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Abstract

Multiwalled carbon nanotubes (MWCNTSs) were purified to ultra high purity levels (99.9%) by high
temperature (2600°C) heat treatment method. It was observed that, the structural perfection of
MWCNTSs increased besides improvement in their purity. Based on the TGA, XRD, TEM and
Raman spectroscopy studies mechanisms are proposed for the observed structural changes to
MWCNTSs. These mechanisms says that, during high temperature treatment, the innermost walls of
the MWCNTSs collapse due to thermal stresses. However, it was observed that, as long as some traces
of the metallic impurities are present, they suppress the collapse of the internal walls. Once the
metallic impurities are removed, structural distortion of MWCNTSs takes place. It was observed that
heat treatment for 60 mins is optimum to obtain highly pure and structurally perfect MWCNTSs.
These purified MWCNTSs were subsequently amino functionalised. FT-IR and XPS methods were
used to ascertain the functional groups present on the MWCNTSs. These functionalised MWCNTSs
were used to reinforce carbon fiber reinforced plastics (CFRPs). Two kinds of CFRPs were studied

in the present work, namely

i) Carbon fiber reinforced epoxy (C-epoxy) composites,
ii) Carbon fiber reinforced phenolic (C-Ph ) composites.

C-epoxy composites were studied for their mechanical properties when reinforced with carbon
nanotubes and nanofibers. C-Ph composites were studied for thermal and ablative properties when
reinforced with carbon nanotubes and zirconia. For the C-epoxy based CFRPs, studies were carried
out on how MWCNTSs influence the crosslink density and toughness of the epoxy matrix. It was
observed that, toughness improvement to epoxy due to addition of A-MWCNTSs is primarily due to
the improved crosslink density of the matrix due to of amino groups present on MWCNTSs. It was
observed that upto certain critical crosslink density, toughness of the matrix increases and beyond
this matrix embrittlement was observed. Based on the toughness changes observed with the amino
functionalised MWCNTs (A--MWCNTS) addition to epoxy, new mechanisms are proposed on the
mechanical property improvements for C-epoxy reinforced with A--xMWCNTS. These mechanisms
emphasize the role of MWCNTSs in toughening the fiber - matrix interface as the primary reason in
improving the mechanical properties of C-epoxy composites. It was observed that, beyond a certain

critical loading of A--MWCNTSs, they embrittle the interface of the composites and decreases the

Vil



mechanical properties. A--CNF reinforced C-epoxy composites were also made with different fiber
volume fractions and tested for their mechanical properties. Typical results highlighted that, As-
CNFs can increase the mechanical properties of the CFRPs, especially at lower fiber volume
fraction, probably due to more matrix content. Fiber - matrix interface zones and matrix rich zones
are the weakest zones in the composites. Hence, during the mechanical loads, cracks may initiate
preferentially at interface and propagate in a facile manner along the interface thereby leading to a
premature failure of the composites. When As-CNFs are present, they strengthen the matrix pockets
present along the interface zones. Hence, crack can not easily propagate along the interface. This
makes the cracks to propagate through the thickness of the composite, which involves rupturing the
fibrous reinforcements which consumes more energy. However, as the fiber volume fraction of the
CFRPs increases, there is lesser matrix present in the CFRPs and hence A{CNFs lose their
significance as reinforcements. On the other hand, studies on the mechanical, thermal properties of
A+-MWCNTS reinforced C-phenolic composites have shown that A-MWCNTSs increases the inter
laminar shear strength (ILSS) of C-Ph composites besides increasing the thermal conductivity. As
increase in the thermal conductivity is not intended for this class of composites, experiments were
carried out to reduce the thermal conductivity of these composites by using zirconia as an additive
(Zr-C-Ph). Zirconia introduction to CFRPs was carried out through sol-gel method. It was observed
that, when carbon fabrics were coated with zirconia, the thermal conductivity of the resultant
composite (Zr-C-Ph) decreased significantly due to insulating properties of zirconia. A functionally
graded C-Phenolic composite (FG-C-Ph) was made by a varying the composition of C-Ph composite
across its thickness which involves introducing MWCNTSs upto certain thickness followed by
zirconia in the remaining thickness. Thermal and ablative properties of the prepared C-Ph
composites were studied and ablation mechanisms of the C-Ph composites in presence of As-
MWCNTSs and zirconia were proposed.
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Nomenclature

Abbreviation/Symbol Description

A-MWCNTSs Amino functionalised MWCNTSs

ASTM American society for testing and materials
CFRPs Carbon fiber reinforced plastics

CNFs Carbon nanofibers

CNTs Carbon nanotubes

CVvD Chemical vapour deposition

cP Centi Poise

C-epoxy Carbon fiber reinforced epoxy composite
C-Ph Carbon fiber reinforced phenolic composite
DSC Differential scanning calorimeter

FT-IR Fourier transform infrared spectroscopy
FG-C-Ph Functionally graded C-Ph composite
FWHM Full width half maximum

GPa Gega Pascal

glcc grams per cubic centimeter

ILSS Interlaminar shear strength

Kic Plane strain fracture toughness

MW/m? Megawatt per square meter

MPa Mega Pascal

MWCNTSs Multiwalled carbon nanotubes

mwW Milliwatts

nm Nanometers

p-MWCNTSs Purified MWCNTSs

SWCNTs Singlewalled carbon nanotubes

SEM Scanning electron microscope

TEM Transmission electron microscope

TGA Thermo gravimetric analysis
iX



Abbreviation/Symbol

ubD
2D
Vs
Wit%
XPS
XRF
XRD
pm
AH

Description

Uni directional

Bi directional

Fiber volume fraction

Weight percentage

X-ray photo electron spectroscopy
X-ray fluorescence spectroscopy
X-ray diffraction

Micrometres

Enthalpy change

Stress

Density

Bragg angle
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Introduction and Literature Review

This chapter introduces various forms of composites in general and CFRPs in particular. Brief
overview of carbon nanotubes (CNTs) and carbon nanofibers (CNFs) along with the challenges in
tapping their potential as reinforcements in CFRPs is included in this chapter. Significance of
structural grade CFRPs (Carbon-epoxy composites) and the ablative grade CFRPs (Carbon-phenolic
composites) are highlighted. Research trends in the CNT/CNF reinforced structural grade CFRPs as
well as ablative grade CFRPs are summarized from the published literature. Chapter identifies the

gaps in the reported literature which forms the basis for the present research.

1. Introduction: Composite is a multiphase material made up of a continuous phase called as the
matrix and discontinuous phase called as the reinforcement. Composites generally exhibit significant
proportion of properties of both the constituent phases. Among various types of composites,
continuous carbon fiber reinforced plastics (CFRPSs) are preferred for aerospace applications where
high specific strength is required. These CFRPs having high specific strength are generally called as
structural grade CFRPs. All structural grade CFRPs are invariably made with epoxy matrix system.
This is because epoxy matrix shows excellent environmental stability, moisture resistance, durability
besides its cost effectiveness. Hence, all the grades of carbon fibers that are commercially available
are made to be compatible with the epoxy matrix. With increasing availability of carbon fibers;
epoxy based CFRPs i.e. carbon fiber reinforced epoxy (C-epoxy) composites are finding increasing
number applications in the aerospace, and automotive industries to replace conventional materials
like metals. Though C-epoxy composites have got high specific strength as compared to the other
conventional materials like metals, there is further scope to improve their specific strength. This is
because, their true mechanical properties are lower than the theoretically predicted mechanical

properties.

The main reason for lower mechanical properties for CFRPs as compared to the theoretically
predicted values is due to weak interface between the fiber and matrix, which leads to premature
failure. Interface strengthening is expected to give significant improvement in mechanical properties
of CFRPs. Especially, matrix dominated properties like inter laminar shear strength and flexural
strengths should increase significantly, while the fiber dominated properties like tensile strength also
should improve considerably. This could result in overall improvement in the specific strength of

CFRPs. There have been attempts to achieve this goal by incorporating nanomoities, such as
2




nanoclay, graphite nanoparticles, carbon nanotubes (CNTs) and carbon nanofibers (CNFs) [1-5].
Among all these, CNTs and CNFs have emerged as the attractive reinforcing materials for CFRPs
due to their superior mechanical properties and high aspect ratio, which suits for composite
applications.

On the other hand, most of the aerospace grade structures are exposed to high temperatures generated
due to friction with the atmosphere and also due to the high temperature and high velocity gases
coming from the exhaust of the motors/engines. CFRPs used under such environments should have
high temperature stability, low thermal conductivity (to protect the sub-systems that are behind the
CFRPs) and also high shear strength (to withstand, high aerodynamic shear loads of the
environment). This class of CFRPs are called as ablative composites which are generally made with
the phenolic resin system. The reason to choose the phenolic resin system for this purpose is that
phenolic resin is a high char yielding system, which can undergo endothermic pyrolysis at high
temperatures thereby offering ablative cooling and thus protect other sub-systems that lie behind it.
Any further improvement in the mechanical properties and reduction in thermal conductivity of
CFRPs that are used for ablative applications can offer a significant weight saving to the aerospace
systems. Many researchers have attempted to enhance the mechanical properties, especially shear
strength of ablative grade CFRPs by introducing CNTs/CNFs, as they are known to enhance the
shear strength by locking the fiber — matrix interface [6]. Efforts are also going on worldwide to
reduce the thermal conductivity of the ablative CFRPs by introducing ceramic powders like

nanosilica, nanoclay, zirconium diboride etc [7, 8].

Present research is aimed at understanding the role of CNTs/CNFs as additional reinforcements to
structural grade CFRPs (C-epoxy) and also the possibility of deriving the combined benefits of CNTs

and other ceramic additives to ablative grade CFRPs (C-phenolic).

1.1. Introduction to composites: A composite is a multiphase material, wherein, the constituent
phases are chemically dissimilar and separated by a distinct interface. The phase that is continuous is
called as the matrix phase. Matrix surrounds and holds together the other phase called dispersed
phase or reinforcement phase. The properties of the composite are mainly dependent on the
following aspects.

¢ Relative amounts of matrix and reinforcements phase

3



e Geometry of the reinforcements
e Interface bond strength and compatibility between the phases

e Uniform dispersion/spread of the reinforcement phase in the matrix

1.2. Classification of the composites: Composites can be classified based on the type of matrix

phase or the type/orientation of the reinforcement phase [9].

1.2.1. Classification based on the matrix: Based on the matrix phase, composites may be classified
as following

- Polymer matrix composites

- Ceramic matrix composites

- Metal matrix composites

1.2.2. Classification based on the reinforcements: Based on the reinforcement phase, composites

may be classified as following

1.2.2.1. Particle reinforced composites: Particle phase is generally harder and stiffer than matrix.
The reinforcing particles tend to restrain movement of matrix phase in the vicinity of each particle.
Generally particles, act as hindrances to propagating cracks. Particle reinforced composites are

divided in to large particle reinforced composites and dispersion strengthened composites.

1.2.2.2. Fiber reinforced composites: Most important class of composites are fiber reinforced
composites. They are generally designed for high strength and high stiffness. Various fibers that are

generally used as reinforcements in composites are listed below.

e Glass fibers : Used for low cost industrial applications
e Aramid fibers : Used in applications where high impact strength is required
e Carbon fibers : Used in applications where high specific strength is required.

In general carbon fibers are used in aerospace applications where lightweight is the
primary requirement.

Fiber reinforced composites are subdivided in to the following.



Continuous fiber reinforced composites: These composites are made by using continuous
fibers/fabrics either by filament winding or fabric layup processes. These composites are
again subdivided in to following categories.

- Filament wound composites (Uni directional fiber reinforced/UD

composites)

- Laminated composites (Layered structures / 2D composites)
Discontinuous fiber reinforced composites: Fibers used in these composites are generally
short fibers made by chopping the continuous fibers. These composites can be made either by
aligned or randomly dispersed discontinuous fibers.

In general, for most of the structural applications where high specific strengths are essential, CFRP

with either UD (filament wound structure) or 2D (laminated structures) are used.

