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Enhancing mode I and II interlaminar
fracture toughness of carbon fiber-filled
epoxy-based composites using both rice
husk silica and silk fibroin electrospun
nanofibers

Quang-Vu Bach1, Cuong Manh Vu2 , Huong Thi Vu3

and Dinh Duc Nguyen4,5

Abstract
In this study, we used both silk fibroin nanofibers (nSFs) and rice husk silica nanoparticles as epoxy (EP) resin reinfor-
cement materials to improve the modes I and II interlaminar fracture toughness of EP-filled carbon fiber-based (CF/EP)
composites. The nSFs were obtained by electrospinning, while the rice husk silica nanoparticles were obtained via acidic
and thermal treatments. The results showed that the interfacial shear strength, GIC, and GIIC of the CF/EP composites
improved by 25, 36, and 30%, respectively, by adding 0.2 wt% nSF and 20 wt% silica nanoparticles.
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Introduction

Owing to their high strength/density ratios, carbon fiber (CF)-

filled polymeric matrix-based composite materials1–6 are

extensively used in aerospace, automotive, and marine appli-

cations. Both thermoplastic7–9 and thermoset resins are used

as the polymeric matrices for these composites.10–14 Owing to

their excellent specific tensile properties and wear resistance,

CFs are widely used as the reinforcement material for the

fabrication of advanced composites.9 Thermoset resins such

as epoxy (EP),5,14 unsaturated polyester,15 and vinyl ester10

resins are commonly used for preparing CF-based compo-

sites. Among these, EP resin is the most widely used thermo-

set resin for industrial applications.16–18 These resins exhibit

excellent chemical resistance, excellent mechanical proper-

ties, compatibility with many reinforcement materials, and

low shrinkage.19 However, these resins suffer from low

impact resistance or brittleness, which limits their use in

high-performance applications.16 EP resin-filled CF-based

(CF/EP) composites show a mode I interlaminar fracture

toughness (GIC) of 80,300 kJ m�2.20 GIC of these composited

can be improved by modifying the EP resin matrix.20 Addi-

tives such as liquid rubber,21–23 thermoplastics,24 nanomater-

ials,25–28 and block copolymers29–33 have been used for
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enhancing the toughness of EP resin. Most of these additives

are obtained from petroleum or are formed via chemical reac-

tions. However, the growing concern for environmental pro-

tection has led to the use of environmentally friendly

additives for the fabrication of composite materials.34 Silk

fibroin electrospun fibers (nSF) have gained immense atten-

tion as green additives for composite materials owing to their

environmental friendliness and natural origin.35,36 These

fibers can be obtained by electrospinning silk fibroin solu-

tions. These fibers have been used to improve the mode I

interlaminar fracture toughness of CF-based composites.37

Rice husk is an agricultural waste obtained from rice milling,

and hence is cheap.38 It has been reported that the silica com-

ponent of rice husk can be used as an effective reinforcement

material for various composites.38,39 In addition, the use of

rice husk silica can increase the cost-effectiveness and envi-

ronmental friendliness of the composite fabrication process.

Both nSF37 and rice husk silica38 have been successfully

used as EP resin reinforcement materials. For their appli-

cation as the reinforcement materials for EP resin,

rice husk-based silica nanoparticles and nSF are well

blended with EP resin using a process homogenizer

(15,000 r min�1) and an ultrasonic homogenizer. The nSF

and silica contents in these works were as low as 0.03–

0.1 wt% and 0.03–0.1 phr, respectively. In this study, we

used both nSF and rice husk silica nanoparticles as EP resin

tougheners for the fabrication of CF/EP composites. The

silica content used in this study was higher than that used in

previous studies and was kept constant at 20 wt% to ensure

the cost-effectiveness of the fabrication process, while the

nSF content was varied from 0.1 wt% to 0.3 wt%. The

composite materials were fabricated by the hand layup

method, and their mode I and II interlaminar fracture

toughness and morphology were investigated. The rheolo-

gical testing, resin fracture toughness measurements, and

morphology examinations of both the uncured and cured

EP resin-based samples were carried out. The interaction

between the CF and the EP resin matrices was evaluated

using the interfacial shear strength (IFSS) testing method.

Experimental section

Materials

The bisphenol-A-based EP resin (DER 331) was purchased

from Dow Chemical Company (Torrance, California,

USA). The CFs were supplied by Toray (Japan). Methyl-

hexahydrophthalic anhydride (MHHPA) and 1-

methylimidazole (NMI) were purchased from Lindau

Chemical (England) and BASF (Germany), respectively.

