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Abstract

The automotive industry is aggressively working on reducing vehicle weight to achieve
improved fuel efficiency due to the growing concern about greenhouse gas emissions.
To accomplish weight reduction and improved fuel efficiency, automotive
manufacturers are currently seeking innovative lighter materials to replace traditional
steel. Fuel economy and emissions are directly proportional to the weight of the vehicle.
Due to strict environmental regulations aimed at reducing carbon footprints, the
automotive industry is now intending to produce electric and solar-powered vehicles,
with weight reduction being a key factor. This thesis focuses on the development of
textile fibre reinforced structural composites using natural and man-made fibres by both
conventional and novel friction stir processing (FSP) methods for automotive
applications. Efforts are being made to use different textile fibres (E-glass, basalt,
carbon, and sisal) to produce textile structural composites, textile nanocomposites,
novel metal matrix composites, and natural fibre reinforced composites. In addition,
this research introduces a novel methodical mechanics-based approach for the
development of a mesoscale FEM model using SOLIDWORKS for composite
reinforced with different textile structures to predict tensile, flexural, and bearing

performance.

The first section of this research investigates the mechanical behavior of the textile
structural composite (TSC) panels produced from different textile structures such as
chopped fibre, unidirectional (UD), bidirectional (2D plain), and three-dimensional
(3D) orthogonal woven structures using two different high-performance fibres (glass
and basalt) for automotive components such as door and bonnet of a car. These
composite specimens were manufactured by vacuum-assisted resin transfer molding

(VARTM) process. Scanning electron microscope (SEM) analysis was carried out to

il



evaluate morphological damage and fractography of fabricated composites. In addition,
the thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA) of the
TSC panels were also carried out. Basalt fibre reinforced textile structural composites
(BFRTSC) exhibited higher specific tensile, flexural, and impact strength as compared
to glass fibre reinforced textile structural composites (GFRTSC). The basalt UD
preform reinforced composite panels show a ~ 372 % increment in specific tensile
strength, ~ 436 % increment in specific flexural strength, and ~ 818 % increment in
specific impact strength as compared to the conventional metallic automotive
components. The TGA and DMA confirmed that the developed BFRTSC panels are
thermally stable and exhibited higher storage modulus compared to GFRTSC panels.
The developed TSC panels are considered a potential candidate to replace traditional

metallic counterparts in automotives.

The next section of this research aims to investigate the improvement in mechanical,
thermal, and viscoelastic properties of textile structure-based nanocomposite material
using glass and basalt fibres by incorporating graphene nanoplatelets (GNP) filler with
0, 0.25, 0.5, 0.75, and 1 wt.% into the epoxy matrix via the VARTM technique. The
glass fibre-reinforced textile structural nanocomposites (GFRTSNC) and basalt fibre-
reinforced textile structural nanocomposites (BFRTSNC) were investigated for their
mechanical performance with respect to tensile, flexural, and impact loading. In
addition, the composite samples were examined for their TGA and DMA. Optical
microscopic and SEM analyses were also carried out to evaluate morphological damage
and fractography of composites subjected to tensile and impact load. The basalt UD
preform reinforced nanocomposites loaded with 0.5 wt.% of GNP show a ~ 15 %
increment in tensile strength and ~ 34 % increment in impact strength. However, basalt

UD nanocomposites loaded with 0.75 wt.% of GNP show enhancement in flexural
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strength by ~ 26 %. BFRTSNC material exhibited higher tensile, flexural, and impact
strength than GFRTSC panels. All the nanocomposites are thermally stable enough
compared to virgin composites. The DMA confirmed that the developed BFRTSNC
panels exhibited higher storage modulus compared to GFRTSNC panels. The
developed nanocomposite panels are potential materials to replace traditional metals in

automobile body panels.

The third section dealt with the fabrication of novel long glass fibre reinforced
aluminum metal matrix composite (LGFRAMMC) material for automotive
applications. The composite specimens were prepared by incorporating long glass fibre
with different fibre volume percentages (50, 66, 80, and 100 vol.%) as reinforcement
in aluminium alloy (Al6061) using the friction stir processing (FSP) method. The
mechanical behaviour of the composite materials was investigated for their primary
loading conditions, such as tensile and Izod impact stress. Microstructural
characterization and fractured mechanism of the fabricated composites were carried out
by SEM analysis. The tensile strength and elongation of the developed composite
specimens decreased with the incorporation of long glass fibre, whereas the [zod impact
strength of the developed composite specimens was significantly improved as
compared to the conventional base metal (Al6061) body panels used in automobiles.
The low tensile strength of LGFRAMMC specimens compared to base metal was
because of tunnel defect, brittle fracture and extreme plastic deformation (EPD) as
characterized by fibre pull-out, pits, and micro cracks. The synergetic effects of EPD
and reinforcing by long glass fibres lead to a remarkable improvement in the impact

strength.