In general, CFRPs contains two phases (matrix phase and the reinforcement phase). Advent of
nanomaterials like CNTs/CNFs offer scope for realizing multiphase composites. CNT-C-epoxy or
CNF — C-epoxy comes under category of multiphase composites. They are expected to posses much
better specific strength than conventional CFRPs. The opportunities and challenges associated with
CNT/CNF reinforcement to CFRPs and the global scenario as seen through the published literature is

discussed in the subsequent sections.

2. Literature review: The following section gives thorough literature review on the state of the art
of the CNTs/CNFs and their reinforced composites.

2.1. Introduction to carbon nanotubes (CNTSs): Elemental Carbon in SP? hybridized state can form
a variety of structures such as graphite, graphene, carbon nanotubes (CNTs), carbon nanofibers
(CNFs), fullerenes, etc. CNTs can be treated as rolled graphene sheets with ends closed with the
hemisphere of the fullerenes. The uniqueness of their structure is tubular structure having nanometer
scale diameters and large length/diameter ratios and low defect densities [10]. Two kinds of CNTs
are generally popular. They are single walled carbon nanotubes (SWCNTSs) which contain single
rolled up hexagonal graphene plane and multiwalled CNTs (MWCNTs) which consists of
concentric cylindrical layers of hexagonal graphene planes with an inter layer spacing close to
graphite (0.3348 nm). Owing to the strong carbon — carbon bond present between the carbon atoms,
CNTs are stiffer and stronger than any other known materials. SWCNTSs are reported to have ultra
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high modulus (1 — 5 TPa) and high tensile strength (200GPa) with strain to failure up to 10% [11].
Mechanical properties for MWCNTs are known to be inferior to SWCNTs due to more defect
concentration. Experimentally measured tensile modulus values for the MWCNTS are in the range of
1TPa and tensile strength is of the order of 80GPa [12]. Mechanical properties of both SWCNTSs and
MWCNTSs are much higher compared to high strength carbon fibers like T-700 grade carbon fibers
(Tensile strength 4.8 GPa and modulus 230 GPa). This makes the CNTs promising reinforcement
materials for composites. As compared to SWCNTs, MWCNTSs have emerged as the preferred
materials for reinforcing CFRPs due to cost effectiveness and ease of dispersion.

2.2. Introduction to carbon nanofibers (CNFs): In general, CNFs can be viewed as crude form of
MWCNTs with a thick pyrolitic carbon deposition on the initially formed hollow core. They are
made up of a hollow core surrounded by a cylindrical fiber comprised of graphite basal planes
stacked at about 25° from the longitudinal axis of the fiber. The inner walls of the nanofiber consists
of stacked up cup morphology formed by nested conical graphene planes canted with respect to the
longitudinal fiber axis. These interior cones are completely graphitized but oriented along off-axis of
the fiber length. Generally their diameters are in the range of 100-200 nm. They possess excellent
mechanical properties with Young’s modulus in the range of 300-1000 GPa, tensile strength up to
3.5 Gpa [13]. CNFs are also widely explored as additional reinforcements to CFRPs. The factors

which made them compete with CNTSs as additional reinforcements to CFRPs are

i) Low costand ease of availability

i)  Ease of dispersion in polymer matrices as compared to CNTs.
Generally large scale synthesis of CNTs and CNFs is carried out by chemical vapor deposition
(CVD) method. Hydrocarbon gas or vapors are used as the carbon source/precursor. Synthesis
process involves passing hydrocarbon gas or vaporizing the catalyst dissolved organic liquid in to a
high temperature chamber and cracking the precursor. The carbonaceous material that forms during
cracking, deposits on the metal catalyst surface and grow in the form of CNTs or CNFs depending on

the conditions employed in the CVD chamber [14].

CVD is the most preferred method for producing CNTs/CNFs in bulk quantities with a better control
over the purity, diameter, and length. CNTs synthesized by CVD method are more suitable as

composite reinforcements due to their longer lengths (in microns) compared to the arc discharge
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method synthesized CNTs which generally possess sub-micron lengths. However, the main
drawback of this method is that, it gives CNTs with high defect density. As a result of this the
mechanical properties of the CNTs synthesized by this method are poor [11]. Higher defect density
for CVD derived CNTSs is due to low operating temperatures of CVVD process which lies between
600°C - 1200°C depending on the precursor material used as the source for carbon. In the present
study, both MWCNTs and CNFs are explored as additional reinforcements to FRPs to understand
how MWCNTSs/CNFs contribute to the mechanical properties of CFRPs.

2.3. Purification: As synthesized CNTs/CNFs usually contain carbonaceous or metallic impurities.
Their purification is an essential issue to be addressed. Considerable progress in purification of these
materials is made. A number of purification methods like chemical oxidation, physical separation
and combination of chemical and physical techniques have been developed for obtaining
CNTs/CNFs with desired purity. Various purification methods available along with their advantages
and disadvantages are summarized by Peng — Xiang Ho etal. [15]. Chemical method of purification
of CNTs is the most widely followed method due to ease of processing and less infrastructure
requirements. This is a two step process. In the first step, raw CNTsS/CNFs are exposed to

approximately 450°C temperature in air to remove amorphous carbon by selective oxidation

Carbonaceous impurities get selectively oxidized in this step because of their high reactivity with air
as compared to CNTs which are thermally stable up to higher temperatures (up to 550°C). In the
second step, metallic impurities are selectively dissolved by refluxing in strong acids. The
disadvantage of chemical purification method is that, it imparts enhanced structural defects to CNTSs.

Hence, for effective purification of CNTSs, skillful optimization of the processes is essential.



Figure.1.1. TEM images of (a) As synthesized CNTs (b) CNTs after purification [Peng-Xiang et al.
[15]. [Reproduced with permission from Elsevier. License. No: 3492590582806 dated 19-10-2014].

To overcome the disadvantages of chemical purification methods, physical purification methods like
centrifugation, magnetic separation of metallic impurities, high temperature (up to 2600°C) treatment
method were explored by some research groups [16-18].

To study the purity of CNTs, thermo gravimetric analysis (TGA) is widely used. Raman
spectroscopy is also generally employed to understand the structural changes of CNTs due to

purification/high temperature treatments [19].

2.4. Functionalisation: Performance of the CNTs / CNFs in polymer nanocomposites depends on
the interfacial interaction of these materials with the polymer, besides their dispersion. Carbon atoms
on the CNTs walls are chemically inert and do not bond well to the polymer matrix thereby seriously
impeding the load transfer across the CNT/matrix interface. Reactive functional groups should be
generated on CNT surface (functionalisation) which can provide multiple bonding sites to the
polymer matrix. Functionalisation gives improved interfacial interaction between the nanotubes and
the matrix besides aiding in better dispersion [20, 21]. Hence, functionalisation of CNTs is essential.

Functionalisation methods can be divided in to covalent and non-covalent functionalisation methods.

2.4.1. Covalent functionalisation: It involves treating CNTs with oxidising inorganic acids like
nitric acid, sulphuric acid or ozone, reactive plasma etc-- to generate carboxylic groups on the CNT
surface [10]. These carboxylic groups can act as precursors for further chemical reactions such as
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silanation, polymer grafting, esterification, alkylation, amination etc-. For reinforcing CNTs with
epoxy matrix, amino functionalisation is to be carried out. This is because, amine functional groups
on CNTs are reported to show high reactivity and ability to incorporate directly in to the epoxy resin
system [22, 23].

The following figure shows the schematic of the amine functionalisation process for CNTSs.

JL()H ;/m(‘l JLNHRJ\'H_\

H,S04/HNO; SOCl, H NR;NH,

nu\[( e—r (‘l\m_»; H,NR, HN\H/

- 0

Fig.1.2. Schematic of amino functionalisation process for CNTs /CNFs ([J.Shen.W.Huang et al.[24]).
[Reproduced with permission from Elsevier. License. No: 3490121317822 dated 15-10-2014].

The negative side of the covalent functionalisation is that, it often induces the defects in the CNT

structure, thereby lowering its mechanical strength.

2.4.2. Non covalent functionalisation: This involves wrapping of polymer around the CNTs to
form super molecular complexes of CNTs through van der Waals interaction and © —n stacking
between the CNTs and polymer chains containing aromatic rings. The advantage of this method is
that, it do not damage the CNT walls [25]. However, this method can not ensure strong bonding
between the CNT surface to the matrix. Hence this method is not popular in composite applications.

Peng — Cheng Ma et al. summarized various functionalisation processes for CNTs [26]. Priya et al.

reported systematic studies on the functionalisation process of CNFs [27].

2.5. Dispersion in resin system: CNTs and CNFs tend to agglomerate in polymer matrices. This is
due to cumulative effect of their large surface area, Van der Waals forces of interactions and their
incompatibility with polar matrices (in pristine/non-functionalised state). However, to realize the full
potential of these additives as the reinforcements, a stable and homogeneous dispersion in the
polymer matrix is desirable [28]. Different dispersion methods reported in the literature are

summarized below.

2.5.1: Sonication: In this method, a pulsed ultrasound exfoliates the agglomerated CNTs and

disperses them in the matrix effectively [29,30]. For better sonic efficiency, it is recommended to



reduce the viscosity of the polymer resin systems with solvent like acetone, and then add
CNTs/CNFs instead of adding them directly in to the resin systems [31]. Drawback of sonication
method is that, it is suitable for small batches only. Moreover there is possibility of rupture of CNTs
due to the local energy input leading to a reduction of the effective length of CNTSs.

2.5.2. Shear mixing/ calendaring: In this method, CNTs/CNFs are dispersed by shear stresses
generated by the adjacent cylinders which are rotating at different velocities. Advantage of this
method is that it gives uniform shear to the entire volume of the material because the mixture (resin
mixed with CNTs/CNFs) must pass through the gap between the rotating cylinders. It is cost
effective and suitable for large batches [32]. However, dispersion efficiency is less due to minimum

gap that is to be maintained between the rotating cylinders.

2.5.3. Deagglomerator/ Homogenizer: This process involves forcing CNT/CNF mixed fluid to
flow at high velocities (up to 500 m/s) in microchannels in a turbulent flow conditions. High shear
generated between the agglomerates and walls of the chambers helps in dispersing CNTs/CNFs
effectively [33].

Direct evidence for good dispersion of CNTs/CNFs in polymer matrices can be obtained from the
electron  microscope (scanning electron microscope/SEM and transmission electron
microscope/TEM). SEM/TEM observation of the fractured surfaces for CNT/CNF two phase/ three
phase composite, is the most reliable and widely used technique. Indirect methods which could give
insight on dispersion of CNTs/CNFs in polymers are UV-Vis spectroscopic method [34],
Rheological methods [35] Raman spectroscopic method [36] and DSC method [37].

2.6. CNT/CNF reinforced polymer composites (CNT/CNF-CFRPs): The nanometric size and
high surface area (up to 1000 m?/g for SWCNTSs, 150m?/g for MWCNTSs, 40 m%/g for CNFs) make
these nanomaterials unique reinforcing materials that can increase the mechanical and physical
properties of polymer composites. The advantage of nanoscale compared to micro scale fillers is
their enormous surface area which can offer large interface area for stress transfer.

Many researchers have explored the possibility of using CNTs/CNFs as reinforcements in neat epoxy
(two phase nanocomposites) and CFRP (three phase nanocomposites) composites. The following
section gives the brief necessity/ significance of the study and the summary of the published

literature in this area.
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2.6.1. Two phase nanocomposites: When CNTs or CNFs are added to the epoxy resin and cured to

make a composite, it becomes a two phase nancomposite.

