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INTRODUCTION

Carbon fi ber reinforced polymer (CFRP) 
composites are increasingly used in aerospace 
structures, wind power apparatus, automotive, 
marine engineering and others [1–4] due to a 
number of advantages. Properties that determine 
the increasing use of structures made on the basis 
of CFRP are, above all, high specifi c strength and 
stiff ness, temperature stability (negligible thermal 
expansion), chemical and corrosion resistance 
[5–7]. Currently, high manufacturing costs are a 
limitation in the wider use of carbon fi ber struc-
tures. In addition, some negative features limit 
their use in structures, these properties include, 
among others brittleness, low wear resistance and 

poor resistance to crack propagation [8–10]. To 
ensure high strength fi ber reinforced composites, 
it is essential to ensure a high strength adhesive 
bond between the fi bers and the resin that forms 
the matrix of the composite. The adhesion be-
tween the fi bers and the matrix is to ensure eff ec-
tive transfer of stresses to the reinforcement of the 
composite. Incorrect adhesion can signifi cantly 
reduce the strength of the composite, causing de-
lamination, shear, which is especially observed at 
bending loads. The adhesion is infl uenced by both 
the properties of the polymer resin and the surface 
properties of the fi bers, including their surface 
energy [11, 12]. Various treatments are used to 
ensure high-strength adhesion between the fi bers 
and the polymer matrix. The authors of the works 
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[13–16] described the modification of the epoxy 
resin constituting the matrix by adding nanofillers 
such as carbon nanotubes, nanofibers, nanoparti-
cles of ceramic materials, which has been shown 
to improve the energy properties of the resin and 
thus improve adhesion to the fibers. In addition 
to modifying resins, there are also treatments im-
proving the adhesive properties of the fiber sur-
face, such as electro-chemical oxidation, plasma 
oxidation and others [17, 18]. Treatments such as 
deposition of the nanoparticles onto the fiber sur-
face [19–22] are also used to modify the surface 
of the fibers in order to improve adhesion.

Focusing on the use of matrix nanofillers to 
improve the properties of fiber reinforced polymer 
(FRP) composites, the authors of [23–25] showed 
that the use of carbon nanotubes in the right 
amount can lead to a significant improvement in 
mechanical properties such as tensile strength and 
bending strength. The effective improvement of 
mechanical and thermal properties can also be 
obtained by using nanoclay as a filler [26]. At 
the same time, it is extremely important that the 
nanofillers are added in a strictly defined amount 
and are properly dispersed, because too high a 
content of nanoparticles and an inadequate mix-
ing method may lead to the formation of aggre-
gates and agglomerates, which in turn leads to the 
deterioration of mechanical properties [26–28].  
The use of nanofillers may also lead to the im-
provement of aging resistances, as reported by the 
authors of the works [29–31].

This work presents the results of experimen-
tal studies aimed at determining the possibility 
of improving the mechanical properties of vi-
nyl ester resin by using nanofillers. The tests of 
the cast resin samples were made on the basis 
of a static tensile test. After demonstrating the 
possibility of improving the mechanical proper-
ties of the resin itself, research was carried out 
on the possibility of improving CFRP compos-
ites made as unidirectional rectangular bars, in 
which a matrix modified with nanofillers was 
used. The research was carried out on the ba-
sis of the short-beam test. Interlaminar shear 
strength (ILSS) values were determined, which 
made it possible to determine the effect of nano-
fillers on the strength of the adhesive bond be-
tween the matrix and the fibers. Based on the 
analysis of fracture surfaces using SEM micros-
copy, a positive effect of the fillers used on the 
strength of the adhesive bond between resin and 
fibers was demonstrated.

MATERIALS AND METHOD

This paper aims to determine the possibili-
ties of improving the vinyl ester resin used as 
a matrix of carbon fiber reinforced composites 
of the aircraft produced by the manufacturer of 
light-sport aircraft (LSA), the Ekolot company 
(Krosno, Poland).