Lithium bromide, sodium carbonate, formic acid, and

methanol were purchased from Sigma-Aldrich (Tu Liem

District, Ha Noi, Viet Nam). Silk cocoons were collected

from a traditional craft village (Thai Binh province,

Vietnam).

Fabrication of nSF and rice husk silica

The nSFs were fabricated using the method used in our pre-

vious study.37 Silica nanoparticles were also extracted from

rice husk using the method used in our previous study.38,40

Preparation of CF/EP composites

The silica loading of all the modified samples was 20 wt%,

while the nSF content was varied from 0 wt% to 0.3 wt%
depending upon the weight of EP. Homogeneous mixtures

of silica and nSFs were embedded in the EP resin matrix by

high-speed mechanical stirring at 15,000 r min�1 for 3 h

followed by ultrasonication for another 4 h. These mixtures

were cooled to room temperature before blending them

with the MHHPA curing agent and NMI accelerator using

a magnetic stirrer. The EP: MHHPA: NMI ratio was kept

constant at 100: 87: 2.8 for all the samples. These mixtures

were either directly cured in a steel mold or were used as

matrices for the fabrication of carbon-based composites.

Curing process was performed at 130�C for 1 h and at

150�C for another 1 h in a convection oven.37 The fiber

volume of the carbon-based composites was 50 + 2%.

Characterization

The elemental compositions of the nSF and silica nanopar-

ticles were examined using energy dispersive X-ray spectro-

scopy (EDS). The resin fracture toughness (KIC) was

calculated using the method used in our previous study19

according to ASTM D5045-99. The notch tip was machined

using a rotating saw, and the pre-crack of the specimens was

generated by tapping a fresh razor blade placed in the notch.

The fracture toughness tests were carried out at a cross-head

speed of 10 mm min�1. Each sample was tested at least five

times and the average KIC values were reported. KIC values

were calculated using the following equations

K IC ¼
PQ

BW
1
2

� �
f ðxÞ ð1Þ

with

f ðxÞ ¼ 6x
1
2
½1:99� xð1� xÞð2:15� 3:93xþ 2:7x2�

ð1þ 2xÞð1� xÞ
3
2

where PQ is the critical load for crack propagation (kN),

B is the specimen thickness (cm), W is the specimen width

(cm), f(x) is the nondimensional shape factor, a is the crack

length (cm), and x ¼ a/W. The value of a/W was varied

from 0.45 to 0.55. The sample geometry for resin fracture

toughness measurements is shown in Figure 1.

The rheological properties of the uncured resin were inves-

tigated using the procedure used in our previous study.10

In order to determine the IFSS of the samples, a

detached single fiber was attached to a hard board using

an adhesive and was then subjected to measurements using
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a Model HM410 instrument (Shinjuku-Ku, Tokyo, Japan),

as shown in Figure 2.37

The mode I interlaminar fracture toughness of the sam-

ples was evaluated using ASTM D5528-01.20,41 The mode

II interlaminar fracture toughness test (GIIC) was carried

out using the procedure used in our previous study.37 The

sample geometries for both mode I and II fracture tough-

ness measurements are shown in Figure 3.

The morphologies of the rice husk silica nanoparticles,

nFSs, and fractured surfaces were observed using scan-

ning electron microscopy (SEM; JEOL JSM 6360,

Japan).37

The appearance of nanomaterial in EP matrix was

observed by a transmission electron microscope (TEM;

JEM 1010-JEOL, Japan).

Results and discussions

Characterization of nSF and SiO2

The nSF were obtained from electrospinning processing,

and their morphology is shown in Figure 4.

The nSFs exhibited a web-like structure, in which many

fibers were stacked up together. The diameter of these fibers

varied from 30 nm to 80 nm. The strong interaction between

these fibers can be attributed to hydrogen bonding and Van

der Waals forces. High-speed mechanical stirring and ultra-

sonication were used to separate these fibers to obtain a

homogeneous mixture with EP resin. The silica nanoparti-

cles were extracted from rice husk, as shown in Figure 5.

Figure 5 shows that the silica nanoparticles were nearly

spherical with a diameter of 20–60 nm. Agglomeration

could also be observed because of the H-bonds between

the particles. The elemental compositions of the nSF and

rice husk silica nanoparticles are shown in Figure 6.

