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Abstract: Poor interlaminar fracture toughness has been a major issue in glass fiber-reinforced epoxy resin
(GF/EP) laminate composites. In this paper, soft carboxy-terminated liquid nitrile (CTBN) rubber particles and
rigid nano-SiO: are used to toughen the epoxy resin (EP) matrix to improve the interlayer properties of GF/EP
laminate composites. The effects of adding two toughening agents on the mechanical and interlayer properties
of GF/EP laminates were studied. The results showed that adding the two kinds of particles improved the
mechanical properties of the epoxy matrix. When the additional amount of flexible CTBN rubber particles was
8wt%, and the rigid nano SiO2 was 0.5wt%, the fracture toughness of the matrix resin was increased by 215.8%,
and the tensile strength was only decreased by 2.3% compared with the pure epoxy resin. On this basis, the
effects of two kinds of particles on the interlayer properties of GF/EP composites were studied. Compared with
the unmodified GF/EP laminates, the interlayer shear strength and mode I interlayer fracture toughness are
significantly improved by toughening agent, and the energy release rate Gic of interlayer shear strength and
interlayer fracture toughness is increased by 109.2%, and 86.8%, respectively.

Keywords: epoxy resin; carboxy-terminated liquid nitrile butadiene rubber; nano-SiO2; toughening;
GF/EP laminate composites; interlaminar properties

1. Introduction

Glass fiber-reinforced epoxy resin (GF/EP) laminates have the advantages of high mechanical
strength, stable size, electrical properties, strong designability, and low price. So, they are widely
used in construction, electrical engineering, rail transit, and other fields!'?. However, the in-plane
orientation of glass fibers makes the interlayer properties of GF/EP composites much lower than the
in-plane propertiesi®¥. Meanwhile, the difference in thermal expansion coefficient and Poisson's ratio
between the layers leads to intense stress concentration at the mechanical joints inside the composites.
Weak interlaminar properties and severe stress concentration make GF/EP composites easy to
produce minor cracks that are difficult to detect and expand into the layers under low-impact
energyl®l. Gradually inducing interlaminar damage leads to the overall damage of the composite,
which seriously hinders the application of GF/EP composites in key load-bearing components.
Improving interlaminar properties in GF/EP composite laminates has attracted much attention over
the past few decades!o”l.

According to the principle of material mechanics, there are two ideal modes of interface adhesive
failure and cohesion failure in the layered failure process of fiber-reinforced composite materialsl®,
in which the external load energy absorbed by the interface adhesive failure process is much smaller
than that absorbed by the cohesion failure process®'0l. It is necessary to improve the interlayer
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bonding properties of composite materials and improve the failure work of matrix cohesion failure,
which means toughening the matrix(11.12],

The modulus difference between the fiber and the matrix resin is significant, and the stress
concentration at the interface can easily cause interface damage to the composite’l. Li Gang et. al
used organic molecules combined with inorganic nano SiO: particles to study the influence of matrix
modulus changes on the interface bonding properties of high-modulus carbon fiber-reinforced epoxy
resin composites. When the modulus of the epoxy matrix is increased by 30.6-34.4%, the interlaminar
shear strength of its composite material is increased by 39.8-61.8%, and its failure mode changes from
interface adhesive failure to matrix cohesion failurel'314, Similarly, LalLazar et al. added 0.75wt%
silicon dioxide (5iO2) with a particle size of 17nm to the epoxy matrix!'3l. Then they combined it with
E-type glass fiber to prepare laminates, whose interlayer fracture toughness increased by 60%
compared with that unmodified. Improving the stiffness matching between matrix and fiber by
increasing the matrix modulus is an effective method to improve the interfacial stress transfer
efficiency and enhance the interface bonding performance of the laminates.