The research on resin reinforcement consisted 
in the use of nanofillers of three different materi-
als. The following nanoparticles were used:
	• silica nanopowder with an average particle 

diameter of 20 nm, density 2.2 g/cm3 was 
supplied by Sigma-Aldrich Co. (Saint Louis, 
MO, USA);

	• graphite nanopowder with an average particle 
diameter of 40 nm, density 1.8 g/cm3 was sup-
plied by American Elements (Los Angeles, 
CA, USA); 

	• titanium oxide nanopowder with an average 
particle diameter of 30 nm, density 4.23 g/m3 
was supplied by SkySpring Nanomaterials, 
Inc. (Houston, TX, USA).

Variants with the content of 1 wt.% and 2 
wt.% according to the above-mentioned order of 
nanofillers were named: nanoGr-1%, nanoGr-2%, 
nanoSi-1%, nanoSi-2%, nanoTi-1% and nano-
Ti-2%. The variant without nanofillers was named 
Neat resin and is a reference.

The tested resin was vinyl ester resin, howev-
er, the detailed composition of the resin is a trade 
secret of the manufacturer.

The static strength tests in the uniaxial ten-
sile test were carried out according to the guide-
lines presented in the PN-EN ISO 527-3: 2019-01 
standard [32]. The tests were carried out at room 
temperature for samples with the shape and di-
mensions shown in Figure 1.

The samples were cast in molds made of MDF 
board. The procedure of preparing the unfilled vi-
nyl ester resin composition was consistent with 
the technology used in the production process. As 
a good dispersion of the nanofiller in the polymer 
matrix is crucial for the properties of a final com-
posite, we paid particular attention to determin-
ing the best conditions of the process. The resin 
compositions with nanofillers were prepared in 
the following sequential stages:
1.	The resin was heated up to 50 °C in order to 

reduce its viscosity.
2.	The purified nanofillers were added to the 

resins.
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3. Mechanical mixing for 60 min in an ultrasonic 
environment.

4. Sonifi cation using ultrasonic homogeniser 
(UP400S, Hielscher – Ultrasound Technology, 
Germany).

5. Mixing of the resin with the nanofi ller was car-
ried out at a constant temperature of 50 °C for 
60 min (maximum sonicator amplitude cor-
responded to the maximum sonotrode power 
(400 W)).

6. The right amount of hardener was added and 
mixed mechanically for 2 min.

After the samples were poured, a uniform 
procedure was followed for each of the options 
considered. After 24 hours, the hardened resin 
samples were removed from the molds, then 
they were subjected to aging for 3 weeks in the 
conditions prevailing in the production hall, 
i.e. ambient temperature 22 °C, air humidity 
35%. The samples were then ground to remove 
fl ashes and the excess thickness using 240 grit 
sandpaper.

The static strength tests in the uniaxial tensile 
test were carried out on the Zwick/Roell Z100 
testing machine, extensometers were used to pre-
cisely measure the deformation. The tests were 
carried out at a speed of 5 mm/min. The research 
was carried out for fi ve repetitions.

Short-beam test of CFRP composites

The study also determined the infl uence of 
the modifi ed vinyl ester resin used as a matrix 
on the properties of the CFRP composite. The 
research was carried out for unidirectional com-
posites made of carbon roving, HTS 1600TEX 
carbon fi bers by Toho Tenax Co., Ltd. (Tokyo, Ja-
pan) were used. The tests were carried out on the 
basis of the short-beam test, which is a normative 
test described in the ASTM D2344/D2344M-16 
standard [33]. Samples with a rectangular cross-
section of 14×16 mm and a length of 110 mm 
were tested. The dimensions of the cross-section 
of the samples result from the dimensions of the 
structural element, as these samples are part of 
the airplane wing spar.

In the 3-point bending test, the spacing of 
supports recommended by the standard, resulting 
from the thickness of the tested sample, was as-
sumed to be equal to 5 times this dimension, i.e. 
70 mm. The shape and dimensions of the samples 
used in the short beam test and the view of the 
stand used in the static three-point bending test 
are shown in Figure 2.