2.6.1.1. Significance of the study: Fabrication and testing of two phase nanocomposites gives a
thorough understanding on the various important aspects of nanocomposites which are listed below.
1) Interaction of nanomaterials with the matrix in terms of formation of chemical
bonds, retardation/acceleration of cure rate, degree of cure.
ii) Dispersion of the nanomaterials in the resin system
iii) Role of nanomaterials in deflecting/bridging the micro-cracks prior to the failure of
the composite.
Iv) Improvement of various properties of the matrix Viz. toughness, impact strength,
conductivity etc- and the related mechanisms.
A firm knowledge of the above aspects enable us to understand the role of nanomaterials as
additional reinforcements in CFRPs (three phase composites). This is because, two phase (CNT-
epoxy/CNF-epoxy) composites becomes main constituents of three phase (CNT-C-epoxy/CNF-C-
epoxy). The following section gives brief glimpse of reported literature trends in the area of two
phase nanocomposites.
2.6.1.2. State of the art in two phase nanocomposites: It is widely reported that, addition of
CNTs/CNFs to polymeric systems results in significant improvements in the mechanical properties.
For instance, 43% improvement in the fracture toughness, 35% improvement in the flexural strength
and 40% improvement in the flexural modulus were reported for CNT — epoxy systems that
employed shear mixing method [32]. Impact strength improvements up to 84%, bending strength up
to 150 % were reported in MWCNT- epoxy composites when sonication method was employed for
dispersion [38]. Impact strength improvement up to 80%, flexural strength and modulus
improvements up to 36% and 58% respectively were reported with micro fluidizer based dispersion

for CNT-epoxy systems [32].

It is also reported that CNTs show a significant reinforcement effect in soft and ductile matrices. As
the stiffness of the matrix increases, CNTs role as reinforcements will diminish due to weak
interaction between the CNTs and the matrix [39,40]. On the other hand, J.Cho et al. reported that
the length of CNTs that are used as reinforcements also has a significant effect on the final
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mechanical properties. They reported that long CNTs are able to enhance the mechanical properties
of the composites as they are better able to bridge the micro-cracks [41]. P.C.Ma et al. reported
significant improvements in the toughness of the two phase nanocomposites containing
functionalised CNTs due to their ability to deflect, bridge the cracks[42] [Fig.1.3]. However
enhancement in the fracture toughness ceases when agglomeration of the nano additives takes place
[43]. In general functionalised MWCNTS are found to increase the toughness of the matrix and thus
give rough fracture surfaces [44]. Failure analysis and modeling studies have proved that, it is the
optimal interfacial chemical bond density and the CNT length that lead to the enhancement in the
fracture toughness CNTs/CNFs beyond 20-30 micron lengths will self fold and cluster thereby
making dispersion difficult[45]. This leads to a reduction in toughness and other mechanical

properties.

Most of the published literature in the area of two phase composites (CNT-epoxy) has focused on
achieving uniform dispersion of CNTs in epoxy and to understand the mechanisms of strength
improvement due to CNTs. These mechanisms primarily revolve around crack deflection/bridging/
load bearing role of CNTs in improving the mechanical properties.

Significant efforts were not made to understand how CNTSs influence the cure behavior of the
polymeric resin systems, as this will have a significant impact on the final properties. Curing reaction
of the polymeric resins, especially epoxy follows a two stage process [46]. In the first stage, the
crosslinking reaction is chemically controlled where in hydrogen bearing electron donor molecules
(curing agent which is generally amine based chemical) breaks the epoxy ring and sets in the reaction
with the formation of hydroxyl groups. Along with the progress of the crosslinking reaction, the
viscosity of the system increases. When the viscosity reaches to a critical value, curing reaction
becomes diffusion controlled, which is considered as the second stage of curing reaction [46].
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Figure.1.3. Showing CNTs-Epoxy two phase with rough fracture surface indicating crack deflection
by CNTs (After Peng-Cheng Ma et al. [42].). [Reproduced with permission from Elsevier. License.
No: 3490120713964 dated 15-10-2014].

CNTs attached to matrix with extra holes
C-filaments C-filaments due to CNT pull out

Figure. 1.4. Showing CNTs anchoring effect to the matrix in three phase composites (After K.H.
Hung et al.[51]). [Reproduced with permission from Elsevier. License. No: 3490130325332 dated
15-10-2014].

Presence of CNTs increases the viscosity, and makes the mobility of the polymer chains difficult as
compared to the resin systems cured without CNTs. Thus resin system having CNTs enters to the

diffusion control stage early. This brings down the overall degree of curing. However, the curing
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reaction becomes complex when the CNTSs are functionalised and contain reactive functional groups
which can react with the polymer matrix in which they are dispersed. For instance, if the
CNTSs/CNFs are functionalised with amino groups they can participate in the crosslinking reactions
with epoxy resin [24]. In general, presence of amino groups on CNT/CNF surfaces ensures the
initiation of crosslinking during the early stage of the reaction due to the availability of more number
of epoxy groups. Besides this, when the reaction reaches the diffusion controlled stage, the amino
groups offer more crosslinking sites to the diffusing epoxy species, thereby increasing overall degree
of cure of the epoxy. This aspect is not studied thoroughly by any research group.

2.6.2. Three phase nanocomposites: CFRPs having additional reinforcements like CNTs/CNFs
along with the conventional reinforcements like carbon fibers are referred as three phase composites.

2.6.2.1. Significance of the study: In general, CFRPs are used to make structural subsystems of
aerospace vehicles. The main purpose of these structures is to bear the load. Any improvement in the
mechanical properties of CFRPs can result in a significant weight saving for aerospace systems. In
CFRPs, among various possible matrix systems, epoxy matrix reinforced with carbon fiber (C-
epoxy) is the most preferred because of its high specific strength. Hence, most of the research in the
area of CNT-CFRPs is focused around improving the mechanical properties of C-epoxy by using
CNTSs/CNFs, as additional reinforcements. On the other hand, CFRPs, made with phenolic matrix
reinforced with carbon fiber (C-phenolic) are used for protecting the aerospace vehicles from high
temperatures generated due to friction of high velocity vehicle with the atmosphere and/or due to
high temperature generated from the motor/engine exhausts. These composites (C-phenolic) are
known as ablative composites. Significant efforts were made by many groups to understand the
suitability of CNT/CNF reinforced C-phenolic three phase composites for ablative applications.
Following sections presents the international scenario in the area of CNT/CNF reinforced CFRPs

with a focus on structural and ablative applications.

2.6.2.2. State of the art in three phase nanocomposites (CNT/CNF-CFRPs): In CFRPs, weakest

zone is the interface zone between carbon fiber and matrix. Micro cracks that get initiated at the

fiber-matrix interface propagate easily which leads to delamination and premature failure of CFRPs.

Improvement the interfacial bond strength is expected to boost the mechanical properties of CFRPs.

Hence, the main aim of the research in this area is to understand how the CNTs/CNFs can strengthen
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the fiber — matrix interface area [47-50]. It is reported that, introduction of CNTs/CNFs in the CFRPs
results in strengthened fiber-matrix interface as these nanomaterials occupy the interface zones and
anchor the fiber to the matrix in a manner similar to what roots can do to a tree as shown in Figl.4.
[51].

Under the applied loads, when the fiber is pulled, the load can be transferred to the matrix uniformly
across the interface through the CNTs in the form of both shear and tensile forces. The off axis CNTs
which spread into matrix tend to resist pull out of C-fiber and thus offer more shear resistance across
the interface. Thus in CNT/ CNF reinforced CFRPs, pull out of the C-fiber involves simultaneous
pulling of the CNTs/CNFs which are spread in to much larger matrix area. Hence, the pulling
process consumes a higher amount of energy at the fracture zone. This results in higher mechanical
properties for CFRPs reinforced with CNTs/CNFs. Other possible reasons for improved mechanical
properties of CFRPs due to CNT addition includes the ability of CNTs to offer retardation effect on
matrix micro-cracks by bridging the cracks [51]. Some reports even suggested that CNTs can take

the load and thus enhance the mechanical properties [52].

Due to cumulative effect of the above mechanisms, significant improvement in the mechanical
properties of CFRPs due to CNTs was observed. For instance, F.H.Gojny et al. reported flexural
strength and ILSS improvements up to ~26% for CNT reinforced FRPs processed by vacuum
assisted resin infusion molding (VARIM) at 1wt% loading of CNTs [53]. Zhianhang et al. reported
20-25% improvement in the matrix dominated properties for glass fiber reinforced polymers (GFRP)
with nanotube reinforcements [54]. These GFRPs were processed by vacuum assisted resin transfer
molding (RTM).M.Nadler et al. emphasized that higher loading of nanofillers may be essential for
nanocomposites to exceed the mechanical properties of the existing composites [23]. However,
achieving better dispersion at higher nanofiller loading may be complicated. Moreover, increased

resin viscosity at higher loadings may also complicate the processing of the epoxy resin [55].

On the other hand, CNF reinforcements to C-epoxy composites also resulted in a similar degree of
improvement in mechanical properties. For instance, Sohel Rana et al. reported 18% improvement in
the tensile strength for the 2D C-epoxy composites with the addition of 0.5wt%CNFs, while the
compressive strength and toughness also improved significantly [56]. Flexural strength improvement
for CFRPs up to 22% was reported by Zhou et al., while ILSS improvements of the same degree
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were reported many research groups [57]. Kieth.J.Green et al., reported flexural strength
improvement up to 16% and ILSS improvement up to 25% with 1wt% addition of functionalised
CNF to FRPs made of epoxy matrix [58]. Mechanisms for the improved mechanical properties due
to addition of CNFs to CFRPs are same as reported for CNT - CFRPs. In essence, the improvements
are due to strengthened matrix and improved fiber-matrix interfacial strength. As the degree of
improvements in mechanical properties to CFRPs due to either CNTs or CNFs is more or less of
same degree, the later were also widely explored as additional reinforcements to CFRPs. Moreover,
lower cost, ease of dispersion in polymer matrices made CNFs more attractive than CNTs. Hence, in
the present study, systematic experimental studies were carried out to understand, the role of CNFs

as reinforcements to CFRPs along with the CNT reinforcement studies to CFRPs.

2.6.2.2.1. Novel trends in three phase composites: To overcome the problem of CNT dispersion in
the resin systems, some researchers have adopted novel method of depositing CNTs on the C-fibers
by using chemical vapor deposition (CVD) method. These CNT deposited C-fibers are subsequently
used to realize composites [59]. CFRPs made of this method, have shown a multiscale fracture
behavior, where CNTs pulled out along with the fibers have left nanoscale holes indicating the
strengthening of the interface. Enrique J.Garcia et al. have transferred the aligned CNT forest on to a
epoxy C-fabric prepeg and made unidirectional carbon tape composites while maintaining the CNT
alignment in the through thickness direction [47]. Fracture toughness improvements up to 1.5 to 2.5
times was reported by them. Tomohiro Yokozeki et al. reported addition of 5wt% amine CNTSs to
epoxy resin and made carbon - prepegs with this resin. They reported improvement in stiffness for
the composites made with these prepregs [48]. Large variations in the reported mechanical property
enhancements can be attributed to the variations in the quality of raw materials, functionalisation,
and dispersion methods etc. Design methods used for conventional CFRPs based on the rule of
mixtures are not suitable for nanocomposites. Hence new design methods are proposed for

nanocomposites [60].

2.6.2.3. State of the art in Carbon-Phenolic three phase composites: The following sections gives

a brief overview on the state of the art in this area.

2.6.2.3.1. Two phase CNT/CNF-phenolic composites: Yeh et al. mixed MWCNTSs to the phenolic
matrix by using sonicator. Various weight percentages (wt %) of MWCNTSs (from 0.5wt% to 4.0wt
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%) were added to phenolic matrix and made two phase composites. They reported up to 64%
improvement in the tensile modulus and 46% improvement in the tensile strength at 2wt% loading of
MWCNTs for two phase MWCNT-phenolic composites [61]. R.D.Patton et al. evaluated the
ablation, mechanical and thermal properties of the CNF reinforced phenolic composites [62]. In the
ablation testing, it was observed that, CNF-phenolic two phase composites have shown good erosion
resistance. In general, thermal conductivity of the both CNT/CNF-phenolic (two — phase) are
observed to increase as compared to the corresponding blank composites [63].