The most prevalent toughening method is incorporating nano-sized or micro-sized fillers into
epoxies. According to the different structures of the toughening modifier, it can be divided into
polymer toughening!'®l and rigid inorganic particle toughening!"’-"l. Carboxylated-terminated liquid
acrylonitrile rubber (CTBN) is a polymer elastomer with active carboxyl functional groups at both
ends of the molecular chain, and its glass transition temperature is much lower than room
temperature. In curing with epoxy resin, the end carboxyl group of CTBN can participate in the
crosslinking reaction of epoxy resin. With the curing of epoxy resin, phase separation occurs between
the two polymers, and CTBN is dispersed in the epoxy resin matrix with rubber particles of different
scales2021l. When the material is damaged, the residual stress of particle phase curing is superimposed
with the three-way stress field at the front of the crack, resulting in the interfacial debonding between
the particle and the matrix to form holes, weakening the stress at the crack tip, and inducing the
nearby matrix to produce shear bands through the particle equatorial stress concentration,
consuming the applied load?>%1. CTBN toughening epoxy resin has the advantage of high efficiency.
Adding 10 ~ 40 wt % CTBN can increase the toughness of epoxy resin by several times or even more
than ten timesi?!l. However, adding elastomers also leads to the decline of epoxy resin strength, the
decrease of the glass transition temperature, and the increase in thermal expansion coefficient!2423.

Nano-SiO: has the advantages of easy availability, high modulus, high-temperature resistance,
and good chemical stability. The composite of nano-SiO: with the epoxy matrix can significantly
increase the matrix modulus/?¢?l and enhance the interface between the fiber phase and matrix phase.
In addition, the fracture failure work of the interlayer matrix phase can be increased by crack
deflection, interface debonding, and matrix plastic deformation, which is a hot spot in the field of
interlayer toughening of fiber-reinforced compositesi?®l. Studies have shown that adding 1~20wt%
nano-SiO: to epoxy resin can increase the resin's elastic modulus and fracture toughness by 5%-40%
and 10%-52%, respectively. However, due to the huge specific surface area of nanomaterials, the
viscosity of the epoxy matrix will increase, which is not conducive to the processing performance of
composite materials!®I.

In summary, the soft CTBN rubber particles are conducive to the improvement of the fracture
toughness of the epoxy resin matrix. Still, the flexibility of the rubber also brings about the problem
of reducing the modulus and heat resistance of the epoxy resin, which affects the interface strength
of GF/EP. However, rigid nano-SiOz can improve the strength and modulus of epoxy resin and then
enhance the interface failure strength by reducing the difference in the modulus of the GF/EP
interface. Based on these conclusions, this paper used soft CTBN rubber particles and rigid nano-SiO:
as co-toughening agents to modify the epoxy matrix. Then, the co-toughened epoxy matrix was hot-
pressed with glass fiber to prepare GF/EP laminates. The effects of rigid and soft nanoparticles on the
interlayer properties of laminates were studied. The fracture process of GF/EP laminated composites
was investigated by sectional analysis.

2. Experiment section
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2.1. Reagents

Bisphenol A type (DGEBA) epoxy resin (CYD-128, epoxy value 0.51, density 1.22 g/cm?, purity
> 95%), purchased from Guangzhou Nasun Chemical Co., LTD. Methyl-tetrahydro phthalic
anhydride (MTHPA, purity > 98%), purchased from Kunshan Lvdun Chemical Co., LTD. N, N-
dimethylbenzylamine (purity > 98%) purchased from Shanghai Sinopsin Group Chemical Reagent
Co., LTD. CTBN (industrial grade) was purchased from Yuexin Chemical Plastics firm. Nano
5i02(100nm, purity > 98%) purchased from Boas Nanotechnology (Ningbo) Co., LTD.

2.2. Preparation of epoxy matrix modified by CTBN

CTBN liquid rubber is added to E-51 epoxy resin in proportion, with MTHPA as the curing agent
and N, N-dimethylbenzylamine as the curing accelerator. The ratios described in this paper are all
by weight. The specific steps are as follows.

1. 5wt%, 8wt%, and 10wt% CTBN was added into the unmodified resin matrix based on E51,
respectively.

2.  The unmodified and modified resin matrix was prepared with the weight ratio of E51: MTHPA:
N, N-dimethylbenzylamine =100:90:2.

3. The mixture is placed in the rotation agitator (Thinky Mixer ARE-310) to stir and defoam.

4. The stirred liquid was slowly poured into the mold and put in the oven at 60°C for vacuum
defoaming for 30min.

5. Put the mold into the oven for curing, and the procedure is 80°C 4h, 140°C 8h.

2.3. Preparation of resin matrix with synergic toughening of nano-5iO:z and CTBN

1. Based on E51, CTBN with the optimal ratio was added, and nano-SiO2 with the additional
amount of 0.25wt%, 0.5wt%, 0.75wt%, and 1.0wt% were added to tetrahydrofuran. Ultrasonic
dispersion was carried out for 30min.

