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Abstract: To enhance the bonding properties between ramie fiber and epoxy resin, the ramie fiber was modified using nano-silica
grafting. Hydrophilic nano-silica treated with water-soluble sodium dodecyl sulfate (SDS) and organic silane coupling agents was
grafted onto the surface of ramie fiber. The surface roughness of the fibers was considerably increased after grafting. The
nano-silica particles on the fiber surface enhanced the mechanical and thermal properties of the fiber-epoxy composite plates.
Based on an analysis of contact angle measurements and a water absorption study, it was determined that the hydrophilicity of the
treated fiber was weakened.
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1 Introduction
Natural fibers are widely used in polymer composites as reinforcements because of their advantages
compared to synthetic fibers such as low cost, high
specific modulus, biodegradability, good corrosion
resistance, heat insulation, and regeneration (John and
Thomas, 2008; Zhu et al., 2009; Shih et al., 2010;
Zhang et al., 2010). However, their inferior mechanical properties and limited processability to those of
synthetic fibers are two drawbacks that hinder their
use in high-end applications (Shah, 2013). Among
plant fibers, ramie fiber has many advantages such as
‡

Corresponding author
Project supported by the Chinese MIIT Special Research Plan on
Civil Aircraft (No. MJ-2015-H-G-103) and the National Natural
Science Foundation of China (No. 51878223)
ORCID: Gui-jun XIAN, https://orcid.org/0000-0002-8540-2580
© Zhejiang University and Springer-Verlag GmbH Germany, part of
Springer Nature 2019

*

a lower density and higher tensile strength compared
to that of flax and jute; moreover, its tensile strength is
comparable to that of glass fiber (Yu et al., 2010).
This fiber has been investigated as a reinforcement
with various polymer matrices, namely, polylactic
acid, epoxy, polyester, and polypropylene (Chen et al.,
2011; Feng et al., 2011; Gu et al., 2014).
The properties of fiber-reinforced composites
depend on the properties of the constituent components, the characteristic of the interfacial bonds, the
adhesion between the fiber and matrix, and the load
transfer mechanism at the interface (Kuzmin et al.,
2017). Given that these fibers are hydrophilic, their
adhesion with a hydrophobic matrix is not sufficient
to provide a significant improvement in the mechanical properties of the composite. Heterogeneities of
the fiber’s surface such as surface defects, impurities,
and surface flaws significantly affect the mechanical
properties of the composites. Modification of the
fiber’s surface is generally utilized to reduce surface
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defects and improve the adhesion between the fiber
and the matrix, resulting in an improvement of the
mechanical properties of the composites (Varga et al.,
2010). The addition of nanofillers is an efficient
method for improving the mechanical properties and
the interfacial adhesion given that the presence of the
fiber and nanoparticles generate a multi-scale, multifunctional reinforcement in the composite system
(Fan et al., 2008). A multi-scale reinforcement system
containing fibers together with nano-scale particles in
a matrix or on the fiber’s surface has been determined
to increase the delamination resistance of the polymer
composite (Warrier et al., 2010; Gao et al., 2011; Jia et
al., 2013).
Silica is one of the most abundant materials on
the Earth’s surface. It has been used in a wide variety
of applications, such as glass, electronic devices, and
nanotech devices (Fogarty et al., 2010; Yeon and van
Duin, 2016). Silica particles as reinforcement in a
polymer composite system reduce polymer shrinkage
upon curing, increase thermal conductivity and mechanical properties, and decrease the thermal expansion coefficients. It is expected that the addition of
nano-silica to a composite system would lead to a
significant improvement in the physicomechanical
properties of the composite such as the elastic modulus and thermal stability. However, the presence of
abundant hydroxyl groups on the silica surface results
in severe agglomeration of the silica particles and
makes it hydrophilic. Thus, the affinity towards hydrophobic matrices is also significantly reduced. It
has been reported that the surface modification of
hydrophilic inorganic materials improves the compatibility between the filler and the hydrophobic organic polymer matrices (Abbasian et al., 2019; Linec
and Music, 2019). The use of organic modifiers such
as silane and alkanoic acids is a common method for
modification of the surface of nano-silica to exhibit
hydrophobic behavior. The agglomeration of hydrophilic particles that limits the rate of diffusion is a
disadvantage in this case (Aissaoui et al., 2012; Li et
al., 2013b).
Hsieh et al. (2008) indicated that nano-sized
silica-coated onto carbon fiber fabrics induces remarkable enhancing effects such as the enhancement
of the static contact angle. Vashisth and Bakis (2019)
investigated the effects of nano-silica on the properties of carbon fiber composites produced via the fil-
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ament winding process. The results indicated that the
longitudinal and transverse compressive strength of
the carbon/epoxy material increased significantly
with the addition of nano-silica. In the case of carbon
fiber/epoxy laminates, the incorporation of nanosilica was reported to be very effective in enhancing
the interlaminar toughness (Zeng et al., 2012). Although these studies are related to carbon fibers, the
positive results imply that it is possible to develop a
modification method using nano-sized silica for natural fiber-based composites.
In the present study, woven ramie fibers were
grafted with nano-sized silica and the treated fibers
were then saturated with an epoxy resin to form
composite plates. The modification of nano-silica was
performed using sodium dodecyl sulfate (SDS),
3-aminopropyltrimethoxy
silane
(APS),
and
3-glycidoxypropyltrimethoxysilane (GPS). The ramie
fiber/epoxy interface was modified by incorporating
modified hydrophobic nano-silica particles onto the
fiber’s surface. The composite plates containing the
multi-scale, multifunctional reinforcements were
fabricated via a vacuum assisted resin infusion (VARI)
molding technique. The effect of the modified ramie
fiber with nano-silica on the mechanical and interfacial properties of the ramie/epoxy composite was
investigated.