2.6.2.3.2. Three phase CNT/CNF-phenolic composites: R.B.Mathur et al. have deposited up to
8wt% of MWCNTSs on the carbon cloth and used this CNT deposited cloth to reinforce phenolic
matrix to realize CNT-C-Phenolic CFRPs. They reported 75% improvement in the flexural strength
and 54% improvement in the flexural modulus of the C-Phenolic composites due introduction of
CNTs [64]. The reason for such high magnitude of improvement in the flexural strength is attributed
to strengthening of the cross over points (crossing points of warp and weft tows) by CNTs. J.M.Park
et al. studied optimizing CNT dispersion conditions in phenolic resin and improved adhesion
between the carbon fibers and the CNT-Phenolic resin by treating the carbon fiber surfaces with
plasma treatment. They reported increased ILSS for CNT-C-phenolics made with plasma treated
carbon fibers [6]. CNTs are also reported to facilitate better stress transfer between the phenolic
matrix to the carbon fiber [65].

However, in general, CNT/CNF addition to CFRPs results in enhanced thermal conductivity which
may result in enhanced back face temperature of ablative grade CFRPs. This restricts the thermal
insulation ability of ablative grade CFRPs [66]. Besides CNTs/CNFs, other nanomaterials like
nanosilica, nanoclay were also extensively studied as additive to the C-Phenolic composites [67,68].
The main aim of opting for ceramic additives is lowering the thermal conductivity of the C-phenolic
composites. However, ceramic additives are known to bring down the mechanical properties like

ILSS, flexural strength of C-phenolic composites.

2.7. Gaps identified in the literature
)] Systematic studies on how does crosslink density of the epoxy will be effected by CNTs and
in turn how this property is altering the toughness of two phase and mechanical properties of three

phase nanocomposites is not explored.
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i) No studies are reported so far, on how does matrix volume fraction and fiber volume
fractions in the three phase composites influence the reinforcement role of CNFs.

i) No studies are reported so far, on how to exploit the combined benefits of the CNTs addition
as well as the ceramic materials addition to CFRPs in realizing CFRPs with high mechanical
properties as well as low thermal conductivity.

2.8. Aims of this work: Based on the literature survey following objectives are identified which are
addressed in the present work.

1) Understanding how MWCNTSs influence the toughness of epoxy matrix and to study the
relation between the mechanical property improvements of MWCNT-CFRPs (C-epoxy) with the
toughness of MWCNTS —epoxy.

i) Understanding how strengthening mechanisms of carbon nanofiber in CFRPs changes as the
fiber volume fraction of the CFRP changes

iii) To understand how MWCNTSs affects the inter laminar shear strength, flexural strength
thermal conductivity, ablation performance of CFRPs. CNTs addition to CFRPs invariably increases
the thermal conductivity. Hence, it is aimed to reduce the thermal conductivity of CFRPs by
employing ceramic additives like zirconia.

To study the above aspects, availability of high pure MWCNTS are essential. Hence, purification of
MWCNTSs up to ultra high purity (99.99%) levels by high temperature heat treatment method and
studying the structural changes to MWCNTSs during high temperature heat treatment is included as

part of the study.

2.9: Outline of the thesis: This section gives brief outline of the subsequent chapters. This includes

a overview of the experimental work carried out, results obtained.

Chapter Il deals with a brief overview of the principles of various characterization and testing
methods used in the present work. Various characterization methods like Scanning Electron
Microscope (SEM), Transmission Electron Microscope (TEM), Raman spectroscopy, Thermo
Gravimetric Analysis (TGA), Differential Scanning Calorimeter (DSC), Fourier Transform Infrared
Spectroscopy (FT-IR), X-ray Photo Electron Spectroscopy (XPS), X-ray Diffraction (XRD) were
summarized. After summarizing the above characterization methods various testing methods used to

test the CNT/CNF reinforced composites are summarized. The tests that were summarized are fiber
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volume fraction, fracture toughness (Kc), flexural strength, tensile strength, inter laminar shear

strength, thermal conductivity test.

Chapter 111 deals with the purification and functionalization of MWCNTSs. In general conventional
methods of purification demand strong acids to remove the metallic impurities. In the preset work,
high temperature (2600°C) heat treatment based purification of MWCNTs is employed. The
objective of the experimental work is to understand the effect of duration of high temperature heat
treatment on the purity and structural changes for MWCNTSs. As part of experimental work, raw
MWCNTs (MWCNTSs having metallic impurities) were exposed to 2600°C in nitrogen atmosphere
for 60mins and 120mins. Thermo Gravimetric Analysis (TGA), X-ray Diffraction (XRD), Raman
spectroscopy, Transmission Electron Microscopy (TEM) methods were used to analyze the affect of
heat treatment duration on the purity and structural changes of MWCNTSs. Typical results indicated
that the high temperature heat treatment can be used to purify MWCNTSs with proper optimization of
the treatment time. It was observed that, while 60mins heat treatment can impart high purity and
structural perfection to MWCNTSs, 120mins heat treatment has resulted in structural degradation of
MWCNTs with collapse of the innermost shells. Studies indicated that, metal impurities acts as
moderator in controlling the degradation of MWCNTSs up to a certain duration. Once the metal

impurities are removed completely, further heat treatment degrades the structure of MWCNTSs.

This chapter also deals with functionalization of MWCNTS. Functionalization is an essential step to
use MWCNTs as reinforcements in polymer matrix composites. Amino functionalization of
MWCNTSs is reported as the suitable functionalization method to reinforce them with the epoxy
matrix. Hence, in the present study, MWCNTSs that were purified by high temperature heat treatment
methods were subsequently amino functionalized by a three step functionalization process which
involves carboxylation, acylation and amination. FT-IR and XPS were used to ascertain the presence

of amino functional groups on the surface of MWCNTSs.

Chapter 1V is devoted to understand the effect of MWCNTSs on the fracture toughness of two phase
nano composites (CNT-epoxy) and also to study how toughness variations of matrix due to
MWCNTSs can influence the mechanical properties of the three phase composites (CNT-C-epoxy or
CNT-CFRPs). Experimental work includes, fabrication of MWCNT reinforced epoxy
nanocomposites (two phase), and MWCNTSs-carbon-epoxy nanocomposites (three phase). Two
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phase and three phase composites were made by using both purified multiwalled carbon nanotubes
(p-MWCNTS) as well as with amino functionalized MWCNTs (Af-MWCNTS) at 0.25wt%, 0.5wt%,
1.0wt% loadings and the mechanical properties were compared. DSC studies have indicated that,
MWCNTs without any functional groups on their surface decrease the overall degree of cure, while
the amino functionalised MWCNTs enhance the overall degree of cure of the epoxy matrix.
Toughness of the two phase composites were studied following ASTM-D5045. It was observed that,
up to an optimum crosslink density improvement, toughness of epoxy matrix increases, and beyond
this the toughness of epoxy matrix decreases. Tensile, flexural and ILSS properties of the three phase
composites were studied using a UTM. Observed variations in the mechanical properties of three
phase composites due to p-MWCNTs and As -MWCNTs were seen in the light of the toughness
changes to the matrix. It was observed that, the mechanical property improvements to CFRPs due to
A+-MWCNTSs is directly related to the ability of A; -MWCNTSs to toughen the matrix/fiber-matrix
interface. It was also observed that the addition of higher amount of As -MWCNTSs cannot ensure
better mechanical properties to CFRPs, primarily because higher amount of As -MWCNTSs at the
interface of C-fiber to matrix are embrittling the interface.

In Chapter V, the mechanical property evaluation of C-epoxy composites reinforced with amino
functionalized carbon nanofibers were studied. Extenstive literature is available on CNF ability to
improve the mechanical properties CFRPs. Many parameters like the length of these nanomaterials,
type of functionalization and dispersion methods were studied by different research groups which
could affect the mechanical properties of CFFRs. However, so far no systematic study was reported
on how variation in the fiber/matrix volume fraction in CFRPs can influence the reinforcement
ability of the CNFs. Hence, this chapter is devoted to understand, how CFRPs having different fiber
volume fractions behave differently in terms of degree of mechanical property improvements when
reinforced with same quantity of CNFs. To study this aspect, carbon-epoxy (C-epoxy) laminated
composites with varying percentage of fiber volume fraction (V¢ namely 40, 50, 60, 70 were
fabricated with and without addition of 1.0wt% of amino functionalized carbon nanofibers (Af-
CNF). Flexural strength, inter laminar shear strength (ILSS) and tensile strength of Af-CNF
reinforced C-epoxy composites were evaluated and compared with their corresponding blank
composites having same V¢ (without CNFs). It is observed that, the ability of As -CNFs to enhance
the mechanical properties of C-epoxy composites diminished significantly on increasing the V; of the
composite from 40 to 60% and beyond this Vs, addition of A; -CNFs (to C-epoxy having 70Vs )
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decreased the mechanical properties. Ability of As -CNFs to resist cracks propagating along the
interface and their ability to increase the inter filament bonding are the main mechanisms responsible
for the improved mechanical properties of As -CNFs reinforced CFRPs. Changes in the
strengthening mechanisms with the change in the volume fraction of CFRPs is discussed in detail in

this chapter.

In Chapter VI mechanical, thermal and ablative properties of CNT, zirconia modified carbon —
phenolic composites were discussed. CNT reinforcement to CFRPs is known to give improved ILSS
and flexural strength. However, thermal conductivity also increases with CNT addition, which is not
intended for ablative grade CFRPs used in aerospace applications. Even though ceramic additives are
known to decrease the thermal conductivity of CFRPs, they impart lower ILSS and flexural strength.
Hence, this chapter is devoted to develop functionally graded CFRPs having CNT reinforcement up
to certain thickness followed by zirconia reinforcement in the remaining thickness. The aim of
making such a composite is to realize the ablative CFRP with higher mechanical property as well as
low thermal conductivity. C-Ph composites containing MWCNTSs at different wt% (0, 0.5wt%,
1.0wt% and 1.5wt %) were made. Thermal conductivity, ILSS and flexural strength were measured
for the prepared composites. It was observed that, ILSS, flexural strength improvements due to CNT
addition saturated at 0.5wt% addition, whereas, thermal conductivity was increasing with the
increased loading of CNTs. On the other hand, a different set of composites were made with
zirconia addition at 0 wt% (Blank), 3.5wt%, 6.5wt% and 9.5wt% to C-phenolic composites (Zr-C-
Ph). Zirconia introduction on carbon fabric was done by developing zirconium oxide (Zirconia)
coating on carbon fabric (C-fabric) using zirconia sol using sol-gel method. A functionally graded
carbon — phenolic composite (FG-C-Ph) having CNT-C-Ph composition up to certain thickness
followed by Zr-C-Ph composition for the remaining thickness was made based on the ILSS, flexural
strength and thermal conductivity data obtained for Zr-C-Ph composites. Thermal insulation and
ablative properties for blank C-Ph, Zr-C-Ph, FG-C-Ph were studied using plasma arc jet test which
was carried out at a heat flux of 4.0 MW/m? for 30 seconds. Ablation mechanisms were proposed
based on the microstructure and XRD studies of the ablated surfaces. Results from the plasma arc jet

test shows the possibility of developing a CNT-CFRP structure with ceramic additives.
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Experimental and Testing Methods

Various characterization and testing methods used for evaluating the CNT/CNF reinforced CFRPs
are summarized in this chapter. Different characterization methods that are summarized are scanning
electron microscope, transmission electron microscope, Raman spectroscopy, thermo gravimetric
analyser, differential scanning calorimeter, Fourier transform infrared spectroscope, X-ray photo
electron spectroscope and X-Ray diffraction (XRD). Various tests that were carried out for the
fabricated composites like fiber volume fraction, fracture toughness, tensile strength, flexural
strength, inter laminar shear strength and thermal conductivity tests are also summarized. Discussion
is restricted to the principle of each instrumental method/testing method, purpose of using the
concerned testing method for the present work and various inferences that are taken from each of

these methods.