2. Corresponding quality epoxy resin was added into the tetrahydrofuran nano-SiO2 solution and
stirred for 5 minutes.

3. The tetrahydrofuran in the resin was removed successively by rotating the evaporation
apparatus and vacuum oven. The curing agent and accelerator were added at the ratio of E51:
MTHPA: N, N-dimethylbenzylamine = 100:90:2. For the following steps, refer to section 2.2.

2.4. The preparation of GF/EP laminate composites toughened by nano 5iO:2 and CTBN

The preparation requirements of the specimens for testing the fracture toughness and shear
strength of mode I are different, and the preparation process is slightly different. The preparation of
GEF/EP laminates with mode I fracture toughness was taken as an example. The specific operation
steps are as follows.

1. The glass fiber cloth was cut into a rectangular fabric of the required size. The glass fiber cloth
was washed with alcohol and put into the oven for drying.

2. According to the configuration of the resin matrix, the epoxy resin matrix with different
components of nano SiO2 and CTBN is prepared.

3. Use abrush dipped in a small amount of glue to coat the glass fiber cloth, use a scraper to scrape
off excess resin after coating, and then lay the 2nd ~ 12th layer in turn.

4. After the 12th layer is laid, spread polyimide with a thickness of 25um in the width direction as
a prefab crack (this step is unnecessary for the preparation of shear strength laminate composite
materials), and continue to apply the adhesive liquid on the remaining glass fiber cloth. The
layering of the 13th to 24th layers is the same as(4).

5. After the 24th layer is covered, the system is put into a vacuum bag to vacuum and remove
bubbles for 30min; (7) Put the system into the mold and use the hot press for hot pressing. The
curing procedure is 80°C 4h and 140°C 8h. The thickness of the laminates was about 3 mm, with
the fiber volume fraction 60~65%.
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2.5. Test and characterization

(1) Fracture testing

The fracture toughness of the epoxy bulk materials was tested based on the single-edge-notch
bend (SENB) sample following ASTMD 5045-14. Standard samples with dimensions of 70mm, 10mm,
and 4mm in length, width, and thickness were made using molds. Use the saw blade to process a 1
mm notch in the middle of the spline where there is no bubble, and then use the blade to form a
natural crack with a length of 4.5~5.5 mm inside the spline. After annealing at 60°C, a universal testing
machine was used to carry out a three-point bending test on the treated splines. The span was 40mm,
and the loading speed was Imm/min. The sample thickness B (mm) and width W (mm), crack length
a (mm), and maximum pressure Pmax (N) of the spline were recorded after the test. The critical stress
intensity factor (Kic, MPa.m'?) of the sample was calculated according to the following formula:

Kic = (%) f(x) @D

where x=a/W (0<x<1), f(x) is the geometric correction factor related to crack length, calculated by
equation 2.

1.99 — x(1 — x)(2.15 — 3.93x + 2.7x?)
(14 2x)(1 —x)3/2

According to the standard ASTMD 5528, the double cantilever beam (DCB) specimen was used.

The specimen's length and width (b) were 150 mm and 20 mm, respectively. The prefabricated crack

length was about 35 mm. Smooth each edge of the cut spline, and measure the actual width of the
spline b (mm). Glue the hinges on both sides of the spline and place them at room temperature for

f(x) = 6x'/2 2)

24h. The universal testing machine program was set to the tensile mode, with a 2 mm/min loading
rate. When the sample was peeled 50 mm from the start of the prefabricated crack, the displacement
0 (mm) and the load P (N) were recorded for each 5 mm crack length a (mm) extended. When the
sample was peeled entirely, the test ended. The relationship between the energy release rate of
interlayer peel toughness and the crack length can be obtained through the load-displacement curve,
and the crack length is read synchronously online. Then the Gic platform value of the mode I fracture
toughness of the laminated composite with or without CTBN and nano-SiO: can be obtained.