2 Experimental
2.1 Raw materials and sample preparation
Commercial nano-silica particles (Boyu Gaoke
New Material Technology Co. Ltd., Beijing, China)
with an average particle size of 12 nm and a specific
surface area of (200±25) m2/g were used. SDS (Tianli
Chemical Reagent Co. Ltd., Tianjin, China), APS
(Guangzhou Zhongjie Chemical Technology Co. Ltd.,
Guangzhou, China), and GPS (Chengong Silicon
Company, Nanjing, China) were used to treat
nano-silica. The reinforcing micro filler used in the
study was woven ramie fiber (Beijing Institute of
Aeronautical Materials, Beijing, China) with an area
density of 140 g/m2. The epoxy used was the diglycidyl ether of bisphenol-F (DGEBF) (Nanya Plastic
Corporation, Taipei, China). The epoxide equivalent
was 163.8 g/eq and the density was 1.19 g/cm3.
Methyl hexahydrophthalic anhydride (MHHPA)
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(Qingyang Chemistry Co., Ltd., Jiaxing, China) was
used as the curing agent and ethanol (Tianli Chemical
Reagent Co. Ltd., Tianjin, China) was used as a dispersing medium for silane coupling agents in the
study.
2.2 Modification of nano-silica and surface
treatment of ramie fiber
One-step modification of nano-silica with SDS
and surface treatment of ramie fiber were performed
in an aqueous phase while the modification of
nano-silica using silane coupling agents (APS and
GPS) and surface treatment of the ramie fiber was
performed in an organic medium. The medium used
for dispersion and modification of nano-silica was a
solution of SDS in water and silane coupling agents in
ethanol. The concentrations of SDS, APS, and GPS
were fixed at 1% in the dispersion. Nano-silica particles were mixed with SDS in water (1:10) and ultrasonicated at (50±2) °C for 15 min. The solution was
kept at room temperature for 3 h to improve the dispersion. For surface modification of nano-silica, APS
was ultrasonicated (80 W, 20 °C) in ethanol
(APS:ethanol=1:10) for 30 min. Then, nano-silica
was added to the silane solution and sonicated for
15 min. A series of stable dispersions with 0.5% and
1% (in weight) concentrations of nano-silica was
prepared and used for fiber treatment. A similar process was repeated to modify the surface of nano-silica
with GPS.
Prior to fiber treatment, the woven ramie fiber
was washed with distilled water for 2 h under ultrasonication to remove dirt and waxy materials from the
surface. The fiber was dried at 60 °C for 24 h in a hot
air oven. The dried ramie fiber was then ultrasonicated in each nano-silica dispersion for 15 min and
the in situ modified nano-silica was grafted onto the
ramie fiber then dried at 60 °C for 24 h in a hot air
oven.
2.3 Characterization of the nano-silica grafted
fiber
1. Scanning electron microscope (SEM)
An SEM (Merlin compact with Gemini-I electron column, Zeiss Pvt. Ltd., Germany) was used to
examine the fiber surfaces. The fibers cut from the
fabric were gold-coated for 15 min via sputter coating
(Gatan Model 682 Precision Etching Coating System,
USA) SEM analysis.

