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ABSTRACT

Carbon fiber reinforced plastics composites (CFRPs) are widely used in structural and space
applications due to their superior properties such as high specific strength, high specific stiffness,
good corrosion resistance, and low maintenance cost. However, the anisotropy in their average
mechanical, electrical, and thermal properties poses a difficult challenge in designing CFRPs for
next-generation advanced applications. Moreover, in most advanced structural applications,
composites are no longer required as load-bearing members alone. For example, they should be
able to resist lightning strikes and dissipate thermal energy in various applications. Thus, the
CFRPs are expected to perform more functions than just bearing the structural loads. This
necessitates inducing multifunctional characteristics in CFRPs. The key to achieving
multifunctionality is to improve the electrical and thermal conductivities while maintaining the

mechanical properties of conventional CFRPs.

The average mechanical, thermal, and electrical properties of CFRPs depend on their constituents
i.e. carbon fiber and polymer matrix (epoxy here). Since, carbon fibers are usually good
conductors, the poor electrical and thermal properties of CFRPs are primarily due to the
insulating nature of the epoxy matrix and interfacial thermal and electrical resistance at the
fiber/matrix interface. Among several possible strategies, chemical modification of fiber surface
is a well-proved approach to improve the interfacial properties in CFRPs. Molecular dynamics
(MD) is a suitable tool to probe the interface and hence qualitatively as well as quantitatively
reveal the molecular level mechanisms that operate at the fiber/matrix interface. This will help
in identifying suitable strategies to optimally functionalize the carbon fiber/epoxy interface. The
present thesis aims to propose suitable design and fabrication routes to process multifunctional

CFRPs for advanced structural applications.

To achieve the objectives, MD simulations are performed to investigate the effect of
functionalization on the interfacial thermal conductivity of carbon fiber/epoxy composites.
Various functional groups, including small ones like carboxylic and amine as well as larger ones
like aniline, single-chain para-amine surface grafted molecules (SGM), and double-chain meta-
amine SGM are attached to the carbon fiber surface. The degree of functionalization is varied to
gain insights into the underlying mechanisms that govern interfacial thermal conductivity. MD
simulations show that suitable functionalization increases the interfacial thermal conductivity
(Kif) by up to ~ 25 times. A relatively higher improvement in interfacial thermal conductivity is

observed with larger functional groups. This is due to the fact that larger molecules exhibit more
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vigorous fluctuations in their end-to-end distances. Also, K{ does not seem to depend strongly
on the degree of functionalization (f) beyond 5% f in most cases. An exception is, single-chain

para-amine SGM which shows increasing improvement with f.

Next, MD simulations are carried out to explore whether same functional group would be
effective in increasing interfacial shear response in carbon fiber/epoxy system. To this end,
microbond test is modelled in MD simulations. MD simulations predict that functionalization of
carbon fiber may lead to ~ 12 times improvement in interfacial shear strength (IFSS) as compared
to unfunctionalized carbon fiber/epoxy composite. Moreover, large functional groups are more
effective in improving the IFSS. The interfacial failure mechanics seem to depend on the length
of the functional group. The failure in carbon fiber with an aniline functionalized carbon
fiber/epoxy system is confined to epoxy molecules only. Breaking of bonds within the functional
groups is recorded in case of single-chain para-amine and double-chain meta-amine SGM

functionalized carbon fiber/epoxy system.

In the next part, an experimental investigation is carried out to find the electrical percolation
threshold of multi-walled carbon nanotubes (CNTs) in the CNT modified epoxy (CNT/Ep)
nanocomposites. Varying concentration of CNTs filler (0.5 — 3 wt.%) is used to fabricate the
CNT/Ep nanocomposites. The percolation threshold is found to be 0.1 wt.%. A sudden jump in
the electrical conductivity by factor of ~ 10° at 0.1 wt.% CNT as compared to neat epoxy (Ep)
suggests the formation of a percolating network of CNTs within the epoxy. Fracture toughness
tests reveal that the maximum improvement is obtained at 1 wt. % CNTs which is 61% higher as
compared to neat epoxy. This suggests that 1 wt.% CNTSs are optimum to improve the electrical

and mechanical properties of CNT/Ep nanocomposites.

To verify the predictions from MD simulations, an optimum aniline functional group that allows
only cohesive failure in epoxy is synthesized. Later, carbon fiber surface is functionalized with
the aniline. Microbond tests are performed to evaluate the interfacial shear strength (IFSS) of the
fiber/matrix interface as a function of fiber (unfunctionalized and functionalized) and matrix (Ep
and CNT/Ep) combinations. Functionalization of carbon fiber with anilines shows IFSS of 37.6
+ 3.3 MPa which is 149% higher as compared to unfunctionalized carbon fiber (15.1 £ 1.7 MPa).
Moreover, the IFSS of the aniline functionalized carbon fiber/CNT/Ep system is found to be
higher than the aniline functionalized carbon fiber/Ep composites. Fractography analysis of
tested samples shows that different failure mechanisms operate in unfunctionalized and
functionalized carbon fiber/epoxy composites. Moreover, the strengthening of epoxy due to the
addition of CNTs helps in improving the IFSS in CNT/Ep composites. It is envisaged that
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harnessing the synergistic effects of carbon fiber functionalization and CNTs modified epoxy
should provide multifunctionality to conventional carbon fiber reinforced plastics (CFRPs) with

enhanced thermal, electrical, and mechanical properties for structural applications.

Keywords: Carbon fiber, epoxy, interfacial thermal conductivity, functional group,
functionalization, molecular dynamics simulation, carbon nanotubes, electrical conductivity,

fracture toughness, interfacial shear strength, microbond test, composite.
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Chapter 1: Introduction

1.1 Multifunctional composites

Multifunctional composites are a class of composite materials that are designed to perform
additional functions other than their primary role. For example, advanced structural applications
necessitate composites to have non-structural functions such as energy storage, thermal
management, lightning strike protection, and electromagnetic interference shielding, in addition
to their role as a load bearing member [1-10]. They are being developed to reduce redundancy
between subcomponents and functions and to improve the performance and efficiency of the
overall system. Fiber-reinforced plastics (FRP) outperform traditional metallic materials due to
their low weight, high modulus-to-weight ratio, high strength-to-weight ratio, and good corrosion
resistance. These outstanding properties (see Table 1.1) make FRPs a substitute for metals in
structural applications such as aerospace, space, automotive, etc. Among the FRPs, carbon fiber
reinforced plastics (CFRPs) are preferred where performance and low weight are the primary
concerns, not the cost. In today’s Formula 1 race cars, CFRPs are extensively used in key
components including the body, gearbox, chassis, interior, and suspension. For various sporting
goods athletic shoes, tennis rackets, racing bicycles, or snow skis, CFRPs are used to make
components as they provide better maneuvering and high speed due to their low weight, vibration
damping, and high flexibility. Very low thermal coefficients of CFRPs provide thermal stability
over a wide range of temperatures ranging from -100°C to 100°C in designing structures for space
applications like space telescopes, satellites, spacecraft, etc [11]. The major structural
applications of FRP are related to the commercial and military aircraft. With the usage of CFRPs
nearly 5 — 6% in the 1980s, CFRPs contribute more than 50% by weight at present in both two

major airplane manufacturers Boeing and Airbus (see Fig. 1.1) [12].



Table 1.1. Tensile properties of composites and metallic materials [11].

) Specific Specific
Material oensiy. modulus, tensile;]
3
W (100 my S(t;:gr;)’
High-modulus carbon fiber-epoxy matrix (unidirectional) 1.63 13.44 77.5
Boron fiber-6061 Al alloy matrix (annealed) 2.35 9.54 48.1
High-strength carbon fiber-epoxy matrix (unidirectional) 1.55 9.06 101.9
Kevlar 49 fiber-epoxy matrix (unidirectional) 1.38 5.6 101.8
Carbon fiber-epoxy matrix (quasi-isotropic) 1.55 2.99 38
SAE 1010 steel (cold-worked) 7.87 2.68 4.72
AISI 4340 steel (quenched and tempered) 7.87 2.68 22.3
6061-T6 aluminium alloy 2.7 2.6 11.7
7178-T6 aluminium alloy 2.7 2.6 22.9
INCO 718 nickel alloy (aged) 8.2 2.57 17.4
I7-7 PH stainless steel (aged) 7.87 2.54 21
Ti-6Al-4V titanium alloy (aged) 4.43 2.53 26.9
E-glass fiber-epoxy matrix (unidirectional) 1.85 2.16 53.2
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Figure 1.1. History of carbon fiber reinforced plastics (CFRPs) used by weight in major two

airplane manufacturers Boeing and Airbus [13].

In advanced applications, CFRPs are expected to perform more functions other than bearing the
structural loads alone. Composites must be able to resist lightning strikes, harmful
electromagnetic radiation and dissipate thermal energy [12,14-18]. For example, in the aerospace
industry, the current protection system consists of metal mesh attached to carbon fiber-reinforced
plastics which increases the overall weight of aircraft and decreases fuel efficiency. Also, these
heavy metallic structures induce the stresses in composite and weaken the structure [19,20].
Removing the metallic part from structures require inducing multifunctional characteristics in
conventional CFRPs. One key aspect of inducing multifunctionality is to improve the electrical
and thermal conductivities while maintaining the mechanical properties of conventional CFRPs.
The present thesis aims at devising strategies to achieve this objective through a combined

numerical and experimental approach.

1.2 State of the art

The anisotropy in their average mechanical, electrical, and thermal properties pose a difficult
challenge in designing CFRPs for next-generation advanced applications [3,6,21,22]. CFRPs
properties are governed by its basic constituents (fiber and matrix) and the interface between the
fiber and matrix [23]. Conventional CFRPs have better in-plane electrical conductivity ranges of
~10%-10* S/m due to the dominating nature of carbon fibers while out-of-plane properties are
governed by insulating polymer layer between the two laminas. This reduces the electrical
conductivity by about 10 times and the out-of-plane electrical conductivity of CFRPs ranges

3



from ~0.1 — 6 S/m. Due to the dominating nature of the polymer, CFRPs also show poor out-of-
plane thermal conductivity ~ 0.1 W/m/K which is significantly lower than their in-plane thermal
conductivity ~10 W/m/K [12,14,17,18,20,24,25]. In addition, the high electrical and thermal
resistance at the fiber/matrix interface (interfacial electrical and thermal resistance) also
contributes to the poor out-of-plane electrical and thermal properties of CFRPs. The poor out-of-
plane properties of CFRPs makes them vulnerable and susceptible to damage that may occur due
to harmful electromagnetic radiation and lightning strike [16,26]. Consequently, significant
efforts have been made to improve the electrical and thermal properties of CFRPs
[12,14,15,17,18,20,24,25,27-31].

One promising approach is the utilization of conductive nanofillers like carbon black, graphene,
graphite, carbon nanotubes (CNTS), and carbon nanofibers [32—34] as second reinforcing fillers
in conventional FRPs. Among these, the addition of CNTSs is preferred due to their large aspect
ratio, ability to form percolating conductive pathways at low concentrations, and excellent
combination of mechanical, electrical, and thermal properties. The CNTs are introduced as
second fillers in conventional composites to process multiscale composites [1,24,35,36]. The
CNT-based polymer matrix multiscale composites have been prepared using two strategies. In
the first approach, the CNTs are dispersed in a polymer matrix and later this modified matrix is
used with fiber to manufacture multiscale composites [27,30]. CNTs are either directly grown or
deposited on the surface of the fiber in the second approach [36,37]. The CNT-grafted fiber is
impregnated with polymer matrix to process multiscale composites [20,24]. The out-of-plane
electrical conductivity of CFRPs has shown significant improvement of 32% — 292% [27,28,30]
and 30% — 1400% [20,24,25,29] using two strategies respectively. The addition of CNTSs results
in out-of-plane electrical conductivity values of CFRPs ranging from 0.9 — 8.9 S/m. The through-
thickness electrical conductivity of the order of 10 S/m is desirable in FRPs for electromagnetic
interference (EMI) shielding applications [14]. An exceptional value of 75 S/m is achieved [29]
while improvement in thermal conductivity ( < 15%) and interlaminar shear strength (< 27%) are
either not reported or low in most of the studies [20,24,25,27,29,30,36,38].

It is to be noted here that the dispersion of CNTSs in the polymer matrix [39-42] (first approach)
augments the mechanical properties to a larger extent relative to the grafting of CNT on the fiber
fabric [43] (second approach). Moreover, CNT grafting has other issues such as it is very difficult
to ensure uniform growth of CNTSs on the entire fabric [4], and the sample size is limited by the
size of the reactor. Therefore, CNT dispersion to modify polymer is preferred over CNT grafting

on the fiber fabric in this thesis.



The surface of carbon fiber is inert and does not form any covalent bond with the matrix [44—
46]. This results into the poor interfacial interaction between fiber and matrix which limits the
thermal, electrical, and mechanical properties to achieve multifunctionality in CFRPs [47-50].
Various strategies such as dip coating [51,52], nanoparticle grafting [53-55], thermal treatment
[56,57], plasma treatment [58,59], high-energy irradiation [60,61], matrix modification [55,62—
64], sizing [52,62,65] and chemical modification [66—74] have been implemented to increase the
interfacial interaction between fiber and matrix. Among these, chemical modifications have
shown significant improvement in interfacial interaction due to the mechanical interlocking and
covalent bonding between functionalized fiber and polymer [61,66,70,71]. Not only this, the
presence of functional groups at the interface is beneficial to tailor the electromagnetic
interference shielding properties of composites [75-77]. It is expected that the chemical
functionalization of fiber surface may also decrease the interfacial electrical and thermal
resistance in composites. This may improve the average electrical and thermal conductivity of
CFRPs.

1.3 Issues and proposed solutions

It is evident from the above discussion that introducing conductive fillers such as CNTs into
conventional CFRPs is an effective approach to enhance the mechanical, electrical, and thermal
properties of CFRPs.