The tests were carried out on a Zwick/Roell 
Z100 testing machine at room temperature. A test 
speed of 5 mm/min was used. The bending strength 
was determined on the basis of the relationship:

Fig. 1. Geometry of cured resin test specimen and view of the tensile test setup
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𝜎𝜎𝜎𝜎 =
3𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿

2𝑏𝑏𝑏𝑏ℎ2
 

 

𝜏𝜏𝜏𝜏 =
3𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

4bh
 

(1)

The interlayer shear stress was determined 
according to the formula:

𝜎𝜎𝜎𝜎 =
3𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿

2𝑏𝑏𝑏𝑏ℎ2
 

 

𝜏𝜏𝜏𝜏 =
3𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

4bh
 (2)

where: b and h – respectively, the width and 
height of the bent specimen;   
Fmax – value of the maximum force re-
corded during the bending test;   
L – spacing of supports in the bending test.

Unidirectional carbon fi bers in the form of 
roving supplied by Toho Tenax Co. Ltd., (Tokyo, 
Japan) were used as reinforcement of the com-
posite samples. In the basic variant, the saturant 
used was the previously described vinyl ester res-
in in the Neat resin variant and resins fi lled with 
nanofi llers, the same variants as described above. 
The same nomenclature of the variants was ad-
opted, because the above-described variants of 
resins were used in this case as matrices of the 
CFRP composite.

The procedure for the preparation of resins 
as saturation of composite samples was identi-
cal to the above-described methodology of pre-
paring resin samples with nanofi llers. Composite 
samples were made by using a feeder through 
which the fi ber bundles were pulled, saturating 
them with resin, and then the excess resin was 
squeezed out thanks to the appropriately selected 
mesh diameter.

The carbon fi ber bundles, saturated in an ap-
propriate proportion, were then placed in forms 
ensuring the shaping of samples with a cross-sec-
tion of 14×16 mm and a length of 1000 mm. After 

the appropriate number of roving strands were 
placed in the molds, they were covered with a 
vacuum bag, creating a negative pressure of about 
0.07 MPa. After the resin has hardened, i.e. after 
24 hours at room temperature, the samples were 
taken out of the molds, and then seasoned for 3 
weeks under ambient conditions, i.e. temperature 
22 °C, air humidity 35%. Then the samples were 
cut into sections equal to 110 mm, ie, the target 
length of the samples used in the short-beam test.

The morphologies of the fracture surfaces of 
the resins and composites were examined using 
an scanning electron microscope (SEM) Phe-
nom ProX (Nanoscience Instruments, Phoenix, 
AZ, USA).

RESULTS AND DISCUSSION

Tensile strength of cured resins

Figure 3 shows typical tensile curves for in-
dividual variants of cured resin samples. On the 
basis of the curves, it can be seen that for each of 
the considered variants with the use of nanofi ll-
ers, the strength and stiff ness increased.

The graph presented in Figure 4 is a summary 
of the average values of static tensile strength 
for the considered variants, together with an in-
dication of the standard deviation. The greatest 
increase in tensile strength in relation to the un-
fi lled resin was demonstrated for the nanoGr-1% 
and nanoSi-1% variants, there was an increase 
in strength by 16.37% and 19.35%, respectively, 
which is undoubtedly a signifi cant increase. At 
the same time, attention should be paid to the re-
peatability of tests for individual variants. For the 
unfi lled resin, the standard deviation value was 

Fig. 2. Schematic diagram of loading of CFRP test specimen during the bending test and view of the test setup
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1.87 N, slightly higher values of the standard 
deviation were shown for the variants fi lled with 
nanofi llers with a weight content of 1%. For 
the nanoGr-1% variant, the standard deviation 
value was 2.54 N, for the nanoSi-1% variant it 
was 2.29 N, while the nanoTi-1% variant was 
characterized by a standard deviation value of 
3.17 N. variants of increasing the dispersion of 
the results of static tests. In each variant with 
the nanofi ller content equal to 2%, the standard 
deviation exceeded the value of 4.5. The signifi -
cant increase in the standard deviation associ-
ated with the increase in the fi ller content may be 

related to the uneven dispersion of the increased 
amount of fi llers in the resin structure. It is a 
typical phenomenon that with a higher content 
of fi llers, the mixture promotes the formation 
of aggregates of fi ller particles, then aggregates 
and agglomerates of nanoparticles are formed.