2. Atomic force microscope (AFM)
The surface roughness of the treated fibers was
investigated using a Bruker Dimension Icon AFM
(California, USA) operated in tapping mode. Silicon
AFM probes were used. Three points were investigated for each specimen on a 5 μm×5 μm surface area.
3. X-ray photoelectron spectroscopy (XPS)
To determine the elemental composition of the
surface of the fiber and to confirm that the nano-silica
is grafted onto the ramie fiber, X-ray photoelectron
spectroscopy was conducted using a PHI 5700 ESCA
system (Physical Electronics Co. Ltd., USA)
equipped with an Al Kα radiation source operating at
1486.6 eV. The pass energy from the wide scan to the
narrow scan was 187.85 eV to 23.50 eV.
4. Fourier transform infrared (FTIR)
FTIR spectra of the fiber specimens (untreated
and treated) were acquired using a spectrometer
(Spectrum 100, Perkin Elmer Instruments, USA)
operating in the range of 4000–400 cm−1. The ramie
fiber samples were converted to a powdered form and
spectra were acquired using KBr as the matrix.
5. Contact angle measurement
Sessile drop experiments were conducted to analyze the wetting behavior of both the untreated and
treated fibers at room temperature. The experiment
was conducted using a goniometer (DropMeterTM
Element A-60, MAIST Vision Inc., China) and the
effect of fiber modification by nano-silica on the fiber
water wettability was analyzed experimentally. The
contact angle was obtained at the intersection between the fluid and the fiber surface. The experimental set up consisted of a high-resolution telecentric lens and a telecentric backlight illuminator coupled to a halogen light source. A single fiber was
mounted horizontally on a sample stage and a water
droplet was deposited on its surface. Image acquisition and the determination of the contact angle were
performed using the Dropmeter software. More than
ten readings were averaged to obtain the contact angle
for each sample.
2.4 Fabrication and evaluation of the properties
of the composite plate
The composite plates were prepared using a
vacuum-assisted resin infusion (VARI) process as
illustrated in Fig. 1. Tensile, flexural, and interfacial
shear tests were performed according to ASTM
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Mold releasing sheet

(a)

(b)

Fig. 1 Schematic (a) and digital image (b) of the VARI process

(2017), ASTM (2003), and ASTM (2016), respectively. Dynamic mechanical analysis (DMA) was
performed using a DMA Q800 dynamic mechanical
analyzer (TA Instruments, USA). The extent of water
absorption of the specimens was investigated according to ASTM (2018). Detailed information related to the sample preparation process and testing is
available in our previous studies (Dilfi K. F. et al.,
2018, 2019).
Water absorption: The extent of water absorption
of the specimens was investigated according to
ASTM (2018). Rectangular specimens with dimensions described in ASTM were immersed in distilled
water. The samples were then removed from the distilled water at regular time intervals, wiped with tissue paper to remove excess surface water, and
weighed using an analytical balance with 0.1 mg
accuracy. The samples were then re-immersed in the
water to allow the sorption to continue until saturation
was achieved.

3 Results and discussion
3.1 Mechanism for the grafting of nano-silica on
the surface of the ramie fiber
In this study, a method for grafting modified
nano-silica using water-soluble SDS and organic
silane coupling agents and its effect on the mechanical and interfacial properties of ramie/epoxy composites were investigated. Given that SDS dissolves in
water, the mixing of nano-silica in SDS results in
improved dispersion and it effectively modifies the
surface of nano-silica (Songolzadeh and Moghadasi,
2017). Based on subsequent analysis, the SDS

concentration, as well as the dispersion time and
temperature were optimized. The optimum concentration of SDS was determined to be 1% (in weight).
The temperature was controlled at (50±2) °C and a
dispersion time of 15 min was used. The conditions
were maintained for 3 h to obtain a stable dispersion
of the nano-silica. Due to the high surface energy and
the presence of a large number of hydroxyl groups on
the surface, nano-silica exhibits strong hydrophilicity
and agglomeration and it minimizes the compatibility
with the hydrophobic polymer matrix. When the agglomerated hydrophilic nano-silica treated with SDS
and the silane coupling agents under ultrasonication,
deagglomeration of nano-silica particles occurs and
the surface is modified by the introduction of hydrophobic chains. Stable dispersions containing 0.5%
and 1% (in weight) concentrations of nano-silica were
prepared. The ramie fiber was ultrasonicated in each
dispersion for 15 min and then dried in a hot air oven
to produce nano-silica grafted ramie fiber. A schematic representation of the nano-silica modified via
grafting on the ramie fiber using SDS and silane
coupling agents subsequent to ultrasonication is illustrated in Fig. 2.
A reaction between the hydroxyl groups on the
oxide surface and the modifier can occur (Wang et al.,
2006). Bronsted acid sites on the silica surface can
provide protons for the reaction between surface silanol groups and the modifier (Liu et al., 2015). SDS
undergoes hydrolysis to form dodecanol and sodium
hydrogen sulfate at the determined temperature
(Fig. 3a). Dodecanol then reacts with the Bronsted
acid sites on the nano-silica surface to form a carbocation. The carbocation reacts with the Si-O moiety to
form Si–O–C structures (Fig. 3b) that exhibit
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Fig. 2 Schematic of nano-silica modified via grafting on the ramie fiber
Hydrolysis

(a)

(b)