3P6

Gie =5+ ©)
(2) Tensile property testing

According to GB/T 2567-2021, the unmodified and modified epoxy matrix materials were
poured into dumbbell splines with a length of 200 mm, in which the narrow side was 60 mm long, 10
mm wide, and 4 mm thick. The universal testing machine was used to test the treated splines at a 2
mm/min loading speed. The maximum stress of material failure was taken as the tensile strength,
and more than 5 effective values were divided into each group, and their average values were taken.
(3) SEM observation of section morphology

After the fracture toughness and tensile test of the resin spline, the sample was fixed on the
copper sample table with conductive adhesive. Platinum was sprayed twice under a vacuum for
observation, and the accelerated voltage was 5 KV.
(4) GF/EP laminates interlayer shear strength test

According to standard JC/T773, the laminated composites were cut into splines with dimensions
of 30 mm and 15mm, respectively. And each edge was polished flat. The spline's actual width b (mm),
and thickness i (mm) were recorded. The universal testing machine performed a three-point bending
test on the spline. The span was 15 mm, and the loading rate was 1mm/min. The maximum load F
(N) carried by the sample was recorded. The interlaminar shear strength of the laminated composite
is calculated according to Equation 3.
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3. Results and Discussion

3.1. Mechanical properties of epoxy matrix modified by particles

The mode I fracture toughness and tensile properties of epoxy resin were tested, respectively.
As shown in Figure 1a, with the increase of CTBN addition, the epoxy resin matrix's Kic value showed
an increasing trend. The Kic value of pure epoxy resin was 0.38 MPa.m'?, and after adding 5wt%,
8wt%, and 10wt% CTBN, the Kic value was 0.65 MPa.m!2, 0.95 MPa.m!2, and 0.90 MPa.m!?2,
respectively, which increased by 71%, 150% and 137% compared with pure epoxy resin. It can be seen
that the addition of the CTBN toughening agent can improve the toughness of epoxy resin. When the
addition amount is 8wt%, the fracture toughness of the epoxy matrix is the best, and the continued
addition will lead to the decline of toughness. Since the toughening mechanism of epoxy by
submicron rubber particles is mainly to produce holes and matrix plastic shear, which weakens the
stress field at the crack tip, when the number of particles inside the material reaches the peak, the
addition of CTBN cannot produce more holes or matrix plastic yield and also reduces the efficiency
of internal stress transfer. Hence, the filling amount continues to increase. The fracture toughness of
the material decreased instead.

1.2 100
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. (a) (b)
] = 807 12 <
o - c
& 0.8+ =3 L1.0 &
\—E < 60+ »
A =)} log 3
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Figure 1. Critical stress intensity Factor (Kic) (a) and tensile strength (b) of CTBN-modified epoxy resin
matrix.

As shown in Figure 1b, the tensile strength of epoxy resin decreased with the increase of CTBN
addition. The tensile strength of pure epoxy resin is 82.3 MPa. When 5wt%, 8 wt% and 10 wt% CTBN
were added, the tensile strength was 77.2 MPa, 72.6 MPa, and 68.3 MPa, respectively, which
decreased by 6.2%, 11.8%, and 17.0% compared with pure epoxy resin, respectively. This decrease is
because the strength of the material mainly depends on its cohesion energy density, and the addition
of flexible CTBN particles reduces the cohesion energy density of the epoxy matrix, so the strength
decreases. In summary, with the 8 wt% CTBN introductions, the fracture toughness of epoxy resin
composite is the best, reaching 0.95 MPa.m!?, while the tensile property decreases by 11.8%. The
modulus reduction upon adding the CTBN was expected since the particles contained soft polymer
polybutadiene, and its modulus was considerably lower than that of the epoxy resins!'!l. For the neat
epoxy, the Young's modulus was 1.35 GPa. At 8 wt% CIBN, the epoxy matrix Young's modulus
showed a 19.3% decrease relative to the neat epoxy.