Table 1 summarizes the results of tensile 
strength and the values of elasticity modulus. 
According to the guidelines for determining the 
modulus of elasticity for polymeric materials, 
the initial modulus of deformation of 0.05% and 
0.25% was determined. On the basis of the con-
ducted research, an increase in the modulus of 

Fig. 3. Typical stress-strain test curves for resin samples studied

Fig. 4. Eff ect of type and content of nanofi ller on the value of tensile strength of resin samples
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elasticity was clearly demonstrated for each of 
the variants with the addition of nanofillers. The 
highest increase of this parameter was recorded 
for the nanoGr-1% variant, which is an increase 
of 23.12% in relation to the unfilled resin.

For the unmodified resin, a brittle fracture, 
typical for thermosetting plastics, was demon-
strated (Figure 5a and 5b), characterized by the 
fact that cracking is repeatedly initiated at the 
point of accumulation of stresses, this is the area 
at the edge of the cross-section, in its central axis, 
followed by cracking propagates evenly over the 
entire cross-section of the sample. The cleavage 
fracture initiation point is shown in Figure 5a.

A significantly different nature of the frac-
tures was observed for samples with nanofillers.

On Figures 5 c–e shows the fracture surfaces 
of the resin samples with the considered nanofill-
ers with the content of 1 wt.% for graphite fillers 
and silica over titanium oxide nanopowders, re-
spectively, in each case for this filler content the 
greatest increase in strength was demonstrated. 
Fracture surfaces of reinforced resins revealed 
increase in the surface roughness that might be a 
sign of toughness enhancement.

The static strength tests showed a significant 
effect of the addition of nanofillers on the increase 
in the strength of the resin and the increase in the 
elasticity modulus. Based on the analysis of the 
fracture surfaces, it can be concluded about the 
mechanisms that improve the strength properties 
of resins.

Properly dispersed nanoparticles in the ma-
trix structure lead to energy absorption during 
fracture. This is due to the absorption of the frac-
ture energy by separating the filler particles from 
the matrix, the formation of voids in the vicinity 
of the voids and plastic deformation of the ma-
trix in the area of nanoparticle deposition areas. 
Nanoparticles can also lead to changes in the di-
rection of crack propagation and the forking of 
microcracks.

During the phenomenon of cracking in the 
uniaxial tensile test, nanometric particles of the 
resin filler lead to the formation of shear surfaces 
in the material structure, which also translates into 
energy absorption and thus counteracts the split-
ting cracking mechanism typical of duroplasts.

The higher described and imaged by scanning 
microscopy phenomena require energy, which re-
sulted in an increase in the overall strength of the 
material with nanofillers. As shown, the highest 
increase in mechanical properties was obtained 
for the lowest of the considered nanofillers con-
tent (except for titanium oxide). The decreasing 
tendency of strength with a further increase in 
the content of nanofillers can be explained by the 
fact that the increased content of nanoparticles in 
the mixture with the vinyl ester resin in the liquid 
state promotes the compaction of particle clus-
ters, which consequently leads to the formation 
of agglomerates and aggregates in the hardening 
resin matrix resulting from the combined clusters 
of nanoparticles.

Short-beam test of CFRP composites

In the next stage, research was carried out 
on the influence of the considered nanomaterials 
on the adhesive properties and on the interlayer 
shear strength of resins in a unidirectional CFRP 
composite, in which the above-described variants 
of resins were used as a matrix.

The diagram (Figure 6) shows representa-
tive force-displacement curves obtained in the 
static three-point bending test for the considered 
variants. On their basis, it can be concluded that 
nanofillers led to an increase in strength and stiff-
ness of samples of unidirectional carbon-vinyl 
ester composites.