The nSF consisted of carbon, nitrogen, and oxygen (O). On

the other hand, the rice husk silica nanoparticles consisted

mainly of silicon and O. No carbon and metal impurities were

detected in the EDS spectrum of the silica nanoparticles,

indicating a complete combustion of the rice husk.

Rheological properties of the uncured samples

The rheological properties of uncured matrices affect the

processing and properties of composite materials. In gen-

eral, high-viscosity resins can hardly permeate nSFs. Low-

viscosity resins, on the other hand, can easily penetrate

such fibers. The relationship between the shear rate and

shear stress and between shear rate and viscosity of the

composites is shown in Figure 7.

It can be observed from Figure 7(a) that all the uncured

EP resin-based mixtures exhibited a linear shear stress–

shear rate relationship. The pristine uncured EP resin

showed Newtonian characteristics with no shear thinning

Figure 1. Fracture toughness test of resin samples.

Figure 2. Schematic of the IFSS test. IFSS: interfacial shear
strength.

Figure 3. Mode I and II specimen geometry.
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behavior. The EP/20 silica (SiO2) and EP/20 SiO2/0.x nSF

(x ¼ 13) resins, on the other hand, exhibited non-

Newtonian characteristics or a pseudo-plastic behavior.

This pseudo-plasticity occurred at lower shear rates

because of the significant increase in the rigidity of the

systems through the formation of silica and nSF agglomer-

ates. Initially, weak dipoles such as Van der Waal’s inter-

actions or H-bonding between the SiO2 and nSF

agglomerates hindered the alignment of the EP chains.

With an increase in the shear rate, either these interactions

weakened or the agglomerates decomposed and the EP

chains aligned rapidly in the direction of the increasing

shear rate, resulting in a shear-thinning behavior. This was

confirmed by the viscosity versus shear rate graph shown in

Figure 7(b). With an increase in the nSF loading, the visc-

osity of the EP resin increased gradually irrespective of the

shear rate because of the nSF-induced increase in their

rigidity. The viscosity of the uncured EP resin was found

to be independent of the shear rate, indicating a Newtonian

flow. The viscosity of the EP resin matrices with SiO2/nSF

Figure 4. Electrospinning processing and morphology of nSF.

Figure 5. Rice husk in acidic solution, silica rice husk, and scanning electron microscopic image of silica nanoparticles.
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(20/0; 20/0.1; 20/0.2; 20/0.3), on the other hand, decreased

with an increase in the shear rate from 100 s�1 and 250 s�1.

However, the viscosity saturated at higher shear rates. This

is because an increase in the nSF content increased the

heterogeneity of the system, which resisted the flow and

alignment of the polymeric chains.

Resin fracture toughness

The resin fracture toughness of the cured EP resins with

different SiO2/nSF ratios (0/0; 20/0; 20/0.1; 20/0.2; 20/0.3)

was determined using the three-point bending method. In

order to prevent the viscoelastic characteristics of EP resin,

the cross-head speed was maintained at 10 mm min�1.

Figure 8 shows the effect of the SiO2/nSF ratio on KIC

values of the EP resin matrices.

From Figure 8, it can be observed that KIC value of the EP

resin matrices increased with the incorporation of SiO2 and

the nSF. KIC of EP resin increased significantly from 0.638

MPa�m½ at SiO2/nSF¼ 0/0 to 1.215 MPa�m½ at SiO2/nSF¼
20/0.2. The fracture surfaces of the EP resin samples were

examined by SEM (Figure 9) in order to verify KIC results.

The virgin EP resin showed a smooth fracture surface

Figure 9(a). This indicates that the energy required for

crack growth was low in this case, and the cracks could

propagate easily. The addition of SiO2/nSF increased the

roughness of the fracture surface of EP resin. This indicates

that, in these samples, crack propagation was slow and

more energy was required for crack growth. This can be

attributed to the nanofiber bridging of the cracks, as shown

in Figure 9(b) and (c).
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particles. EDS: energy dispersive X-ray spectroscopy.
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TEM images (Figure 10) of the pristine and modified

cured EP resin samples were also obtained to confirm the

presence of the reinforcement materials in them. The cured

virgin EP resin showed no reinforcement. The modified EP

resin samples showed the presence of both the silica nanopar-

ticles and nSFs.