In this section, the author deals with the manufacturing of novel textile fibre-reinforced
aluminum metal matrix composites (TFRAMMC) by incorporating high-performance
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fibres in three forms (i.e., long, chopped, and flakes) using the FSP technique. The
composites were characterized for their tensile, flexural, and impact performance to
explore their load-bearing capacity and energy absorbency. The tensile and impact
strength of long fibre-reinforced composite (LFRC) were found to be the highest among
all composite samples; the value being higher than even the base metal (BM). The
flexural strength of the composites was in the order of flakes-reinforced composite
(FRC) > LFRC > chopped fibre-reinforced composite (CFRC), and the BM exhibited
the lowest flexural rigidity. The SEM and the energy dispersive X-ray spectroscopy
(EDX) analysis revealed the uniform distribution and composition of various elements

of the novel composite materials developed by FSP.

Needs for lightweight materials, reducing energy consumption, enhancing
sustainability, and minimizing environmental footprint are the utmost driving factors
for producing natural fibre-reinforced composites (NFRC) in the automotive sector to
promote a greener future. Therefore, this chapter investigates the impact of different
thermoset resins, alkaline treatment (different NaOH concentrations), and fibre
architecture on the mechanical behavior of sisal fibre-reinforced textile structural
composite (SFRTSC) panels developed from different textile structures such as
chopped fibre, UD, 2D, and 3D orthogonal woven structures for automotive
applications. In addition, the TGA and DMA of the SFRTSC panels were also carried
out. The sisal/epoxy-based composites exhibited higher = mechanical,
thermogravimetric, and dynamic mechanical properties than vinyl ester and polyester-
based composites. The 6 wt.% NaOH treated sisal fibre-based composites showed
higher mechanical properties (tensile, flexural, and impact) than 0, 2, 4, 8, and 10 wt.%
NaOH treated sisal fibre-based composites. Furthermore, the UD-SEC(sisal/epoxy-

based composites)6 panel exhibited higher tensile, flexural, impact, and storage
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modulus than CH-SEC6, 2D-SEC6, and 3D-SEC6 panels. Additionally, a novel
systematic mechanics-based approach was developed utilizing ABAQUS to create a
mesoscale finite element model (FEM) model to evaluate the tensile and flexural

response of SFRTSC.

Next section of this research aims to investigate the effect of different machinability
processes such as drilling, abrasive water jet machining (AWJM), and laser beam
machining (LBM) along with different fibre architectures on the behavior of machined
hole, bearing strength (joint performance), and failure mechanism of different textile
fibre-reinforced structural composites (TFRSC) fabricated using glass, basalt, and sisal
fibres suitable for automotive applications. Different structural preforms such as
chopped fibre, UD, 2D, and 3D woven orthogonal structures were developed and
subsequently converted to their respective composite forms using the VARTM process.
Morphological damage evaluation and fractography of the developed composite
materials were carried out by optical microscopic analysis. The experimental
observations revealed that the basalt fibre reinforced textile structural composite
(BFRTSC) specimens exhibited the highest bearing strength compared to glass fibre
reinforced textile structural composites (GFRTSC) and sisal fibre reinforced textile
structural composites (SFRTSC) for all the processes. The bearing strength of
composites was in the order of 3D > chopped > 2D > UD, respectively. Additionally, a
novel methodical mechanics-based approach was introduced to develop the FEM
mesoscale model using SOLIDWORKS to study the bearing response of pin-loaded
TFRSC. The well-established 3D Hashin’s failure and Puck’s failure models were used
to predict the woven-based composite material damage modes, and it was implemented
through a user subroutine along with LS-DYNA. The bearing response predicted by the

FEM simulation was found in a good agreement with the experimental observations.
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In the last section of this research, weight reduction and fuel-saving analysis were
carried out by employing textile fibre reinforced structural composite material as a
substitute for traditional automotive metal body panels. By substituting metal doors,
hood, and bumper in a vehicle with TSC panels, a combined weight reduction of 72.11
kg can be achieved. The calculated weight reduction corresponds to approximately 7.75
% of the total vehicle weight. The fuel economy analysis demonstrated that a weight

reduction of 7.75% could lead to a fuel consumption decrease of about 5.4%.

This research confirmed that the developed TSC and nanocomposite panels (UD, 2D,
and 3D) showed higher specific tensile, flexural, and impact strength (strength-to-
weight ratio) than conventional automotive metal body panels. These composites also
offer weight savings compared to traditional automotive metal body panels. The
mechanical properties of metal matrix composites reinforced with textile fibres were
determined to surpass those of the base metal matrix. Furthermore, the FEM model
incorporated a material damage concept based on the 3D Hashin’s failure and Puck’s
failure criterion to predict the woven-based composite material damage modes, and it
was successfully implemented through a user subroutine along with LS-DYNA.
Composites reinforced with natural fibres also possess the capability to substitute non-
structural components within the automotive industry. This work was carried out
predominantly to promote the application of textile fibre-reinforced structural
composites for advanced load-bearing automotive components in order to reduce the

vehicle weight which leads to fuel economy and ensure carbon free environment.
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Figure 7.22

Figure 7.23

Figure 7.24

Figure 8.1

Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

(a) Model of the textile fibre reinforced composite specimen
under flexural testing, (b) Experimental test set-up for three-

point bending test

Fractured samples of TFRAMMC after izod impact test: (a) BM,
(b) LG, (¢) LB, (d) LC, (e) CG, (f) CB, (g) CC, (h) FG, (i) FB,
and (j) FC
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Figure 8.8
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(e) 8 wt.%, and () 10 wt.%
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Figure 8.18
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