The authors tried to reduce the influence of rubber particles on the strength of the epoxy matrix.
SiO2 nanoparticles were added to the epoxy resin toughened by 8wt% CTBN for collaborative
toughening. As shown in Figure 2a, in the epoxy resin matrix containing 8wt% CTBN, the fracture
toughness Kic value of the material first increased and then decreased with the increase of nano-5iO:
addition. When nano SiO2 is not added, the Kic value of 8wt% CTBN epoxy resin is 0.95 MPa.m'2.
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When 0.25wt%, 0.5wt%, 0.75wt%, and 1wt% nano-SiO2 were added, the Kic values of the modified
epoxy matrix were 0.99 MPa.m'?, 1.20 MPa.m'?, 1.26 MPa.m'? and 1.22 MPa.m'?, respectively.
Compared with the matrix modified by 8 wt% CTBN, the increases were 4.2%, 26.3%, 32.6%, and
28.4%, respectively. Adding nano-SiO: further improves the fracture toughness of the epoxy resin
matrix. When 0.75 wt% nano-5iO: is added, the toughness of the epoxy resin matrix is the best, and
the fracture toughness is 131.6% higher than that of the unmodified epoxy matrix.
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Figure 2. Critical stress intensity Factor (Kic) (a) and tensile strength (b) of epoxy resin matrix co-
modified by CTBN and nano-SiOa.

Figure 2b shows the effect of nano-SiO: on the tensile strength of 8wt% CTBN modified matrix.
As shown from the figure, the addition of nano-5iO2 makes the tensile strength of the epoxy matrix
modified by 8 wt% CTBN first increase and then decrease. The tensile strength of the epoxy matrix
modified by 8 wt% CTBN is 72.6 MPa, and the addition of 0.25 wt%, 0.5 wt%, 0.75 wt% and 1wt%
nano-SiOz. The tensile strength of the epoxy matrix modified by two-component particles is 73.3 MPa,
80.4 MPa, 76.6 MPa, and 73.8 MPa, respectively. The nano-5iO2 concentration was found to be optimal
at 0.5 wt%, resulting in a 10.7% increase in tensile strength relative to the one-component modified
matrix. Compared with the unmodified epoxy matrix, the fracture toughness of the matrix is only
2.3% lower, and the fracture toughness is 215.8% higher than that of the unmodified epoxy matrix.
Meanwhile, it can be seen that the introduction of nano-SiO: dramatically improved the matrix in
stiffness. For the 8 wt% CTBN modified epoxy, the Young's modulus is 1.09 GPa. At 0.25 wt%, 0.5
wt%, 0.75 wt%, and 1 wt% nano-5iOz, the Young's modulus of matrix are 1.18 GPa, 1.25 GPa, 1.33
GPa, and 1.35 GPa, corresponding to the increases of 8.2%, 14.7%, 22%, and 23.9%, respectively. The
Young's modulus of epoxy matrix slightly reduces as the concentration of nano-SiO: reaches 0.5 wt%
(1.25 GPa) comparing with neat epoxy (1.35 GPa).

Considering the matrix's fracture toughness and tensile properties, the synergistic modification
of 0.5wt% nano-SiO2 and 8 wt% CTBN rubber particles has a balanced strengthening and toughening
effect on the epoxy matrix.

Figure 3 shows the SEM diagram of the SENB specimen ductile section of pure epoxy, single-
component CTBN modification, and two-component co-modification of CTBN and nano-5iOz. As can
be seen from Figure 3a, the surface of the Mode I fracture toughness section of pure epoxy resin is
smooth and flat, and there are relatively regular parallel banded lines, indicating that cracks expand
faster inside the material without crack deflection or bifurcation, which is a typical brittle fracture
feature. As shown in Figure 3b, the 8wt% CTBN-toughened epoxy matrix mode I fracture toughness
section has multiple curved and bifurcated river-like lines with a certain depth. The curved and
bifurcated river-like lines indicate that cracks have experienced more crack deflection or bifurcation
during the propagation process and have a longer propagation path, thereby improving the
toughness of the resin. With the introduction of nanoparticles (Figure 3c), there were more bifurcated
and curved lines on the surface of the section. There were wrinkle-like protrusions, indicating that
the introduction of nanoparticles extended the propagation path of cracks in the epoxy resin before
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failure and caused a certain degree of plastic shear deformation of the epoxy, which was consistent
with the further increase of fracture toughness of the matrix material.

Figure 3. SEM image of epoxy resin matrix I toughness test section with unmodified (a), Swt%CTBN
(b) and 8wt%CTBN+ 0.5wt % nanoSiO:2 (c).