Fig. 3 Reaction mechanism of hydrolysis of SDS (a) and reaction between carbocation and silanol (b)

hydrophobicity (Li et al., 2013a; Khung et al., 2014).
The modified surface reduces the hydrophilicity on
the surface of the nano-silica thereby facilitating
wetting and absorption of the hydrophobic polymer
matrix. Hydroxyl groups on the nano-silica surface
react with –OH groups on the cellulose of the ramie
fiber to form Si–O–C covalent linkages between the
nano-silica and ramie fiber.
Due to their unique bifunctional nature, silane
coupling agents can be used to modify the surface of
nano-silica. Surface treatment is usually performed
via the chemical reaction between the surface silanol
groups and the silane coupling agents. One end of the
silane coupling agent can react with the silanol groups
of nano-silica and the other end with the fiber. In the
present study, two types of silane coupling agents, i.e.
APS and GPS, were used. When silane coupling
agents are added to the ethanol:water mixture, hydrolysis of the alkoxy groups occurs to produce silanol (Fig. 4a). The silanol formed on the silane thus
undergoes a condensation reaction with the hydroxyl

groups on the fiber’s surface and the silanol on the
nano-silica forms a crosslinked network structure
(Fig. 4b). The NH2 group of APS interacts with the
–OH groups on silica to form a polyaminosiloxane
network containing more than two APS units. The
peak observed in the FTIR spectrum at 1570 cm−1 that
is attributed to the deformation mode of the amino
group in APS to form a hydrogen bond with silanol,
confirms this observation. The grafting of surface-modified nano-silica particles onto the ramie
fiber introduces nano-scale surface roughness (Wei et
al., 2011). Schematic representations of the ramie fiber
treated with SDS/nano-silica, APS/nano-silica, and
GPS/nano-silica are shown in Fig. 5. It is worth noting
that the grafting mechanism is similar to the grafting
of nano-sized titanium dioxide (Wang et al., 2015).
3.2 Characterization of nano-silica grafted fiber
To characterize the surface morphology and
roughness of the untreated and nano-silica grafted
ramie fiber, an SEM analysis was conducted. SEM
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images of the ramie fiber with the nano-hybrid coating are shown in Fig. 6. The images of the ramie fiber

(a)

(b)

Fig. 4 Reaction mechanism of hydrolysis of silane (a),
reaction between silane and nano-silica (b) (note: R=
NH2(CH2)3 for APS and R=(CH2OCH)CH2O(CH2)3 for
GPS)

Hydrogen
bonding

Fig. 5 Schematic of nano-silica grafted ramie fiber of
SDS/nano-silica (a), APS/nano-silica (b), and GPS/nanosilica (c)
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treated with SDS/nano-silica (1%), APS/nano-silica
(1%), and GPS/nano-silica (1%, in weight) depict the
appearance of nano-silica on the fiber’s surface
compared to the untreated fiber. The nano-silica
grafted fiber surface appeared to be uneven in the
SEM image under high magnification. It is evident
that the nano-silica particles were uniformly deposited on the fiber’s surface and increased the surface
roughness. The GPS/nano-silica fiber morphology
exhibited more closely packed nanoparticles on the
surface compared to the other two nano-silica grafted
ramie fiber surfaces, according to higher magnification SEM images. In the following of the study, C
means the control fibers without any treatment, and
S0, A0, and G0 mean the fiber treated with SDS, APS,
and GPS without nano-silica. In addition, S1, A1, and
G1 indicate the fiber treatment with SDS, APS, and
GPS and 0.5% nano-silica, respectively. Similarly, S2
means the fiber treated with SDS and 1% (in weight)
nano-silica.
AFM is a versatile technique for the characterization of natural fibers. In the present study, the fiber
surface roughness was analyzed via AFM. The surface roughness of ramie fiber without nano-silica was
determined to be 58.6 nm whereas those of the
nano-silica grafted ramie fibers yielded values of
60.6 nm (S2), 68.6 nm (A2), and 78.0 nm (G2). The
increase in the surface roughness could be due to the
presence of nano-silica particles on the fiber’s surface.
A clear distinction in the surface topography could
also be observed between the images of the
nano-silica grafted ramie fiber compared to the untreated fiber surface.
XPS analysis was used to investigate the surface
chemistry of untreated and nano-silica grafted ramie
fibers, in addition to the effectiveness of the
nano-hybrid coating on the ramie fiber. The presence
of nano-silica on the ramie fiber surface was confirmed by the Si2p peaks in the XPS spectra (Fig. 7).
The elemental composition percentage of each fiber
after various chemical treatments is shown in Table 1.
Compared to the untreated ramie fiber, the APS and
GPS treated fibers exhibited a low peak for Si2p in
the XPS spectrum. This is due to the presence of Si
that is bonded to the cellulose fiber via silane coupling agents. The percent of Si increased after grafting the nano-silica on the ramie fiber using SDS, APS,
and GPS (Table 1). This observation confirms the
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grafting of nano-silica onto the surface of the ramie
fiber.

