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Abstract: A multi-scale synergistic modification technology is proposed to strengthen and toughen epoxy resin matrix 

composites, which can be used in the direct extrusion fabrication process. The toughness performance of epoxy resin matrix 

composites can be improved without compromising other advantages by adding micrometer- and nanometer-scale fillers 

to the matrix and optimizing the content of fillers, surface treatment process, dispersion method, and other parameters. 

We analyzed and discussed the mechanical properties of epoxy-based composites with micrometer-scale fillers, nanometer-scale 

fillers, and mixed multi-scale fillers. When 15 phr carbon fibers (15CFs), 6 phr rubber nanoparticles (6RNPs), and 1 phr 

carbon nanotubes (1CNTs) are added to epoxy resins (EPs), the tensile strength reached 91.6 MPa, 28.8% higher than that 

of the pure EPs; the achieved elastic modulus 4.72 GPa, 77.4% higher than the pure EPs; the fracture toughness was 

2.97 MPa m1/2, 241.4% of the pure EPs, while the impact strength reached 63.4 kJ/m2, 369.6% higher than the pure EPs. The 

results show that the multi-scale reinforcements exhibit a synergistic effect on the strength and toughness of the composites.

Keywords: direct extrusion fabrication, carbon fibers, carbon nanotubes, rubber nanoparticles, mechanical properties.

Introduction

Direct extrusion fabrication (DEF) is an additive manufac-

turing (AM) method that can directly, layer-by-layer, produce 

complex 3D structures based on CAD files without the need for 

special processing of single parts, heating, and manual inter-

vention.1-4 Theoretically, DEF can use any pasty or gel-like 

composite, given that it can keep its shape and has enough self-

support to avoid collapsing.

Thermosetting epoxy resin (EP)-based composites (TERCs) 

exhibit many distinctive advantages, such as lightweight, chem-

ical stability, and good mechanical properties.5-8 Consequently, 

they gradually replace metallic materials and are widely used in 

the aerospace, aviation, automobile, and electronics industry, 

and also in many other fields. Compared with photocurable and 

thermoplastic resins, the elastic modulus of TERCs is much 
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higher when they are used in an AM process. The disadvantages 

of EPs are mainly related to their brittle fracture (the fracture 

toughness is 0.87 MPa·m1/2) and poor resistance to crack growth 

(the impact strength is 13.5 kJ/m2), which hinder their wide indus-

trial applications.9 Therefore, many modification methods have 

been proposed to improve the mechanical properties of resin 

matrix composites, including micrometer-scale and nano-scale 

reinforcing modifications.9-11

Carbon fibers (CFs) are among the most commonly used 

micrometer-scale fillers for epoxy resins due to their low den-

sity, high specific strength, and high specific modulus. Kaynak 

et al. found that the elastic modulus and impact strength of the 

polyamide-6/carbon fiber composites increased upon the addi-

tion of micrometer-scale CF, while their elongations at break 

decreased.12 Carbon nanotubes (CNTs), which discovery is related 

to fullerene chemistry, exhibit a special structure, consisting of 

2-50 layers of coaxial circular tubes composed of carbon atoms 

arranged in a hexagonal shape.13,14 Due to their excellent 

mechanical properties, electrical conductivity, and heat transfer 

properties, CNTs are widely used in scientific research and 

engineering practice.15,16 CNTs also show a huge aspect ratio 

(the radial dimension is on the nanometer level, while the axial 

dimension is on the micrometer level) and great specific surface 

areas, endowing them with excellent stress transfer ability.17,18

Therefore, CNTs are often selected as a second microphase 

material for modified resins.

However, neither CFs nor CNTs can effectively improve the 

fracture toughness of TERCs. It was reported that inorganic 

micrometer-scale and nanometer-scale particles significantly 

improve the fracture toughness of epoxy resin. The addition of 

nanosilica-rubber core-shell nanoparticles increased the overall 

mechanical properties of the epoxy system, where the impact 

strength was improved by 39.4% with a loading of 2 wt.% of 

the nanofiller.19 In recent years, rubber nanoparticles (RNPs) 

have been increasingly used in TERCs to improve mechanical 

properties. Furthermore, reactive RNPs and organically mod-

ified nanoclay were applied to toughen the epoxy matrix.20

However, with the introduction of the RNP phase, elastic mod-

ulus, tensile strength, and other properties may decrease sub-

stantially, so the main challenge in the TERC toughening is 

improving the toughness without sacrificing other properties. 