1. Experimental methods: Major portion of the experimental work in the present study, involves
fabrication and testing of two phase (CNT-epoxy) and three phase (CNT-C-epoxy/CNF-C-epoxy)
composites, besides purification and functionalisation of CNTs. Various fabrication methods used
for the realising composites, and the methods used for purification and functionalisation of CNTs are

discussed in the respective chapters subsequently.

2. Testing methods: Various testing methods used in the present work are summarized briefly.

2.1. Scanning electron microscope (SEM): It involves focusing electron beam passing through an
evacuated column on to the specimen using electro magnetic lenses. Two kinds of images can be
obtained from the SEM study of the sample. They are secondary electron image and back scattered
electron image. The former mode of imaging gives topographic information of the material while the
later mode of imaging gives information on the compositional distribution of various elements within
the material. Previous versions of scanning electron microscopes (SEMs) were used to operate with
electrons generated from the thermionic sources like heated tungsten filament. They suffer from low
magnification (up to one lakh) and low resolution which limits their use to study nanomaterials and
their composites. Advanced versions of electron microscopes have emerged, where electrons are
generated through field emission effect and these SEMs are called as field emission scanning
electron microscope (FESEM). They can give magnifications up to 10 lakhs with resolution up to 2
nanometers. FESEMs are widely used by various research groups to study CNTS/CNFs and their
reinforcing effect in FRPs. By using SEM/FESEM, one can get information on the homogeneity of
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CNTs/CNFs distribution, role of CNTs/CNFs at interface etc. To study low conducting polymer
composites (ex: CNTSs in epoxy matrix) environmental scanning electron microscope (ESEM) which
is operated at low vacuum should be employed. SEM, FESEM with ESEM and low vacuum modes
have been widely used in the present study to analyse the fracture surfaces of the two phase and

three phase nanocomposites.

2.2. Transmission electron microscope (TEM): Filament of Lanthanum hexaboride acts as electron
emission gun in TEM. High voltage (100-300KV) is applied to the gun which emits a beam of high
energy electrons which are collimated by electromagnetic lenses and passed through a thin specimen.
Electrons that got transmitted through the specimen forms image on the fluorescent screen below the
specimen giving a bright field image, which is used to analyse the sample under study. In the present
work, TEM is used to study the microstructure, diameter of CNTs/CNFs, structural changes to CNTs
during high temperature based purification process and dispersion of CNTSs in epoxy.
2.3. Raman spectroscope: It works on the principle that, when a monochromatic radiation is
scattered by vibrating molecules, a small fraction of the scattered radiation is observed to have a
different frequency from that of incident radiation. As shift in the frequency (Raman shift) is
characteristic, it can be used to identify the nature of the chemical bonds in the molecule. In the
present work, Raman spectroscopy is used for the following applications.

- To identify the type of carbon nanomaterial under study from first order bands arising

from SP?vibration modes (G band at 1582 cm™, D band at 1350 cm™ for MWCNTS )
- Intensity ratios between G band to D band to study the crystalline perfection of the

carbon nanomaterial under study.

2.4. Thermo gravimetric analyser (TGA): This involves studying the change in the weight of the
material as a function of temperature. This is used to ascertain the purity of the CNTs/CNFs under

study.

2.5. Differential scanning calorimeter (DSC): In this technique, sample and reference are subjected
to a precisely programmed temperature change, and energy is either added to sample or reference in
order to maintain same temperature between the both. The balancing

energy Yields a direct calorimetric measurement of the transition energy (the energy absorbed or
release in the endothermic or exothermic reaction respectively that are taking place in the
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sample). It is widely used to study, how CNTs change cure characteristics of resins, glass transition
temperatures of the polymer matrices etc. In the present context, DSC is used to study, how CNTs

influence the curing/crosslinking reactions.

2.6. Fourier transform infrared spectroscope (FT-IR): This involves, scanning the sample under
study with the IR frequencies (Generally from 400cm™ to 4000cm™) and identifying the bonds
present in the sample from the frequencies that are strongly absorbed. Strong absorption of selective
frequencies occurs when the oscillating dipole moment produced by the vibrating molecule, interacts
with the electric field of the radiation having same frequency. In the present study, FT-IR is used to

study the functional groups present on CNTs and CNFs.

2.7. X-ray photo electron spectroscope (XPS): This technique involves, bombarding the molecules
under investigation with high energy X-rays, to cause a emission of inner level electrons. The kinetic
energy of emitted electron (photo electrons) are measured which gives the binding energy of the
emitted electrons. Binding energy unambiguously defines a specific atom and its chemical
environment (other atoms with which it is bonded). Applicability of this method to elements like
Carbon, Nitrogen and Oxygen makes this method as an important tool to study the organic
molecules. Chemical shift associated with electron binding energies depending on the chemical
environment of the atom under study, makes this tool more versatile to know the oxidation state/
electro negativity etc. XPS is widely used to study the surface functional groups present on the
CNTs/CNFs. In the present study, XPS is used to study whether the amine functional groups have

formed on the surface of CNTSs after functionalisation process.

2.8. X-Ray diffraction (XRD): This technique involves hitting the sample with X-rays and studying
the intensity of the diffracted X-ray as a function of

- Incident & scattered angle

- Wave length
X-ray diffraction is not widely used for the analysis of CNTSs, as the X-ray patterns of graphite,
MWCNTSs resembles closely. Similarly, CNT/CNF reinforced CFRPs also can’t be studied with X -
ray diffraction as polymeric materials/ matrices are not amenable for XRD studies. In the present

context, XRD is used to study the crystalline perfection/d-spacing value changes for MWCNTSs
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during high temperature heat treatment. Besides this, XRD is also used to study the ablation

mechanisms of CFRPs in presence of ceramic additives.

2.9. Testing of composites: Various tests that were carried out for the composites are summarized

below.

2.9.1. Fiber volume fraction (Vs): Mechanical properties of the composites are very sensitive to the
volume fraction of fibers and their orientations. For studying the reinforcement effect of CNTs/CNFs
in the three phase composites, one should ensure that volume fraction of the composites that are
being compared remain the same. To find out the volume fraction of the CFRPs (epoxy or phenolic
based) acid digestion test as per ASTM D 3171 is followed. The method involves taking a known
weight of the composite samples (minimum 1 g) and dissolving the matrix part selectively by
subjecting the sample to refluxing nitric acid. Carbon fibers can resist the acid attack and remain
undigested. After dissolving the matrix portion of the composites, the remaining carbon fibers are
washed, dried and weighed. From this weight fraction of the carbon fibers and the matrix were found
out. These values were converted into volume fractions by using the densities of the fibers and
matrix.

The following formula is used to calculate the fiber volume fraction.

; Wy /o;
F=wr

— + (1-W
P ( f} -

W;= Weight of the fibre (obtained from the acid digestion test)
ps = Density of the fibre

pm = Density of the matrix

2.9.2. Fracture toughness (K,c): Fracture toughness of the material indicates it’s resistance to
fracture in neutral environment in presence of a sharp crack whose tip is small compared to the crack
size and specimen dimensions. K,c value of a given specimen is function of testing speed and
temperature. To measure the fracture toughness, samples having approximately 50mm x 8mm x 4
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mm dimensions were cut from the composite. For each sample a straight notch of 4 mm (0.5 times of
width) along its width was made. Initial notch up to a depth of 3mm was made with the isomet
equipped with diamond coated cutting wheel having a thickness of 0.5mm. Depth of the notch was
further increased to 4mm by using a razor blade to ensure that a sharp notch is present at the tip.
Testing was carried out as per ASTM D 5045 on a universal testing machine (United 50KN) at a
crosshead speed of 10 mm/min. Maximum load was recorded when specimen fractured, from which
fracture toughness (K,c) was calculated.

The following formula is used to calculate the fracture toughness (Kc)

Pq = Load obtained from the test
B = Specimen thickens

W = Specimen depth (width)

X =a/W

a = Crack length

gz [LO9—x{1-x)(215—3.53x+2.7x2
f(x) = [ (1= j]

g
(142 (1—x2)

2.9.3. Flexural strength: Flexural strength is a measure of the ultimate strength of a specified beam
in bending. Flexural test methods are commonly used to determine the strength and deformation of
monolithic ceramics, brittle polymers and CFRPs. Flexural behavior and strength of a CFRPs are
dependent on, its inherent resistance to fracture, the presence of fracture sources, any inclusions/
additives which are resisting the interfacial cracks or combination of these in CFRPs. CFRP material
tested in flexural may fail in a variety of fracture modes, depending on the interaction of the non-
uniform stress fields in the flexural specimen and the local mechanical properties at the interface
between the fiber and matrix. The specimen may fail in tension, shear, or in a mix of these modes.
The geometry of the specimen must be chosen so that shear stresses are kept low relative to tension.
This is done by maintaining a high ratio between the support span (L) to thickness (d) of the
specimen. This L/d ratio is generally kept at values of > 16 for 3point bending test. Typical

dimensions of the CFRPs tested for flexural strength in the present study are 60 mm x 10 mm x 2
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mm and typical rate of loading(crosshead speed) is 2 mm/min. In the present study, flexural strength
test for CFRPs was carried out as per ASTM D 790.
Flexural strength was calculated using the following equation

3PL

Flexural strength = P

P = maximum load on load-deflection curve, L = support span,

b = width of beam tested, d = depth of the tested beam,
2.9.4. Tensile strength: Most common mechanical stress—strain test is the tensile test performed by
applying tensile forces to the test specimen. Although flexural testing of the samples by three point
bending is easier to test for CFRPs, the non uniform stress distribution of the flexural specimen in
addition to ambiguity in mode of failure like shear/ compressive/ tension etc-- lead to more
preference for tensile data in the design. In this test, a specimen is deformed, usually to fracture, with
a gradually increasing tensile load that is applied uni-axially along the length of the specimen. Flat
samples are used for tensile testing of the CFRPs. In uni axial tensile, material is uniformly stressed
which is required to effectively evaluate the mechanical property of the CFRP composite. The final
failure of the sample under tension could be due to any of the damage processes like matrix cracking,
matrix/fibre debonding, fibre fracture, delamination etc. In the present study, tensile testing of
CFRPs was carried out as per ASTM D 3039. Ultimate tensile strength is calculated from the
following equation.

. P
Tensile strength = %

Pmax = maximum force before failure,

A = average cross sectional area,
2.9.5. Inter laminar shear strength (ILSS): This test method is also used as a quality control and as
a comparative study of the various composite materials under study. Testing involves 3-point
bending of the composite. However to ensure shear failure, the span length to the thickness ratio
should be lower than six. Shear strength tests gives an indication of the bonding strength of the fiber
to the matrix and inter-filament bond strength. It is a matrix dominated property. However ultimate
strength value measured is not a direct measure of the matrix strength, but a combination of the
strength of matrix and bonding between the matrix and reinforcement. In the present study, CFRPs
were tested, for ILSS following ASTM D 2344.

ILSS was calculated using the following equation

ap
ILSS= 5
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P = maximum load on the load-deflection curve,

L = support span, b = width of beam tested, d = depth of beam tested

2.9.6. Thermal conductivity: It is the property of material to conduct heat. It can be defined as the
heat energy transferred in unit time across unit area between the surfaces which differ in their
temperature by a unit degree. Thermal conductivity for CFRPs is an important parameter when they
need to be deployed for high temperature/ablation applications. Generally thermal conductivity for
CFRPs is measured by hot guard method, which involves measuring the temperature drop across the
sample when a known heat input is transferred from the top surface to the bottom surface by
sandwiching the sample between two reference cylinders. In the present study, silica cylinders were
used as the reference. Thermal conductivity of ablative CFRPs was measured as per ASTM E 1225
in the through thickness direction at 300°C under steady-state conditions. Typical sample sizes used

for measuring the thermal conductivity are 25 mm (dia) x 5 mm (height).
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Purification and Functionalisation of MWCNTSs

Raw MWCNTSs having metallic impurities needs to be purified before using them as reinforcements
to CFRPs. Hence, they were purified by high temperature heat treatment (2600°C) process to ultra
high purity levels (99.9%). Structural changes that are taking place to MWCNTSs during high
temperature heat treatment process were studied with TGA, Raman spectroscopy, TEM and XRD
methods. Suitable mechanisms are proposed for the observed microstructural changes to MWCNTS
which were exposed to high temperatures. Present study indicates that, high temperature heat
treatment for controlled durations can enhance structural perfection to MWCNTSs. These purified
MWCNTSs were subsequently amino functionalised through carboxylation, acylation and amination
processes. FT-IR and XPS were used to ascertain the presence of functional groups on the surface of
MWCNTSs.