Intensity (cps)

(a)

Binding energy (eV)

(b)

Fig. 7 Si2p peaks of ramie fiber with and without
nano-silica
Table 1 Compositions of elements analyzed by XPS

(c)

(d)

Fig. 6 SEM images of ramie fiber with and without
nano-silica: C (a), S2 (b), A2 (c), and G2 (d)

Fig. 7 illustrates the FTIR spectra that explain
the variation in the surface chemical structures of the
untreated and nano-silica grafted ramie fibers. The
wavenumber range and the bond characteristics of the
peaks are given in Table 2.

Sample
C
A0
G0
S2
A2
G2

C1s (%)
69.47
78.37
69.55
47.42
53.71
52.84

O1s (%)
30.53
17.03
28.54
38.91
20.96
21.24

Si2p (%)
0
2.99
1.90
12.23
14.50
14.33

By comparing the spectra of the untreated and
nano-silica grafted ramie fiber, it is apparent that the
base peaks of both spectra are the same. The peaks
that correspond to nano-silica are observed in the
short wavelength region in the spectra. In addition to
the base peaks observed in the untreated ramie fiber,
peaks at 698 cm−1 (SDS/nano-silica), 699 cm−1
(APS/nano-silica), and 704 cm−1 (GPS/nano-silica)
were observed in the spectrum of the nano-silica
grafted ramie fiber, which is indicative of overlapping
of Si–C and Si–O stretching vibrations (Al-Oweini
and El-Rassy, 2009). The characteristic peak of
Si–O–Si observed at 470–420 cm−1 in the case of
nano-silica grafted ramie fiber indicated the presence
of SiO2 (Kang et al., 2001). It is evident that the intensity of the peaks observed for the untreated fiber
was reduced considerably. The peaks corresponding
to the Si–O–C stretching vibrations were observed to
overlap with the C–O–C asymmetric stretching vibrations at 1110–1050 cm−1. The peak observed at
1570 cm−1 in the APS/nano-silica corresponds to the
deformation mode of the NH2 group that forms hydrogen bonds with silanol (Kuzmin et al., 2017). The

Table 2 Peak positions and bond characteristics of ramie
fiber with and without nano-silica
Wavenumber range of
peak (cm−1)
Bond characteristics
C
SDS APS GPS
466 443 438 Si–O–Si bending vibrations
702 702 708 Si–O stretching vibrations
1056
1056 1061 1061 C–O–C asymmetrical
stretching, C–C, C–OH,
C–H ring and side group
vibrations
1112
1118 1112 1112 C–O–C asymmetric stretching vibrations
1320
1326 1326 1326 CH2 rocking vibration
1433
1433 1433 1433 C–OH in-plane vibration,
CH2 deformation vibration, NH2 deformation
1641
1570
C═C stretching vibration
2899
1658 1641 1641 H–C–H symmetric stretching
vibration
3350–3450 2899 2899 2899 –OH stretching vibration

The properties of a polymer composite mainly
depend on the adhesion characteristics between the
reinforcement and the polymer matrix. The wetting
measurement on a fiber yarn is an alternative method
to analyze the adhesion characteristics (Hansen et al.,
2017). A ‘drop-on-fiber yarn’ method was used in this
study in which a water droplet was captured on the
fiber yarn’s surface and the entire drop profile was
measured via imaging. This information was used to
obtain the contact angle. The water contact angle
measurements also provide information about the
hydrophilicity of the nano-silica grafted ramie fibers.
However, it is widely recognized that the difference
between advancing and receding contact angles plays
an important role in determining hydrophobicity,
compared to static contact angle measurements.
Likewise, it is often very difficult to accurately determine the contact angles of natural fiber yarn. Some
fibers protrude out from the fiber yarn which causes
difficulty in determining the baseline of the water
droplet.

Wave number (cm-1)

(a)

Transmittance (%)

peaks at 1300–900 cm−1 and 1500–1300 cm−1 are
associated with C–O and C–H vibrations of cellulose.
The peak at 2899 cm−1 is due to the CH2 symmetric
vibrations of cellulose. A broad band at 3500–
3100 cm−1 due to the –OH functional group (free and
hydrogen-bonded) was also observed in all the fibers.
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Wave number (cm-1)

(b)

Fig. 8 Comparison of FTIR spectra of ramie fibers with
and without nano-silica. (a) Untreated ramie fiber and
SDS/nano-silica fiber; (b) Untreated ramie fiber,
APS/nano-silica, and GPS/nano-silica fiber