Su et al. found that RNPs can effectively improve the fracture 

toughness of epoxy asphalt binder.21 Ma et al. reported that in 

situ formed RNPs greatly enhanced the fracture energy of epoxy 

resin (from 140 to 840 J/m2), with only a slight decrease in elastic 

modulus (from 2.85 to 2.49 GPa).22

Rahmanian et al. showed evident enhancement in the com-

prehensive mechanical performance, i.e., tensile, flexural, and 

impact properties, of the composites of polypropylene rein-

forced with both CNTs and CNT-grown CFs, indicating a syn-

ergistic effect of CNTs.23 Zhang et al. and Sharma et al. indicated 

the synergistic effect of multi-scale structures of epoxy matrix-

based materials reinforced with carbon nanofibers and short 

carbon fibers on the strength and fracture properties.24,25 In this 

paper, micrometer- and nanometer-scale reinforcements were 

adopted to modify the epoxy resin matrix. The surface of CFs 

was treated by chemical oxidation and sonication to improve its 

roughness and binding to the matrix material. The research has 

shown, different proportions of reinforcements can mutually 

compensate and show a complementary effect. Short CFs, RNPs, 

and CNTs were used as reinforcements in the current work, and 

the synergistic effect of multi-scale reinforcements on tensile 

strength, fracture toughness, and impact strength was analyzed 

and discussed. We also assessed the fracture mechanism by 

scanning electron microscopy and showed the particular effect 

of nanometer-scale reinforcements. The paper provides prom-

ising results for future DEF.

Experimental

Materials and Methods. Table 1 shows the materials used     

in this paper, while their detailed parameters are listed in 

Tables 2, 3, and 4.

CFs adopted in this paper have been surface-treated to 

Table 2. Main Performance Indexes of the EP Matrix (Epon 826)

Tensile 
strength 
(MPa)

Elastic
modulus 

(GPa) 

Shrinking
ratio
(%)

Density
(g/cm3)

Curing method

71.1±5.3 2.66±0.17 1-2 1.11-1.23 Indoor/high temperature

Table 1. Applied Materials (according to the manufacturer’ 

specification)

Material Name Function Manufacturer

Epon 826 polymer
(thermosetting epoxy resin)

matrix material
Shell Co., Ltd. 

Netherlands

T700SC-12000-50C
(short carbon fibers)

micrometer-scale 
reinforcement

Toray Co., Ltd. 
Japan

VP-501
(rubber nanoparticles)

nanometer-scale
reinforcement

Beijing Institute of 
Sinopec, China

XFM-18
(carbon nanotubes)

nanometer-scale
reinforcement

Xianfeng Nano 
Technology Co., 

Ltd. China
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improve the interfacial bonding between reinforcements and 

matrix materials. As amorphous carbon and the sizing agent are 

present on the surface of CFs, the CFs were firstly milled for

15 min in a planetary ball mill (QM-ISP4, Nanjing University 

Instrument Plant) to remove these phases, and the following 

working parameters were used (Table 5).

According to the size and hardness characteristics of CFs, a 

three-stage ball milling method was selected – the mass ratio of 

the large balls (20 mm), medium balls (10 mm), and small balls 

(5 mm) was 1:2:1. It was empirically proven that the EP matrix 

can benefit from the reinforcing effect only when the average 

length of CFs exceeds 500 μm. The average length of CFs is 

inversely proportional to the milling time. After 15 min, the 

average length of CFs was 885 μm, and this sample was des-

ignated as sample A. When the milling time was 60 min, having

the other parameters unchanged, the average length was 143 μm,

and the sample was designated as sample B.

Afterward, both A and B samples were put into a Soxhlet 

extractor for 48 h with acetone. After cleaning and drying, they 

were placed in HNO3 (65 vol%) for sonication for 2 h. Next, 

the samples were put into a coupling agent (KH550, 25 vol%) 

for 1 h. Finally, the treated CFs were washed until neutralization 

with deionized water and dried in an oven at a temperature of 

80 ℃. Thus, sample A’ and B’ are obtained.

Figure 1 shows the surface morphology of the CFs sample. 

