrahigh molecular weight polyethylene fibers prepared at
varying formation temperatures,” Journal of Applied Polymer
Science, vol. 91, no. 3, pp. 1559–1570, 2004.

[9] J. T. Yeh, Y. T. Lin, and K. N. Chen, “Ultradrawing properties of
gel films of ultrahigh-molecular-weight polyethylene and low-
molecular-weight polyethylene blends prepared at various for-
mation temperatures,” Journal of Applied Polymer Science, vol.
89, no. 14, pp. 3728–3738, 2003.

[10] P. Smith, H. D. Chanzy, and B. P. Rotzinger, “Drawing of virgin
ultrahigh molecular weight polyethylene: an alternative route
to high strength/high modulus materials,” Journal of Materials
Science, vol. 22, no. 2, pp. 523–531, 1987.

[11] P. Smith, H. D. Chanzy, and B. P. Rotzinger, “Drawing of virgin
UHMW polyethylene: an alternative route to high strength/
high modulus materials,” Journal of Materials Science, vol. 22,
pp. 523–531, 1987.

[12] M.Matsuo, C. Sawatari, M. Iida, andM. Yoneda, “Ultradrawing
of high molecular weight polyethylene films produced by
gelation/crystallization from solution: effect of the number of
entanglements,” Polymer Journal, vol. 17, no. 11, pp. 1197–1208,
1985.

[13] T. Kanamoto, A. Tsurta, K. Tanana, M. Takeda, and R. S. Porter,
“Super-drawing of ultrahigh molecular weight polyethylene.
1. Effect of techniques on drawing of single crystal mats,”
Macromolecules, vol. 21, no. 2, pp. 470–477, 1988.

[14] J. Smook and A. J. Pennings, “The effect of temperature and
deformation rate on the hot-drawing behavior of porous high-
molecular-weight polyethylene fibers,” Journal of Applied Poly-
mer Science, vol. 27, no. 6, pp. 2209–2228, 1982.

[15] T. Jian, W.-D. Shyu, Y.-T. Lin, K.-N. Chen, and J.-T. Yeh, “Spin-
ning and drawing properties of ultrahigh-molecular-weight
polyethylene fibers prepared at varying concentrations and
temperatures,” Polymer Engineering and Science, vol. 43, no. 11,
pp. 1765–1777, 2003.

[16] T. Ohta, “Review on processing ultra high tenacity fibers from
flexible polymer,” Polymer Engineering and Science, vol. 23, no.
13, pp. 697–703, 1983.

[17] D. C. Prevorsek, Polymer Liquid Crystals, Academic Press,
London, UK, 1982.

[18] B. Kalb and A. J. Pennings, “Hot drawing of porous high
molecular weight polyethylene,” Polymer, vol. 21, no. 1, pp. 3–4,
1980.

[19] M. A. Wilding and I. M. Ward, “Tensile creep and recovery in
ultra-high modulus linear polyethylenes,” Polymer, vol. 19, no.
8, pp. 969–976, 1978.

[20] P. Smith and P. J. Lemstra, “Ultra-high strength polyethylene
filaments by solution spinning/drawing. 3. Influence of drawing
temperature,” Polymer, vol. 21, no. 11, pp. 1341–1343, 1980.

[21] S. Kavesh and D. C. Prevorsek, US Patent 4536536, 1985.
[22] S. Kavesh and D. C. Prevorsek, “Producing high tenacity, high

modulus crystalline article such as fiber or film,” US Patent
4551296, 1985.

[23] S. Kavesh and D. C. Prevorsek, “High tenacity, high modulus
polethylene and polypropylene fibers and intermediates there-
fore,” US Patent 4413110, 1983.

[24] J.-T. Yeh, T.-W. Wu, Y.-C. Lai et al., “Ultradrawing properties
of ultra-high molecular weight polyethylene/functionalized

carbon nanotube fibers,” Polymer Engineering & Science, vol. 51,
no. 4, pp. 687–696, 2011.

[25] J.-T. Yeh, C.-K. Wang, P. Hu, Y.-C. Lai, L.-K. Huang, and F.-C.
Tsai, “Ultradrawing properties of ultrahigh-molecular-weight
polyethylene/attapulgite fibers,” Polymer International, vol. 61,
no. 6, pp. 982–989, 2012.

[26] J.-T. Yeh, C.-K. Wang, A. Yeh et al., “Preparation and charac-
terization of novel ultra-high molecular weight polyethylene
composite fibers filled with nanosilica particles,” Polymer Inter-
national, vol. 62, no. 4, pp. 591–600, 2013.

[27] J. T. Yeh, C. C. Tsai, C. K. Wang, J. W. Shao, M. Z. Xiao, and
S. C. Chen, “Ultradrawing novel ultra-high molecular weight
polyethylene fibers filled with bacterial cellulose nanofibers,”
Carbohydrate Polymers, vol. 101, pp. 1–10, 2014.

[28] J. D. Hoffman and R. L. Miller, “Kinetic of crystallization from
the melt and chain folding in polyethylene fractions revisited:
theory and experiment,” Polymer, vol. 38, no. 13, pp. 3151–3212,
1997.

[29] J. D. Hoffman and J. J.Weeks, “Rate of spherulitic crystallization
with chain folds in polychlorotrifluoroethylene,” Journal of
Research of the National Bureau of Standards, vol. 66, p. 13, 1962.

[30] H. Xiao, Y. Zhang, S. An, and G. Jia, “Investigation on the
thermal behaviors and mechanical properties of ultrahigh
molecular weight polyethylene (UHMW-PE) fibers,” Journal of
Applied Polymer Science, vol. 59, no. 6, pp. 931–935, 1997.

[31] D. A. Skoog and J. J. Leary, Principles of Instrumental Analysis,
Saunders College Publishing, 6th edition, 2006.

[32] Technical Textiles International, vol. 4, Knitting International,
1996.

[33] P. Smith and P. J. Lemstra, “Ultra-high-strength polyethylene
filaments by solution spinning/drawing,” Journal of Materials
Science, vol. 15, no. 2, pp. 505–514, 1980.

[34] W. Hoogsteen, G. T. Brinke, and A. J. Pennings, “DSC exper-
iments on gel-spun polyethylene fibers,” Colloid and Polymer
Science, vol. 266, no. 11, pp. 1003–1013, 1988.