Microdroplet test

The interface between CF and EP resin significantly affects

the properties of CF/EP composites. We carried out IFSS

testing to examine this interface. The effect of the SiO2/nSF

ratio on the force, displacement, and average IFSS values

of the composites is shown in Figure 11.

From Figure 11, it can be observed that the maximum

force increased with an increase in the nSF content. How-

ever, the displacement decreased with an increase in the nSF

content. This can be attributed to the presence of H-bonds

between SiO2 and the nSF with CF. The average IFSS values

of the samples were calculated from five experimental test-

ing values. The average IFSS value of the composites

increased with an increase in the nSF content. The average

IFSS value of EP resin increased significantly (by 25%)

from 63.15 MPa at SiO2/nSF 0/0 to 79.68 MPa at SiO2/nSF

¼ 20/0.2. Both SiO2 and the nSFs contributed to the

improvement of the interphase between the CF and EP resin.

Mode I and II interlaminar fracture toughness test

Figure 12 shows the effect of the SiO2/nSF ratio on the

mode I interlaminar fracture toughness of the composites.

Figure 9. Scanning electron microscopic images of the fracture surface of (a) pristine sample, (b) EP with 20 wt% SiO2, and (c) EP with
20 wt% SiO2 and 0.2 wt% nSF. EP: epoxy; SiO2: silica.

Figure 10. Transmission electron microscopic images of (a) pristine sample, (b) EP with 20 wt% SiO2, and (c) EP with 20 wt% SiO2 and
0.2 wt% nSF. EP: epoxy; SiO2: silica.
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The average GIC and GIP values of the pristine sample

were found to be 602.34 and 723.15 J m�2, respectively.

From Figure 12, it can be observed that the GIC and GIP

values increased with an increase in the nSF content.

The SiO2/nSF ratio of about 20/0.2 was found to be opti-

mum. GIC value of EP resin increased (by 37%) from

389.82 kJ m�2 at SiO2/nSF ¼ 0/0 to 536.68 kJ m�2 at

SiO2/nSF ¼ 20/0.2. GIP value of EP resin increased (by

41%) from 401.38 kJ m�2 at SiO2/nSF ¼ 0/0 to

568.32 kJ m�2 at SiO2/nSF ¼ 20/0.2. Thus, the presence

of the additives in the EP resin matrices improved the

fracture toughness of the CF-based composites. The

improvement in the mode I interlaminar fracture toughness

of the composites can be attributed to mechanisms such as

crack deflection (tiling or twisting motion around the

fibers), debonding between the CF and the resin, pullout

(extraction of the fibers from the resin), and fiber bridging.

However, it was difficult to determine the dominant

mechanism. Figure 13 shows the morphologies of the mode

I interlaminar fracture surfaces of the modified and unmo-

dified CF-based composites.

The unmodified composite showed a smooth surface

because of its low crack development energy. On the other

hand, the modified composites showed a fracture surface

with fibers pulling out from the resin matrix. This indicates

that the energy required for crack growth was high in the

modified composites.

In the end notch flexure test, the specimen was loaded

in a three-point flexural fixture, as shown in Figure 3.

Figure 12 also shows the interlaminar fracture toughness

of the composites as a function the SiO2/nSF ratio. These

results were consistent with the mode I and II interlaminar

fracture toughness results. The critical energy release

(GIIC) of the CF-based composite increased (by 30%) from

1350 kJ m�2 at SiO2/nSF¼ 0/0 to 1756 kJ m�2 at SiO2/nSF

¼ 20/0.2. It should be noted that energy-dissipating

mechanisms such as fiber matrix de-bonding, fiber pullout,

fiber bridging, and fracturing of the matrix and fibers

increase the fracture toughness of CF/EP composites.

Conclusions

In this study, the effect of the addition of rice husk silica

nanoparticles and nSF on the mode I and II interlaminar

fracture toughness of CF/EP composites was investigated.

The silica nanoparticles were extracted from rice husk,

and the nSFs were obtained by electrospinning. The

uncured pristine EP resin exhibited Newtonian character-

istics, while the modified uncured resins showed non-

Newtonian characteristics. At SiO2/nSF¼ 20/0.2, the mode
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I and II fracture toughness of the CF/EP composite

increased by about 36 and 30%, respectively. The fracture

surfaces of the modified composites were rougher and

tougher than that of the pristine sample. These composites

can be used for high-performance applications.
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