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Article Info Abstract

Glass fiber/epoxy resin/multi-walled carbon nanotubes (MWCNTSs) were used
Article history: to fabricate the nano materials integrated thermoset composite materials in this
Received 02 Jul 2019 study. Thermoset composites with and without nano materials were fabricated
Revised 13 Sep 2019 using resin transfer molding (RTM) methods. The fabricated samples were

Accepted 16 Sep 2019 tested with compression after impact and charpy impact tests. The samples with
MWCNTSs demonstrated the best improvement of the compression after impact
modulus and strength with 31% and 5.6% compared to the samples without
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1. Introduction

The using of thermoplastics and thermosets polymeric composite materials were
considerably developed in recent years. Nano materials can be used as an assistant factor
for strengthening of the composites. Carbon nanotubes (CNTs) have superior properties
such as, strength and stiffness, with high aspect ratio. Because of unique properties of CNTs
(such as Young’s modulus of ca. 1 TPa and tensile strength of ca. 200 GPa), CNTs has
become an ideal candidate for polymer reinforcement [1].

In the literature, some studies were done about the mechanical properties of CNT modified
laminates [2-6]. Flexural properties of glass fiber/epoxy/MWCNT composites were
investigated by Demircan et al [2]. In their study, MWCNTs integrated specimens showed
the best improvement of the flexural modulus and strength with 19% and 7% compared
to the samples without MWCNTSs. Bilisik et al. [3] studied short beam shear of
nanoprepreg/nanostitched three dimensional carbon/epoxy multiwall carbon nanotubes
composites. They found that stitching and MWCNTSs addition enhanced the short-beam
strength of the composites. Bilisik et al. [4] studied mechanical properties of plain para-
aramid/phenolic multiwall carbon nanotubes prepreg/multistitched preform composites.
In their study, the fracture toughness (GIC) of the stitching and nanostitched composites
showed 42 fold and 41 fold (beam theory), 18 fold and 21 fold (modified beam theory)
increased compared to the control. Preparation and mechanical properties of carbon
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nanotube grafted glass fabric/epoxy multi-scale composites were investigated by
Eskizeybek et al [5]. Tensile tests were conducted on fabricated multi-scale composites,
indicating the grafting CNTs on glass fabric resulted a decrease (11%) in ultimate tensile
strength while toughness of the multi-scale composite laminates were increased up to
57%. Mode I interlaminar fracture toughness of chemically carbon nanotube grafted glass
fabric/epoxy multi-scale composite structures were investigated by Eskizeybek et al [6].
Grafting CNTs onto PWGFs improved both initial and steady-state toughness more than
double as measured by Mode I interlaminar fracture testing.

In the literature, some articles were found addressing the compression-after-impact (CAI)
properties of CNT modified laminates [7-11]. Mannov et al. [7] studied improvement of
compressive strength after impact in fibre reinforced polymer composites by matrix
modification with thermally reduced graphene oxide. They significantly improved residual
compressive properties of the laminates for the modified specimen, with the glass fibre
laminates showing the highest improvement of 55% when compared to unmodified
specimens. Gorbatikh et al. [8] studied impact and residual after impact properties of
carbon fiber/epoxy composites modified with carbon nanotubes. They showed that CNTs
network had a positive influence on the properties of the composites. Ye etal. [9] reviewed
interlaminar fracture toughness and CAI strength of fibre-reinforced composites with
nanoparticles. They reviewed that nanoparticles as additional reinforcing phases in fibre-
reinforced polymer (FRP) laminates (especially with brittle thermosetting resins) can
enhance interlaminar fracture toughness and CAI strength.

In the literature, few articles were found addressing the charpy impact properties of CNT
modified laminates [12-13]. Sharma et al. [12] reported impact behavior and fractographic
study of carbon nanotubes grafted carbon fiber-reinforced epoxy matrix multi-scale hybrid
composites. In this study, CNTs grafted carbon fiber epoxy composites showed 48.7% and
42.2% higher energy absorption compared to reference composites in charpy and izod
impact tests. Structural composites hybridized with epoxy compatible polymer/MWCNTs
nanofibrous interlayers was studied by Papila et al. [13]. They found that interlayered
charpy impact specimens absorbed 20% more energy than the non-interlayered ones.