Carbon fiber coated with ~ 0.25 wt. % CNTs using electrophoretic deposition technique are used
to fabricate CNT modified CFRPs. The out-of-plane electrical conductivity increases by 30%
along with 27% improvement in the interlaminar shear strength after CNT coating on the fiber
[24]. In another study, reduced graphene oxide (0.12 wt. %) is used to coat the carbon fiber
enhances the out-of-plane electrical conductivity of composites by 350% while 14%
improvement is reported in the interlaminar shear strength [78]. Kostopoulos et al. [30] modified
matrix with 0.1%, 0.5%, and 1 wt. % CNTSs to prepare the composites. The out-of-plane electrical
conductivity increases by 126%, 199%, and 292% corresponding to 0.1%, 0.5%, and 1 wt. %
CNTs while thermal conductivity is not reported. Carbon fiber grafted with CNTs (2.24 wt. %)
shows the improvement in the out-of-plane electrical conductivity by 230% while out-of-plane
thermal conductivity increases by only 15% [20]. It is interesting to note that the relative
improvement in electrical conductivity in modified composites is significantly higher than the
thermal conductivity even at low filler concentrations. The improvement in the electrical
conductivity is attributed to the formation of electrical percolating pathways that help charges to

flow from one end to the other end. However, the lack of a thermally conducting pathway limits
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the enhancement in thermal conductivity of modified composite system. This also highlights the
fact that different mechanisms are responsible for electrical and thermal conductivity in
composites. Additions of CNTs in the range of 0.1 wt.% to 1 wt.% into epoxy enhances the
electrical conductivity by 8 orders of magnitude but improves thermal conductivity by 11% only
[79]. Higher filler loadings (50 — 70 wt.%) is required for significant improvement in thermal
conductivity [79-81]. However, it leads to decrease in mechanical properties and loss of
processability due to the higher resin viscosity at such filler concentrations [80,81]. The lower
increase in thermal conductivity is mainly due to higher interfacial thermal resistance at
filler/filler and filler/matrix that can be alleviated by replacing the van der Waals interaction by
strong covalent bonds [82]. The out-of-plane thermal conductivity improves by 65% due to the
formation of continuous thermal conductivity pathways in functionalized carbon fiber polymer
composite [50]. Apart from experimental studies, numerical tools are also used to optimize the
constitution of composites [83]. MD simulations have been performed to study the interfacial
thermal properties in carbon nanotube [84,85] or graphene [86-88] reinforced polymers but
limited to small molecules only like formyl, carboxyl, amine, hydroxy, fluorine etc. [84-88]. The
effect of carbon fiber functionalization on the interfacial thermal conductivity in CFRPs using

MD simulations is rather limited [89].

In addition to the improvement in thermal properties, the efficacy of fiber functionalization
approach is governed by effectiveness of functional groups in load transfer at fiber/matrix
interface. The load sharing occurs in the form of interfacial shear stresses which are normally
evaluated in terms of interfacial shear strength (IFSS) of the composite [90,91]. The presence of
strong covalent bond at fiber/matrix interface contributes towards the structural integrity of
composites and improves the interfacial strength by ~172% [66,92,93]. Accordingly, effect of
functional groups on the interfacial shear stress response in composites is studied using MD
simulations [66,67,92,94-98]. However, most of the studies are limited to functional groups that
do not react with polymer [94,96-98]. Recently, large molecules capable of forming covalent

bond with epoxy are considered in MD simulations to predict the IFSS [66,67,95].

In spite of these advances, the interfacial failure mechanisms that act in unsized and
functionalized carbon fiber/epoxy systems are not well understood. Which type of functional
group, small or large is better suited and why? What is the optimum degree of functionalization
(f)? How does the interfacial failure depend on the chemistry at the interface? Is it possible that
certain functional groups may simultaneously enhance the interfacial strength as well as
interfacial thermal and electrical conductivity? These are a few key questions that have motivated

the research work carried out in this thesis. It is envisaged that this will help in identifying suitable
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strategies to optimally functionalize the carbon fiber/epoxy interfaces.

The study of relevant literature shows that the dispersion of conducting fillers such as carbon
black, graphene, graphite, carbon nanotubes (CNTs), and carbon nanofibers improves the
electrical and thermal conductivity of epoxy. Among these, the addition of CNTSs is preferred in
this thesis due to their large aspect ratio, ability to form percolating conductive pathways at low
concentrations, and excellent combination of mechanical, electrical, and thermal properties. It
will be interesting to see if is it possible to harness the synergetic effects of carbon fiber
functionalization and CNT modified epoxy to improve the thermal, electrical, and interfacial

strength of conventional carbon fiber/epoxy composites.

1.4 Objectives

The present thesis aims to propose suitable design and fabrication routes to process
multifunctional CFRPs for advanced structural applications (see Figure 1.2). The objectives of
the present thesis are defined as,

1. To identify the optimum functional group and degree of functionalization (f) to improve
the interfacial thermal conductivity (K;) of carbon fiber/epoxy interface using molecular
dynamic simulations.

2. To identify the optimum functional group and degree of functionalization (f) to improve
the interfacial shear strength (t;gss) of carbon fiber/epoxy interface using molecular
dynamic simulations.

3. To improve the electrical and mechanical properties of epoxy using carbon nanotubes
(CNTSs).

4. To harness the synergetic effects of carbon fiber functionalization and CNT modified

epoxy in CFRPs.
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Figure 1.2. Steps followed to achieve the objectives of the present thesis.

1.5 Organization of the thesis

The research work performed in the present thesis is organized into seven chapters. A chapter-

wise breakup of the thesis work is as follows,
Chapter 1: Introduction

Chapter 1 provides the introduction of composites for structural applications and the motivation
of the present study. Subsequently, the need for multifunctionality in composites is explained.
The state-of-the-art design and development strategies proposed in the literature for
multifunctional composites are discussed. Based on the literature data, the research gaps are

identified and the objectives of the present study are outlined.
Chapter 2: Materials and methods

Chapter 2 summarizes various materials, chemicals, processing routes, and characterization

techniques used in the present study.

Chapter 3: Molecular dynamic study on modulating the interfacial thermal conductivity of

carbon fiber/epoxy interfaces

The effect of functionalization on the interfacial thermal conductivity of carbon fiber/epoxy
interfaces using molecular dynamics (MD) simulations is presented in Chapter 3. In MD

simulations, while carbon fiber is modelled with 10 graphene layers, diglycidyl ether of bisphenol
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F (EPONB862) and diethyl toluene diamine (DETDA) are used as epoxy resin and the crosslinker
respectively. Carbon fiber is functionalized with various chemical groups (carboxylic, amine,
aniline, single-chain para-amine SGM, and double-chain meta-amine SGM). The degree of
functionalization is varied to gain better insights into the underlying mechanisms that govern
interfacial thermal conductivity. Based on the predictions of the MD simulations, the optimal

functional group is identified to process CFRPs with improved thermal conductivity.

Chapter 4: Molecular dynamic study on modulating the interfacial interactions of carbon

fiber/epoxy interfaces

Chapter 4 characterizes the effect of carbon fiber functionalization on the interfacial shear
response of carbon fiber/epoxy composites. The MD model developed in Chapter 3 is extended
to perform microbond MD simulations. Displacement boundary conditions are imposed to
pullout graphene layer from epoxy matrix. The IFSS of carbon fiber/epoxy system is compared
for unfunctionalized and functionalized cases. Chemical group that can simultaneously improve
the interfacial thermal conductivity and interfacial strength are identified. It is observed that the
type of interfacial failure strongly depends on the interfacial chemistry at graphene/epoxy

interface.
Chapter 5: Study of electrical and mechanical properties of CNT/epoxy nanocomposites

Apart from thermal conductivity and interfacial strength, improving electrical conductivity of
insulating epoxy matrix is another major objective of the present thesis. Chapter 5 presents the
percolation analysis of carbon nanotube (CNT) modified epoxy matrix. It is necessary to
determine the optimum loading of CNTSs as they tend to agglomerate at higher concentrations in
epoxy. Moreover, the viscosity of epoxy increases with the addition of CNTs. This may lead to
poor wetting of carbon fiber with epoxy and hence weaker properties of CFRPs. Optimum
concentration of CNTs is obtained through rigorous electrical measurements, fracture testing,

and viscosity measurements of CNT/epoxy nanocomposites.

Chapter 6: Synergetic effects of carbon fiber functionalization and CNT modified epoxy on

the interfacial shear strength of carbon fiber/epoxy composites

The experimental verification of MD simulations predictions is carried out in Chapter 6.
Microbond tests are performed for various fiber (functionalized and unfunctionalized) and matrix
(neat epoxy and CNT modified epoxy) combinations. The IFSS of different material
combinations is evaluated from the experimental data. The functionalization of carbon fiber
indeed improves the interfacial shear strength of carbon fiber/epoxy composites. Moreover, the

synergistic effects of fiber functionalization and matrix modification significantly improve the
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interfacial strength of CFRPs. Fractography of tested samples reveals that the interfacial failure

mechanisms vary with the interfacial chemistry in CFRPs.
Chapter 7: Conclusions and future scope

The key findings of the present study are summarized in Chapter 7. Possible future directions

of the present work are also presented in this chapter.
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Chapter 2: Materials and methods

2.1 Materials

The details and specifications of the materials used in the present thesis are described below.

2.1.1 Polymers

Epoxy is a thermoset polymer that consists of two parts: epoxy resin (EPOFINE — 556) and
hardener (FINEHARD —5200). The epoxy resin and hardener are purchased from the Fine Finish
Organics Pvt. Ltd. The characteristics of epoxy is mentioned in Table 2.1.

Table 2.1. Characteristics of epoxy resin and hardener polymers.

Characteristic Unit Epoxy resin Hardener
Density at 25 °C g/cc 1.15-1.20 0.99 - 1.02
Flash point °C >200 >120
Storage life Years 1 1

2.1.2 Carbon nanotubes

Multi-walled carbon nanotubes (MWCNTS) (Product specification, CAS 308068-56-6) are
purchased from Nano Research Elements, India. All the specifications of carbon nanotubes
(CNTSs) are listed in Table 2.2.

Table 2.2. Specifications of carbon nanotubes (CNTS).

Specifications Unit CNTs
Outer diameter nm 10-30
Average length pum 3-10
Specific surface area m/g 200
Tap density g/lcm?® 0.28
True density g/lcm?® 2.1
Electrical conductivity Slcm > 100
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Thermal conductivity W/(m.K) > 3000

2.1.3 Carbon fiber and chemicals

Carbon fibers (230 GSM, density 1.8 g/cc, average modulus 100 GPa) are purchased from
Hindustan Technical Fabrics, India. Initially, carbon fibers have a sizing layer named as received
carbon fiber. Carbon fibers are heated in the chemical vapour deposition at 650 °C for 15 minutes
under inert nitrogen gas to complete removal of sizing named as unsized carbon fiber. All the

chemicals are procured from TCI, India.

2.2 Sample preparation

In this section, the preparation of CNT/epoxy nanocomposites, aniline functionalized carbon

fiber, and single fiber/matrix composite are discussed.

2.2.1 Preparation of nanocomposites

CNT/epoxy nanocomposites are prepared using different wt.% of CNTs i.e., 0.05, 0.1, 0.3, 0.5,
1,1.5, 2 and 3. For each type of nanocomposites, CNTSs are dispersed into the epoxy resin and
hardener in equal proportion (100:24) using an ultrasonic probe sonicator (750 W, 20 kHz, probe
tip 13 mm, Cole-Parmer, USA) at 50% amplitude for 2 hours keeping maximum temperature less
than 70 °C. Then, dispersed solutions are mixed using a glass rod and poured into the mold to
prepare the CNT/epoxy nanocomposites followed by a curing cycle of 80 °C for 6 hours, 120 °C
for 2 hours, and 160 °C for 6 hours.

2.2.2 Aniline functionalized carbon fiber

Firstly, the carbon fiber received from the manufacturer is heated at 600 °C for 15 minutes under
inert argon gas in the chemical vapor deposition to remove the sizing layer to get graphite
structure at the outer surface of the carbon fiber named unsized carbon fiber. One end of amine
in benzene-1,4-diamine is protected with a trifluoroacetyl group followed by attachment of the
synthesized functional group to form a covalent bond with unsized carbon fiber using a
diazonium reaction. Later, the fiber is acidic washed to remove the trifluoroacetyl protected

group to give free amine named aniline-carbon fiber.

2.2.3 Single fiber/matrix composite

Single fiber/matrix composite is prepared by pouring a drop of matrix onto a single carbon fiber

filament extracted from a carbon fiber tow. As the drop makes contact with the fiber it
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disintegrates into the multiple microdroplets. Thereafter, these microdroplets are subjected to a
curing cycle of 80 °C for 6 hours, 120 °C for 2 hours, and 160 °C for 6 hours to prepare a single

fiber/matrix composite.

2.3 Characterization

Electrical conductivity test to find the electrical percolation threshold for CNT/Ep
nanocomposites is performed using IM3523 HIOKI LCR meter, Japan at a constant voltage of
2V using the two electrodes method. The viscosity behavior at different shear rates is done by
using the rheometer (Anton Paar, MCR 702, Austria). Fracture toughness test is performed using
single-edge-notch-bending (SENB) configuration under a three-point setup on a universal testing
machine (Shimadzu Corp., Japan) as per ASTM D5045-14. Fractography analysis is carried out
using field emission scanning electron microscopy (FESEM, JEOL, JSM-7610F, Japan).
Thermogravimetric (TGA/DSC 1 STARe SYSTEM, Mettler Toledo), X-ray photoelectron
spectroscopy (XPS, Excalab 250Xi, Thermo Fisher Scientific), and Nuclear magnetic resonance
(NMR) spectra (JEOL JNM-ECS spectrometer, Japan) are the characterization techniques used

in the present thesis.
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Chapter 3: Molecular dynamic study on modulating the interfacial

thermal conductivity of carbon fiber/epoxy interfaces

It is discussed in chapter 1 that the chemical modification of fiber surface is a promising approach
to enhance the interfacial properties between the fiber and the polymer matrix. However,
determining the ‘right ligand’ to achieve this objective is a difficult problem. In this chapter,
molecular dynamics (MD) simulations are performed to characterize the effect of different
chemical ligands on the interfacial thermal conductivity (K;) of carbon fiber/epoxy composites.
The carbon fiber is modeled as graphene layers, diglycidyl ether of bisphenol F (EPON862) and
diethyl toluene diamine (DETDA) are used as epoxy and crosslinker in MD simulations. The
carbon fiber is functionalized with different types of small (amine and carboxylic) and large
(aniline, single-chain para-amine surface grafted molecules (SGM), and double-chain meta-

amine SGM) functional groups with varying degrees of functionalization.