For untreated CFs, the surface is relatively smooth, showing 

only several relatively shallow and wide longitudinal grooves, 

with a surface roughness (RMS) of 54.5 nm. However, after 15 

min milling, Figure 1(b), sample A shows that the shallow and 

wide grooves are replaced by deep and narrow grooves, with a 

surface roughness (RMS) of 168.7 nm. The sizing agent and 

amorphous carbon on CFs of the sample A are peeled off during 

the ball milling process. When sample A is further treated by 

liquid-phase oxidation and sonication (call it Sample A’), the 

width of the surface groove increases to 0.15-0.3 μm, and the 

RMS increases to 396.8 nm, but the longitudinal texture on the 

CFs surface is still integrated (Figure 1(c)). However, after the 

same treatment, the surface of sample B has been significantly 

eroded and destroyed (Figure 1(d)), exhibiting greatly reduced 

strength due to the destroyed surface, and the RMS value is 

Table 3. Main Performance Indexes of CFs (T700SC-12000-50C)

Tensile strength (MPa) Elastic modulus (GPa) Shrinking ratio (%) Density (g/cm3) Fiber length (mm) - morphology

4900 230 2.1 1.8 3 (short)

Twist shape Carbon content (%) Sizing agent (%) Diameter (μm) Specific heat capacity (cal/g·℃)

No twist 93 50C 1.0 7 0.18

Table 4. Main Performance Indexes of Nanofillers

Nanofillers Key parameters

VP-501
Rubber nanoparticles

Average size 100 nm;
Elastic modulus 0.01GPa

XFM-18
Carbon nanotubes

Length 0.5-2 μm;
Diameter 10-20 nm;

Elastic modulus 1.2 TPa;
Tensile strength 40 GPa

Density 2.1 g/cm3

Shrinking ratio 7%

Table 5. Set of the Working Parameters Used for the Ball-milling 

Surface Treatment of CFs

Parameter Value

Revolution-to-rotation ratio 1:2

Working capacity 4 L

Ball-material ratio 20:1

Rotation speed 150 rpm

Abrasive Alumina ceramic ball

Figure 1. Surface morphology of CFs after different surface treat-

ments: (a) untreated sample, (b) sample A, (c) sample A after liq-

uid-phase oxidation and sonication, and (d) sample B after liquid-

phase oxidation and sonication.
 Polym. Korea, Vol. 47, No. 2, 2023
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614.1 nm.

The main elements on the surface of CFs before and after the 

surface treatment are C and O, with a small amount of N (see 

Table 6) were determined using an EDS spectrometer (FEI-

QUANTA200). Si is detected in the modified sample A’ because 

the sample is immersed in the aqueous solution of the silane 

KH550 coupling agent with a concentration of 25% for 1 h. 

Table 6 shows the atomic concentration before and after the sur-

face modification of CFs. After modification, the concentrations 

of C and N decrease while the concentration of O increases. 

The increase of the oxygen-carbon ratio indicates that the surface 

of CFs is oxidized after ball milling, liquid-phase oxidation, and 

sonication, which improves its surface activity.

In addition, after sonication and liquid-phase oxidation, -OH 

radicals and H2O2 are produced. They induce a strong oxidation 

effect on the surface of CFs and increase the specific surface 

area and the amount of O-containing functional groups of CFs, 

which can greatly improve the interface binding between CFs 

and the EP matrix, making a strong connection between the two 

phases after curing. Moreover, the rough surface of CFs favors 

the in-flow of the matrix material into the grooves upon mixing, 

forming strong mechanical interlocking after curing.

After the surface modification, the modified CFs were placed 

into EP and then mixed by an ultrahigh-speed planetary blender 

for 5 h at a speed of 3000 rpm; afterward, CNTs and RNPs 

were added into the mixture and sonicated for 0.5 h at 25 ℃.            

Afterward, the curing agent was introduced into the blend (stir-

ring for another 3 h), and the system was cured at 80 ℃ for 6 h.               

Finally, the samples were cooled to room temperature (the whole 

process is depicted in Figure 2).

The test of tensile properties was performed using a SANS 

CMT5105 universal material testing machine. The test process 

was based on the ASTM D638-2010 standard, Figure 3 is the 

sketch of specimen. The test temperature was 25 ℃, and the          

tensile speed was 5 mm/min. 5 specimens at least were tested 

from each group of specimens, which were tempered at 60 ℃          

for 30 min before testing.

The fracture toughness test was performed following the 

ASTM E-399 standard and the national GB4161-84 standard 

using the single-edge notched beam method (SENB). The test 

specimen size was 42 mm × 10 mm × 5 mm, and it was cured 

Table 6. Elemental Content on the Surface of CFs Before and 

After the Surface Treatment

Element C O N Si

Sample A’ Before treatment (at.%) 76.21 18.14 5.65 -

Sample A’, After treatment (at.%) 72.86 20.47 5.17 1.5

Figure 2. The preparation process of multiscale-reinforced compos-

ites.