In the literature, it was found some researchers who they coated the surface of the
reinforcements using nano materials. Lagoudas et al. [14] studied effect of carbon
nanotubes on the interfacial shear strength of T650 carbon fiber in an epoxy matrix. Their
results of the single-fiber fragmentation tests indicated an improvement in interfacial
shear strength with the addition of a nanotube coating. Kim et al. [15] studied tensile
strength of glass fibers with carbon nanotube-epoxy nanocomposite coating. They found
that a more uniform strength distribution and higher strengths of the rovings impregnated
with the CNT nanocomposite than those impregnated with the neat epoxy. The effect of
adding carbon nanotubes to glass/epoxy composites in the fibre sizing and/or the matrix
was reported by Godara et al. [16]. They found that an increasing in resistance of crack
initiation fracture toughness by +10% by the presence of CNTs in the sizing, but a lowering
in crack propagation toughness of -53%. Interfacial shear strength of a glass fiber/epoxy
bonding in composites modified with carbon nanotubes was reported by Gorbatikh et al.
[17]. The results of their tests revealed that an increase of interfacial shear strength (IFSS)
in specimens.

Wang et al. [18] studied an effective surface modification of carbon fiber (CF) for
improving the interfacial adhesion of polypropylene (PP) composites. They significantly
enhanced the mechanical performance of PP composites with 0-30 wt. % CFs by CF
surface treatment in combination with maleic anhydride grafted PP (MAPP) modification.
Demircan et al. [19] investigated the effect of CNTs on the mechanical properties of

54



Demircan / Research on Engineering Structures & Materials 6(1) (2020) 53-62

LPET/glass fiber thermoplastic composites. They found about 7% and 33% in tensile and
flexural modulus and about 3% and 65% in tensile and flexural strength of composites by
using carbon nanotubes in the fiber sizing.

In the literature, to the best of the authors’ knowledge, it was found no research about the
compression after impact and charpy impact properties of the glass fiber/epoxy
resin/MWCNTs integrated thermoset composites reinforced with the biaxial warp-knitted
fabrics. The purpose of this research was to study the effect of the nano material
incorporation on the CAI and charpy impact properties of the thermoset composites. The
CAI and charpy impact properties of 0.0 wt% and 0.4 wt% MWCNTs incorporated
specimens were investigated. In order to design of the new thermoset composite materials,
the results from our research can be used.

2. Experimental procedure

2.1. Constituents of Thermoset Composites

In order to fabricate nano materials integrated thermoset composites, the non-crimp
fabrics (NCF) with glass fibers (Metyx Composites Ltd., Turkey), epoxy resin (DTE 1200,
Duratek, Turkey) and hardener (DTS 1155, Duratek, Turkey) were used. The properties of
the NCF are shown in Table 1.

Table 1 Properties of non-crimp fabric (NCF) of composites

Fabric
Biaxial yarn Biaxial yarn Area weight
E glass o o Area weight  weight of (warp,
0° (warp) 90° (weft) o o
samples fibers. tex fibers. tex of 0° warp 90° weft weft and
’ ’ fibers (g/m?) fibers binding
(g/m?) fibers)
(g/m?)
LT1200E
05B 0/90 2400 1200 566 614 1187

The carbon nanotubes were supplied from Ege Nanotek Kimya Sanayi Limited Sirketi,
[zmir, TURKEY. The properties of the MWCNTs were demonstrated in Table 2.

Table 2 Properties of MWCNTSs

Parameter Value

Outer diameter (nm) 10-20
Interior diameter (nm) 5-10

Length (um) 10-30

Surface area (m2/g) >200

Color black

Electrical conductivity (S/cm) >100
Density (tap) (g/cm3) 0.28
Density (true) (g/cm3) 21
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Fig. 1 SEM images of MWCNTSs

2.2. Fabrication Method of Thermoset Composites

In order to fabricate the thermoset composites with nano materials, the resin transfer
method (RTM) was chosen to manufacture four layers biaxial warp-knitted (BWK)
reinforced composites plates as shown in Figure 2.

At first ethanol and MWCNTSs solutions were prepared to coat each faces of the NCFs.
MW(CNTSs were dispersed in ethanol using a magnetic stirrer device. After that the solution
of MWCNTSs and ethanol were stayed in an ultrasonic bath. Later, each faces of the NCFs
were coated using of the solution of MWCNTSs and ethanol. After coating of the NCF with
the MWCNTSs solution, the specimens were left for two days in the room temperature to
evaporate of the ethanol. Then, MWCNTSs coated four layers fabrics were laid in mold cavity
in a symmetrical stacking sequence ([90wa/Owe/90wa/0we]s) of the RTM system (Figure 3).