3.1 Introduction

Carbon fiber reinforced plastics composites (CFRPs) are increasingly used in aerospace and
space applications due to their high specific strength, high specific stiffness, and good corrosion
resistance [12,18,20]. However, the anisotropic nature of their average mechanical, electrical and
thermal properties poses a difficult challenge in desighing CFRPs for next-generation advanced
space applications. While CFRPs have fiber-dominated better in-plane thermal conductivity of ~
10 W/m.K, they have a very poor out-of-plane thermal conductivity of about ~ 1 W/m.K
[14,15,18,20,31]. The lower out-of-plane thermal properties of CFRPs make them susceptible to

damage due to inefficient heat dissipation under high thermal load.

The average thermal properties of CFRPs depend on their constituents (fiber and matrix) and the
interface between the fiber and the polymer matrix [23]. While carbon fiber is thermally
conductive, the insulating nature of the matrix is primarily responsible for the poor out-of-plane
thermal conductivity of CFRPs. In addition, the high thermal resistance at the fiber/matrix
interface also contributes to the poor out-of-plane thermal properties of CFRPs. Various
nanofillers such as carbon nanotubes [99-101], graphene [79,102], and metallic nanoparticles
[103-105] have been used to improve the thermal conductivity of the polymer matrix.
Unfortunately, the addition of nanofillers introduces an interphase region at the nanofiller/matrix

interface. This leads to a significant increase in interfacial thermal resistance and thus the relative
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improvement in thermal properties of polymer matrix and CFRPs after the addition of nanofillers
is less than expected. Alternate approaches to improve the average thermal properties of CFRPs
by modifying the surface of the carbon fiber by desizing, dip coating, spray coating, chemical
modification, high-energy irradiation, plasma treatment, and thermal treatment have also been
explored [23,29,106,107]. Chemical modifications, namely the presence of functional groups
such as hydroxyl, carboxyl, amines (as well as more specialized macromolecules like poly-p-
phenylene benzobisoxazole, see [50]) are reported to reduce the interfacial thermal resistance
[66,86,87,94,108-110]. Even though efforts have been made to functionalize fiber surfaces with
different ligands (some of which are shown in Fig. 3.1), there are still many questions that remain.
We attempt to rank a few functional groups based on their effectiveness in reducing the interfacial

thermal resistance in a carbon-epoxy system.

Earlier, MD simulations have been used to study the interfacial thermal properties in carbon
nanotube [84,85] or graphene [86-88] reinforced polymers. However, to the best of our
knowledge very few reports on the effect of carbon fiber functionalization on the interfacial
thermal conductivity in CFRPs using MD simulations exist [89]. To this end, we have considered
various functional groups with varying chemical structure, backbone length and reactivity with
epoxy, including small ones like carboxylic and amine as well as larger ones like aniline, single-
chain para-amine surface grafted molecules (SGM), and double-chain meta-amine SGM. The
degree of functionalization is also varied to gain better insights into the underlying mechanisms

which govern interfacial thermal conductivity.

(a)
@® Carbon
O Hydrogen
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(H (8) (h) O Fluorine

Figure 3.1. Chemical structure of commonly used functional groups (a) carboxyl, (b) amine, (c)

aniline, (d) lipophilic amide, (e) single-chain para-amine, (f) single chain para-amine with meta
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trifluoromethyl, (g) double-chain meta-amine, and (h) single chain meta-amine SGM
[66,67,88,92,95]. (a) — (c), (e) and (g) are considered in our MD simulation.

3.2 Computational details

3.2.1 MD model

The initial atomistic model is prepared using Material studio 18.1 [111]. Subsequent MD
simulations are performed using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) package [112]. Figure 3.2(a) schematically describes the numerical model of a
single carbon fiber embedded in epoxy matrix used in MD simulations. To model the interface
region between the fiber and epoxy, the model in Fig. 3.2(b) is used. Here, 10 graphene layers
with a spacing of 3.35 A [95] are placed in a simulation box with length of 148 A in the Z-
direction. Unless otherwise stated, the cross-sectional dimensions used are Lx = 38.4 A and L, =
39.4 A

The diglycidyl ether of bisphenol F (EPON862) and diethyl toluene diamine (DETDA) (Fig.
3.2(b)) represent the epoxy resin and crosslinker (curing agent) in the MD model. Using
Amorphous Module in Material Studio 18.1, EPON862 and DETDA are packed in a
stoichiometric ratio of 2:1 in the volume adjacent to the graphene layers at a density of 1.2 g/cm?®
the experimentally measured density of the polymer [113]. Figure 3.2(c) show a typical system

after packing of epoxy in the simulation box.
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Figure 3.2. (a) Schematic of a single carbon fiber/epoxy composite. (b) Carbon/epoxy MD
system where ten graphene layers are used to model the carbon fiber. Diglycidyl ether of
bisphenol F (EPON862), and diethyl toluene diamine (DETDA) represent epoxy resin and

crosslinker in MD simulations. Finally, a typical carbon/epoxy system is shown in (c).

3.2.2 MD simulation details

We have used the polymer consistent force field (PCFF) for all simulations conducted in
LAMMPS [114]. Periodic boundary conditions (PBC) are implemented in all the directions of
the simulation box. The temperature and pressure of the system are controlled via Nose-Hoover
thermostat [115,116] and Berendsen barostat respectively[117]. A velocity-Verlet algorithm is
implemented to integrate the equation of motion with a timestep of 1 fs. The cut-off for van der
Waals interactions is taken as 10 A and a 0.5 A tail correction is applied to avoid the
discontinuities in energy and pressure [118]. Particle-particle-particle mesh (PPPM) algorithm is
implemented to include the long-range Coulomb interactions with energy accuracy of 0.001
Kcal/mol. All the MD simulations are performed using the Forcite module in Material Studio

18.1 unless specified otherwise.

After packing, the carbon/epoxy system will have overlapping atoms. To remove these unwanted

interactions, energy minimization is carried out via a combination of steepest descent, adjusted
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basis set Newton-Raphson, and quasi-Newton methods with an accuracy of 0.001 kcal/mol and
0.5 kcal/mol/A in energy and force, respectively [119]. The systems are then subjected to anneal

cycle with a timestep of 0.25 fs as shown in Fig. 3.3 to avoid the local inhomogeneity [119,120].

NVT NPT NVT
1000 K, | atm 1000 K,
100 ps 100 ps

10 K/ps 10 K/ps

20 K/ps 20 K/ps | 500 K.
500 K 100 ps

T (K)

100 psi 200 ps 100 ps

t (ps)

Figure 3.3. Temperature variation in the anneal cycle used to the carbon — epoxy systems.
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Start with equilibrated
uncrosslinked polymer

Further equilibration
NVT (20 ps), NPT (20 ps)

Increase 7, by 0.5 A

Loop 10 times

80 % crosslinking
achieved?

NPT (20 ps)

Search for R1 and R2 pairs within
cutoff distance () <3.5 A

N Found
Pairs?
Y
For each pair Perform 3 stage minimizations with 1 ps of
NPT equilibration each:
1. Force constant = 118.9 Kcal/mol.A,
Form bonds bond length = 7,
2. Force constant = 237.7 Kcal/mol.A,
bond length = r/2
3. Force constant = 356.6 Kcal/mol.A,
bond length = 1.47 A
Recalculation of atom types, updation of
End for each pair non-bonded and bonded coefficients
associated with new atom types

End loop 10 times

Figure 3.4. Flowchart describing the steps used in crosslinking of EPON862 and DETDA.

After annealing, crosslinking between EPON862 and DETDA molecules is allowed in MD
simulations following the strategy depicted in Fig. 3.4. Note that, in case functional groups are
attached to the graphene, R2 can be on the functional group as well. This is the atom that connects
to the open epoxide ring in Figs. 3.5(b) and (c). In all functional groups shown in Fig. 3.1, R2 is
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a nitrogen atom. The only exception is the carboxyl group, where R2 is an oxygen that is part of

the hydroxyl group.

In all cases, reported here, 80% crosslinking is achieved. This also seems to be the extent of
crosslinking achieved in thermoset over time [120]. After achieving 80% crosslinking, the MD
system is further equilibrated under NPT ensemble for 500 ps at 300 K and 1 atm to attain the
requisite density of 1.099 + 0.002 g/cm?

+o Distance between
% RlandR2<35A

DETDA / functional

Open epoxide
chain

Form harmonic
bond (

(a) (b) (c)

Update
hydrogen

Update datafile with .
ew bond betwee
R1-1 and R2-1

(d) (e)
Figure 3.5. Different steps involved in crosslinking between EPON862 and DETDA.

3.2.3 Determining thermal conductivities

Figure 3.6 shows the methodology implemented to investigate thermal conductivities of the
carbon/epoxy interface and bulk epoxy. Periodic boundary conditions are imposed in the X and
Y directions only. Adiabatic slabs at both the ends of simulation box are created by insulating
one graphene layer at each end as shown in Fig. 3.6. Thermal gradient across the length of the
simulation box is defined by maintaining the temperature of hot slab (two graphene layers next
to the insulated graphene layer) at 350 K and cold slab (a region of 5 A width adjacent to the bin
at the other end) at 250 K. The temperatures of the hot and cold slabs are kept constant by
continuously adding and removing energy from them using Nose-Hoover thermostats. The rate
of heat added to the hot slab Qagded, (removed from the cold slab Qremoved) in order to maintain its
temperature constant, is monitored. At steady state, we should expect Qadded = Qremoved = Q.

Consequently, the heat flux in the Z-direction is
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qz

where A = Lx x Ly is the cross-sectional area. An NVE ensemble is used for the rest of the system

in the MD simulations.

Cold slab
(250 K)

Adiabatic slab

Hot slab
(350 K)

3877& - 3 Periodic boundary conditions

i X and Y directions

Figure 3.6. Schematic showing the method used to determine interfacial thermal conductivity

between carbon fiber and epoxy in the MD simulations.

To monitor the variation of temperature across the length, the fully equilibrated MD simulation
box is divided into slabs of equal thickness of 2 A. The average temperature Tj of slab j is

calculated as:

1
- E 2 3.2
T; 3Nsk3.fo l myv; | dt

where, T = 1 ns. Also, N is the number of atoms in the slab j, kg is the Boltzmann constant, m,

and v, are the atomic mass and the instantaneous velocity of atom (.
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For all cases, the initial simulation is run for 1 ns to obtain a steady-state temperature profile
followed by 1 ns of production run to collect data for temperature gradient and heat flux. The

interfacial thermal conductivity (K;) between carbon fiber and epoxy is calculated using,

4
T23/ZZ3

Ki == 33

Here, T,3/Z,5 is the temperature gradient across the carbon fiber/epoxy interface as shown in
Fig. 3.7. We define, T,3 and Z,5 as T,3 = T; — T, and Z,5; = Z5 — Z, respectively (see Fig. 3.7).
The thermal conductivities of carbon fiber (K.¢) and epoxy (K,p) are obtained by using T;, and

T3, respectively (see Fig. 3.7).

Carbon fiber Ty T, Ty Epoxy T,

Figure 3.7. The MD sample indicating the locations at which temperatures are extracted in order

to calculate thermal conductivities Kcr, Ki and Kep.

3.3 Results and discussion

3.3.1 Validation of MD model

To validate the procedure followed for extracting thermal conductivity from MD simulations
(discussed in Sec. 3.2.3), we modelled a pure 80% crosslinked epoxy system (i.e. without the
graphite layers) of dimension 38.4 x 39.4 x 120 A. Figure 3.8(a) shows that the energy added or
subtracted from the hot and cold slabs is nearly same during the entire simulation time of 2000
ps. Figure 3.8(b) compares the temperature distribution along the length of the simulation box at
different simulation times. It reveals that a steady-state is achieved at ~ 1000 ps. The MD
simulations are allowed to run for a further 1 ns after which the conductivity of epoxy, Kep, is
extracted from the temperature profile. The thermal conductivity of pure epoxy evaluated is
found to be 0.233 W/m.K. This is in good agreement with the reported values obtained from
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experiments (0.15 — 0.25 W/m.K) [33,100,121,122] and simulations (0.197 — 0.31 W/m.K)
[87,88,123,124]. The density of epoxy over 100 ps under the NPT ensemble is found to be around
1.099 + 0.002 g/cm?® which agrees reasonably well with simulated (1.12 — 1.18) [113,125,126]
and experimental values (1.18 — 1.2) [113,126] reported in the literature. A close match between
the thermal conductivity and density of pure epoxy predicted by MD simulations with those
reported in the literature establishes the accuracy of procedures adopted and adequacy of the

force field used in this work.

10000 - : - : : 360 —
—Q -1 ps
added --100 ps
8000 1 —Q,cmoved 3400 o 500 ps |
—_ ; 1000 ps
e 2000
= 6000 < 320 B
= 4000 ~ 300/
S
2000 | 280 |
0 260 '
0 500 1000 1500 2000 0 20 40 60 80 100 120
t (ps) Z(A)
(a) (b)

Figure 3.8. (a) Energy added to or removed from the hot and cold slabs respectively with

simulation time in ps. (b) Temperature profiles T (Z) at various stages of the simulation.