Table 2 summarizes the average values of the 
bending strength and the interlayer shear strength. 
Repeatable test results were obtained, as evi-
denced by relatively low and comparable values 

Table 1. Tensile strength test results and modulus of elasticity for cured resin variants studied
Variant Tensile strength (N) ± SD Percentage increase Modulus of elasticity (MPa) Percentage increase

Neat resin 47.62 ± 1.87 - 2403.40 -

nanoGr-1% 55.41 ± 2.54 16.37% 2956.18 23.12%

nanoGr-2% 52.25 ± 4.21 9.72% 2811.13 16.96%

nanoSi-1% 56.83 ± 2.29 19.35% 2884.98 20.04%

nanoSi-2% 53.47 ± 4.84 12.28% 2808.46 16.85%

nanoTi-1% 51.65 ± 3.17 8.47% 2705.99 12.59%

nanoTi-2% 52.38 ± 5.12 10.00% 2693.87 12.09%
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of the standard deviation for each of the vari-
ants. A signifi cant increase in the interlayer shear 
strength was demonstrated by fi lling the resins 
with nanopowders. For the nanoGr-1% variant it 
is an increase of 25.57%, and for the nanoSi-1% 
vairient by 19.84% in relation to the variant of 
samples with an unfi lled resin matrix (Figure 7).

Based on the analysis of the results of the 
three-point bending strength tests, it can be ob-
served that 1% content of graphite nanopowder 
and nanosilica signifi cantly increases the bend-
ing strength. A further increase in the content of 
the above-mentioned fi llers also causes an in-
crease in strength, but a downward trend can be 

Fig. 5. SEM images of fracture surfaces of cured epoxy resin for variants: 
a, b) Neat resin, c) nanoGr-1%, d) nanoSi-1% and e) nanoTi-1%
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observed here, as it is an increase of 9.24% and 
11.81% for the nanoGr-2% and nanoSi-2% vari-
ants, respectively. As for the third of the consid-
ered nanofi llers, i.e. titanium dioxide nanopow-
der, research has shown that it does not improve 

Table 2. Maximum load results and fl exural strength for studied variants of CFRP samples
Variant Maximum load (N) ± SD Percentage increase Flexural strength (MPa) ILSS (MPa)

Neat resin 9007.2 ± 185.9 - 301.6 30.2

nanoGr-1% 11310.5 ± 378.5 25.57% 378.7 37.9

nanoGr-2% 9838.3 ± 657.0 9.23% 329.4 32.9

nanoSi-1% 10794.5 ± 299.2 19.84% 361.4 36.1

nanoSi-2% 9673.4 ± 692.8 7.40% 323.9 32.4

nanoTi-1% 9154.3 ± 465.7 1.63% 306.5 30.7

nanoTi-2% 8991.9 ± 792.9 -0.17% 301.1 30.1

fl exural strength. Similar results for nanofi llers 
in the form of graphite and silica may be caused 
by their similar density, which is 2.25 g/cm3 for 
graphite and 2.65 g/cm3 for silica, respectively. 
In turn, titanium dioxide is characterized by a 

Fig. 6. Typical force-displacement test curves for CFRP composites samples studied

Fig. 7. Eff ect of type and content of nanofi ller on the value of fl exural strength of CFRP samples
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Fig. 8. SEM micrographs showing fracture surfaces after bending test for variants: 
a), b) Neat resin, c) nanoGr-1%, d) nanoGr-2%, e) nanoSi-1%, f) nanoSi-2%, 

g) nanoTi-1% and h) nanoTi-2% of studied CFRP composites
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much higher density, equal to 4.25 g/cm3. Addi-
tionally, the properties of the composite are in-
fluenced by the adhesive properties. As part of 
the research, the discussion on the influence of 
nanofillers on the adhesive properties was under-
taken on the basis of SEM fractography made on 
the shear surfaces of the layers after the bending 
tests. Figure 8 shows SEM images of the fracture 
surfaces of the CFRP samples considered after 
the bend tests performed.