In the present study, the water contact angles of
untreated ramie fiber and the nano-silica grafted
ramie fiber were compared. The water contact angles
of each fiber were measured in a time period of 20 s
after placing the water droplet on the surface of the
fiber. The mean contact angle of the untreated and
nano-silica grafted fibers are shown in Table 3. In the
case of the former, a water contact angle of 31.2 was
obtained whereas the nano-silica grafted ramie fiber
had contact angles of 38.3 (SDS), 47.4 (APS), and
55.6 (GPS). The untreated ramie fiber was determined to have low water contact angle and was highly
absorbent due to the abundance of hydroxyl groups in
its molecular structure. The increase in the water
contact angle of the nano-silica grafted ramie fiber
implies that there was a reduction in the number of
hydroxyl groups in the fiber’s molecular structure and
the surface of the ramie fiber was successfully
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modified by grafting with hydrophobic nano-silica
(Hsieh et al., 2008). The dense nano-silica coating on
the ramie fiber surface prevented the interaction between water molecules and the cellulosic fiber surface.
Given that silica contains many silanol groups on its
surface, it can be considered to be highly polar.
Moreover, the surface hydroxyl groups tend to form
hydrogen bonds with each other, resulting in strong
filler-filler interactions and highly agglomerated silica particles. The ultrasonication of nano-silica with
SDS and silane prevented the agglomeration of
nano-silica and modified the surface via chemical
grafting of SDS and silane on the nano-silica surface,
resulting in a hydrophobic behavior. The grafting of
hydrophobic nano-silica onto the surface of the ramie
fiber under ultrasonication reduced the affinity of the
fiber towards water. The modification of ramie fiber
with hydrophobic nano-silica formed a strong and
stable interface between the filler and the matrix.
Table 3 Mean contact angle values of ramie fiber with
and without nano-silica
Mean contact
Mean contact
Sample
Sample
angle, θ ()
angle, θ ()
C
31.2±1.19
A2
47.4±0.27
S0
33.1±0.21
G0
49.0±0.64
S2
38.3±0.83
G2
55.6±0.42
A0
43.9±0.23
Note: data are presented as mean±standard deviation, n=5

3.3 Mechanical properties of the composite plate
The mechanical properties such as the tensile
strength, flexural strength, and interfacial shear
strength were examined to study the effect of
nano-silica on the composites. There was a distinct
improvement in the mechanical properties of the
composites after the addition of nano-silica.
The tensile strength and elastic modulus are
important mechanical properties of engineering materials. These two parameters of the composites with
and without nano-silica are shown in Fig. 9. Compared to the composites without nano-silica, the tensile properties of the composites with nano-silica
showed a significant improvement. This improvement gradually increases as the concentration of
nano-silica increases. The percentage increase of the
tensile strength and elastic modulus of composites
with nano-silica is shown in Table 4. There was an

increase in the tensile strength of the composites with
nano-silica (1%) of 10.87% (SDS), 19.20% (APS),
and 20.06% (GPS). The elastic modulus exhibited
14.78% (SDS), 27.82% (APS), and 32.49% (GPS)
increase with 1% (in weight) nano-silica grafting. The
increase in tensile properties of the nano-silica grafted
ramie fiber composite is attributed to the high stiffness of the nano-silica grafted on the ramie fiber,
which modifies the fiber-matrix interface. The improvement in tensile properties is due to the effective
interaction of hydrophobic nano-silica with the microfiber and the polymer matrix. The presence of
hydrophobic nano-silica on the fiber’s surface repairs
the surface defects on the microfiber, which in turn
delays crack opening (Siddiqui et al., 2010). In addition, the remarkable increase of the modulus may be
attributed to more effective load sharing of the fibers
between the treated fiber and the resin, as well as the
possibility of an increase in the stiffness of the treated
ramie fibers. A more detailed study on the mechanical
properties of treated fibers is necessary to elucidate
the related mechanisms.
The flexural strength and flexural modulus of the
composites with and without nano-silica are shown in
Fig. 10. The flexural properties of the fiber composites with nano-silica exhibited significant improvement compared to the composite without nano-silica.
Table 5 shows the percentage increase in the flexural
strength and modulus of the composites. It was observed that the composites grafted with 1% (in weight)
nano-silica exhibited 20.53% (SDS), 25.72% (APS),
and 32.88% (GPS) increase in the flexural strength
and 63.52% (SDS), 64.64% (APS), and 71.34% (GPS)
increase in the flexural modulus. It is well-known that
the load applied to a composite is transferred to the
filler via the interface. Therefore, a strong interface
between the components of a composite is required
for excellent properties. The increase in the flexural
strength and the flexural modulus of the composites
with nano-silica is attributed to the enhancement of
the interfacial bonding between the microfiber and
the matrix via the hydrophobic nano-silica. The large
surface area of nano-silica contributes toward the
improved adhesion between the microfiber and the
polymer matrix. As a result, a good stress transfer
from the matrix to the nano-filler and then to the microfiber occurs, which improves the flexural properties of the fiber composites modified with nano-silica.
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The increase in the flexural modulus can also be related to the increase in the interfacial bonding of the
composite (Sreekumar et al., 2009).
To better understand the mechanical properties
in the interface region, ILSS (interlaminar shear
strength) was evaluated for all the composites. When

the transverse shear load applied to a composite exceeds the ILSS, delamination failure occurs between
the layers of reinforcing fibers. To induce interlaminar shear failure and to accurately measure the ILSS
of a composite, a pure shear stress should be generated between the fiber layers. The short beam shear