3.3.2 Interfacial thermal conductivity

MD simulations are performed in this section to determine the interfacial thermal conductivity
(K;) of carbon fiber/epoxy composite following the same procedure described in Sec. 3.2.3 (see
Fig. 3.9). Here, the temperature decreases gradually in fiber and epoxy region but shows a large
jump across the carbon fiber/epoxy interface. The sudden drop characterizes the interfacial
thermal conductivity with the general understanding that larger the jump, higher is the interfacial
thermal resistance. Carbon fiber and epoxy interacts through weak non-bonded van der Waals
interaction. This weak interaction is unable to reduce the vibrational mismatch between carbon
fiber and epoxy [89]. Hence, a large temperature gradient between T, and Ts is recorded at
fiber/epoxy interface. For the case shown in Fig. 3.9, the K; calculated using the jump in

temperature of 15.1 °C across the interface is 0.026 W/m.K. This value obtained for the
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carbon/epoxy system will be used as a benchmark for comparison with cases where the carbon

is functionalized.

380 . .
—o-Temperature profile
—Linear fit
360 -
340 -
Q320 -
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240
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Figure 3.9. Typical temperature profile T (Z) in a carbon/epoxy system showing a large

temperature jump across the interface.

Obviously, a typical commercial carbon fiber (approximately 7 um in diameter) contains many
more graphene layers [54,89,127] than can be realistically simulated in a MD protocol. A few
words about the inevitable effect of the system size are in order here. The areai.e. Lx x Ly and
number of graphene layers (Ng) used to represent a carbon fiber is expected to affect the values
of Kef, Ki and Kep. We conducted number of simulations with different values of Lx x Ly and Ng
(dimensions varying from 38.4 — 76.8 A, and numbers from 5 — 20) as shown in Figs. 3.10.

We believe that in case of the epoxy, heat in the Z-direction is carried by diffusive modes with
short propagation lengths --- much shorter than the sample length used. As a result, changing the
sample length does not have an effect on the conductivity of epoxy. Note that, for a Z — dimension
of 120 A, K¢p is reasonably independent of the size and number of graphene layers (see, Fig. 3.10
(c)). Moreover, the value of Kep obtained in the simulations is similar to that reported

experimentally.
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On the other hand, in graphene, Kct increases marginally when cross sectional dimensions are
doubled from 38.4 to 76.8 A, but significantly with the number of layers (see, Fig. 3.10(a)). In
the graphene layers, phonons are responsible for heat transport. The longest wavelength of
phonons that can be excited in the simulations are limited by the dimensions of the stack of
graphite layers. Mismatch between dominant long wavelength phonons in graphene and short
propagation length diffusive modes in the epoxy are responsible for the interface conductivity
[41].

From Fig. 3.10(b), it seems that, when the cross-sectional dimension is about 38.4 A (the
dimension used by us), and the number of layers is 10, all important long wavelength modes are
already excited. Any further increase in cross sectional dimensions or number of layers, lead to
only a marginal change in the interface conductivity. We have used cross sectional dimension of

38.4 A and 10 graphene layers as a seemingly reasonable compromise.
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Figure 3.10. Effect of area and number of graphene layers (Ng) on thermal conductivity (K): (a)

carbon fiber, (b) carbon fiber/epoxy interface, and (c) epoxy.

3.3.3. Effect of functionalization on the interfacial thermal conductivity in CFRP

In order to reduce the thermal resistance at the carbon epoxy interface (see, Fig. 3.11), different
functional groups are used to bridge the carbon and the epoxy. To this end, we start with the
functional groups attached at random locations on the graphene sheet in contact with the epoxy.
One end of the functional groups (which can be carboxylic, amine, aniline, single-chain para-
amine SGM, or double-chain meta-amine SGM) is covalently bonded to the graphene. The other
end of the functional group (the R2 atom) connects to epoxy during crosslinking. As we achieve
80% crosslinking in our simulation, one end of some of the functional groups may be dangling.
Both the nature of the functional group as well as the degree of functionalization (f) is expected

to affect the extent to which the interfacial thermal resistance is reduced. We vary both in order
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to select the most effective functional groups and the optimum value of f. To this end, the degree
of functionalization is varied from 1 — 10 %. Specifically, f is defined as the ratio of the number
of carbon atoms with an attached functional group, to the total number of carbon atoms present
in a graphene sheet. The interfacial thermal conductivity for functionalized fiber (K) is evaluated
using the same procedure as before, except that, for calculating Zs the average Z coordinate of
the end reactive atoms of the functional group is used (see, Fig 3.11(b)).

Functional group

Functionalized
attached to a graphene interface
Carbon fiber T,
.

X

> 7

Y 7

@ ®)

Figure 3.11. (a) A typical close — up of a 10% functionalized interface with double-chain meta-
amine SGM. (b) Schematic of 10% functionalized double-chain meta-amine SGM interface

indicating the location of Zs.

For f = 5%, the temperature variation T(Z) for all the functional groups are compared with the
non-functionalized case in Fig. 3.12(a). It reveals that addition of functional groups on the fiber
surface inevitably decreases the temperature jump across the interface. The functionalised
interface has strong covalent bonds connecting the graphene with epoxy. These replace the weak
van der Waals interaction between graphene and epoxy in a non-functionalised system. The
strong covalent bonding reduces the vibrational mismatch between carbon and epoxy, promoting
better heat transfer [47,48]. Moreover, the normalized interfacial thermal conductivity Kif/Ki for
different functional groups with degree of functionalization f are compared in Fig. 3.12(b). It
shows that while any functionalization improves the interfacial thermal conductivity, larger
molecules (aniline, single-chain para-amine SGM, and double-chain meta-amine SGM) perform
better at reducing the interfacial thermal resistance. Moreover, increasing the degree of
functionalization from 5% to 10% does not have a significant effect on Kif except for single-chain
para-amine SGM, which shows continuously improving performance with f. In fact, it performs

better than the longest molecule, namely double-chain meta-amine SGM at f = 10%.
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However, it is important to understand that why larger molecules perform better than shorter

molecules in reducing the interfacial thermal resistance.

—— Non —functionalized =~ —— Amine  —ss— Carboxyl = —@— Aniline
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Figure 3.12. Effect of functionalization on (a) steady-state temperature profile T(2)

corresponding to f = 5%. The inset shows the temperature variation at the interface. (b) Ratio of
interfacial thermal conductivity with functionalization (K{) and interfacial thermal conductivity

without functionalization (K;) with respect to f for different functional groups.
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Figure 3.13. (a) End-to-end vector X (t) of single-chain para-amine SGM. (b) MSD with time
for a few groups at f = 5%.

To this end, the mean squared displacement (MSD), is defined as,

N
1 2 3.4
MSD(t) = NZ|X(1)(t) - X(i)(0)| )
i=1

where Xi(t) is the end-to-end distance at time ¢ of the i functionalising molecule (see Fig.
3.13(a)), the ends of which are connected to the graphene layer and an epoxide ring. The
molecules in these systems in the glassy state do not undergo large scale diffusive motions. Here,
the MSD provides a measure of the average fluctuation in the end-to-end distance of a
functionalizing molecule. As shown in Fig. 3.13(b), while carboxylic molecules exhibit very low
fluctuations, both the single-chain para-amine SGM and double-chain meta-amine SGM
fluctuate much more vigorously over time. Larger fluctuations facilitate better heat transfer.
Consequently, while double-chain meta-amine SGM exhibits better K at 5% f, single-chain para-

amine SGM performs better at f =10%.

It must be mentioned here that our observations stated above point to a relation between the
stiffness and vibration modes of the functionalising molecule and its effectiveness decreasing
interfacial thermal resistance. A better understanding of this relation merits a separate detailed

study.
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3.4 Conclusion

MD simulations are performed to investigate the effect of functionalization on the interfacial
thermal conductivity (K;) of carbon fiber/epoxy composites. Graphene layers are used to model
the carbon fiber in MD simulations. The number of graphene layer and simulation box size is
varied to minimize size effects. Different types of chemical groups with varying sizes and degrees
of functionalization are attached to the graphene layer to study their effect on the interfacial
thermal conductivity (K). Simulations show that functionalisation can increase interfacial
conductivity by up to ~ 25 times. A relatively higher improvement in K{ is observed with larger
functional groups. This is due to the fact that larger molecules exhibit more rigorous fluctuations
in their end-to-end distances. Also, K{ does not seem to depend strongly on the degree of
functionalization beyond 5% f in most cases. An exception is, single-chain para-amine SGM
which shows increasing improvement with f. The present study suggests that improvement in K;
does not depend only on the type of a functional group but is also related to the structure and
degree of functionalization. It is envisaged that the present study will be helpful towards tailoring
interfaces in carbon fiber/epoxy composites with a view to improve their overall thermal

conductivity.

Lastly, our MD simulations inevitably exhibit size effects so that the exact value of the interfacial
thermal conductivity might be higher than what the simulations with 10 layers of graphene
predict. This however, does not change the conclusion that properly tailoring the carbon epoxy

interface can lead to significant reduction in its interfaces thermal resistance.
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Chapter 4: Molecular dynamic study on modulating the interfacial

interactions of carbon fiber/epoxy interfaces

Molecular dynamics (MD) simulations predict that larger functional groups are more effective
as compared to smaller ones to increase the interfacial thermal conductivity of carbon fiber/epoxy
interfaces. Is it possible that certain functional group may simultaneously enhance the interfacial
thermal conductivity as well as interfacial shear strength? What is the optimum degree of
functionalization (f)? To seek the answers, microbond MD simulations are performed in this
chapter to study the interfacial interactions in carbon fiber/epoxy as a function of chemical ligand
used to functionalize the carbon fiber. Further, how interfacial failure mechanisms depend on the

chemistry at the interface is also explored.

4.1 Introduction

Carbon fiber reinforced plastics composites (CFRPs) are widely used in structural applications
due to their superior properties such as high specific strength, high specific stiffness, good
corrosion resistance, and low maintenance cost [20,128-130]. Interfacial adhesion in CFRPs
affects the load transfer efficiency between carbon fiber (CF) and matrix. In fact, poor interfacial
adhesion is often responsible for the somewhat low damage tolerance in these materials [49,131—
133].

Various strategies such as sizing, dip coating, spray coating, chemical modifications, high-energy
irradiation, plasma treatment [134-137], and thermal treatment have been used to improve the
interfacial shear strength (IFSS) in composites [23,29,106,107]. Engineering the surface of the
CF, without compromising its mechanical strength has emerged as a viable route to improve the
interfacial adhesion between the CF and the matrix. For example, MXene nanosheets and NH»
were grafted onto carbon fibers (eg. see, [73]), leading to about 33% increase in IFSS, as a result
of an increase in the surface roughness of the fibers and their wettability with epoxy resin.
Similarly, grafting of carbon nanotubes [55] and vertical graphene sheets [138] are viable ways

of engineering the interface.

We focus on methods of functionalizing the CF surface with surface grafted molecules (SGM)
that also covalently crosslink with the matrix. Chemical routes to grafting small molecules like
amine (Fig. 4.1(a)) as well as longer bespoke molecules (Figs. 4.1(b), (c) and (d)) bearing a

reactive amine group onto CF surfaces are now well established [66,67]. Extensive tests on single
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fiber epoxy composites with functionalized CFs have demonstrated the efficacy of this strategy
and, in some cases, resulted in ~172% increase in interfacial strength [66,92,93]. Further,
molecular dynamics (MD) simulations on atomistic systems of CF and epoxy bridged by

functionalizing molecules have elucidated the anchoring mechanisms at play [66,67].

Motivated by the analyses in [66,67], we have performed MD simulations on a single fiber-epoxy
geometry that resembles a very small scale microbond test. Unlike in pull-out, fragmentation and
push-out tests where the involvement of plastic dissipation in the bulk of the polymer enters the
IFSS and undermines the influence of the interface [55]. Microbond tests allow us to focus on
the strength of the interface more closely [139]. Moreover, we adopt a force field that allows

bond scission to occur.

In the MD studies, we hope to gain insights into two aspects of the surface functionalisation
process. Firstly, we seek to determine the role of grafting density on the IFSS. Our results show
that, especially for longer molecules, an optimum areal density of grafting indeed exists, beyond
which the IFSS starts to decrease. Secondly, we study the failure mechanisms at the interface and
show that bond scission in longer molecules limit their effectiveness. Overall, in spite of the fact
that our atomistic microbond test samples are unrealistically small, important insights about the

functionalised interface can be obtained from the MD simulations.
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Figure 4.1. Chemical structure of functional groups connected between graphene and diglycidyl

ether of bisphenol F (EPON862, all atoms are shown in grey color for clear visualization): (a)
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amine, (b) aniline, (c) single-chain para-amine, and (d) double-chain meta-amine surface grafted
molecules (SGM).

4.2 Computational details: the miniature microbond test

Figure 4.2(a) shows the experimental set-up of an actual microbond test to determine the IFSS.
In this test, a single fiber with a cured polymer drop is pulled through a small opening between

two knife edges. In the real test, the embedded length [, is of the order of tens of micrometers.

Figure 4.2(b) shows the simulated miniature microbond test set-up. The atomistic model seeks
to mimic the deformation in the region epoxy makes contact with knife edge to carbon fiber in
Fig. 4.2(a). As shown in Fig. 4.2(b), the rigid carbon fiber (which typically has a diameter ~ 7
um) is represented by ten graphene layers with interlayer separation of 3.35 A [95,140]. The
epoxy drop is of dimensions Lx = 38.4 A and Ly = 39.4 A, with periodic boundary conditions
(pbc) applied in the Y direction. The blue shaded part of the drop of thickness t; next to the
fiber/matrix interface is allowed to deform while the yellow shaded part, with thickness t, is

constrained, representing the part of the epoxy that sticks to the knife edge in the microbond test.