1. Introduction: Large scale synthesis of MWCNTSs is generally carried out by chemical vapor
deposition (CVD) process. This method involves, decomposition of hydrocarbons at a prescribed
temperature and pressure under controlled quantities of catalysts [1]. In general, either transition
metals (d-block elements like Iron, Nickel etc--) or organo metallic complexes (ex: ferrocene) are
decomposed to generate the metal catalyst. Though catalyst helps in generation of carbon nanotubes
(CNTs) with controlled diameter, they remain in the final product as an impurity. As a result of it, as
synthesized MWCNTS contain metal catalysts as impurities. Besides, the metal catalysts, MWCNTSs
are also known to contain other carbonaceous impurities such as amorphous carbon. Removal of
impurities is the essential step to use CNTs for any of the applications. In the context of composite
applications, impurities acts as flaws or stress concentration zones, which can initiate failure of the
composite. Hence purification process is an essential prerequisite to use MWCNTSs as reinforcements

to composites.

In general, purification of MWCNTSs is carried out by a two step process [2]. In the first step
selective oxidation is carried out to remove the amorphous carbon. This involves exposing the raw
MWCNTSs (containing metal impurities along with the amorphous carbon) to an approximate
temperature of 450°C in air. During this process, amorphous carbon will be selectively oxidized and
removed. This is because amorphous carbon is more reactive as compared to MWCNTS. In the
second step, MWCNTSs having metallic impurities are refluxed in strong acids. During this process,

metallic impurities are removed by dissolution in strong acids. However, the above method of
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purification, involving refluxing the MWNCTSs in strong acids, suffers from the major drawback of
creating defects on MWCNTS as exposing to strong acids is known to cause structural degradation to
MWCNTSs [3,4].

To overcome the problem of structural damage to the CNTs by the above purification method,
alternate purification methods were tried by different research groups. Some of them are magnetic
method, centrifugation method, high temperature heat treatment method etc-[2.]. These methods rely
on the differences in the physical size, gravity, magnetic properties or thermal stability of the
MWCNTSs as compared to the impurities. As these methods do not involve oxidative treatments and
acid exposure of MWCNTSs for purification, they do not impart any structural damage to the
MWCNTSs. However, most of these methods are less effective in terms of final degree of purity of
MWCNTSs. various purification methods reported for MWCNTS, along with their advantages and
limitations was reviewed by Peng et al and Sato et al. [2, 5]. Among various purification methods
that were summarized, high temperature heat treatment (above 2500°C) in inert atmosphere is
identified as one of the best methods which removes metallic impurities by evaporating them. This
method is suitable for purification of large quantities of MWCNTSs. The advantage of this method is
besides giving highly pure MWCNTs, MWCNTs with enhanced structural perfection can be
obtained [6-10].

Though it is widely reported that, high temperature heat treatment, gives improved structural
perfection to MWCNTS, more understanding on the mechanism involved in the structural changes
taking place during the high temperature treatment is necessary. This is because, some unwanted
changes to the CNT structure during high temperature heat treatment like transformation of single
walled carbon nanotubes (SWCNTs) to MWCNTSs, disappearance of the inner walls of the
MWCNTSs and their transformation to double walled carbon nanotubes (DWCNTS) were reported
[11,12]. On the other hand, formation of carbonaceous material deposit on MWCNTS surfaces at
high temperatures was also reported [13]. Hence, mechanism involved in high temperature
purifications of CNTs needs thorough understanding to obtain CNTs with high purity and also with
enhanced structural perfection.

Purification by high temperature heat treatment method, involves a two step process. In the first step

amorphous carbon and other carbonaceous impurities will be removed by heating the MWCNTS at
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around 450°C in air. In the second step, MWCNTSs will be heat treated up to approximately 2600°C
in inert atmosphere to remove all the metallic impurities which will get eliminated by evaporation.
The objective of this work is to study, the effect of duration (60 minutes and 120 minutes) of high
temperature heat treatment (at 2600°C) under nitrogen atmosphere on purity and structural changes
to MWCNTSs.

2. Raw materials: MWCNTSs synthesized by chemical vapor deposition method were procured from
M/s Chemapol Industries Ltd, Mumbai. MWCNTSs in the pristine conditions (as procured) had

following features.

1. Metallic impurities : 36 weight percent (wt %)
2. Diameter : 20 - 30nm
3. Length . 2 -4microns

SEM images of the raw MWCNTSs are shown in Fig.3.1

3. Experimental work: MWCNTSs (of approximately 100g in a batch) were loaded in to a graphite
crucible having a volume of 1000ml. Graphite crucible was kept inside the high temperature furnace
and heated to 2600°C under the nitrogen atmosphere at atmospheric pressure. Typical heating cycle
involved heating the furnace up to 1200°C at a heating rate of 2°C/min, and then raising the
temperature from 1200°C to 2600°C at a heating rate of 1.5°C/min. Once the furnace temperature
reached 2600°C, then soaking (holding the furnace temperature) was carried out. One batch of
MWCNTSs were soaked for 60 minutes (here after referred as 60 min heat treated MWCNTS) and the
other batch of MWCNTSs were soaked for 120 minutes (here after referred as 120 min heat treated
MWCNTS). After furnace was cooled to room temperature, MWCNTSs sample was collected and the
purity of MWCNTSs was measured with thermo gravimetric analysis (TGA). TGA was carried out at
a heating rate of 10°C/min from room temperature to 850°C under compressed air flow (50ml/min).
Microstructural changes associated with the heat treatment processes were determined by X-ray
diffraction (XRD, Philips PWD, Model No0.1830, Netherlands), Raman spectroscopy (Jobin Yuan,
Model: 64,000X), scanning electron microscopy (ESEM, FEI, Quanta 400, The Netherlands) and

transmission electron microscopy (TEM, Tecnai 20, FEI, The Netherlands).
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Figure.3.1: SEM images of the raw MWCNTSs (a),(b) & (c) showing highly entangled bundle of
MWCNTSs (d) Unbundled (de-agglomerated) MWCNTS after sonication in acetone solvent.

4. Results and Discussion: Thermo gravimetric analysis results of the MWCNTSs (raw), MWCNTSs
heat treated for 60 min (purified MWCNTS) are shown in Fig.3.2. During TGA studies, in presence
of oxygen and high temperature, carbon nanotubes and other carbonaceous impurities burnout
leaving behind the metallic impurities. When the carbonaceous materials start to oxidize, it results in
a rapid weight loss which can be observed from approximately 550°C for the raw MWCNTSs. The
weight loss continued to increase until it reached a stable plateau region near approximately 650°C.
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Figure.3.2: TGA patterns of the raw and 60 min heat treated MWCNTS

The residual weight of approximately 36% indicates the weight percentage of metallic impurities
present in the raw MWCNTSs. From the TGA pattern of 60 min heat treated (purified) MWCNTS it
can be seen that the residual weight drops to base value. This indicates absence of any metallic
impurities. It can be seen from the TGA curves (Fig 3.2) that, 60 min heat treated MWCNTS are
stable to up to 700°C where as raw MWCNTs were oxidized at 550°C itself. This indicates enhanced
thermal stability for the 60 min heat treated MWCNTs which could be assigned to the following
reasons.

i) There are no metallic impurities which can catalyse the oxidative decomposition of  the
MWCNTSs.

i1) High temperature heat treatment can remove the microstructural defects of

MWCNTSs. This resulted in more thermal stability to MWCNTSs.[8]

The TGA curve of the 120 min heat treated MWCNTSs is shown in Fig 3.3. The TGA graph also has
shown the trend similar to 60 min heat treated MWCNTSs in terms of purity and thermal stability of
MWCNTSs.
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Figure.3.3: TGA of 120 min heat treated MWCNT
XRD patterns of the raw, 60 min heat treated and 120 min heat treated MWCNTSs are shown in Fig
3.4. Peaks observed near 20 of 26 degrees corresponds to (002) plane while the peak that was
observed near 26 of 42 degrees corresponds to (100) plane. Position and the intensity of the (002)

indicates the inter planar spacing while the (100) plane indicates the in plane graphitic structure [8].
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Figure.3.4: XRD patterns of the raw, high temperature heat treated MWCNTS

Ideal graphite has got an inter layer spacing of 0.3348 nm, while the turbo static graphite shows an
inter layer spacing of 0.344 nm. Smaller (002) inter layer spacing, smaller full width half maxima
(FWHM) of (002) and higher (002) intensities, indicate a highly developed graphitic structure. By
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using the Bragg’s law inter layer spacing was calculated for raw, 60 min heat treated and 120 min
heat treated MWCNTSs which are shown in Table.3.1

It can be seen that, the inter layer spacing of the raw MWCNTSs is much deviated from the ideal
graphitic structure. This is because, MWCNTSs are generally synthesized through CVD method,
where the synthesis temperatures are generally in the range of 1000°C. As the MWCNTS were not
exposed to graphitization temperatures during synthesis, they would not show ideal graphitic
structure. Besides this, during the formation of MWCNTSs in CVD chamber, different precipitation
rates of the carbon atoms through catalyst are possible which gives high degree of disorder. This
could result in more deviation in interlayer spacing as compared to ideal graphitic structure for the
raw MWCNTSs [13].

Table.3.1: Inter layer spacing, full width half maxima (FWHM) of MWCNTSs

MWCNTs 20 0 | d (002 (NM) FWHM (o) (°)
Raw 25.83 0.344 1.92
60 min heat treated | 26.56 0.3493 1.34
0.3353 0.28
120 min heat treated | 25.51 0.34690 1.34
26.37 0.33572 0.28

TEM images of the MWCNTSs are shown in Fig.3.5. Raw MWCNTSs have shown metallic impurities
(Fig.3.5.a). High temperature heat treatment can improve the structural perfection of MWCNTSs
besides removing metallic impurities by evaporation. This is because, high temperature heat
treatment, can give required thermal energy for the diffusion of the atoms, and thus reorient the
structure close to the ideal graphitic structure [13]. This can be evidenced, from the TEM images of
the 60 min heat treated MWCNTS, which have shown linear, stiff graphene layers along the tube axis
(Fig.3.5.b). The inter layer spacing values obtained from the XRD (Table.3.1) for the 60 min heat
treated MWCNTSs have shown generation of layers with graphitic d-spacing (0.3352 nm) near to
ideal graphitic structure (0.3348 nm). This indicates that, even if the MWCNTSs were grown with
turbostatic structure at low temperatures, near graphitic structure can be obtained with high
temperature heat treatment [14]. Small difference between the interlayer spacing of the 60 min heat
treated MWCNTs as compared with the ideal graphite inter layer spacing could be due to the
restriction in the graphene sheet spacing inherent to the curved sheet form present in the MWCNTS.
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Figure.3.5: TEM of MWCNTs (a) Raw MWCNTs with metal impurities (b) 60 min heat treated
MWCNTSs with stiff graphene planes (¢) 120 min heat treated MWCNTs with kinks, collapsed
internal walls, deposited carbon soot (d) 120 min heat treated MWCNTs with varying internal

hollow core diameter.