(a)

(a)
Flexural strength (MPa)

Tensile strength (MPa)
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(b)
Flexural modulus (GPa)

Elastic modulus (GPa)

(b)

Fig. 9 Tensile strength (a) and elastic modulus (b) of
composites with and without nano-silica

Fig. 10 Flexural strength (a) and flexural modulus (b) of
composites with and without nano-silica

Table 4 Percentage increase in the tensile strength and
elastic modulus of the composites with and without
nano-silica
Tensile strength
Elastic modulus
Sample
increase (%)
increase (%)
S0
1.27
1.26
S1
8.88
9.47
S2
10.87
14.78
A0
8.88
13.17
A1
16.24
18.54
A2
19.20
27.82
G0
12.20
15.91
G1
17.09
19.93
G2
20.06
32.49

Table 5 Percentage increase in the flexural strength and
flexural modulus of composites with and without
nano-silica
Flexural strength
Flexural modulus
Sample
increase (%)
increase (%)
S0
6.32
19.22
S1
13.67
51.82
S2
20.53
63.52
A0
13.80
27.02
A1
17.77
55.32
A2
25.72
64.64
G0
14.20
32.23
G1
23.81
60.88
G2
32.88
71.34
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ILSS (MPa)

method is the simplest approach among the available
methods for determining the ILSS of the composites.
As such, it is the most commonly used technique in
practice. In this method, the specimen is loaded so
that it fails during the interlaminar shear. The shear
stress at failure is taken as the ILSS (Fan et al., 2008).
The ILSS of composites with and without
nano-silica is presented in Fig. 11. It is observed that
the addition of nano-silica to the composite system
considerably enhances the ILSS and the maximum
value is determined for the composite system containing 1% (in weight) nano-silica, which was approximately 12.09% (SDS), 17.34% (APS), and
18.70% (GPS) higher compared to the composite
without nano-silica. This implies that the presence of
hydrophobic nano-silica at the interface region of the
composite system acts as an adhesion promoter between the microfiber and the polymer matrix. The
absence of hydrophobic nano-silica as an adhesion
promoter in the composite system containing the
microfiber and the polymer matrix decreased the
ILSS of the system. The stress transfer was effective
at the interface region in the case of the microfiber
modified with the hydrophobic nano-silica. The hydrophobic nano-silica on the microfiber surface absorbed the shear stress and efficiently transferred it to
the fiber, which in turn improved the delamination
failure in the interface region.

Fig. 11 Interlaminar shear strength of composites with
and without nano-silica

The interfacial bond strength depends mainly on
the characteristics or strength of the interaction between the constituent materials that comprise the
interface region. In the case of the fiber composite
without the nano-silica modification, the interfacial
bond strength is weak. In the case of the fiber modi-

fied with nano-silica, the interfacial bond strength
increases due to the effective bonding of hydrophobic
nano-silica with the microfiber. As a result, the polymer matrix can completely wet the fiber’s surface
and significantly enhance the mechanical properties
of the fiber composites modified by the hydrophobic
nano-silica. The presence of nano-silica in the composite contributes to an increase in its stiffness, which
results in an enhancement of the resistance against
interlaminar failure, thereby increasing the elasticity
of the composite.
3.4 Dynamic mechanical properties
DMA is an effective tool for determining the
viscoelastic properties of composite materials. It
provides information about the interfacial bonding of
the reinforcing fiber and the polymer matrix of a
composite material. The untreated and nano-silica
grafted composites were subjected to DMA to analyze
the damping behavior as a function of temperature.
The storage moduli and tanδ of the composites with
and without nano-silica are shown in Fig. 12. All the
composites exhibited a decrease in the storage modulus with the increase in temperature. At lower temperatures, the magnitude of the storage modulus of
nano-silica grafted fiber composites showed a significant enhancement compared to the untreated fiber
composites due to the greater transfer of interfacial
stress. This is indicative of higher heat dissipation in
composites with nano-silica grafted ramie fiber
compared to composites without nano-silica. The
observed results suggest that the composites with
good interfacial adhesion dissipate less energy than
the composites with poor interfacial bonding (Saba et
al., 2016). The untreated ramie fiber has a weak adhesion to the epoxy matrix. As a result, the storage
modulus of the untreated ramie fiber composite was
determined to be less than that of the composites with
the nano-silica grafted ramie fiber. The peak values of
tanδ of the composites with nano-silica grafted ramie
fibers were reduced compared to that of the control
sample, indicating a reduction of the damping factor.
The interfacial bond strength was stronger in the
nano-silica grafted ramie fiber composites compared
to the untreated fiber composite. This was due to the
improved adhesion between the fiber and the epoxy
matrix as a result of the enhanced surface roughness
and improved stiffness induced by the nanoparticles.