Diglycidyl ether of bisphenol F (EPON862) and diethyl toluene diamine (DETDA) are
considered as epoxy resin and the crosslinker (curing agent) respectively. They are packed in a
stoichiometric ratio of 2:1 in the simulation box with pbc in all three directions and equilibrated
(in the commercial package Material Studio 18.1 [111], using the polymer consistent force field
(PCFF) [114]) to produce a 80% crosslinked epoxy sample [140].

The temperature and pressure of the system are controlled via a Nose-Hoover thermostat
[115,116] and a Berendsen barostat [117]. The cut-off for van der Waals interactions is kept at
10 A [141]. A velocity-Verlet algorithm is used to integrate the equations of motion with a time
step of 0.5 fs. Figure 4.2(c) shows the protocol followed to equilibrate the MD system. To reduce
thermal fluctuations, the MD system is quenched from 300 K to 250 K with a rate of 10K/ps and
allowed to equilibrate at 250 K for 25 ps using NVT ensemble, followed by NPT ensemble at 1
atm for 50 ps. The steps are repeated to equilibrate the MD system to 0 K shown in Fig. 4.2(c).
After equilibration, the carbon atoms of graphene are moved to their mean positions in the Z-
direction to avoid pull-out energy associated with the waviness of the graphene layers. All the
graphene atoms are constrained to move along the Z-direction after this step. However, it may
lead to the stretching of bonds. Therefore, the MD system is equilibrated again following the

steps shown in Fig. 4.2(c) before performing microbond simulations.
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Thereafter, the microbond MD simulations are performed with the open-source Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [112] package. At this stage the
atomic interactions are switched to the ReaxFF force field [126] to allow bond scissions. Also,
pbc in the X and Z directions are removed. Instead, the top atoms of the graphene layers (see,
Fig. 4.2(b)) are pulled in the X-direction with a constant velocity ux, which, is taken to be 1 m/s.
So, the X = 0, Lx surfaces are traction free while all atoms in the region L; < Z < t; are held
fixed. The system is equilibrated for 100 timesteps after each displacement step (uyxAt =
0.0005 A, At = 0.5 fs). The simulations are continued till the entire fiber of length Ly comes out

of the epoxy.
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Figure 4.2. Schematic of a microbondbond test. (b) Atomistic model of the miniature microbond
test. (c) Equilibration protocol for the crosslinked epoxy/graphene sample shown in (b).

Consider the situation depicted in Fig. 4.3(a), where the fibre has been pulled out by a

distance uy. The force required to pull the fibre out is given by,

O0AE

Fx(uy) = _a_ux' 4.1
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where, AE = E(ux) — E(0), E (ux) being the total potential energy (sum of all bonded and non-
bonded energies) of the system at the stage shown. The interfacial shear strength is then

approximated as typss = Fx(Lx)/LxLy.

Further, in a epoxy/graphene system without any functionalising molecules, the interaction
between the epoxy and the graphene layers is purely van der Waals in nature. In Fig. 4.3(b), the
van der Waals energy of interaction AE, 4y is plotted against uy for two values of t;, the thickness
of the interfacial unconstrained epoxy layer. We see that the interaction energy does not change

beyond t; ~ 10 A. We have used t; = 20 A in all simulations reported herein.

As an example, the variation of Fyx(ux) with uy for the ‘reference’ case without any
functionalisation at the interface is shown in Fig. 4.4. This force versus pullout displacement is
typically obtained for all the simulations. The deformed configurations of our miniature
microbond test are shown at the stages marked by solid circles. Initially, the pull-out force, which
in this case is purely due to van der Waals interactions, increases and attains a first peak value of
0.48 nN atuy of 2.4 A. At this point debonding initiates and continues at an approximately
constant force level of 0.51 nN. Beyond uy =~ 33.6 A, the force drops as debonding progresses,
reaching zero at complete pull-out [141,142].
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Figure 4.3. (a) Schematic showing the parameters involved in the microbond MD simulations.
(b) Variation in van der Waals energy of interaction between epoxy and the graphene layer for
t, = 10 and 20 A. (c) Variation in potential energy during MD microbond simulation of 5% f S-
SGM at different t;.
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Figure 4.4. The pull-out force Fx (ux) due to purely van der Waals interactions between the epoxy
and the graphene for the reference case with no functionalization. The solid circles mark the

deformation stages at which the deformed configurations are shown.

4.3 Results and Discussions

We have functionalized the graphene layer adjacent to the epoxy with 4 different chemical
species, namely, amine, aniline, and surface grafted molecules single-chain para-amine (S-SGM)
and double-chain meta-amine (D-SGM), as shown in Fig. 4.1. While t; = 20 A is used for the
reference case (see, Fig. 4.3(b)). The thickness of unconstrained dimension t, = 45 A is identified

for the length of the functionalising group (see, Fig 4.3(c)).

The degree of functionalization f is defined as the ratio of the number of randomly chosen sites
on the graphene layer at which functionalizing molecules are actually grafted to the total number

of possible sites. We have used f of 1, 5 and 10% for this study.

The pull-out energy for the reference case (epoxy/graphene system without functionalization) is
denoted by AE,.s. For each of the 4 functionalising molecules, the pull-out energy is AE,mines

AE jnitine, AEs_somy AEp_sgm- At each of the three degrees of functionalisation, the effectiveness
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of the ligand is compared by recording the variation in relative pull-out energy of functionalized
system with respect to unfunctionalized reference system (AEfync/AEres) in Fig. 4.5(a)-(d). As
the graphene sheets are pulled out, the pull-out energy reaches a peak and then drops as the
interaction between graphene and epoxy decreases. After the drop, the ratio of energies remains
constant beyond uy =~ 20 A. This constant ratio indicates the average effectiveness of the
functional group in improving the interfacial toughness with respect to reference case
(unfunctionalized carbon fiber/epoxy interface). The energy required for complete debonding
increases with f for all cases except D-SGM. At the degrees of functionalisation used, the
effectiveness of functionalising molecules is very low for amine, moderate for aniline and
significantly higher for the two longer surface grafted molecules as compared in Table 4.1 at
ux = 30 A. Moreover, the ratio is same for D-SGM on increasing the degree of functionalization
from 5% to 10% f.

Accordingly, as shown in Fig. 4.6, the tpgs IS ordered as D-SGM>S-SGM>aniline>amine.
However, as with the pull-out energy, the t;rgg for D-SGM peaks at f = 5% and drops thereafter.
Two obvious conclusions emerge from these observations. Firstly, at the low degrees of
functionalisation used in this work, longer molecules (in our case S-SGM and D-SGM) provide
large increases in interfacial shear strength. Secondly, longer molecules begin losing their
efficacy beyond a value of f. Thus, while at f = 5% D-SGM is about two times more effective

than aniline, the latter almost catches up at 10%.

Let us now attempt to address why longer molecules are better at providing high interfacial shear
strength? We assume, for the sake of this discussion, that all functionalising molecules are
connected to epoxies in the bulk. This is indeed the situation upto f = 5%. As shown in Fig.
4.7(a)-(d), the width of the interfacial region, quantified by b,, is large for S-SGM and D-SGM.
The non-bonded interactions between epoxy and the functional groups are consequently, higher

than in cases of aniline and amine.

Moreover, the final separation between the graphene sheet and the epoxy occurs through large
scale bond scission. As deformation proceeds, bond scissions occur at different locations. In case
of amine, most scissions occur at the N-C bond (C is carbon atom belong to the graphene, see,
Fig. 4.8(b)). These scissions require relatively low energy and occur very early in the deformation
history (see, Table 4.2). In Fig. 4.7(e) and (i), this is evident from the numerous loose amine

fragments embedded in the epoxy as deformation proceeds.
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Aniline, S-SGM and D-SGM do not exhibit scission at the graphene end. Bond scission occurs
primarily at the carbon-oxygen bonds on the backbones shown in Fig. 4.8 for S-SGM and D-
SGM. Aniline does not have carbon-oxygen bonds on the backbone and therefore, scission occurs
in epoxy at the location shown in Fig. 4.8(a). In all these cases, bond scission is more difficult
and severe plastic deformation has to occur at the interface before separation can happen as bond
scission starts at much later stage of pull-out test beyond 30 A (see, Tables 4.3 — 4.5). The extent
of plastic deformation at the interface is evident in Figs. 4.7(f-h) and (j-1). All these three are
excellent functional groups that offer large increase in IFSS as f increases. However, the S-SGM
and D-SGM perform marginally better due to the larger non-bonded interaction with the epoxy
that they start with.

From the above discussion, it may seem that employing longer molecules like S-SGM and D-
SGM are always more beneficial towards increasing IFSS. However, this is not necessarily the
case. As mentioned earlier, beyond f = 10% aniline is expected to be more effective than D-
SGM. Note that amine, aniline and S-SGM can link with two epoxy molecules (see, Fig. 4.1)
while D-SGM can link with four. The search for available epoxide rings is limited to the region
marked by b,. The histogram in Fig. 4.9 shows the fraction of functional molecules that manage
to bond with epoxy. At f = 1%, all molecules get bonded or ~ 83% while at 5% close to 75%
do. However, at 10%, the situation changes significantly. For amine, aniline and S-SGM, about
45% of the molecules get bonded to epoxy. For D-SGM however, only about 35% of the
molecules link with epoxy. This implies that for D-SGM, the number of dangling functional
groups becomes high, leading to a drop in the IFSS. A similar drop in IFSS is not expected for

aniline, which will continue to show an increase in IFSS with f, surpassing the longer D-SGM.
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Figure 4.5. Pull-out energy for functionalizing molecules (a) amine, (b) aniline, (¢) S-SGM and

(d) D-SGM at f = 1,5,10%.

Table 4.1. Effectiveness of functionalising molecules with respect to the reference case at ux =

30 A.
S. No. | Effectiveness 1% f 5% f 109% f
1 AE mine/AE et 0.3 1.2 15
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2 AEpitine/ AEres 4.3 9.8 12.6

3 AEs_sgm/DEres 3.8 10.7 136

4 AEp_sam/AE e 2.5 16.9 16.8

B Amine [l Aniline [l S-SGM [ D-SGM

800 T T T

700 F

Figure 4.6. Histogram showing the change in the interfacial shear strength (zirss) for amine (blue),
aniline (pink), S-SGM (red) and D-SGM (green). The IFSS for the reference case is shown with
the dashed horizontal line.
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within | functional =
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within |functional &
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M

Figure 4.7. The initial samples with different functional groups are shown in (a)-(d). The
thickness of the interface layer is marked in each. Deformed shapes of the corresponding samples

at ux =10 and ux =50 A are shown in (e)-(h) and (i)-(l) respectively. Locations of some broken

bonds are indicated.
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Figure 4.8. Common locations for bond scission in case of (a) aniline, where the scission occurs
in EPON862, (b) amine, (c) S-SGM, and (c) D-SGM.

Table 4.2. Count and position of bond scission for amine functionalized graphene/epoxy system

during MD microbond simulation fails mainly in attaching point of a functional group to

graphene.
1% f 5% f 10% f
S. no. . Pull-out - Pull-out . Pull-out
positions ) positions . positions .
distance (A) distance (A) distance (A)
Attaching Attaching Attaching
1 _ 3.5 ] 6 ] 0.5
point point point
Attaching Attaching
2 NA NA ) 13 ) 8.5
point point
Attaching Attaching
3 NA NA ] 14 ] 8.5
point point
Attaching Attaching
4 NA NA ) 18 ) 10.5
point point
Attaching Attaching
5 NA NA ) 19 ) 20.5
point point
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Attaching Attaching
6 NA NA ] 19 ) 23.5
point point
Attaching
7 NA NA . 25.5 NA NA
point
Attaching
8 NA NA ) 26 NA NA
point
Attaching
9 NA NA ] 30 NA NA
point
Attaching
10 NA NA ) 42.5 NA NA
point

Table 4.3. Count and position of bond scission for aniline functionalized graphene/epoxy system

during MD microbond simulation result cohesive failure in epoxy.

1% f 5% f 10% f
S. no. . Pull-out » Pull-out . Pull-out
positions distance (A) positions distance (A) positions distance (A)
1 Epoxy 32 Epoxy 35 Epoxy 34
2 Epoxy 36 Epoxy 40.5 Epoxy 41
3 Epoxy 41.5 Epoxy 415 Epoxy 47.5
4 NA NA Epoxy 42 Epoxy 49
5 NA NA NA NA Epoxy 49.5

Table 4.4. Count and position of bond scission for single-chain para-amine SGM functionalized

graphene/epoxy system during MD microbond simulation fails mainly in the functional group.

1% f 5% f 10% f
S. no. . Pull-out o Pull-out . Pull-out
positions distance (A) positions distance (A) positions distance (A)
1 4-5 31.5 5-6 215 7-8 36
2 NA NA 7-8 29.5 7-8 37
3 NA NA 8-9 37.5 Epoxy 42.5
4 NA NA 4-5 40.5 NA NA
5 NA NA 8-9 45 NA NA
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Table 4.5. Count and position of bond scission for double-chain meta-amine SGM functionalized

graphene/epoxy system during MD microbond simulation fails mainly in the functional group.

1% f 5% f 10% f
S. no. ositions Pull-out ositions Pull-out ositions Pull-out
distance (A) distance (A) distance (A)

1 4-5 28.8 7-8 33 Epoxy 24.5
2 7-8 46 8-9 37 7-8 33.5
3 NA NA 8-9 42 4-5 34.5
4 NA NA 4-5 445 5-6 37.5
5 NA NA 4-5 445 Epoxy 42

6 NA NA 5-6 47 7-8 45

7 NA NA 7-8 48.5 NA NA
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Figure 4.9. Histogram showing the ratio of the number of functionalizing molecules bonded to

epoxy to the total number of functionalizing molecules.
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4.4 Conclusion

Through carefully equilibrated molecular dynamics simulations, we have studied a miniature
microbond test mimicking the pull-out of a carbon fiber embedded in an epoxy droplet.
Functionalising molecules like amine, aniline, S-SGM and D-SGM are grafted onto the carbon
fiber and allowed to crosslink with the bulk epoxy in order to study their relative effectiveness
in enhancing the IFSS. All these molecules have amines at their ends and basically link with the

epoxy in the same way.