Figure 3. Specimen size according to the ASTM D638-2010 stan-

dard.26

Figure 4. Schematic representation of the specimen according to the 

ASTM E-399 standard and the national GB4161-84 standard.
폴리머, 제47권 제2호, 2023년



Analysis of the Mechanical Properties of Epoxy Resin Matrix Composites upon Multi-scale Synergistic Strengthening and Toughening 147
in a steel mold. Before the test, the surface of the specimen was 

sanded to avoid artificial defects. The test speed was 5 mm/min. 

Figure 4 shows the schematic representation of the specimen. 

According to the standard requirements, the height W and 

thickness B of the specimen should satisfy the relationship of 

W/B = 2, and the crack length a should satisfy the relationship 

of a/W = 0.45-0.55. The specimen should ensure the flatness, 

perpendicularity, and parallelism between the planes, and the 

perpendicularity between the notch and the bottom surface 

should be within ±2° to provide the testing accuracy. Figure 5 

is the schematics of measurement according to the standard.

The fracture toughness in this paper was calculated in terms 

of KIC. In eq. (1), Y represents the shape factor of the cracks, 

S is the support length at the bottom, B is the thickness of the 

specimen, W is the specimen height, and a represents the crack 

length.26 Poisson’s ratio is 0.35.27

(1)

Results and Discussion

Figure 6 shows the elastic modulus and tensile strength of the 

composites with different proportions of reinforcements. The 

CFs after the ball milling and liquid-phase oxidation ultrasonic 

treatment exhibit an obvious reinforcement effect on the tensile 

strength of EPs. For the composite sample with 10 phr CFs, 

tensile strength is 21.5% higher than that of pure EPs. Com-

pared with the single-scale reinforced composites, the multi-

scale reinforced composites exhibit even a more significant 

improvement in tensile strength. When 15 phr CFs (15CFs), 6 

phr RNPs (6RNPs), and 1 phr CNTs (1CNTs) are added to EPs, 

tensile strength reaches the highest value of 91.6 MPa, which is 

28.8% higher than that of the pure EPs. It is slightly greater than 

the sum of adding 6RNPs (9.7% lower than that of pure EPs), 

1CNTs (24.1% higher than that of pure EPs), and 15CFs (13.4% 

higher than that of pure EPs). This shows that different rein-

forcements display a synergistic effect on the tensile strength of 

epoxy-based composites.

In terms of elastic modulus, similar to tensile strength, multi-

scale reinforcements also exhibit a synergistic effect. The elastic 

modulus of the composites (15CFs/1CNTs/6RNPs) is 4.72 GPa 

(77.4% higher than that of pure EPs), which is larger than the 

sum of adding 6RNPs (10.9% lower than that of pure EPs), 

KIC Y
6PfS

4BW
2

-------------- a=

Figure 5. Schematic representation of the measurement according 

to the ASTM E-399 standard and the national GB4161-84 standard.

Figure 6. Tensile strength and elastic modulus of EPs with different 

contents of reinforcement.

Figure 7. Fracture toughness of single-scale filler-reinforced com-

posites with different amounts of reinforcement (solely filled).
 Polym. Korea, Vol. 47, No. 2, 2023
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1CNTs (16.2% higher than that of pure EPs), and 15CFs (53.8% 

higher than that of pure EPs).

Figure 7 shows the fracture toughness of single-scale filler-

reinforced composites with different amounts of reinforcement. 

The reinforced composites (15CF, 1CNT, 6RNP) exhibit better 

fracture toughness than EP. Compared with the fracture tough-

ness of neat EPs, the KIC is 0.87 MPa·m1/2, and the fracture 

toughness of the composites with single-scale fillers is improved. 

Although the fracture toughness increment of 1CNTs is far less 

than 15CFs, the content of CFs is 15 times higher than that of 

CNTs, indicating that CNTs have higher toughening efficiency 

on EPs, when normalized on the added amount, than the 

micrometer-sized CFs.

Figure 8 shows the fracture toughness of various multi-scale 

filler-reinforced composites. The multi-scale reinforced spec-

imens with CFs, CNTs, and RNPs show a synergistic enhance-

ment in fracture toughness compared with the specimens solely 

reinforced by CFs, RNPs, or CNTs. With 15 phr CFs and 6 phr 

RNPs, the KIC of 15CF/6RNP/0.75CNT reaches 3.04 MPa·m1/2, 

which is 349.4% higher than that of neat EP. When increasing 

the content of CNTs or RNPs, the KIC value also increases. In 

other words, the combined reinforcements exceed the effect of 

solely filled composites on fracture toughness. Therefore, CFs, 

RNPs, and CNTs exhibit synergetic effects on the toughness 

performance of the EPs.

