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Abstract7

Fibre composites with thermoset polymer matrices are widely used. However, thermosets

are very brittle, which can limit the applications of fibre composites. In this work, silica

nanoparticles (SNPs) were used to modify two fibre sizings to improve the toughness of

carbon fibre composites. Mode I interlaminar fracture and fatigue crack growth tests were

conducted on the composites made using the silica nanoparticle-sized fibres. There was no

significant change in the fatigue crack growth rate with the addition of SNPs. However, the

addition of SNPs to either sizing increased the composite toughness. The fracture energy was

significantly increased from 166 J/m2 to 220 J/m2 (increased by 33%) with only 0.89 wt% on

fibre weight of SNPs. This is significantly more efficient than adding SNPs into the matrix,

which can require addition of up to 20 wt% of SNPs [1], to achieve the same improvement in

toughness.
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1. Introduction9

Fibre composites are widely used because of their light weight and high mechanical10

strength and stiffness. Composites can be found in daily lives in structural applications, such11

as the frames of bicycles, car bodies, ship hulls and aircraft fuselages. Such fibre compos-12

ites typically comprise continuous fibres embedded in a thermoset polymer matrix. Although13
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these thermoset polymers have many beneficial properties such as a high glass transition tem-14

perature and low creep, they have a major disadvantage of being very brittle since they are15

highly crosslinked. This brittleness can limit the applications of fibre composite parts since16

they require not only high strength, but also good resistance against impact, fracture and17

fatigue to prevent premature and catastrophic failure.18

To overcome this brittleness for engineering applications, fibre composites are tough-19

ened by adding second-phase modifiers into the thermoset matrix. There are many potential20

modifiers that have been used to improve the toughness of thermoset polymers. These in-21

clude pre-formed particles such as core-shell rubber [2–5], thermoplastic polymer [6, 7],22

aluminium [8], ceramic [8–12] and carbon (e.g. carbon nanotubes and graphene [13–15])23

particles. Phase-separable modifiers such as thermoplastics [16–19], rubbers [20–22] and24

block copolymers [23] have also been used. For example, when silica nanoparticles (SNPs)25

are added to epoxy polymers, the toughness increases as the concentration is increased (see26

Figure 1) [24].27

Increasing the fracture energy of fibre composites is more difficult than for bulk ther-28

moset polymers, as the size of the plastic zone at the crack tip is constrained by the stiff29

fibres, therefore less energy is absorbed during crack growth. This can result in a poor trans-30

fer of toughness from the bulk polymer to the composite, and a limiting fracture energy can31

be reached where further increases in the matrix toughness do not increase the toughness32

of the composite [25]. Moreover, many of the modifiers discussed above increase signif-33

icantly the viscosity of the resin and thus manufacturing fibre composites using infusion34

processes with these modified resins can become impossible. One modification that has been35

particularly successful is the addition of silica nanoparticles. These particles are typically36

20 nm in diameter and are surface-treated to prevent agglomeration. Thus the increase in37

resin viscosity is very small, and they can readily flow between the fibres during infusion.38

Silica nanoparticle-modified epoxy resins have resulted in improvements of fibre composite39

toughness and fatigue behaviour [1, 26–31]. For example, adding 10 wt% of SNPs into the40

matrix epoxy increased the fracture energy of a unidirectional (UD) glass fibre reinforced41

polymer (GFRP) by 200% [27], and also extended the tensile fatigue life by 3 to 4 times [29].42
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However, directly adding modifiers into the matrices of fibre composites requires significant43

addition of modifiers, e.g. up to 20 wt% of the matrix resin [1], which leads to an increased44

cost in materials and manufacturing for practical applications.45

The present work investigates the addition of silica nanoparticles into fibre sizings. Siz-46

ings are the agents applied to raw fibres during fibre manufacturing, they protect the fibres47

during processing and control the adhesion between the fibres and the matrix. Since the fibres48

take most of the load when fibre composites are in service, good adhesion between the fibres49

and the matrix means that stress is transferred effectively to the fibres, which contributes to50

better mechanical properties. Research has showed that adding silica nanoparticles into fibre51

sizings can increase the interlaminar shear strength (ILSS) of carbon fibre composites [32].52