Fig. 2 The RTM apparatus
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Fig. 3 Schematic drawing of the thermoset composites. Here, I: length, w: width and t:
thickness of the fabricated composite plate

Table 3 Fiber volume fraction and thickness of fabricated composites

Total
Composites Weft Warp Binding (Wa;i’ dweft Thickness
0, 0, 0,
Vf (%) Vf (%) Vf (%) binding) (mm)

Vf (%)

0.0 wt %

MWCNT 17.4 16.1 0.66 34.2 5.4

0.4 wt %

MWCNT 16.8 18.2 0.28 353 5.0

2.3. Characterization of Thermoset Composites

Zwick Roell Z250 KN Universal test equipment was used for both low velocity drop
weight impact and CAI tests. The weight and diameter of the impactor was 6490 g and
12.9-mm. After completing the low energy impacts tests with 43 ], the damaged samples
were used for the CAI tests. Impactor was able to damage the surface of the composite
plate at 43 ]J. Therefore, 43 ] impact energy level was chosen. The CAI tests were
conducted on specimens with constant displacement of 0.5 mm/min. A 250 kN unit cell
was used in the CAl tests. The CAl tests were performed on specimens using EN 6038 test
standard. Three specimens were tested in the CAI tests. In the CAI tests, the specimens
were placed in an anti-buckling jig where both loaded edges were fully clamped. In order
to prevent global buckling the sides were simply supported in the CAI tests. The sample
dimensions were: 150 mm in length, 100 mm in width and 5.0-5.4 mm in thickness in the
compression after impact tests.

Charpy impact tests were performed in accordance with the ISO 179 testing standards
with an impact hammer of 5 ] energy capacity. In the charpy impact tests, three
specimens were tested in the 90° directions for each type of the composite panels. The
sample dimensions were: 90 mm in length, 15 mm in width and 5.0-5.4 mm in thickness
in the charpy impact tests.
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3. Results and Discussion

The surface morphologies of glass fibers after grafting CNTs are investigated via SEM as
shown in Figure 4. The glass fiber surface was fairly grafted by CNTs but non-grafted
regions were also observed (Figure 4a). According to this observation, the carbon
nanotube grafting process forms of CNT inlets on the glass fiber surfaces. The high
magnification SEM image of the individual CNT grafted glass fiber is shown in Figure 4b.
The grafted CNTs on the fiber surface exhibit randomly oriented with non-uniform
dispersion and fairly agglomerated areas were also observed.

X 20,000 15.0kV SEI

Fig. 4 SEM images of surface morphologies of glass fibers after grafting CNTs

Figure 5, 6 a and b represent the results of the CAI stress-strain curves and modulus and
strength of the specimens of the thermoset composites with 0 wt% and 0.4 wt%
MWCNTSs. The CAI modulus and strength of the specimens with 0 wt% and 0.4 wt%
MWCNTSs were 0.55 GPa and 177.6 MPa and 0.80 GPa and 188.3 MPa. The CAI modulus
and strength of the specimens with 0.4 wt% MWCNTs were 31% and 5.6% higher
compared to the 0.0 wt% MWCNTs.
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The RTM fabrication process of the composite laminates includes the post-curing step at
80 °C and this step could induce the formation of chemical bonds between functional
groups on the MWCNTs and the glass fiber surfaces. The possible reason for the obtaining
the improved CAI properties for the specimens incorporated with the MWCNTs was the
synergy between fiber and matrix, which was created by the MWCNTs in the composite
material. Since the CNTs having superior mechanical properties with large surface area,
they improve mechanical properties of composites.

Comparing these results with others found in the literature, 0% and 7% in improvements
in CAI strength for laminates with 5 wt% and 10 wt% of cup-stacked CNTs was reported
by Yokozeki et al. [10]. 12-15% increase in CAI strength for nano-enhanced laminates
containing 0.5 wt% MWCNTSs was reported by Kostopoulos et al. [11]. 55% increase in CAI
strength for nano-enhanced laminates containing 0.5 wt% MWCNTs was reported by
Mannov et al. [7]. The good agreement between our results and literature supported our
mechanical tests.

180 | === 04wt% R
MWCNTs g ya
T 160 + ——0.0wt% 7* /
o 140 + MWCNTs —+7
= % /
- 120 7 /
8 100 a /
4
= 80 7~
2 60 Ay 4
S a0 a4
20 Ny
0 =
0 0.01 0.02 0.03
CAl Strain (-)

Fig. 5 Results of CAI stress-strain properties of thermoset composites
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Fig. 6 Results of CAI modulus and strength properties of thermoset composites

Figure 7 shows the results of the charpy impact properties of the specimens of the
thermoset composites with 0 wt% and 0.4 wt% MWCNTs in the 90° direction. The charpy
impact strength of the specimens with 0 wt% and 0.4 wt% MWCNTSs were 162.9 k]/m?
and 181.4 kJ/m? in 90° direction. The CNT integrated specimens showed 10.2%
improvement of the charpy impact strength against specimens without CNTs in the 90°
degree direction. As mentioned earlier, the possible reason for the improvement in the
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charpy impact strength might be the synergy between the fiber and matrix, which was
created by the MWCNTs in the composites.