Figure 9 shows the SEM micrographs of the fracture sur-

faces of neat and multi-scale reinforced EPs with 15CF/6RNP/

0.75CNT. The neat EP specimen shows a smooth fracture sur-

face, Figure 9(a), indicating a brittle fracture. After adding CFs, 

RNPs, and CNTs reinforcements, a much rougher fracture sur-

face appears, with apparent plastic deformation areas (Figure 

9(b). On the one hand, nanometer-scale fillers have a larger spe-

cific surface area than micrometer-scale fillers, so they can help 

improve the stress transfer ability. On the other hand, because 

the dimension of nanometer-scale fillers is much smaller than 

that of micrometer-scale fillers, debonding and pullout mech-

anisms are more pronounced, implying that nanometer-scale 

fillers can help prevent the crack propagation inside the com-

posites.

Figure 10 shows the impact strength of the composites with 

different fillers (unnotched specimens were adopted). The 

impact strength of the neat EP is 13.5 kJ/m2, and it increases 

when RNPs, CNTs, and CFs are solely added.

Similarly, CFs, RNPs, and CNTs exhibit a synergistic effect 

on the impact strength of TERCs. The impact strength of the 

composites with 6RNPs/1CNTs/15CFs is 63.4 kJ/m2, which is 

369.6% higher than that of the net EP. The impact strength of 

materials mainly depends on two factors: the resistance to crack 

generation and the inhibition of crack growth. Adding nano-

meter-scale fillers after CFs can provide a more uniform internal 

Figure 8. Fracture toughness of EPs with different contents of rein-

forcement (multi-scale reinforced).

Figure 9. SEM micrographs of the fracture surfaces: (a) neat EP; 

(b) EP multi-scale reinforced with 15CF/6RNP/0.75CNT.

Figure 10. Impact strength of the neat EP and EPs with different 

contents of single-scale and multi-scale fillers.
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stress distribution of the composite and reduce the probability 

of crack growth between the matrix and CFs. Moreover, due to 

the large difference in size, the nanometer-scale fillers are evenly 

attached to the surface of CFs, so they can reduce the stress 

concentration at the interface between the matrix and CFs, 

effectively inhibiting the crack propagation.

Conclusions

The effects of multi-scale reinforcing fillers on the strength-

ening and toughening of thermosetting epoxy matrix com-

posites were studied. The tensile strength, elastic modulus, 

fracture toughness, and impact strength of the composites sig-

nificantly increased by adding micrometer-scale CFs and nano-

meter-scale CNTs and RNPs fillers to the epoxy matrix. The 

study found that when 15phr CFs (15CFs), 6phr RNPs (6RNPs), 

and 1phr CNTs (1CNTs) were added to EPs, the tensile strength, 

elastic modulus, fracture toughness, and impact strength of the 

composite were 28.8, 77.4, 141.4, and 369.6% higher, respec-

tively, than those of the pure EPs.

The use of micrometer-scale fillers (CFs) modified the pure

EPs can significantly improve the mechanical properties. 

However, the thermal expansion coefficients of CFs and EPs 

are very different, so that there is a large internal stress at the 

interface between CFs and matrix, which limits the mechanical 

properties of the composite. 

After continuing to add the nanometer-scale fillers (CNTs, 

RNPs), the mechanical properties of the composite have been 

further improved. Compared with CFs, (1) the nanometer-scale 

filler is smaller, which improves the interface between CFs and 

matrix, and reduces the probability of cracks between matrix 

and CFs; (2) The specific surface area of the nanometer-scale 

filler is larger, which has better stress transfer ability and improves 

the distribution of stress in the composite; (3) The nanometer-

scale filler increases the roughness of CFs, hinders fiber debond-

ing and fiber pull-out, and achieves the toughening effect of 

composite materials; (4) The nanometer-scale filler is uniformly 

attached to the surface of CFs, which reduces the stress con-

centration at the interface between the matrix and CFs, inhibits 

the propagation of cracks.

In summary, the micrometer- and nanometer-scale reinforce-

ments exhibited a strong synergistic effect on the mechanical 

properties of epoxy matrix composites, demonstrating a suc-

cessful material preparation method for direct extrusion man-

ufacturing.
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