Quarterly Scientific Journal of Technical and Vocational University

Spring 2022, Vol. 19, No. 1, p. 545-563

Journal homepage: https://karafan.tvu.ac.ir/?lang=en TVU

d  :10.48301 A.2022.310106.1777

E-ISSN: 2538-4430

22 Original Research ISSN: 2382-9796

Investigation of Synergistic Influence of Reduced Graphene
Oxide and Multi-Walled Carbon Nanotubes on Flexural
Properties and Interlaminar Shear Strength of Carbon
Fiber /Epoxy Composites

Mohammad Amin Bahrami!*

1Faculty Member, Department of Mechanical Engineering, Technical and Vocational University

(TVU), Tehran, Iran.

ARTICLE INFO

ABSTRACT

Received: 10.16.2021
Revised: 11.24.2021
Accepted: 01.03.2021

Keyword:

Synergistic influence

Carbon fiber composite
Multi-walled carbon nanotubes
Reduced graphene oxide
Flexural properties
Interlaminar shear strength

*Corresponding Author:
Mohammad Amin Bahrami
Email: maba63@gmail.com

In this paper, the synergistic influence of reduced graphene oxide
and multi-walled carbon nanotubes on flexural properties and
interlaminar shear strength of unidirectional carbon fiber and epoxy
composites was investigated experimentally. To undertake the study,
four specimens of carbon fiber/epoxy composite, carbon
fiber/epoxy/multi-walled carbon nanotube composite, carbon
fiber/epoxy/reduced graphene oxide composite, and carbon
fiber/epoxy/multi-walled carbon nanotube/reduced graphene oxide
composite were made manually. Three-point bending test was used
to evaluate the flexural properties and interlaminar shear strength.
The test results showed that carbon fiber/epoxy/multi-walled
carbon nanotube/reduced graphene oxide composite had better
properties than the other composites and this was due to the
synergistic effect of the two nanoparticles. Flexural properties
including flexural stress, flexural strain and flexural modulus
increased by 53.12%, 31.76% and 8.6%, respectively, and
interlaminar shear strength increased by 60.41% compared to the
specimen without nanoparticles. In addition, to observe the
distribution of nanoparticles and the type of fracture performed,
fracture surface analyses of all specimens were carried out.
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EXTENDED ABSTRACT

Introduction

Today, carbon fiber reinforced polymer (CFRP) composites are used in many advanced
technologies such as aerospace, military, marine and automotive due to their high strength
and hardness, and low density. Damping and energy loss are caused by the viscoelastic
properties of the matrix material and the interlaminar shear strength (ILSS) between the
fibers and the matrix. Improving the mechanical properties of the matrix can improve the
energy absorption capacity because ILSS controls the delamination of the composite. The
structural integrity of composites can be improved by suitable bonding between matrix
and fibers and it ensures efficient stress transfer from the matrix to the reinforcing fibers.
The combination of graphene and carbon nanotubes can increase the mechanical
properties of carbon fiber reinforced epoxy composites. Uneven distribution of CNTs on
the surface of carbon fibers and CNT accumulation due to high aspect ratio and strong van
der Waals forces is one of the main problems of CNT combination in carbon fiber/epoxy
composite. One of the proposed ways to solve this problem is the use of nanoparticles such
as graphene nanosheets, clay nanoparticles, and boron nitride. CNTs form a three-
dimensional structure with graphene that prevents agglomeration. Therefore, it reinforces
the surface between fibers and matrix.

Inspired by the research and background mentioned above, in this research, the
synergistic effect of reduced graphene oxide (RGO) and multi-walled carbon nanotubes on
the flexural properties and interlayer shear strength of carbon fiber/epoxy composites
were investigated. For this purpose, the three-point bending test was used and its results
reported. Direct homogenization technique used to combine nanoparticles with epoxy and
hand lay-up method used to make composites. SEM electronic microscope also used to
check the fracture surface of the samples.

Experimental procedure

RGO sheets (Platonic Nanotech Pvt. Ltd, India; purity>99 %.) with length of 5-10 pm
and thickness of 1-10 nm, and MWCNTs (Platonic Nanotech Pvt. Ltd, India; purity>97 %.)
with outer average diameter of 10-35 nm and length of 2-10 um were used as fillers in the
present study. A continuous UD carbon fiber in dry form (JSUD200, You Chang Carbon Co.
Ltd.) was chosen with density of 200 g/m2, tensile strength and modulus of 3.245 and 224
GPa, respectively. The epoxy matrix consisted of Diglycidyl ether of bisphenol-A based
epoxy resin (CY-219) with an amine hardener (HY-5161), supplied by Hunstman Co. Ltd.
First, MWCNTs, RGO and MWCNTs/RGO were dried using an oven and a certain
percentage then mixed with epoxy resin. The dispersion was carried out by a stirrer for 30
min at 1000 rpm. Subsequently, the mixture was ultrasonicated for 20 min. After
homogenization, hardener was added to the mixture and stirred for 5 min at 1000 rpm.
Then, a part of the mixture was poured into the mould to fabricate test specimens.