The aim of the present work is to reduce the addition levels of silica nanoparticles required53

to improve fracture toughness and fatigue life of fibre composites, with no increase in resin54

viscosity, by introducing the silica nanoparticles into sizings.55

2. Experimental Methods56

2.1. Materials57

Carbon fibre composites were manufactured using carbon fibres with unmodified and58

silica nanoparticle (SNP) modified sizings. The sizing formulations used in this work are59

listed in Table 1. The carbon fibre (HF10-12k), diglycidyl ether of bis-phenol A (DGEBA)60

epoxy resin (E54), methyl tetrahydrobenzoic anhydride hardener (HK021) and one of the61

fibre sizings (HS-1) were obtained from Hengshen, China. A second sizing, Neoxil 965, was62

obtained from Aliancys, Switzerland. Nanopox FW 404, an aqueous emulsion of epoxy and63

silica nanoparticles, was obtained from Evonik, Germany. The concentration of SNPs in FW64

404 emulsion is 22.4 wt% (as the emulsion contains 44 wt% water and 56 wt% Nanopox F40065

[33]). Nanopox F400 contains 40 wt% of SNPs [33]. Therefore the concentration of SNPs in66

dried FW 404 is 40 wt% on solid (since the water is removed). The sizing and SNP contents67

of the fibres is shown in Table 1. The average diameter of the silica nanoparticles is 20 nm68

[33]. The modified sizings containing SNPs were applied to the fibres by Hengshen, who also69

manufactured the unidirectional (UD) laminates by vacuum assisted resin infusion (VARI),70
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a standard procedure used to manufacture fibre composites. The produced UD composite71

panels had a thickness of 3 mm.72

2.2. Double Cantilever Beam Specimen Preparation73

Mode I interlaminar fracture tests and fatigue crack growth (FCG) tests were conducted74

using double cantilever beam (DCB) specimens machined from the UD composite panels by75

waterjet cutting. Each specimen had a size of 150 mm × 20 mm × 3 mm with a 30-µm-thick76

release film insert of 45 mm in length at the midplane of one end to provide a starter crack.77

Each side of the insert film end was grit-blasted, cleaned with acetone and then adhered78

with two aluminium load blocks using Araldite 2014-1 two component epoxy adhesive from79

Huntsman. The blocks were clamped to the specimens in a jig and cured in an oven at 5080

◦C for two hours. After bonding the load blocks, the side of each specimen was painted with81

white ink and the crack length was marked, from the end of the inserted film, every millimetre82

for the first 25 millimetres and then every 5 millimetres.83

2.3. Mode I Interlaminar Fracture Test84

Interlaminar fracture tests were carried out to determine the mode I fracture energy at85

crack initiation, GIC,init, and during crack propagation, GIC,prop. The DCB specimens were86

tested using an Instron 5584 universal testing machine at room temperature and a displace-87

ment rate of 1 mm/min. The testing procedure used was according to the BS ISO 15024 [34]88

and ASTM D5528 [35] standards. A travelling microscope was used to measure the crack89

growth.90

The specimens were first precracked by loading until the crack grew up to 5 mm from the91

end of the insert film, which generated a sharp natural crack. The specimens were unloaded,92

and then reloaded until the crack propagated to 110 mm (65 mm from the insert film). The93

displacement and load were recorded when the crack grew to each mark. The values of94

fracture energy at crack initiation, GIC,init, were calculated using the Max/5% increase in95

compliance method; the fracture energies during crack propagation, GIC,prop, were calculated96

using the modified compliance calibration (MCC) method [34]. Five specimens were tested97

for each sizing formulation.98
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2.4. Fatigue Crack Growth Test99

Fatigue crack growth (FCG) tests were conducted using the DCB specimens at room100

temperature, taking reference to the BS ISO 13003 [36] and ASTM E647 [37] standards.101

The DCB specimens were first pre-cracked as mentioned above to determine the maximum102

displacement, δmax, for the FCG test. The fatigue tests were carried out using an Instron103

8872 servohydraulic universal testing machine, in displacement control. The displacement104

ratio (R = δmin/δmax) used was 0.1, at a cyclic loading frequency of 10 Hz using a sinusoidal105

waveform.106

To measure the crack length during the fatigue tests, the machine was briefly paused and107

held at δmax after a prescribed number of cycles had completed. The load and crack length108

(measured using a microscope) were recorded and the tests were continued. Three specimens109

were tested for each formulation. The relationship between the crack propagation rate per110

cycle, da/dN, and the maximum energy release rate, GImax, was calculated using the 7-point111

incremental polynomial method [37]; the FCG curve of log(da/dN) against log(GImax) was112

also plotted.113

2.5. Fractographic Studies114

Images of the fracture surfaces of the tested specimens were taken using a scanning elec-115

tron microscope (SEM), Hitachi S-3400N (for the FCG specimens), or a field emission SEM116