Based on the fracture surfaces, a number of 
conclusions can be drawn. Figs. a,b present select-
ed fragments of the shear surface of the composite 
in which the matrix is neat resin. Here, phenomena 
such as fiber-matrix debonding, shear cusps have 
been observed, and the surfaces of the fibers due to 
shear damage are smooth, devoid of resin residues, 
therefore pure interfacial failure has occurred. On 
this basis, it can be concluded that neat resin has a 
relatively low adhesion to carbon fibers. Moving on 
to the variant with nanofillers, a different nature of 
the destruction was noticed. Fig. 8c shows the frac-
ture surface in which the nanoGr-1% resin variant 
was used as a matrix. In this case, a significantly 
better adhesion of the matrix to the fibers was ob-
served, after the destruction of the composite struc-
ture on a significant surface of the fibers, the resin 
remained, which to a large extent proves the co-
hesive failure of the matrix. The higher content of 
graphite nanopowder in the resin also has a positive 
effect on the adhesion to carbon fibers (Fig. 8d).  
In the case of the filler in the form of nanosilica, 
similar adhesion improvement effects were dem-
onstrated compared to the neat resin variant. Figs. 
8e, f show the fracture surfaces for the nanoSi-1% 
and nanoSi-2% variants, respectively, here also 
resin residues on the fibers are visible, which 
proves a strong interfacial adhesion. In addition, 
the phenomenon of fiber breakage was observed 
here, which can also confirm the high strength of 
the adhesive bond in the composite between the 
matrix and the fibers.

Figure 8g and h show breakthroughs for com-
posites in which the matrix was filled with tita-
nium dioxide nanopowder with a content of 1% 
and 2%, respectively. In both of these cases, the 
nature of the destruction was similar to that of the 
neat resin variant. The bending strength tests also 
show that there were no significant changes in the 
failure mechanism.

It should be noted that the improvement of 
the composite properties through the use of resin 
nanofillers is influenced by a number of factors, 
such as the surface properties of the nanoparticles 

enabling the formation of a high-strength adhe-
sive bond with the resin, and the viscosity of the 
resin. An extremely important factor here is also 
the method of dispersion of nanoparticles in the 
resin volume, which should ensure their uniform 
distribution. The tendency to aggregate, i.e. ag-
glomerates and aggregates by nanofiller particles 
is not a favorable phenomenon and does not lead 
to an improvement in properties. The formation 
of aggregates is favored by a higher filler content 
in the resin matrix, but also by individual proper-
ties of a given material.

CONCLUSIONS

The study investigated the influence of nano-
fillers on the properties of the matrix of the CFRP 
composite. Graphite, silica (SiO2) and titanium 
dioxide (TiO2) nanopowders were used as nano-
fillers. Each of the mentioned fillers was added 
to the vinyl ester resin in the amount of 1 wt.% 
and 2 wt.%, cast samples of such modified resin 
were tested, as well as unidirectional carbon fiber 
composite based on it. The results were compared 
with a reference material. The research results al-
low the following conclusions to be drawn addi-
tion 1 wt.% nanofiller for vinyl ester resin in the 
form of graphite nanopowder and silica nanopow-
der can lead to a significant increase in the tensile 
strength of the resin in the range of 16.37–19.35%. 
Fillers also increase the modulus of elasticity, as 
shown by the results of the research, an increase 
of 20.04–23.12% can be obtained. Higher content 
of these fillers, i.e. 2 wt.% has a smaller impact 
on improving strength and increasing the modulus 
of elasticity. Titanium dioxide nanopowder affects 
the resin reinforcement to a lesser extent, however, 
in the best case, an increase in tensile strength by 
10% for 2 wt.% of nanopowder content. Fracture 
surfaces of reinforced resins revealed increase 
in the surface roughness that might be a sign of 
toughness enhancement. The use of reinforced vi-
nyl ester resin through the considered nanofillers 
as a matrix of unidirectional carbon fiber compos-
ite enables the increase of the bending strength of 
such composites. It was shown that the content of 
1 wt.% of graphite nanopowder and the same con-
tent of silica nanopowder increase flexural strength 
by 28.94% and 24.63%, respectively. On the basis 
of the research results, it was found that the third of 
the considered nanofillers, i.e. titanium dioxide, did 
not change the flexural strength of the composite.
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