For producing composite laminates, four plies of unidirectional carbon fiber were cut
into a certain size and sequenced by [0/90/0/90] lay-up. Specimens were maintained for
24 h at room temperature for complete curing. The samples were prepared for bending
tests as shown in Table 1 and five samples were cut for each test. The selected percentages
for each of the nanoparticles were selected according to the previous study.
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Table 1. Samples prepared for tests

Sample code Fiber Matrix RGO% MWCNTs%
FCE UD carbon fiber  epoxy 0 0
FCER UD carbon fiber  epoxy 0.6 0
FCEMW UD carbon fiber  epoxy 0 0.04
FCEMWR UD carbon fiber  epoxy 0.6 0.04

Dimensions of 50 x 10 x 2 mm according to ASTM D2344 standard was used to
determine the interlaminar shear strength of composite samples. The samples were
subjected to three-point bending test at room temperature at a speed of 1 mm/min. The
support span distance was 12 mm, the diameter of the loading pin and supporting pins
were 6 mm and 3 mm, respectively. Equation (1) was used to determine the interlaminar
shear strength:

1) ILSS = ~"
4bd

Where P is the maximum applied force, D is the maximum deviation of the center and
m is the slope of the elastic line at the beginning of displacement force curve.

For flexural properties, dimensions were 85 x 13 x 2 mm according to ASTM D7264,
and speed was 3.8 mm/min. The support span distance was 68 mm, the diameter of the
loading pin and supporting pins were 10 mm. Equations (2-4) were used to determine the
flexural stress, flexural strain and flexural modulus, respectively:

3PL
2 == =
( ) O-f 2bd2
3 6Dd
3) ¢ =0
4 3
4) E, - Lm3

4bd

Where L is the support span distance, b is the width and d is the thickness of the
sample.

Scanning electron microscopy was utilized to analyze the fracture surfaces with high
magnification. For this purpose, an AIS2300C scanning electron microscope (SEM) at 22kV
accelerating voltage was used.

Results and discussion

Figure 1 indicates that the flexural curves of the samples changed significantly with the
addition of nanomaterials. Therefore, the FCEMW and FCER samples were more optimal
than the FCE sample in which nanoparticles were used. FCEMWR sample had the highest
strength due to the synergistic effect of the two nanoparticles.
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Figure 1. Flexural stress-strain curves of samples

Values of flexural stress, flexural strain and flexural modulus are shown in Table 2.

Table 2. Samples prepared for tests

Sample code  Flexural stress (MPa)  Flexural strain (%) Flexural modulus (GPa)

FCE 16.04 (0%) 1.401 (0%) 196.91 (0%)

FCER 16.93 (+5.54%) 1.476 (+5.35%) 241.02 (+22.4%)
FCEMW 18.01 (+12.28%) 1.547 (+10.42%) 256.02 (+30.01%)
FCEMWR 17.42 (+8.6%) 1.846 (+31.76%) 301.52 (+53.12%)

Figure 2 presents the changes of interlaminar shear strength for the tested samples.
The increase in interlaminar shear strength for FCER, FCEMW and FCEMWR samples
compared to the control sample was 22.05%, 31.67% and 60.37%, respectively. The
greatest improvement in shear strength was related to the FCEMWR sample, which was
due to the presence of two nanoparticles and the synergistic effect of these two
nanoparticles.
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Figure 2. Interlaminar shear strength (ILSS) of samples.

Figure 3 shows the SEM images of the fracture surface of FCE, FCER, FCEMW and
FCEMWR. The least outstretching of fibers corresponds to the FCEMWR sample (Figure 3-
d). This indicates that the interfacial adhesion between fibers and epoxy was increased.

Figure 3. The SEM images of the fracture surface of a) FCE b) FCER ¢) FCEMW d) FCEMWR.

Conclusion

Flexural stress, flexural strain, flexural modulus and interlaminar shear strength of
FCEMWR composite increased by approximately 53.12%, 31.76%, 8.6% and 60.41%,
respectively, compared to the FCE composite.
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