(FE-SEM), Zeiss Ultra Plus Field Emission SEM (for the DCB fracture specimens). The117

samples were sputter-coated with a gold or gold-palladium layer before taking images to pre-118

vent charging. The thickness of the sputter-coated layer had a thickness about 5 to 10 nm.119

These images were used to identify the failure and toughening mechanisms.120

3. Results and Discussion121

3.1. Introduction122

The mode I interlaminar fracture energies and fatigue crack growth rates of the fibre123

composites using unmodified and SNP-modified sizings were measured. Two different siz-124

ings were used, each sizing had three formulations: unmodified (no SNPs), 0.53 wt% SNPs125
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and 0.89 wt% SNPs based on fibre mass, as shown in Table 1. The effect of the addition of126

SNPs to the sizings is discussed and compared to that of the addition of SNPs to the matrix.127

The images of the fracture surfaces were also studied to identify the toughening mechanisms.128

3.2. Interlaminar Fracture Energy129

The calculated values of the mode I interlaminar fracture energy at crack initiation, GIC,init,130

and propagation, GIC,prop, for the carbon fibre composites with the unmodified and SNP-131

modified sizings are shown in Table 2. For the composites using the unmodified sizings, N0132

and H0, the fracture energies at crack initiation are 85 J/m2 and 108 J/m2 respectively, this133

difference results from using different sizing agents. On the other hand, for the composites134

using SNP-modified sizings, although the fracture energy at crack initiation only shows a135

small increase of 15% when the main sizing agent is Neoxil 965 with the addition of 2.22 wt%136

of Nanopox FW 404 (sizing N2), the fracture energy at crack initiation increases significantly137

by 101% when the main sizing agent is HS-1 with the addition of 2.22 wt% of FW 404 (sizing138

H2), see Table 2. It is also noted that the GIC,init values of each formulation have large standard139

deviations, which indicates that crack initiation is an unstable process.140

For crack propagation, the fracture energy shows no significant change (there is only an141

increase of 7% for sizing N1) when SNPs are added to the Neoxil 965 sizing agent. However,142

GIC,prop increases from 166 J/m2 to 220 J/m2 (an increase of 33%) with the addition of 2.22143

wt% of FW 404 to the HS-1 sizing agent (sizing H2).144

Comparing the fracture energies at crack initiation and propagation, it is noted that for the145

higher addition level of SNPS (sizings N2 and H2 compared to unmodified sizings N0 and146

H0, see Figure 2), the difference between the fracture energies at crack initiation and propa-147

gation decreases. This decrease of the difference means that there is a reduction of the size148

of the crack resistance curve (R-curve), which is a sign of a more stable crack propagation.149

For sizing H2, the difference between the crack initiation and propagation fracture energies150

is only 3 J/m2 (Table 2).151
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3.3. Comparison with SNP-modified matrices152

Table 3 shows the relative GIC,prop values compared with published values for which SNPs153

are added into the matrices of UD carbon fibre/epoxy composites [1, 30]. The epoxy system154

used for the SNP-modified matrices in the literature was DGEBA epoxy (Araldite-F) and155

piperidine hardener [1, 30]. The manufacturing processes of the carbon fibre composites156

using the modified matrices were vacuum assisted resin infusion moulding (VARIM) [1]157

or using the prepreg impregnated with the modified epoxy matrices and then fabricated by158

vacuum bagging [30].159

According to Table 3, it is clear that the method of adopting a modified sizing can achieve160

the same level of improvement using significantly fewer SNPs compared with adding the161

SNPs into the matrix. The increase of the fracture energy of the composite using an SNP-162

modified matrix, containing up to 20 wt% SNPs in the matrix, is 21%. However, sizing H2163

achieves a higher increase of 33% while only adding 0.89 wt% (on fibre mass) to the sizing164

agent.165

3.4. Fatigue Crack Growth166

Figure 3 shows a typical FCG curve (on log-log axes) of a UD carbon fibre compos-167

ite. The right-hand region I is where the crack grows rapidly at the beginning of the cyclic168

loading and GImax approaches GIC,prop. Region II is where the crack grows steadily, and the169

relationship typically follows a linear Paris-Erdogan law relationship. The left-hand region170