We show that, at low grafting densities, given that all molecules link with epoxy, longer
molecules provide higher IFSS. These molecules produce wider interfacial regions with high
non-bonded interaction with epoxy. Moreover, during deformation, large plastic deformation of
the epoxy ensues at the interface since bond scission in these cases are energetically expensive
and occur at a large scale only after substantial deformation in the interface region. Thus, S-SGM

and D-SGM are better candidates for functionalisation at low grafting densities.

The number of dangling D-SGM molecules, each of which is capable of linking with four
epoxies, increases with grafting density. As a result, its efficacy as a functionalising molecule

decreases beyond a critical grafting density.
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Chapter 5: Study of electrical and mechanical properties of

CNT/epoxy nanocomposites

Chapters 3 and 4 show the possibility of enhancing the interfacial thermal conductivity and shear
stress at carbon fiber/epoxy interfaces with an optimum number and type of functional group
predicted from the molecular dynamics (MD) simulations. The insulating nature of epoxy is
another issue that needs to be addressed. An experimental study is performed in this chapter to
improve the electrical conductivity of epoxy using carbon nanotubes (CNTSs). The effect of CNT
addition on the average mechanical properties of epoxy is also investigated.

5.1 Introduction

Epoxy is a thermosetting polymer that possesses high chemical resistance, thermal stability,
strength, and modulus [143-145]. These excellent properties make epoxy suitable for
reinforcement with fiber in the aerospace and automotive industries [146,147]. However, the
insulating nature of epoxy limits its applicability in the areas of multifunctional composites. In
advanced applications, the composites are needed to perform additional functions other than the
structural requirements. Composites must be able to resist lightning strikes, harmful
electromagnetic radiation, and dissipate thermal energy in various applications [12,14-18]. For
example, in the aerospace industry, the current protection system consists of metal mesh attached
to carbon fiber-reinforced plastics (CFRPs) which increases the overall weight of aircraft and
decreases fuel efficiency. Also, these heavy metallic structures induce the stresses in composite
and weaken the structure [19,20]. Therefore, a lot of efforts have been made to make the

conductive carbon fiber polymer composite.

Various conductive nanofillers such as carbon black, graphene, graphite, carbon nanotubes
(CNTs), and carbon nanofibers are added to improve the electrical conductivity of polymers [32—
34]. Among them, the addition of CNTs is preferred due to their large aspect ratio, ability to form
percolating conductive pathways at low concentrations, and excellent combination of
mechanical, electrical, and thermal properties [148-151]. The load transfer capability from
matrix to CNT improves mechanical property of CNT modified polymer [152,153]. However,
adding CNT into the polymer increases viscosity of CNT modified polymer. Higher viscosity
leads to poor infiltration in the fibres and thus degrades the overall performance of composites

[129,154]. The CNTSs at higher loading may also agglomerate and can substantially decrease the
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fracture toughness of composites [149-151]. Therefore, a systematic study is carried out to
identify the optimum loading of CNTs in the epoxy to enhance the electrical conductivity and

fracture toughness.

To this end, various wt.% (0.05 — 3) CNTSs are dispersed into the epoxy. Viscosity test is
performed on the CNT modified epoxy (CNT/Ep) solution to determine the loading of CNTSs into
epoxy so that CNT/Ep can infiltrate and wet the carbon fibers effectively. Electrical percolation
analysis is carried out to obtain a sudden jump in the electrical conductivity of CNT/Ep
nanocomposites. Later, fracture toughness is evaluated for all the CNT/Ep nanocomposites to

determine the optimum CNT concentration in epoxy.

5.2 Experimental

5.2.1 Materials

Multi-walled carbon nanotubes (MWCNTS) (Product specification, CAS 308068-56-6) are
purchased from Nano Research Elements, India. Carbon nanotubes (CNTs) diameter is about 10
— 30 nm and 3 — 10 um in length as per the supplier. Bisphenol-A Epofine 556 and Finehard
5200 (Fine Finish Organics Pvt. Ltd., India) are used as Ep resin and hardener respectively.

5.2.2 Processing of nanocomposites

Various concentrations of as-received CNTs i.e., 0.05, 0.1, 0.3, 0.5, 1, 1.5, 2, and 3 wt% are
dispersed into epoxy resin and hardener in equal proportion of (100:24) using an ultrasonic probe
sonicator (750 W, 20 kHz, probe tip 13mm, Cole-Parmer, USA) at 50% amplitude for 120 min.
The maximum temperature of CNT modified Epoxy resin and hardener during sonication is kept
at less than 70 °C [155]. After sonication, the CNT dispersed resin and hardener solutions are
uniformly mixed in a 100:24 ratio by wt. and stirred with a glass rod followed by placing solution
in a vacuum oven to remove bubbles. Then, the solution is poured into the mold. The processing
steps are shown in Fig. 5.1. Later, CNT/Ep nanocomposites are cured at 80 °C for 6 hours,
followed by 120 °C for 2 hours and 160 °C for 6 hours respectively. For neat epoxy (Ep) means
no addition of CNTs into epoxy. Epoxy resin and hardener solutions are directly mixed in a
100:24 ratio by wt. to prepare Ep samples.
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Figure 5.1. Schematic showing processing steps followed to fabricate nanocomposite samples.

5.2.3 Field emission scanning electron microscopy

Field emission scanning electron microscopy (FESEM, JEOL, JSM-7610F, Japan) is performed
to study the dispersion of CNTs in the epoxy. The fractography analysis of failed fracture samples

is carried out to understand the damage mechanisms in CNT/Ep and Ep nanocomposites.

5.2.4 Viscosity measurement

Viscosity test is performed using the rheometer (Anton Paar, MCR 702, Austria) to obtain the
viscosity () behavior of Ep and CNT/Ep solution as shown in Fig. 5.2. Few drops of solution
are dropped in the middle of the bottom plate and cone plate is moved down in such a way that
a gap of 0.1 mm exists between the bottom plate and cone plate. Then, a cone plate with 1 degree
and a diameter of 50 mm starts to rotate with increased torque to give a plot of viscosity at
different shear rates (y) starting from 0.1 to 10° s™%. The average viscosity of the solution is taken

from the average value of three samples.
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Figure 5.2. (a) Rheometer, and (b) zoom image of solution sandwiched between bottom
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(stationary) and cone plate (rotationary motion).
5.2.5 Electrical conductivity test

The variation in electrical conductivity of epoxy as a function of CNT concentration is obtained
to determine the electrical percolation threshold in the CNT/Ep nanocomposite. The electrical
resistance of each sample (25 x 25 x 3 mm) is measured on an IM3523 HIOKI LCR meter at

constant voltage 2V using two electrode method as shown in Fig. 5.3.

Sample

N\
——

Figure 5.3. Experimental setup of electrical conductivity test.
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The direct current electrical conductivity (opc) is averaged over three samples and calculated

using Eq.,

5.1

9pC = AR

where R is the DC electrical resistance obtained from the LCR meter, and B is the thickness of
the sample. A is the rectangular area of 10 x 10 mm? at the center of a sample upon which silver

paste is applied to ensure good contact between the sample and connecting wires.

5.2.6 Fracture toughness test

To determine the ability of a material to resist crack propagation, the critical stress intensity factor
(Kic) is evaluated for all samples as per ASTM D5045-14 standard. Figure 5.4. (a) shows a
schematic of a single-edge-notch bending (SENB) sample. The thickness of sample is 2.5 mm.
The width of the sample, W, is 4B. L and S are the length and span length of the sample defined
as L =4.4W and S = 4W. Initially, a notch (an) is created by machining (Fig. 5.4. (b)) and a natural
sharp crack (ar) (Fig. 5.4. (c)) is induced by tapping a fresh razor blade of 0.05 mm. The crack
length a is monitored to satisfy the condition of 0.45 < a/W < 0.55. Minimum three SENB
samples for each type of CNT/Ep nanocomposites are tested on a universal testing machine

(Shimadzu Corp., Japan) at a crosshead speed of 10 mm/min.
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Figure 5.4. (a) Schematic of single-edge-notch bending (SENB) sample as per ASTM D5045-
14. (b) Inserting a razor blade into the notch to generate a natural crack. (c) Natural crack obtained

from tapping a fresh razor blade. (d) Experimental three-point bend setup.

The fracture toughness (Kic) is given by Eq.,

Kic = 1) (5-%75)

Where f (x) is defined as Eq.,

1
6x2[1.99 — x(1 — x)(2.15 — 3.93x + 2.7x?]

fx) = 5
(1+2x)(1—x)2

Here x is the ratio of a/W, and Fq is critical load.

5.3 Results and discussion

5.3.1 Effect of CNT dispersion on the viscosity of epoxy

5.2

5.3

The low viscosity of the solution is needed for proper mixing and wetting of fibers. Highly

viscous epoxy may be unable to infiltrate through the fibers and can adversely affect the load
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bearing capability of composites. Figure 5.5 shows the viscosity of CNT/Ep solutions at different
wt. % of CNT measured at 25 °C. The viscosity of Ep at 0.1 shear strain rate is 6.96E+2 + 2.2E+1
mPa.s lies within the value (5.90E+2 — 1.80E+4 mPa.s) reported in the literature [156-161]. The
independent behavior of Ep with respect to shear strain rate shows the Newtonian behavior of
the fluid. No increase in viscosity for 0.1 wt% of CNT/Ep suggests no hindrance to the flow of
epoxy resin by CNT. Addition of CNT beyond 0.1 wt% makes the epoxy non-Newtonian. Higher
viscosity suggests more interaction between CNT and polymer and resists the polymer flow
[156,158]. Within shear strain rate (0.1 to 10%), CNT/Ep shows shear thinning behavior with
decreasing viscosity at shear strain rate. It may be due to rearrangement/alignment of CNTSs in
the polymer [156,162]. The viscosity of epoxy increases significantly beyond 1 wt% of CNTSs.
Moreover, while CNTs are well dispersed up to 1wt% loading (see, Figs. 5.6 (b), (c), and (d)),
they tend to agglomerate at higher concentrations in the epoxy (see, Figs. 5.6 (e) and (f)). The
increased viscosity and CNT agglomerate may make it difficult for the epoxy to wet the fiber
fabric efficiently and hence may degrade the mechanical properties of composites prepared with

CNT modified epoxy [163,164].

AL —+Ep

5-0.1 wt% CNT/Ep
~<4-0.3 wt% CNT/Ep
-£-0.5 wt% CNT/Ep
51 wt% CNT/Ep
-0-2 wt% CNT/Ep
-4-3 wt% CNT/Ep

7 (mPa.s)

7 (1/s)

Figure 5.5. Effect of CNT addition on the viscosity of CNT/Ep solution.
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Figure 5.6. FESEM micrographs: (a) Neat epoxy, (b) 0.1, (c) 0.5, (d) 1, (e) 2, and (f) 3 wt%
CNT/Ep.

5.3.2 Effect of CNT dispersion on the electrical conductivity of epoxy

Figure 5.7(a) compares the electrical conductivity of epoxy nanocomposites fabricated with
varying concentration of CNTs. The electrical conductivity of Ep is found to be 2.9E-13 S/m
agrees well with the reported value of Ep (1E-8 — 7.7E-13 S/m) [100,121,147,164-167]. The
addition of CNT by 0.05 wt.% increases the electrical conductivity of epoxy by 1 order of
magnitude. A sudden jump of electrical conductivity by a factor of ~ 10° is observed for 0.1 wt.
% CNT/Ep nanocomposite (7.7E-5 S/m) as compared to Ep. This suggests the formation of
electrically conductive network of CNTs have provided a path to flow charge through the
nanocomposites. The minimum amount of CNTSs required to form an electrically conductive path
is defined as electrical percolation threshold concentration. It is marked by a sudden rise in
electrical conductivity of base polymer. Figure 5.7(a) reveals that the percolation concentration
for the epoxy is somewhere between 0.05 and 0.1 wt.% CNT/Ep. Beyond 0.1 wt%, the electrical
conductivity of epoxy increases slowly and saturates around 0.5 wt% CNT concentration (9.2E-
3 S/m). The maximum electrical conductivity of 0.1 S/m is calculated for 3 wt. % CNT/Ep. This
study predicts 0.1 wt. % CNT is the optimum loading of CNT to form a conducting network into
epoxy. Theoretically electrical percolation threshold can be obtained by using power-law model
[168],

opc = 0p(¢p — ‘Pc)t 5.4

g, IS conductivity of CNTs and t is the critical exponent which defines the dimensionality of

CNTs network within the polymer. ¢ and ¢, are the weight fraction and percolation threshold
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weight fraction of CNTSs respectively. In this model, ¢ varies until the best linear fit (see, Fig.
5.7(b)) is obtained for logio opc Vs 10910 (¢ - ¢.) plot. The value of ¢. and g, is found to be
0.098 and 0.18. The 2D dimensional network of CNTs is suggested within the epoxy as t is found
to be 1.1 [168].
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Figure 5.7. (a) Electrical conductivity of CNT/Ep nanocomposites at different wt. % of CNTSs.
(b) Powel law fitting to determine the electrical percolation threshold.