200

181.4

180
162.9

2ol

160
140

120

Impact Strength (kJAn?)

100
00wt % MWCNTs 0.4 wt % MWCNTs

Fig. 7 Results of charpy impact properties of thermoset composites

The influence of addition of CNTs on the energy absorption properties of composites has
been studied by various researchers. 48.7% higher energy absorption in charpy tests
from the fabricated composites with MWCNTSs was reported by Sharma et al. [12]. 20%
increase in the charpy impact energy absorbance in the presence of 0.2 wt % MWCNTSs
interlayers was reported by Papila et al. [13].

4. Conclusions

The addition of the carbon nanotubes on the surface of the reinforcements enhanced the
CAI modulus and strength and impact strength of the thermoset composites.

From the results of this study, the following conclusions can be drawn:

e The best improvement of the CAI modulus and strength with 31% and 5.6% were
obtained from the specimens with 0.4 wt% MWCNTSs due to the superior properties
of carbon nanotubes.

e The highest results of charpy impact strength were achieved with 0.4 wt%
MWCNTs.

e There was a good agreement of results of the CAl and impact tests of nano materials
integrated composites from literature and from us.

In future study, we will try to investigate the interlaminar sheer strength properties of the
nano materials integrated composite materials with the NCFs reinforcements.

Acknowledgment

The author thanks to the Research Fund of Ondokuz Mayis University (Project Numbers:
(PYO.MUH.1904.16.004 and PYO.MUH.1904.16.005) for funding of this study.

60



Demircan / Research on Engineering Structures & Materials 6(1) (2020) 53-62

References

[1] Meyyappan M. Carbon Nanotubes Science and Applications, CRC Press, New York, ISBN
9780849321115, 2005. https://doi.org/10.1201/9780203494936

[2] Demircan O, Colak P, Kadioglu K, Giinaydin E. Flexural properties of glass
fiber/epoxy/MWCNT composites. Research on Engineering Structures and Materials,
2019; 5 (2): 91-98.

[3] Bilisik A, Sapanci E, Karaduman N. Short beam shear of nanoprepreg/nanostitched
three dimensional carbon/epoxy multiwall carbon nanotubes composites. Journal of
Composite Materials, 2019; 54: 2-19.

[4] Bilisik A, Sapanci E. Plain para-aramid/phenolic multiwall carbon nanotubes
prepreg/multistitched preform composites: Experimental characterization of mode-I
toughness, Journal of Composite Materials, 2019; 53 (13): 1847-1864.
https://doi.org/10.1177/0021998318812176

[5] Eskizeybek V, Avci A and Gulce A. Preparation and mechanical properties of carbon
nanotube grafted glass fabric/epoxy multi-scale composites. Advanced Composite
Materials, 2017; 26: 169-180. https://doi.org/10.1080/09243046.2015.1052188

[6] Eskizeybek V, Avci A and Gulce A. The Mode I interlaminar fracture toughness of
chemically carbon nanotube grafted glass fabric/epoxy multi-scale composite
structures. Composite Part A, 2014; 63: 94-102.
https://doi.org/10.1016/j.compositesa.2014.04.013

[7] Mannov E, Schmutzler H, Chandrasekaran S, Viets C, Buschhorn S, Télle F, Miilhaupt R,
Schulte K. Improvement of compressive strength after impact in fibre reinforced
polymer composites by matrix modification with thermally reduced graphene oxide.
Composites Science and Technology, 2013; 87: 36-41.
https://doi.org/10.1016/j.compscitech.2013.07.019

[8] Gorbatikh L, Verpoest I, Lomov VS, Claes M, Tola C, Siegfried M. Impact and residual
after impact properties of carbon fiber/epoxy composites modified with carbon
nanotubes, Composites Structures, 2014; 111: 488-496.
https://doi.org/10.1016/j.compstruct.2014.01.035

[9] Ye L, Tang Y, Zhang Z, Friedrich K. Interlaminar fracture toughness and CAI strength of
fibre-reinforced composites with nanoparticles - A review. Composites Science and
Technology, 2013; 86: 26-37. https://doi.org/10.1016/j.compscitech.2013.06.021