Continued heat treatment up to 120 min could not further refine the inter layer spacing towards ideal
graphite, rather it resulted in the inter layer distortions with more turbostatic nature and collapsed
internal layers (Fig.3.5.c). Though the graphitic peak is raising in prominence, there is huge
distortion in the innermost layers [6]. This can be attributed to the fact that, as the annealing is a
thermally activated process, during the prolonged annealing, different layers having different
diameters experiences a varying degree of internal stresses. The innermost layers which are having
lowest diameter, will have more stress and will collapse ahead of other inner layers during their
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continuous shrinkage due to thermal annealing [11]. On the other hand, outermost layers may not
experience significant stresses and thus can retain near graphitic structure. Inner most layers, which
collapses due to thermally induced stresses, generates carbon species. These carbonaceous species
diffuse out and form carbon coating on MWCNTSs surface [Fig.3.5.c]. Enhanced diameter of the
hollow core of 120 min heat treated MWCNTS reinforces this mechanism (Fig.3.5.d) [13]. As the

internal layers collapse continues, crack-like voids, kinks can develop along the tube axis. (Fig.3.5.c)

Limited or no degradation of the innermost layers of the MWCNTSs when heat treated for 60 mins
could be due to the fact that, metal catalyst that is present in the raw MWCNTs may be acting as a
moderating source to prevent the collapse of the inner layers. As and when, carbon atoms breaks
away from the ordered structure, metal catalyst present as the impurity reacts with the carbon and
forms the metal carbide. This metal carbide decomposes to precipitates out the carbon atoms which
gets integrated in to ordered graphitic structure mimicking the CNTs growth mechanism. This kind
of second growth of CNTs during high temperature annealing were reported earlier by Kim et al.
[13]. However, once the metal particles evaporated completely during prolonged heating, no such
reverse integration of the carbon atoms that are diffusing out of the graphitic structure is possible
which leads to complete collapse of the inner most walls. This mechanism is reinforced by the
observation, that, when the heat treatment was continued for 120 min, MWCNTSs were observed to

show significant amount of carbon soot on their surfaces [Fig.3.5.c].

Thus it is inferred that, high temperature heat treatment for limited duration (60 mins in present
study) is helping in improving the graphitic nature of the MWCNTSs while prolonged (120 min in
present study) heating is resulting in significant structural distortions.

The above structural changes due to high temperature heat treatment was also confirmed by Raman
spectroscopy studies. D band of the Raman spectrum arises out of defects present in the MWCNTS
while the G band arises from the graphitic planes of the MWCNTSs. Ratio of the intensities of the D
band (Ip) to G band (lg) i.e. Ip/lg (R value) is used to evaluate the crystal planar domain size of
graphite. Lower the R value, better is the structural perfection of the MWCNTSs [15]. Raman spectra
shows an increased intensity for G band and reduction in the intensity of the D band with 60 min

treatment as shown in Fig.3.6 & Table 3.2.
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It can be seen that, with 60 min heat treatment of MWCNTS, R value has come down significantly
indicating that, defects are healed and the size of in-plane graphitic structure of MWCNTSs is
becoming larger. This observation is in consistence with the XRD and TEM studies. However, when
the high temperature heat treatment was continued for 120 min, structural degradation of the

MWCNTSs was observed as inferred from the R value which started to increase (Table.3.2).

Intensity (a.u.)
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Figure 3.6: Raman Spectra of MWCNT samples (a) Pristine MWNT (b) 60 mins heat treated
MWCNT (c) 120 min heat treated MWCNTS
Increased R-value for 120 min heat treatment of MWCNTSs indicates generation of structural defects
and disorder during prolonged heat treatment.

Table.3.2: Raman data for raw and heat treated (HT) MWCNTSs

S | D-band G-band Io/le (R)
ample

P (cm™) (cm™) e
Raw MWCNT 1324 1579 1.775
60 min HT MWCNT 1321 1564 0.692
120 min HT MWCNT 1321 1568 0.793

5. Functionalisation of MWCNTSs: Raw or purified MWCNTSs don't contain reactive functional

groups. This restricts their wettability with the polymer matrices. To make the purified MWCNTSs
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compatible with the epoxy matrix, amino functionalisation is carried out. Amino functionalisation
process of MWCNTSs involves, three important steps. They are carboxylation, acylation and

amination. Experimental methods involved in each of these steps are briefly described below.

5.1. Carboxylation: Purified MWCNTSs, were carboxylated using concentrated HNO3 . This process
involves, adding MWCNTSs (approximately 6g ) to 400 ml of 69% HNO3 taken in a two-neck round
bottomed glass flask. The reaction flask containing the mixture of MWCNTSs in HNO3; was equipped
with reflux condenser, magnetic stirrer and thermometer. The mixture was heated in an oil bath at
70-80 °C (+/- 3°C) for 24 hours. After cooling the mixture to room temperature, MWCNTS were
filtered through PTFE membrane (10um pore size, 47mm diameter), and washed several times with
double distilled water till the pH of the filtrate reached close to 7. This process generates the
carboxylic groups on the surface of the MWCNT as shown in the reaction (1). MWCNT sample was
dried and labeled as carboxylated MWCNTs/ CNT-COOH.

70-80°C for 24Hrs

CNT+HNO; PCNT-COOH ~ ——---mmm- (1)

5.2. Acylation: Carboxylated MWCNTSs were refluxed with a mixture of SOCI, and DMF (300mL,
20:1 v/v) at 70°C(+/-3°C) for 24 hours. This process converts the carboxylic groups that were grafted

to CNTs in to carbonyl chloride groups as shown in the reaction (2).

70°C for 24hrs

CNT -COOH + SO€k; > CNT-COCI +HCI = ---------- (2)
After acyl-chlorination, the MWNTSs were filtered and washed with anhydrous THF for five times.

The remaining solid was dried under vacuum at room temperature. These were labeled as acylated
MWCNTSs.

5.3.Amination: The acyl-chlorinated MWCNTs were reacted with 200 mL of ethylene diamine
(EDA) solution at 100°C (+/- 3°C) for 48 hours until no HCI gas existed (checked with pH indicator
paper). After cooling to room temperature, the MCWNTs were washed with ethanol for five times to
remove excess EDA. The sample was dried at room temperature overnight. This process adds the

amine groups to the MWCNTSs as shown in the reaction (3).

| 100°C for 48hrs

CNT -COCI + HyN-CH,-CH,-NH——»  CNT-CO-HN-CH,-CH,-NH; +HCI ------ (3)
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FTIR and XPS studies were performed to analyse the chemical state and the presence of functional

groups on the surface of carbon nanotubes.

5.4. Results: FT-IR spectroscopy pattern of the purified MWCNTSs (before functionalisation) is
shown below. Peaks observed at 1567cm™ indicates the C=C graphene back bone of the MWCNTS,
whereas, an intense peak observed at 3432cm™ is associated with the physically absorbed water [17].
On the other hand the FT-IR spectrum of the amino functionalised MWCNTSs (Fig.3.8) have shown
new peaks indicating incorporation of amine groups on their surfaces. Peak intensity at the 3434cm™
decreased significantly (in comparison to other peaks), indicating dehydration and reduction of O-H.
Still the peak at 3434cm™ is intense and overlaps with the peak position of the amine making it

difficult to recognise the amine groups through FT-IR.
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Figure.3.7: FT-IR pattern of the purified MWCNTSs (60 min heat treatment)
Though the band at 3434cm™ remained, change in the shape of the peak (symmetric peak) with much

lower peak intensity may be attributed to the N-H stretching of the amine group.
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Figure.3.8: FT-IR pattern of the amino functionalised MWCNTSs.
On the other hand, N-H in-plane stretching should appear at 1580cm™ which again overlaps with the
intense C=C stretching frequency observed at 1566cm™(graphitic back bone of MWCNTS), making
it difficult to infer presence of N-H groups [18]. However, appearance of peak at 1020cm™
corresponding to C-N bond and increased intensity of the peak at 1630cm™ corresponding to C=0
bond, indicates successful introduction of the nitrogen/amine groups through reaction 2, and reaction
3 [17]. As it can be seen from the Fig.3.7 and Fig.3.8 which have got close resemblance, it is inferred
that FT-IR alone can’t give a concluding evidence on introduction of amino groups on the surface of
MWCNTSs. Hence, XPS studies were carried out to get more evidence on the successful introduction

of amino groups on the surface of MWCNTSs.

XPS spectrum of the purified MWCNTSs has shown intense peak at 285ev corresponding to SP?
hybridised 'C' atoms (Fig.3.9.a ) Absence of any measurable peaks at 399-400ev indicates absence of
C-N bonds. On other hand, amino functionalised MWCNTs have shown new peak at 399.5ev
indicating introduction of C-N bond. (Fig.3.9.b)
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Figure 3.9: XPS pattern of (a) Pure MWCNTSs (b) Amino functionalised MWCNTS

The peak that was observed for purified MWCNTSs (without functionalisation) around 285ev is

deconvoluted which shows the peak pattern as shown in Fig.3.10
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Figure.3.10: Deconvoluted peak of pure MWCNTS observed at 285ev.

For the pure MWCNTSs appearance of oxygen related peak in the form of C-O at 286.7ev indicates
the presence of surface oxygen either in the form of epoxy/ether groups or the surface absorbed
moisture. On the other hand the peak that was observed for amino functionalised MWCNTSs at 285ev
is deconvoluted which shows the peak pattern as shown in Fig.3.11. Peaks at 285.9ev and 287ev in
Fig.3.11. are indicating the presence of C-N and C=0O groups respectively on the surface of the
MWCNTSs. Formation of the C=0 and C-N bonds can be ascribed to the reaction (2) and reaction (3)
respectively. Disappearance of the peaks that were observed for the pure MWCNTSs at 286.7ev
indicates decrease of oxygen concentration which is present in the forms of either epoxy/ether or
absorbed moisture before the CNTs were functionalised. This infers incorporation of the amine

groups on the surface of MWCNTSs.
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Figure.3.11: Deconvoluted peak of amino functionalised MWCNTSs observed at 285ev.

Additional peak that was observed for amino functionalised MWCNTs at around 399.5 ev is

deconvoluted and shown in Fig.3.12.
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Figure.3.12: Deconvoluted peaks of amino functionalised MWCNTS observed at 399.5ev.
Figure.3.12, shows two peaks at 399.5eV and 401.5 eV. The standard binding energy of free amine
groups falls in the region of 399-401ev and that of protonated amine groups shifts to higher side by
approximately 1.5 -2eV. Thus peaks at 399.5 ev and 401.5 can be attributed to the nitrogen atoms in
the form of -NH and NH3" respectively. This confirms the generation of amino groups on the surface
of MWCNTSs [19].
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For the subsequent experimental work i.e. fabrication of CNT reinforced CFRPs, amino

functionalised MWCNTSs which were functionalised by the methods described so far are used.

6. Conclusions:

i) High temperature heat treatment at 2600°C in inert atmosphere for controlled durations (60 min in
present study) can give ultra high pure MWCNTSs having enhanced structural perfection.

i) Metal impurities present in the MWCNTSs act as a moderating source in arresting the structural
collapse of MWCNTSs.

iii) Continued heat treatment of MWCNTS, even after all metal impurities are eliminated, can cause
structural damage to MWCNTSs by collapse of internal walls and inter layer distortions of graphitic
layers.

iv) By following the methods mentioned in this chapter, amino functionalisation of MWCNTSs can be

carried out successfully.
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MWCNT Reinforced Carbon —

Epoxy Composites



MWCNT Reinforced Carbon — Epoxy Composites

Present study is aimed to understand how the addition of p-MWCNTSs and A-MWCNTS to epoxy resin can
change its cure characteristics and the crosslink density. It was observed that, A-MWCNTS can increase the
crosslink density of epoxy as well as toughness. Mechanical property improvements of A-MWCNTSs - CFRPs
are observed to be primarily due to the ability of A-MWCNTS to increase the interface toughness of CFRPs
by increasing the interface crosslinking. Beyond optimum loading of A-MWCNTs to CFRPs, mechanical
properties of CFRPs tends to comedown as higher crosslink densities triggered by the high loading of As
MWCNTs embrittles the interface. This study infers that, even with good dispersion of A-MWCNTS in

CFRPs, mechanical properties may not increase beyond certain optimum loading.