5.3.3 Effect of CNT dispersion on the fracture toughness of epoxy

Viscosity and electrical conductivity measurements show that the optimal loading of CNTs in
epoxy is in the range of 0.1 and 1 wt%. Fracture tests are performed for all CNT/Ep
nanocomposites to characterize the effect of CNT dispersion on the fracture toughness Kjc of
epoxy in Fig 5.8. The Kjc 0.64 + 0.04 MPa.m'/? obtained for Ep agrees well with the value
reported in the literature (0.48 — 2.04) MPa. m'/? [169]. The lower K;. obtained for Ep shows
less resistance to crack growth. Adding CNT into epoxy shows steady enhancement in the Kic
up to 0.5 wt.% and reaches maximum improvement in fracture toughness by 61% at 1 wt. %
CNT loading. This suggests 1 wt% may be the optimum loading of CNT needed to enhance both
electrical conductivity and fracture toughness of the nanocomposite with minimum increase in
viscosity. The enhanced fracture toughness is due to the huge surface area of dispersed CNT into
epoxy that effectively transfers mechanical load from epoxy to CNT [170-173]. As the crack
propagates, CNTs can hinder the growth of the crack or may deflect, and pull-out of CNTSs (see

Fig. 5.9 (b1-b2)) from epoxy may happen as compared to smooth growth of crack in epoxy (see
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Fig. 5.9 (al-a2)) resulting in higher toughness of nanocomposite [150,174]. CNT beyond
optimum 1 wt. % may agglomerates (see, Figs 5.6(e) and (f)) and lead to a decrease in fracture
toughness due to a lower effective surface area of CNTs. However, localized inelastic matrix
deformation, void nucleation, and crack deflection at the agglomerates can contribute to the

toughening mechanism in the nanocomposites [149] yet still higher K,c than Ep.
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Figure 5.8. Effect of CNT loading on fracture toughness of CNT/Ep nanocomposites.
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Figure 5.9. FESEM micrographs for Ep and optimum 1wt% CNT/Ep failed fracture samples.

5.4 Conclusion

Carbon nanotubes modified epoxy (CNT/Ep) nanocomposites with varying concentration of
CNTs are prepared to determine the optimum loading of CNTs needed to improve the electrical
conductivity and fracture toughness with minimum increment in viscosity. Adding CNT into
epoxy increases the viscosity of CNT/Ep solution. The electrical percolation threshold lies
between 0.05 and 0.1 wt% as a sudden jump of ~ 10° is observed in the magnitude of electrical
conductivity. Beyond 0.1 wt%, enhancement in the electrical conductivity with the addition of
CNT into epoxy is not much and it saturates around 0.5 wt% CNT loading. Moreover, the
maximum improvement in fracture toughness by 61% is observed for 1 wi% CNT/Ep
nanocomposites as compared to Ep. Thus, 1 wt% CNT is taken as the optimum loading to
enhance the electrical conductivity and fracture toughness of epoxy.
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Chapter 6: Synergetic effects of carbon fiber functionalization and
CNT modified epoxy on the interfacial shear strength of carbon

fiber/epoxy composites

Molecular dynamics (MD) simulations carried out in Chapters 3 and 4 suggest that modifying
the carbon fiber surface with functional groups enhances the interfacial thermal conductivity and
interfacial shear strength in carbon fiber/epoxy composites. Experimental work performed in
Chapter 5 shows that 1wt% is the optimum loading of carbon nanotubes (CNTSs) to enhance the
electrical conductivity and fracture toughness of epoxy. Thus, functionalized carbon fiber
reinforced with CNT modified epoxy (CNT/Ep) may improve the thermal conductivity, electrical
conductivity, and mechanical properties of conventional carbon fiber/epoxy composites. An
experimental verification of the MD simulation predictions is carried out in this chapter. Later,
the possibility of harnessing the synergetic effects of carbon fiber functionalization and CNT
modified epoxy to induce multifunctionality in conventional carbon fiber/epoxy composites is

discussed.

6.1 Introduction

Carbon fiber reinforced plastics composites (CFRPs) are increasingly used in structural
applications due to their superior properties such as high specific strength, high specific stiffness,
good corrosion resistance, and low maintenance cost [20,128-130]. The mechanical properties
of composites are governed by the fiber, matrix, and the interface between carbon fiber and
matrix [23]. Matrix cracking, interfacial debonding, and delamination are common failure modes
in composites [131-133]. The surface of carbon fiber is inert in nature and does not react or form
any covalent bond with the matrix [44—46]. This results in the poor interfacial adhesion between
the fiber and matrix which limits the overall load-carrying capabilities of composites [49]. It is
the interface through which the applied load gets transferred from the matrix to the reinforcing
fiber [175]. Such a transfer occurs in the form of interfacial shear stresses which are normally
evaluated in terms of interfacial shear strength (IFSS) of the composite [90,91]. Thus, the stress
transfer capability of an interface is a function of the interaction between the fiber and matrix,
which can be controlled by the surface morphology of the fiber and the type of matrix used to

process the composite [54].

59



Various strategies such as dip coating [51,52], nanoparticle grafting [53-55], thermal treatment
[56,57], plasma treatment [58,59], high-energy irradiation [60,61], matrix modification [55,62—
64], sizing [52,62,65] and chemical modification [66—74] have been implemented to increase the
interfacial adhesion between fiber and matrix. Among these, chemical modifications have shown
significant improvement in IFSS due to the mechanical interlocking and covalent bonding
between functionalized fiber and polymer [61,66,70,71]. Pull-out, fragmentation, push-out, and
microbond tests are commonly used experimental techniques to determine IFSS. However, a
larger volume fraction of polymer undermines the influence of interface in these techniques [55].
Microbond test is more suited to characterize the interface [139]. Therefore, an experimental
investigation is performed to characterize the synergetic effects of carbon fiber functionalization

and CNT modified epoxy on the IFSS in carbon fiber/epoxy composites.

To this end, carbon fibers are functionalized with aniline molecule. Microbond test is performed
to obtain the IFSS of functionalized and unfunctionalized carbon fiber/epoxy composites.
Thereafter, IFSS of unfunctionalized and functionalized carbon fiber with CNT modified epoxy
is evaluated. Fractography of tested samples is performed to gain interfacial failure mechanisms

in different material combinations.

6.2 Experimental details

6.2.1 Materials

Carbon fibers (230 GSM, density 1.8 g/cc, average modulus 100 GPa) are purchased from
Hindustan Technical Fabrics, India. Multi-walled carbon nanotubes (MWCNTSs) (Product
specification, CAS 308068-56-6) are procured from Nano Research Elements, India. Carbon
nanotubes (CNTs) diameter is about 10 — 30 nm and 3 — 10 um in length as per the supplier.
Bisphenol-A Epofine 556 and Finehard 5200 (Fine Finish Organics Pvt. Ltd., India) are used as

epoxy resin and hardener respectively.

6.2.2 Characterization

Thermogravimetric (TGA/DSC 1 STARe SYSTEM, Mettler Toledo) analysis is carried out from
25 °C to 1000 °C with a heating rate of 20 °C/min under air and nitrogen (inert gas). X-ray
photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific) is performed to
detect the attachment of functional group on carbon fiber (analysis area of 0.3 mm x 0.3 mm)

with a monochromated Al K, source spot size of 600 um and analysis depth may vary up to 10

60



nm. The fractography analysis of tested samples is done under field emission scanning electron
microscopy (FESEM, JEOL, JSM-7610F, Japan) to understand the interfacial failure
mechanisms of various fiber (unfunctionalized and functionalized) and matrix (neat epoxy and
CNT modified epoxy) combinations. *H, 3C, °F Nuclear magnetic resonance (NMR) spectra
are recorded in CDCls; on JEOL JNM-ECS spectrometer, Japan at operating frequencies of 400
MHz {*H} or 101MHz {13C} as indicated in the individual spectrum. Chemical shifts (5) are
given in parts per million (ppm) relative to residual solvent (CDCls, 6= 7.26 for *H NMR and
77.16 for *C NMR) and coupling constants (J) in Hz. Data for *H NMR spectra are reported as
follows: chemical shift (multiplicity, coupling constants, number of hydrogens). Multiplicity is

tabulated as s for singlet, d for doublet.

6.2.3 Unsized carbon fiber

Carbon fiber purchased from manufacturer has sizing layer which enables ease in handling of
fiber named as received carbon fiber. Complete removal of sizing layer is a must to get graphitic
surface of carbon fiber. Therefore, TGA is performed on as received carbon fiber. Fig. 6.1(a)
shows thermal degradation of carbon fiber in air and nitrogen (inert gas) environment. The whole
carbon fiber is decomposed in the air as shown in Fig. 6.1(a) while 6.5% loss of mass is observed
in the presence of inert nitrogen gas and it gets stable from 600 K onwards suggest complete
removal of sizing layer as shown in Fig. 6.1(b). Therefore, based on the results obtained from
TGA. As received carbon fiber (3.8 g, 210 mm x 80 mm) is placed in the chemical vapour
deposition at 650 °C for 15 minutes to ensure complete removing of sizing layer in the presence
of argon (inert gas) named as unsized carbon fiber. The weight of unsized carbon fiber is
measured as 3.55 g which results into the loss of 6.5% mass of as received carbon fiber same as
obtained in TGA.
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Figure 6.1. (a) Thermal degradation of as received carbon fiber under presence of air and nitrogen

(inert gas), and (b) is zoom image of Fig. 6.1 (a).

6.2.4 Synthesis of aniline functionalized carbon fiber

6.2.4.1 Synthesis of N-(4-aminophenyl)-2,2-2-trifluoroacetamide

NH,
o o Et;N (1 eq.) HN™ "CF3
+
FGCJ\OJ\CF3 EtOAc, 60 °C, 8 h
NH,
1 , NH,
(40 mmol, 1 eq.) (20 mmol, 0.5 eq.) 3, 73%

6.2. Scheme of chemical reactions N-(4-aminophenyl)-2,2,2-

trifluoroacetamide.

Figure to prepare

Fig. 6.2 shows scheme adopted in the present work to prepare N-(4-aminophenyl)-2,2,2-
trifluoroacetamide. Firstly 2,2,2-trifluoroacetic anhydride (4.37 mL, 20 mmol) is added to
benzene-1,4-diamine (4.32g, 40 mmol) placed in round bottom flask under nitrogen inert gas to
prepare the solution. Then, ethyl acetate anhydride is added to solution using syringe through
septum followed by triethylamine (3.4 mL, 2.4 mmol). Then, solution is left for stirring at 60 °C
for 8 hours to complete reaction. Thin layer chromatography is performed on obtained solution

under 25% ethyl acetate-hexane and two spots are observed under ultraviolet ray lamp which
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suggests the two possible end products of a reaction. Then, two end products are separated using
column chromatography. Then, solvent in solution is evaporated using rotameter. Finally, N-(4-

aminophenyl)-2,2,2-trifluoroacetamide (2g, brownish color) yield 46% is obtained.

Characterization data of N-(4-aminophenyl)-2,2,2-trifluoroacetamide (3): Yield: 2 g (46%);
Color: Brown solid; *H NMR (400 MHz, CDCl3) § 10.31 (s (br), 2H), 7.26 (d, J = 1.3 Hz, 4H);
13C NMR (101 MHz, CDCls) & 154.54 (d, J = 37.1 Hz), 133.34, 120.83. °F NMR (376 MHz,
CDCl3) 6 -74.34.

NMR Spectra’s of N-(4-aminophenyl)-2,2,2-trifluoroacetamide (3):

10.3086
7.2633
7.2601

<.

DMSO-d6
JL A M .
P

T T T T T T T T T T T T T
1.5 11.0 105 10.0 9.5 9.0 85 8.0 7.5 70 6.5 6.0 5.5

4.041
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Figure 6.3. 'H NMR, 400 MHz, CDCl; for N-(4-aminophenyl)-2,2,2-trifluoroacetamide.
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Figure 6.4. 13C NMR, 101 MHz, CDCl; for N-(4-aminophenyl)-2,2,2-trifluoroacetamide.
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Figure 6.5. 1°F NMR, 376 MHz, CDCl; for N-(4-aminophenyl)-2,2,2-trifluoroacetamide.
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6.2.4.2 Chemical attachment of aniline to carbon fiber

Functionalization of unsized carbon fiber with N-(4-aminophenyl)-2,2,2-trifluoroacetamide is
done following the approach in the literature [92] and shown in Fig 6.6. Initially, solution of
ortho-dichlorobenzene (20 mL), acetonitrile (10 mL) and N-(4-aminophenyl)-2,2,2-
trifluoroacetamide (104 mg, 0.5 mmol) is degassed in a 250 mL round bottom flask in inert
nitrogen gas for 1 hour. Then, unsized carbon fiber (233 mg) is submerged in the solution,
followed by addition of tert-butyl nitrile (111 pL, 0.93 mmol) and heated at 50 °C by placing
reaction vessel in an oil bath. The reaction is carried out for 24 hours with a reflux condenser
under nitrogen atmosphere. After that, solution is decanted and resuspended followed by manual
agitation in chloroform until solution becomes clear. Then carbon fibers are placed in a buchner
funnel and rinsed with equal proportions of dichloromethane, ethanol and acetone (200 mL)
under vacuum filtration which is followed by drying under reduced pressure for 24 hours to yield
aniline-flourine tag functionalized carbon fibers. Boc group is removed from aniline-flourine tag
functionalized carbon fiber using acidic wash to give free amine so that it can react with epoxy

molecules named as aniline-carbon fiber.

@)

—— @)
HNJ\CF3 +)<O\N"O (Carbon fiber) o HNJ\CF3
1,2-dichlorobenzene:MeCN
4,(2eq.) (2:1), (30 mL) | I
NH, 50 °C, 24 h
3(1eq) 5
NH,
HCI, dioxane
NaOH, rt, 16 h
6

Figure 6.6. Scheme to prepare aniline functionalized carbon fiber.