[10] Yokozeki T, Iwahori Y, Ishiwata S, Enomoto K. Mechanical properties of CFRP
laminates manufactured from unidirectional prepregs using CSCNT-dispersed epoxy.
Composite Part A, 2007; 38: 2121-2130.
https://doi.org/10.1016/j.compositesa.2007.07.002

[11] Kostopoulos V, Baltopoulos A, Karapappas P, Vavouliotis A, Paipetis A. Impact and
after-impact properties of carbon fibre reinforced composites enhanced with multi-
wall carbon nanotubes. Composites Science and Technology, 2010; 70: 553-563.
https://doi.org/10.1016/j.compscitech.2009.11.023

[12] Sharma SP, Lakkad SC. Impact behavior and fractographic study of carbon nanotubes
grafted carbon fiber-reinforced epoxy matrix multi-scale hybrid composites Composite
Part A, 2015; 69:124-131. https://doi.org/10.1016/j.compositesa.2014.11.005

[13] Papila M, Bilge K, Ozden-Yenigiin. E, Simsek E, Menceloglu YZ. Structural composites
hybridized with epoxy compatible polymer/MWCNT nanofibrous interlayers
Composites Science and Technology, 2012; 72: 1639-1645.
https://doi.org/10.1016/j.compscitech.2012.07.005

[14] Sager R], Klein P], Lagoudas DC, Zhang Q, Liu ], Dai L, Baur JW. Effect of carbon
nanotubes on the interfacial shear strength of T650 carbon fiber in an epoxy matrix.
Composite Science and Technology, 2009; 69: 898-904.
https://doi.org/10.1016/j.compscitech.2008.12.021

61


https://doi.org/10.1201/9780203494936
https://doi.org/10.1177/0021998318812176
https://doi.org/10.1080/09243046.2015.1052188
https://doi.org/10.1016/j.compositesa.2014.04.013
https://doi.org/10.1016/j.compscitech.2013.07.019
https://doi.org/10.1016/j.compstruct.2014.01.035
https://doi.org/10.1016/j.compscitech.2013.06.021
https://doi.org/10.1016/j.compositesa.2007.07.002
https://doi.org/10.1016/j.compscitech.2009.11.023
https://doi.org/10.1016/j.compositesa.2014.11.005
https://doi.org/10.1016/j.compscitech.2012.07.005
https://doi.org/10.1016/j.compscitech.2008.12.021

Demircan / Research on Engineering Structures & Materials 6(1) (2020) 53-62

[15] Siddiqui NA, Sham ML, Tang BZ, Munir A, Kim JK. Tensile strength of glass fibers with
carbon nanotube-epoxy nanocomposite coating. Composite Part A, 2009; 40: 1606 -
1614. https://doi.org/10.1016/j.compositesa.2009.07.005

[16] Warrier A, Godara A, Rochez O, Mezzo L, Luizi F, Gorbatikh L, Lomov SV, Vuure AWV,
Verpoest I, The effect of adding carbon nanotubes to glass/epoxy composites in the
fibre sizing and/or the matrix. Composites: Part A, 2010; 41: 532-538.
https://doi.org/10.1016/j.compositesa.2010.01.001

[17] Godara A, Gorbatikh L, Kalinka G, Warrier A, Rochez, O, Mezzo L, Luizi F, Vuure AWV,
Lomov SV, Verpoest I. Interfacial shear strength of a glass fiber/epoxy bonding in
composites modified with carbon nanotubes. Composite Science and Technology,
2010; 70: 1346-1352. https://doi.org/10.1016/j.compscitech.2010.04.010

[18] Liu Y, Zhang X, Song C, Zhang Y, Fang Y, Yang B, Wang X. An effective surface
modification of carbon fiber for improving the interfacial adhesion of polypropylene
composites. Materials and Design, 2015; 88: 810-8109.
https://doi.org/10.1016/j.matdes.2015.09.100

[19] Demircan O, Darkazali AA, Inanc I, Eskizeybek V. Investigation of the effect of CNTs on
the mechanical properties of LPET/glass fiber thermoplastic composites, Journal of
Thermoplastic Composite Materials, 2019: 1-22, DOI: 10.1177/0892705719833105.
https://doi.org/10.1177/0892705719833105

62


https://doi.org/10.1016/j.compositesa.2009.07.005
https://doi.org/10.1016/j.compositesa.2010.01.001
https://doi.org/10.1016/j.compscitech.2010.04.010
https://doi.org/10.1016/j.matdes.2015.09.100
https://doi.org/10.1177/0892705719833105

	resm2019.137ma0702c
	resm2019.137ma0702m