3.2. Interlayer properties of GF/EP laminated composites toughened by SiOz2 and CTBN

(1) Interlayer fracture toughness Figure 4a shows the typical load-displacement curve obtained
in the Mode I interlayer stripping experiment of GF/EP laminates with or without CTBN or SiO:
added. It can be seen that the load-displacement curve (black line) of the DCB specimen of
unmodified GF/EP laminate composite material is relatively smooth, indicating smooth crack
propagation. When 8wt% CTBN is added, the load-displacement curve (red line) of the DCB
specimen is zigzags, meaning that the cavitation of rubber particles and the plastic deformation of
the matrix material are obstructed in the crack propagation, and the displacement load and total
displacement of the initial crack increase significantly. On this basis, when 0.5wt% SiO2 is added, the
total displacement of the load exceeds 85mm, and the area under the load-displacement curve is
much larger than that of the GF/EP composite DCB specimen without the modifier.

Through the load-displacement curve and the crack length read synchronously online, the
relationship between the energy release rate of interlayer peel toughness and the crack length change
can be obtained, and then the GIC platform value of the mode I fracture toughness of the laminated
composite with or without CTBN and nano 5iO: added can be obtained (as shown in Figure 4b).
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Figure 4. Typical load-displacement curves of GF/EP laminated composites with or without CTBN or
SiO2 in the Mode I interlayer stripping experiment and the average value of the calculated Gic
platform value.

The energy release rate of unmodified GF/EP laminates has a Gic platform value of 0.76 kJ/m?,
and when 8wt% CTBN is added, the Gic platform value is 1.18 kJ/m? which is 55.3% higher than that
of unmodified GF/EP laminates. When 0.25 wt%, 0.5 wt%, 0.75 wt%, and 1 wt% nano-SiO: were
added to the 8 wt% CTBN toughened EP system, the Gic platform value of the laminates increased to
1.28 kJ/m?, 1.42 kJ/m?, 1.37 k]J/m? and 1.43 kJ/m?, respectively. When 0.5 wt% nano-SiO2 was added,
the Gic platform value of the laminated composite was 86.8% higher than that of the unmodified
GEF/EP laminated composite.
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(2) Interlaminar shear stresses are the major cause of delamination in fiber reinforced resin
composites. GF/EP laminated composites' interlayer shear properties are shown in Figure 5. CTBN
rubber particles and nano-SiO: significantly improve the shear properties of GF/EP laminate
composites. The shear strength of pure EP enhanced by GF is 28.4 MPa, and 36.1 MPa when 8wt%
CTBN is added, which is 27.1% higher than that of pure EP. When 0.25 wt% nano-5iOz is added to
8wt% CTBN-toughened GF/EP laminate composite, the interlayer shear strength of the composite is
significantly increased, reaching 45.9 MPa, which is 27.1% higher than that of the single-component
CTBN-modified composite. When the filling amount of nano-SiO: increases to 0.5 wt%, the
improvement of interlayer shear strength of the composite increases (the slope of the red dashed line
increases in Figure 5), reaching 59.4 MPa, which is 64.5% higher than that of the single-component
modified composite and 109.2% higher than that of the unmodified composite. In the 8 wt% CTBN
toughened GF/EP laminates, the filling amount of nano-SiO: continues to increase, and the
improvement of interlayer shear strength of the composite slows down (the slope of the red dotted
line in Figure 5 decreases). When the additional amount of nano-SiO: is 0.75 wt%, the interlayer shear
strength of the two-component modified composite is the best. The toughened GF/EP laminated
composite is 69.1% higher than single-component CTBN and 114% higher than unmodified GF/EP
laminated composite.
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Figure 5. Shear strength of GF/EP laminated composite toughened by SiO2 and CTBN.

3.3. Fracture Behavior Analysis of GF/EP laminate composites toughened by nano SiOz and CTBN

Figure 6 shows the SEM topography of the GF/EP laminates' DCB specimen with different
components, and the crack propagation direction is from bottom to top. Figure 6a~c shows the
section morphology of the DCB specimen of unmodified GF/EP laminate. It can be seen from the
figure that the glass fiber (black arrow) with delamination failure has a smooth surface and no matrix
adhesion (as shown in Figure 6c), and there is a resin matrix (red arrow) with parallel river-like lines
between adjacent glass fibers (black arrow). These characteristics indicate that the interface bonding
between the unmodified epoxy matrix and the glass fiber is weak, and the cracks spread rapidly
along the interface between the matrix and the fiber before failure. The failure mode belonged mainly
to the interface-debonding failurel®, so its Gic platform value is low, only 0.76 kJ/m?2.