III is where the crack grows very slowly or stops growing and the energy release rate reaches171

the threshold value, Gth, below which crack growth does not occur.172

The gradient of region II, mG, reflects the sensitivity of the crack growth rate to the change173

of cyclic load, as shown in Table 4. In Table 4, the value of mG was calculated according to174

the energy release rate while mK is the related gradient when the mode I stress intensity factor175

(KI) is used as the horizontal axis of the FCG curve (using GI = K2
I (1 − ν2)/E, where E is176

the Young’s modulus and ν is the Poisson’s ratio). The gradient mG values of the compos-177

ites using the unmodified sizings (N0 and H0) are 2.02 and 3.98. For the composites using178

modified sizings (N2 and H2), the mG values are 5.90 and 3.00, and the related mK values179
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are 11.80 and 6.00. Although in this work no significant change of the gradient was found180

within experimental variation for the various sizings used, the gradients are generally larger181

than metals whose mK are usually taken as 3 to 4 [38, 39], see Table 4. This confirms that the182

fibre composites are more sensitive to fatigue crack growth than metals.183

3.5. Fractographic Studies184

The FE-SEM images from the tested samples of mode I interlaminar fracture tests were185

studied. The fibre surfaces of the composite using unmodified sizing (H0) are clean and ad-186

hered with little epoxy (see Figure 4a), an obvious debonding of a fibre can also be seen,187

which indicates a relatively poor adhesion between the fibre and matrix. On the other hand,188

silica nanoparticles can be found on the fibre surfaces in the SNP-modified sizing samples189

(see Figure 4b&c). It is noted that a greater addition of SNPs results in a better SNP disper-190

sion; SNPs were spread more evenly across the fibre surfaces. As can be seen in Figure 4b&c,191

both sizing H1 and H2 contain SNPs, however, the fibre surfaces in Figure 4c are adhered192

with more SNPs than in Figure 4b. Better SNP dispersion results in a better adhesion between193

the fibres and the matrix, since the surfaces of the fibres are adhered with more epoxy and194

SNPs after testing; the fibre surfaces shown in Figure 4b&c are rougher than the surfaces in195

Figure 4a.196

A strong adhesion between the fibres and the matrix results in more fragmentation of the197

fibres when the crack grows, since the fibres cannot be pulled out so easily and are more198

likely to break due to the tensile force caused by the crack growing. As can be seen in Figure199

5b&d, there are more fragmented fibres since the adhesion is better. However, if the adhesion200

is weak, the fibres are easier to pull out and can bridge between the crack faces (see Figure201

5a&c). The improvement of adhesion can also be seen in the SEM images from the FCG-202

tested samples (see Figure 6), as more epoxy can be found adhered to the fibres in Figure 6b203

than in Figure 6a; there is debonding in Figure 6a, which also indicates poor adhesion.204

The fibres absorb energy and then break as the crack grows. The presence of more frag-205

mented fibres resulting from good adhesion means that more energy is absorbed by the fibres,206

which results in an increased difficulty of crack growth and hence an improvement of the207
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toughness. However, if the adhesion is improved too much, there would be a negative effect208

such that fewer fibres break because few fibres pull out, which leads to a reduction of GIC,prop209

[7]. This effect was observed in sizing N2, where in comparison with sizing N1, the adhesion210

is stronger but fewer fragmented fibres and so a smaller reduction of GIC,prop was observed.211

A good adhesion also contributes to the increase of GIC,init (sizings N2 and H2 compared212

with the unmodified sizings N0 and H0). Since the increases of GIC,init are more significant213

than GIC,prop, the magnitudes of the R-curves reduce, which results in more stable crack prop-214

agation.215

4. Conclusions216

Fibre composites are widely used in aerospace and transport applications, however, the217

brittleness of thermoset polymers used as the matrices can limit their applications. Research218

has shown that adding silica nanoparticles (SNPs) to the matrices can improve the toughness219

of fibre composites, however, this requires significant additions of SNPs, which can be up220

to 20 wt% of the matrices and increase the cost of materials and manufacturing. In this221

research, instead of modifying the matrices, the sizings of the fibres were modified using222

SNPs, allowing much lower volumes of SNPs to be used. Two sizing agents for carbon fibres223

have been modified by the addition of SNPs at two concentrations. Mode I interlaminar224

fracture tests and fatigue crack growth (FCG) tests have been conducted on the composites225

made using the sizing-modified fibres.226

Although the modified sizings had no significant effect on the fatigue behaviour, they227

improved the mode I fracture energy of the composites. Maximum improvements of 101%228

in the fracture energy for crack initiation and 33% for crack propagation have been found229

when the sizing agent composed of 1.78 wt% HS-1 and 2.22 wt% Nanopox FW 404 (sizing230