Storage modulus (MPa)
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(a)

hydrophilicity of natural fibers is due to the abundance of the hydroxyl groups on the fiber cellulose
structure. Upon chemical treatment with SDS, silane
coupling agents, and nano-silica, the surface hydroxyl
groups were reduced, thereby minimizing the hydrophilicity of the fiber. The silane coupling agents
form strong chemical and hydrogen bonds that reduced the fiber-matrix debonding caused by moisture.
It was observed that all the composites displayed less
affinity towards water, which signifies that the fiber
modification minimized the hydrophilic characteristic
of the ramie fiber by favoring strong fiber-matrix
interfacial adhesion.

tanδ

Water absorption (%)

Temperature (C)
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(b)
Temperature (C)

Fig. 12 Temperature dependence of storage modulus (a)
and tanδ of composites (b) with and without nano-silica

3.5 Effect of nano-silica on water absorption
The absorption of water can cause changes in the
shape, debonding, or loss of strength in composites
that are regularly exposed to moisture (Tserki et al.,
2006). Fig. 13 depicts the effect of fiber modification
using nano-silica on the water absorption characteristics of the ramie/epoxy composites. The purpose of
fiber chemical modification is to reduce the hydrophilic characteristic of the fiber, thereby establishing a
strong interface between the treated fiber and the
hydrophobic polymer matrix. The chemically modified fiber composites exhibit a decreased rate of water
absorption compared to the untreated fiber composite
and the extent of water absorption varies depending
on the nature of the chemical treatment. The fiber
treated with silane coupling agents, APS/nano-silica,
and GPS/nano-silica exhibited a lower rate of absorption than the fiber treated with SDS and
SDS/nano-silica. This could be attributed to the enhanced fiber-matrix adhesion after modification. The

Square root of immersion time (s0.5)

Fig. 13 Water absorption characteristics of composites
with and without nano-silica

4 Conclusions
The surface of nano-silica was modified using
water-soluble SDS and organic silane coupling agents.
The modified nano-silica was grafted on the surface
of ramie fiber and the effect of micro- and nano-fillers
on the mechanical and interfacial properties were
investigated. The following conclusions can be drawn
from the present study.
The ramie fiber was grafted with modified
nano-silica on the fiber’s surface using SDS and
silane coupling agents. The grafting process using
GPS was determined to be more effective compared
to other modifying methods.
The presence of nano-silica particles in SEM and
AFM images, the characteristic peaks observed via
FTIR analysis and the increase in the Si atomic
weight percentage observed via XPS confirmed the
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grafting of nano-silica on the surface of the ramie
fiber.
The surface roughness of the fibers increased
considerably after grafting nano-silica on its surface.
The hydrophilicity of the treated fiber was reduced by grafting nano-silica onto its surface. This
was determined by an analysis of contact angle
measurements and the water absorption study.
The nano-silica particles on the fiber’s surface
improved the bond strength between the fiber and
epoxy matrix, which resulted in an enhancement of
the mechanical and thermal properties of the composites.
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中文概要
题

目：苎麻表面接枝改性及其对苎麻纤维增强环氧复合

目

材料力学性能与界面性能的影响研究
的：通过在苎麻纤维表面接枝纳米二氧化硅颗粒，改

善苎麻纤维与环氧树脂的界面粘结性能，从而提
升苎麻纤维增强环氧树脂复合材料的力学性能。
创新点：将纳米二氧化硅颗粒接枝到苎麻纤维表面，从而

方

大幅提升苎麻纤维与环氧树脂的界面粘结性能
与复合材料的力学性能。
法：利用十二烷基硫酸钠均匀分散二氧化硅纳米粒

结

子，并在硅烷偶联剂作用下，将二氧化硅纳米粒
子接枝到苎麻纤维表面。
论：纳米二氧化硅接枝到苎麻纤维表面大幅提升了纤

维表面粗糙度，降低了纤维亲水性能，升高了纤
维与环氧树脂的界面粘度，从而改善了复合材料
的力学性能。
关键词：纳米二氧化硅；十二烷基硫酸；硅烷偶联剂；苎
麻纤维；力学性能；界面性能
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