Figure 6d~f shows the SEM cross-section of the DCB specimen of GF/EP laminates modified by
8wt% CTBN. It can be seen from the figure that the surface of the glass fiber is partially covered with
a thin matrix (blue arrow in Figure 6e, f). In contrast, some glass fibers have smooth surfaces without
matrix adhesion, indicating that cracks are spreading in the matrix. It is a mixed failure mode in
which matrix cohesion failure and interface adhesive failure coexist. At this time, the surface of the
matrix (blue arrow) between the parallel glass fibers is rougher than the surface of the unmodified
matrix, with more irregular mountain ridges. There are uniformly distributed voids (blue box) in the
enlarged figure (Figure 6e, f), which indicates that when the cracks expand in the matrix, the rubber
particles will be hollow and cause the plastic deformation of the nearby matrix.
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Figure 6. SEM image of Mode I fracture toughness test (DCB specimen) of GF/EP laminated composite
material which is not modified (a, b, c), modified (d, e, f) by 8wt%CTBN, and co-modified (g, h, i) by
0.5wt% nano-SiO2+8wt%CTBN.

The coexisting failure mode of cohesion failure and interface adhesive failure and the increased
matrix plastic deformation makes the crack propagation in GF/EP laminate composite more load
consumption, the interlaminar fracture toughness is significantly improved, and the Gic platform
value increases to 1.18 kJ/m2. It is worth noting that due to the negative effect of CTBN rubber
particles on the modulus of the epoxy matrix, the stress transfer efficiency between the fiber and the
matrix decreases, and part of the interface debonding also occurs under load (the exposed glass fiber
and blue dotted elliptic crack in Figure 6e).

After 0.5wt% nano-SiO2 was added to the epoxy matrix modified by 8wt% CTBN, the glass fiber
surface of the DCB specimen of GF/EP composite was covered with the matrix (black and purple
arrows in Figure 6g~i). As can be seen in the enlarged figure, the glass fiber surface was rough, and
there were many spherical holes (purple boxes in Figure 6i). The matrix surface between the fibers
becomes rougher. The bond between the fiber and the resin is tight without cracks (purple dashed
ellipse in Figure 6i). This no-crack bond indicates that cracks mainly propagate in the matrix, and the
failure mode of the DCB specimen of GF/EP laminate composite is mostly cohesion failure modef!l.
The introduction of rigid nano-5iO: improves the modulus of the matrix, thereby improving the stress
transfer efficiency between the matrix and the fiber and avoiding interface adhesive failure with low
energy consumption. At this time, cracks propagate in the matrix between the layers. The
interlaminar toughness of the composite is mainly determined by the fracture toughness of the
matrix, and the fracture toughness of the matrix is higherl®?, so the Gic platform value of the
composite further increases to 1.42 kJ/m? which is 88.2% higher than that of the unmodified
composite.

4. Conclusion

1. When flexible CTBN rubber particles and nano-5iO2 are used as synergistic toughening
agents to toughen the epoxy resin base, when 8wt% CTBN and 0.5wt% nano-SiO2 are added
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to the resin, the fracture toughness of epoxy resin is increased by 215.8%. The tensile strength
is only decreased by 2.3%, showing the best comprehensive performance.

2. The synergistic toughening effect of 8wt% CTBN and 0.5wt% nano-SiO2 increased the GIC
platform value of the GF/EP laminate composite by 86.8% and the interlaminate shear
strength by 109.2%.

3. The cross-section analysis of GF/EP laminated composites shows that the addition of flexible
CTBN rubber particles and rigid nano-SiO2 makes the interface adhesive failure of GF/EP
laminated composites change to matrix cohesion failure. When cracks expand in the
interlayer matrix, the cavitation of the two particles and the plastic deformation of the matrix
is the toughening mechanism of the interlayer properties of the composite.
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