H2) was used. The level of improvement for the modified sizings is the same compared231

with the literature adding SNPs to the matrices, while the modified sizings use significantly232

fewer SNPs. On the other hand, with the higher addition level of SNPs to the sizings, the233

magnitudes of the R-curves are smaller, this indicates a more stable crack propagation.234

The toughening mechanisms of the SNPs on the composites have also been investigated.235
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When the concentration of SNPs is higher, the particles were dispersed better across the236

fibre surfaces, which resulted in better adhesion between the fibres and the matrix epoxy. A237

better adhesion contributes to more fragmentation of the fibres and more energy absorption.238

Therefore, the toughness can be improved. It is also noted that good adhesion contributes to239

the reduction of the magnitudes of the R-curves. However, if the adhesion is improved too240

much, few fibres pull out and less fibres break, which leads to a reverse effect that the fracture241

energy decreases.242

Directly modifying fibre sizings with silica nanoparticles has great potential for the appli-243

cation of fibre composites, especially for situations where high toughness is required, since244

it can improve the fracture energies more efficiently than directly adding modifiers into ma-245

trices. The same level of improvement can be achieved by using significantly fewer silica246

nanoparticles.247
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Table 1: Sizing formulations

Neoxil 965
Nanopox

FW404

SNP

content
HS-1

Nanopox

FW404

SNP

content

N0 4 0 0 H0 4 0 0

N1 2.67 1.33 0.53 H1 2.67 1.33 0.53

N2 1.78 2.22 0.89 H2 1.78 2.22 0.89

* wt% based on fibre mass
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Table 2: Fracture energies of the modified-sizing composites

Sizing

formulation

GIC,init (SD)

(J/m2)
Change

GIC,prop (SD)

(J/m2)
Change

GIC,prop - GIC,init

(J/m2)

N0 85 (81) - 175 (24) - 90

N1 57 (70) -33% 187 (18) +7% 130

N2 98 (54) +15% 175 (23) 0% 77

H0 108 (62) - 166 (20) - 58

H1 103 (42) -5% 181 (11) +9% 78

H2 217 (30) +101% 220 (32) +33% 3
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Table 3: Improvement of GIC,prop compared with literature

Formulation
SNP content

(wt%)
Relative GIC,prop Reference

Sizing N0 0 1.00

Sizing N1 0.53a 1.07

Sizing N2 0.89a 1.00

Sizing H0 0 1.00

Sizing H1 0.53a 1.09

Sizing H2 0.89a 1.33

SNP modified

matrix

0 1.00 [1, 30]

2b 1.23 [30]

4b 1.54 [30]

10b 1.01 [1]

20b 1.21 [1]

a: wt% on the fibre mass

b: wt% of the matrix
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Table 4: Fatigue gradient of the sizing-modified composites and comparison with metals

Formulation Gradient mG Gradient mK

Sizing N0 2.02 4.05

Sizing N1 1.17 2.34

Sizing N2 5.90 11.80

Sizing H0 3.98 7.97

Sizing H1 0.52 1.04

Sizing H2 3.00 6.00

Steel - 3 [39]

Aluminium - 3 [39]

Nickel - 3.3 [39]
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Figure 1: Fracture energy of bulk epoxy modified with silica nanoparticles with different

particle size [24]
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(a) sizing N0 & N2

(b) sizing H0 & H2

Figure 2: R-curve (resistance curve) comparison of unmodified and SNP-modified UD car-

bon fibre composites
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Figure 3: Fatigue crack growth (FCG) curve of UD carbon fibre composite using sizing N0
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(a) sizing H0 (unmodified)

(b) sizing H1 (1.33 wt% FW404) (c) sizing H2 (2.22 wt% FW404)

Figure 4: Silica nanoparticle dispersion and fibre/matrix adhesion (DCB fracture surfaces)
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fibre pull out

(a) sizing N0 - fibre pull out (b) sizing N1 - fibre fragmentation

fibre pull out

(c) sizing H0 - fibre pull out (d) sizing H1 - fibre fragmentation

Figure 5: Fibre pull out and fragmentation (DCB fracture surfaces)
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debonding

(a) sizing N0 - poor adhesion (debonding

indicated)

(b) sizing N1 - better adhesion

Figure 6: Fibre/matrix adhesion (fracture surfaces from FCG)
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