6.2.5 Composite preparation

Individual fiber filaments are carefully extracted from a fiber tow (see, Fig. 6.7(a)) and attached
to a hollow rectangular frame (see, Fig. 6.7(b)). Neat epoxy (Ep) is prepared by mixing of epoxy
resin and hardener solutions in a 100:24 ratio by wt. Then a drop of the matrix is poured over the

fiber filament, and as soon as the drop makes contact with the fiber it disintegrates into multiple
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micro-sized droplets as shown in Fig. 6.7(c). The single fiber/epoxy composite samples are cured
under vacuum oven at 80 °C for 6 hours, followed by 120 °C for 2 hours and 160 °C for 6 hours
respectively. 1wt% CNT in the epoxy is chosen to make CNT modified epoxy (CNT/Ep) as it
gives enhanced electrical conductivity with improved fracture toughness, and keeping the
minimum viscosity observed in chapter 5. 1 wt% are dispersed into epoxy resin and hardener in
equal proportion of (100:24) using an ultrasonic probe sonicator (750 W, 20 kHz, probe tip
13mm, Cole-Parmer, USA) at 50% amplitude for 120 min. The maximum temperature of CNT
modified Ep resin and hardener during sonication is kept at less than 70 °C [155]. After
sonication, the CNT dispersed resin and hardener solutions are uniformly mixed in a 100:24 ratio
by wt. and stirred with a glass rod. Then a drop of matrix (CNT/Ep) is poured over a fiber filament
followed the same procedure as done for fiber/epoxy composite. In this way, various
combinations of (unfunctionalized and functionalized) carbon fiber and (Ep and CNT/Ep) matrix

are prepared.

(a)

Fiber tow

Figure 6.7. (a) Fiber tow. (b) Individual fiber filaments on a rectangular frame. (c) Multiple

micro-sized droplets on a single carbon fiber.

6.2.6 Microbond test

Fig. 6.8(a) illustrates the experimental set-up consisting of a single carbon fiber held in a grip.
Microdroplets of matrix on carbon fiber is visible in the zoomed view (see, Fig. 6.8(b)) of Fig.
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6.8(a). A Dino-Lite optical camera is installed for live recording of the test. To evaluate the IFSS
of the fiber/matrix interface in each sample, microbond tests are performed on a universal testing
machine (Shimadzu, Japan) at a crosshead speed of 0.005 mm/min. Microdroplet get stuck in the
vice edge and fiber is pulled until fiber/epoxy interface fails. From the recorded load versus
displacement data, the maximum debond force (Fmax) iS extracted and plotted as a function of the
embedded length |l of the microdroplet. A linear curve is fitted to the experimental data points
and the slope of the fit is calculated to find the IFSS as per Eq. [55],

Fnax 6.1

TIFss = _n dl
e

where, Fiax 1S the maximum force obtained during the microbond test, d is the diameter of carbon

fiber (7 um), and /. is the embedded length of the microdroplet.

—
4

Embedded
Length (l.)

3

Figure 6.8. (a) Experimental setup of the microbond test. (b) Optical image of microdroplets

present on a single carbon fiber filament.
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6.3 Results and discussion

6.3.1 XPS analysis of functionalized fiber

To decide whether carbon fibers are functionalized or not functionalized, XPS is performed
systematically on as received carbon fibers, unsized carbon fibers, functionalized aniline-fluorine
tag carbon fiber and aniline-carbon fiber. Figure 6.9 shows XPS spectrum for all the samples.
Figure 6.9(a) shows C1s spectrum, two peaks are obtained for as received carbon fibers at 284.6
eV and 285.9 eV corresponds to C=C (sp? graphitic structure) and C-O bonds [78,150]. As
received carbon fiber have similar elemental composition as unsized carbon fiber and consists of
carbon, oxygen, and nitrogen element in Fig 6.9(b) and (c). Therefore, an element fluorine atom
is chosen to help us in identifying the attachment of functional group to carbon fiber. It also
provide free amine after acidic washing to form covalent bond with epoxy molecules. Figure
6.9(d) shows peak corresponds to aniline-flourine tag carbon fiber which is absent in rest of fibers
and confirms the attachment of aniline-flourine tag to carbon fiber. To make aniline reaction with
epoxy molecules, aniline-fluorine tag carbon fiber is washed in acidic medium to release free
amine named as aniline-carbon fiber. No fluorine peak is observed in Fig. 6.9(d) after this step.
Once, it is understood that aniline is attached to the carbon fiber. It is necessary to quantify the

numbers of aniline that are attached with carbon fiber.
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Figure 6.9. XPS spectrum obtained for all samples (a) C1s, (b) N1s, (c) Ol1s and (d) F1s.

Table 6.1 shows atomic % concentrations obtained for samples. Once as received carbon fiber is
heated to get unsized carbon fiber. It is observed that the heating of fibers under inert gas reduces
the oxygen concentrations and increases nitrogen as well as carbon content. Functionalized
aniline-fluorine tag carbon fiber shows presence of 1.1% of atomic concentrations of fluorine.
Atomic concentration also increases by 1.35% and 2.03% for oxygen and nitrogen for unsized
carbon fiber. Acidic washing of aniline-flourine tag carbon fiber give aniline-carbon fiber.
Nitrogen content for both aniline-flourine tag carbon fiber and aniline-carbon fiber are similar.

The increase in oxygen elemental composition suggest some oxidation reaction in fiber.
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Tabel 6.1. Atomic % concentrations detected by XPS survey for all types of carbon fibers.

S. no. | System Cls N1s Ols Fls
1 As received carbon fiber 80.49 1.22 18.29 NA
2 Unsized carbon fiber 87.73 3.36 8.9 NA
3 Aniline-flourine tag carbon fiber 83.25 5.39 10.25 1.10
4 | Aniline-carbon fiber 78.27 5.22 16.51 NA

In MD simulations, degree of functionalization (f) is defined as the ratio of number of carbon
atoms that are attached to a functional group to the total number of carbon atoms present in a
graphene sheet [140]. However, Atomic concentrations obtained from XPS can have atomic
concentrations up to depth of 10 nm. Consider interlayer distance of graphene 3.35 A gives
equivalent data of ~ 30 graphene. Normalized atomic ratio in Table 6.2 obtained for aniline-
flourine tag carbon fiber equivalent to 1.3% f are underestimated compared to the MD

simulations.

Tabel 6.2. XPS normalized atomic ratio obtained for aniline-fluorine tag carbon fiber.

Element | Normalized Atomic ratio
C 1
N .065
O 123
F .013

6.3.2 Effect of functionalization and CNT/Ep on the IFSS of carbon fiber/epoxy composites

The mechanical properties of CFRPs are influenced by the interfacial adhesion of fiber-matrix
interface. The higher interfacial adhesion of composites signifies better stress transfer from
matrix to reinforcing filler that makes optimal use of reinforcement in composites. From the
linear fits in Fig. 6.10(al-a2), the IFSS is calculated and presented in Fig. 6.10(b1-b2).
Functionalization of carbon fiber with anilines shows IFSS of 37.6 MPa which is 149% higher

as compared to unfunctionalized unsized carbon fiber. This suggests better adhesion between
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carbon fiber and epoxy which is evident by the presence of chunks of polymer on debonded
aniline-carbon fiber/Ep composite (see Fig. 6.11(b)) as compared to the clean fiber observed in
unsized carbon fiber/Ep composite (see Fig. 6.11(a)). Comparing Table 6.3 and 6.4, direct
comparison of findings obtained in the experiments and MD simulations seems unfair due to
constraint on pull-out velocity but trends in results can be compared. Similar improvement is
observed in MD simulations for 1% f aniline-carbon fiber/Ep composite. Unsized carbon
fiber/CNT/Ep shows the improvement in IFSS by 58% as compared to unsized carbon fiber/Ep
composite. This suggests better interfacial adhesion as observed in Fig. 6.11(c). Moreover,
aniline-carbon fiber/CNT/Ep shows the maximum improvement in the IFSS by 227% as
compared to unsized carbon fiber/Ep composite. FESEM micrographs shows a large chunk of
matrix in case of debonded aniline-carbon fiber/CNT/Ep composite (see Fig. 6.11(d)). This
suggests that harnessing the synergetic effects of aniline-carbon fiber and CNT modified epoxy
are beneficial to increase the IFSS. Thus, it is expected to provide multifunctionality with
improving interfacial thermal conductivity of carbon fiber/epoxy interfaces along with better

electrical, mechanical properties of CNT/Ep over the conventional carbon fiber/Ep composites.
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Figure 6.10. Maximum debond force (Fmax) with respect to the embedded length (le) of
microdroplets for (al) unsized and aniline-carbon fiber/Ep and (a2) unsized and aniline-carbon
fiber/CNTEp composite. IFSS obtained for unsized and aniline-carbon fiber with (b1) Ep and
(b2) CNT/Ep. The markers correspond to the experimental results, while the lines represent linear

fits to the experimental data (al — a2).

Table 6.3. Experimental IFSS obtained for composites.

IFSS (MPa)

Composite type % change
P P Ep CNT/Ep J
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Unsized carbon fiber 151+1.7 239+17 58%
Aniline-carbon fiber 37.6+3.3 49.1+6.1 30%
% change 149% 105%

Table 6.4. MD results predicted IFSS obtained for composites.

MD system 1% f 5% f 10% f
IFSS (MPa) IFSS (MPa) IFSS (MPa)
Unsized carbon fiber/Ep 54.8 54.8 54.8

Aniline-carbon fiber/Ep | 141.5 (158.2%) 485.2 (785.4%) 652.3 (1090.3%)
(% change)

Unsized carbon fiber Aniline-carbon fiber

Chunks of matrix

P

Wy #» 3 A YA
‘ Chtin1§§of matrix

4

Figure 6.11. FESEM micrograph of: (a) unsized carbon fiber/Ep, (b) aniline-carbon fiber/Ep, (c)
unsized carbon fiber/CNT/Ep, (a) aniline-carbon fiber/CNT/Ep deboned samples.
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6.4 Conclusion

Synergetic effects of carbon fiber functionalization and CNT modified epoxy on the interfacial
shear strength (IFSS) of carbon fiber/epoxy composites is explored. Single fiber/matrix
composites of various combination of fiber (unfunctionalized and functionalized) and matrix
(neat epoxy and CNT modified Epoxy) are prepared. Firstly, aniline-carbon fiber is synthesized
and attachment of aniline to carbon fiber is confirmed by NMR and XPS. Microbond test is
performed to evaluate the IFSS of various type of composites. Aniline-carbon fiber/Ep shows the
improvement in IFSS by 149% as compared to unsized carbon fiber/Ep closer to MD predictions
for 1% f aniline-carbon fiber/Ep system. Large chunks of polymer on debonded aniline-carbon
fiber/Ep suggest better adhesion between functionalized carbon fiber and epoxy. Moreover, the
aniline-carbon fiber/CNT/Ep shows the maximum improvement in the IFSS by 227% as
compared to unsized carbon fiber/Ep among all combinations. This suggests harnessing
synergetic effects of aniline-carbon fiber and CNT modified epoxy is suitable engineering
strategy that can be adopted to induce multifunctionality over conventional carbon fiber/epoxy

composites.
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Chapter 7: Conclusions and future scope

7.1 Summary of the work

The present study aims to identify suitable strategies to optimally functionalize the carbon

fiber/epoxy interface. Molecular dynamics (MD) simulations are performed to optimize the type

and number of functional groups to modulate the interfacial thermal conductivity and interfacial

interactions of carbon fiber/epoxy interfaces. An experimental investigation is carried out to

optimize the loading of carbon nanotubes (CNTS) in epoxy to improve the electrical and

mechanical properties of CNT modified epoxy (CNT/Ep) nanocomposites. The synergetic effects

of carbon fiber functionalization and optimized CNT/Ep is explored experimentally. The salient

features of this thesis are described below.

MD simulations predict that when carbon fiber is functionalized with different types of
small (amine and carboxylic) and large (aniline, single-chain para-amine surface grafted
molecules (SGM), and double-chain meta-amine SGM) functional groups, larger
functional groups are more effective as compared to small ones to increase interfacial
thermal conductivity of carbon fiber/epoxy composites. It is observed that large
molecules exhibit more vigorous fluctuations in their end-to-end distances.

MD microbond simulations suggest the improvement in interfacial shear strength (IFSS)
is relatively higher for larger functional groups as compared to small ones. IFSS seems
to saturate at a 5% degree of functionalization (f) possibly due to saturation of interactions
between functional groups and epoxy molecules. Interfacial failure mechanism at
functionalized carbon fiber/epoxy strongly depends on the type of functional groups.

It is concluded that 1 wt% CNT is the optimum loading in epoxy to enhance electrical
conductivity with improved fracture toughness, keeping the viscosity at its minimum,
An experimental study using microbond test shows that aniline-carbon fiber//Ep can
enhance the IFSS by 149% as compared to unfunctionalized carbon fiber/Ep found to be
closer to MD IFSS results for 1% f aniline-carbon fiber/epoxy MD system. Moreover, the
synergetic effects of carbon fiber functionalization and CNT modified Ep show the
maximum improvement in IFSS of 227% as compared to unfunctionalized carbon
fiber/Ep.

In summary, it can be concluded that the interfacial properties of carbon fiber/epoxy composites

strongly depend on the type of functional groups, and do not increase much once 5% f is reached.
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Harnessing the synergetic effects of carbon fiber functionalization and CNT modified epoxy can
be an effective strategy to induce multifunctionality in conventional carbon fiber/epoxy

composites.

7.2 Future scope

1. Thermal conductivity tests on aniline-carbon fiber/epoxy laminates to verify how the
improvement in interfacial thermal conductivity predicted from MD simulations manifest
at the bulk level.

2. To study the thermal, electrical, and mechanical properties of aniline-carbon fiber/CNT
modified epoxy laminate and compare it with conventional carbon fiber/epoxy
composite.

3. Composites are exposed to outdoor conditions during their service life, effects of
environmental outdoor conditions should be studied on fabricated composites.

4. Different interfacial failure mechanisms associated with the type of functional groups
observed in MD microbond simulations should be implemented through a broad range of

functional groups using machine learning to identify the more suitable functional groups.
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