1.Introduction: Excellent mechanical, thermal and electrical properties of MWCNTs have

attracted composite fraternity to explore the possibility of using them as an additional

reinforcement in carbon fiber reinforced epoxy (C-epoxy) composites [1-2]. Possibility of

realizing composites with enhanced mechanical properties at a very low loading of nano materials is
the main point of attraction which triggered extensive research world over on these  materials.
Functionalisation of CNTs with suitable reactive groups and their dispersion in polymeric resin
systems were widely studied by various research groups as these aspects are identified as the main
challenges to realize the potential of CNTSs as reinforcements [3].  Significant efforts were not made
to understand, how the CNTSs addition could affect the curing behavior of the epoxy resin
systems. This aspect cannot be ignored as there is a close relation between the curing behavior /
degree of crosslinking and its mechanical properties [4,5]. In general the curing process of the epoxy
resin is divided in two stages [6]. In the first  stage, the crosslinking reaction is chemically controlled
in which hydrogen bearing electron ~ donor molecules (curing agent) breaks the epoxy ring and sets
in the reaction with the formation of hydroxyl groups. Along with the progress of the crosslinking
reaction, the viscosity of the resin system increases. When the viscosity reaches to a critical value,
curing reaction becomes diffusion controlled which is considered as the second stage of curing

reaction. When there are heterogeneous materials (like CNTs) present in the resin system,

they can influence the rate and degree of curing. In general it is reported that, when CNTs are
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added in their pristine form (without purification and surface functionalisation), they tend to

accelerate the curing in the initial stages (first stage) due to catalytic effects of the metallic

impurities that they possess [6]. However as the crosslinking reaction proceeds, and when the

viscosity of the system increases significantly, presence of CNTs makes the mobility of the

polymer chains more difficult [7,8]. This may bring down the overall degree of curing.  However,
when MWCNTSs are having reactive functional groups like amine groups on their  surfaces, they
should increase the degree of crosslinking because of the extra amino groups offered by the
MWCNTSs in addition to the amino groups of the crosslinking agent.

On the other hand, It was reported that functionalised MWCNTSs in epoxy can enhance the

fracture toughness of the matrix [9,10]. Daniel R.Bortz et al. made a detailed compilation of

various possible mechanisms which can contribute to enhanced toughness observed due to

amino functionalised MWCNTs (A-MWCNTs) / CNFs in epoxy [11]. Most of these

mechanisms were based on the ability of strongly bonded A--MWCNTSs to deflect or bridge the
propagating cracks. However, there are no systematic studies reported so far on the changes in the
degree of crosslinking due to A-MWCNTS in epoxy and its effect on toughness.

Understanding additional toughening mechanisms is essential to interpret the mechanical property
enhancements in C-epoxy composites. In general it is observed that, the mechanical property
enhancements due to A-MWCNTS in C-epoxy are coinciding with the enhancement in the
interface toughness of the C-fiber to the matrix [12, 13]. Hence, there should be a  relation between,
toughened interfaces of three phase composites to their improved mechanical properties, which is
not studied systematically so far. Hence, this aspect is extensively studied in the present work. In
general, the strength improvements in the carbon fiber reinforced plastics (CFRPs) added with the

CNTs are interpreted in the following way.

When the composite is subjected to external load, it undergoes elongation/deformation before
failure. However, the strains displayed by the fiber and matrix are not same, due to the  difference
in their stiffness. These differential strains, generates interfacial sliding/shearing before fibers pulls
out of the matrix and breaks [14]. When CNTSs are present in the CFRPs,  they act as anchoring sites
between the fiber and matrix and resist the sliding of the fiber from the matrix and thus offers
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more hindrance for fiber pulling [15]. It is reported that, CNTs takes load during this process and
needs to be broken before fibers can be pulled out of matrix [16]. As breaking of CNTs consumes
more energy, this results in enhanced mechanical properties for CFRP made of CNTSs. The reason for
saturation / reduction in mechanical properties beyond certain weight percentage addition of CNTs to
CFRPs is generally assigned to poor dispersion of CNTs [17]. If this concept were true, as long
as good dispersion of CNTs is ensured in CFRPs, there should be continuous increase in the
mechanical properties with increased loading of CNTSs. To validate above concept, in the present
work, studies were carried out to see, whether good dispersion of A-MWCNTs in  CFRPs continue to

give improvement in the mechanical properties.

In the present study, MWCNTSs without any functional groups (p-MWCNTSs) and As- MWCNTSs
were used in the same proportions to fabricate two phase (MWCNT-epoxy) and three phase
(MWCNTSs-C-epoxy) composites. This is to study, how MWCNTSs without functional groups effects
various properties of two phase and three phase composites in comparison to ArMWCNTSs.
DSC was used to study the changes in the degree of  crosslinking of epoxy resin system in presence
of p-MWCNTs and A--MWCNTSs.

2. Raw Materials: In the present work, epoxy resin with hardener, carbon fibers and carbon nanotubes were

used as raw materials. Various technical details of the raw materials are given below.

Epoxy resin: Epoxy resin and hardener were procured from M/s Fine Finish Organics Pvt.Ltd, Mumbai.

Technical specifications of resin and hardener are given below.

1. Chemical formula : Diglycydyl ether of bisphenol -A
2. Viscoscity : 10,000cP at 30°C
3. Density : 1.2 glcc
4. Acid Value : 85-120
5. Commercial name : LY-556
Hardener:
1. Chemical formula : Diethyl toluene diamine
2. Viscosity : 200 cP at 25°C
3. Density : 1.0 g/cc
4. Commercial name : HY5200
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Carbon fiber specifications: PAN (Poly acrylo nitrile) based carbon fibers (M/s Toray, Japan) with

the following specifications were used in the present study.

1. Tow type : 12k (12,000 filaments in a tow)
2. Density ; 1.75 glcc

3. Tensile strength : 4.8 GPa

4. Tensile modulus : 240 GPa

5. Commercial name : T-700 grade

Carbon nanotubes: CVD synthesized MWCNTs were procured from M/s Chemapol Industries,
Mumbai (India). They were purified in our laboratory by high temperature heat treatment method as

discussed in chapter.lll. Specifications of the MWCNTSs used in the present study are given below.

1. Purity : 99.9% (after purification)
2. Metallic impurities : less than 0.1wt%

3. Diameter : 20-30 nm

4. Length : 2-4 um

Amino functionalisation of MWCNTSs was carried out following the procedures elaborated in Chapter.lll
(Section.5). MWCNTs which were not functionalised are referred as p-MWCNTSs and amino functionalised
MWCNTSs are referred as A--MWCNTS.

3. Experimental Work: The following section gives a brief overview of experimental work.

3.1. Composite fabrication: Initially, MWCNT dispersed epoxy resin system was made. This involves,
adding required weight percentage (wt %) of MWCNTS to epoxy resin at room temperature followed by
sonication (Mesonix-3000, USA) for 30 minutes and ball milling (Insmart Systems, India) at a speed of 250
rpm for 120 minutes. Required quantity of hardener (4:1 weight ratio) was added to the MWCNT-resin
mixture and continued the ball milling. Completion of the dispersion was ensured from differential scanning
calorimetric (DSC) (TGA/DSC -1, Mettler—Toledo) studies. This was done by taking approximately 20 mg of
resin-CNT mixture and subjecting it to DSC studies between 30°C to 260°C at 5° C/min heating rate. DSC
data gives evolved heat during curing. Ball milling was continued till heat evolution (of DSC run) reaches to a
saturation value which indicates completion of the dispersion. Similar procedure was followed for both p-
MWCNT-epoxy and A-MWCNT-epoxy compositions. These MWCNT - epoxy mixtures were used to
fabricate two phase and three phase composites as described below.
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3.1.1. Two phase composites: To realize two phase composites, MWCNT-epoxy mixture was poured into a
die and cured for two hours at 120°C followed by three hours curing at 180°C, which is the peak cure
temperature of the compositions under study. Thus, seven different two phase nanocomposites were made by
mixing different weight percentages of MWCNTSs which are shown in the Table.4.1.

Table.4.1: Different types of two phase composites fabricated

Weight percentage of Types of two phase composite
MWCNTSs (wt %)
p-MWCNTSs A+-MWCNTSs
0 Blank
0.25 0.25wt% p-MWCNT-epoxy 0.25wt% A-MWCNT-epoxy
0.50 0.5wt% p-MWCNT-epoxy 0.5wt% A -MWCNT-epoxy
1.0 1.0wt% p-MWCNT-epoxy 1.0wt% As-MWCNT-epoxy

Typical two phase composites along with the dies are shown in Fig.4.1

Figure.4.1: Two phase epoxy composites ( a) Blank Epoxy (b) MWCNT-epoxy
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3.1.2.Three phase composites: MWCNT - C-epoxy three phase composites were made by filament winding

process using continuous carbon fibers and MWCNT dispersed epoxy resin mixture. Continuous carbon fibers

dipped in the MWCNT - epoxy resin mixture was wound on to a flat plate at a band gap of 1.9mm. After

winding required number of cycles of C-fibers on to the flat plate, the wound fiber-resin was compressed to

required thickness by sandwiching it between flat plates. This step squeezes out the extra resin. This gives

precise control on the fiber volume fraction of the composite. Thus, by controlling the number of cycles of the

winding and the thickness, volume fraction of three phase composites was controlled at 60% (+/- 1%). Same

cure cycle that was employed for two phase composites (section 4.1.1) was used for curing three phase

composites. Different types of three phase composites that were made are shown in the Table.4.2.

Table.4.2: Different types of three phase composites fabricated.

Weight percentage Type of three phase composite
of MWCNTS (wt %) p-MWCNTS A-MWCNTSs
0 Blank
0.25 0.25 wt% p-MWCNT-C-epoxy 0.25 wt% A-MWCNT-C-epoxy
0.50 0.5 wt% p-MWCNT-C-epoxy 0.5wt% As-MWCNT-C-epoxy
1.0 1.0 wt% p-MWCNT-C-epoxy 1.0wt% A;-MWCNT-C-epoxy

Experimental work that is discussed so far (section4.1.1 and 4.1.2) for fabrication of two phase and three

phase composites is shown as flow diagram. Flow diagram also includes various tests that were carried out for

each of the composite.
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Flow diagram: Schematic flow of experimental work

Mixing MWCNTS in to epoxy resin

) 4

Dispersion by sonication and ball milling

Addition of curing tnt and ball milling

Filament winding around the plate using CNT

v depsissvesin mixture

Casting epoxy resin —CNT mixture
(Two-Phase composite) Curing in the oven (120°C two hours and 180°C

three hours)

7 \ 4

Cutting the samples tWequired sizes for testing

Curing in the oven (120°C two tensile strength, flexural strength, ILSS
hours and 180°C three hours)

\ 4

Sample preparation for fracture
toughness test

Two-phase composites ready for
testing

Three — phase composites ready for testing

Various raw materials and tools used for the fabrication of three phase composites and typical composites
after fabrication are shown in Fig.4.2.
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Figure.4.2: (a) Carbon fiber spool (b) Metal plate used for filament winding of carbon fiber (¢) MWCNT-C-
epoxy composite made for ILSS test (d) MWCNT-C-epoxy composite made for tensile strength and flexural

strength tests.

3.2. Composite testing: Two phase composites were tested for fracture toughness (Kc) value. Five samples
of dimensions 50 mm x 8 mm x 4 mm were collected from each of the fabricated two phase composites. A
notch was made at the center of the specimen using isomet. The edge of the crack was sharpened with a sharp
edged blade. These samples were tested as per ASTM D 5045 on a universal testing machine (United 50KN)
at a crosshead speed of 10 mm/min. Three phase composites were tested for their mechanical properties. To
measure the mechanical properties samples having dimensions of 250mm x 10mm x1.6mm, ( for tensile
strength test) 60 mm x 10 mm x 2 mm (for flexural strength test) and 30mm x10mm x 2mm (for ILSS test)
were collected. Tensile strength was measured as per ASTM D 3039 while flexural strength and ILSS were
measured as per ASTM D 790, ASTM D 2344 respectively on a universal testing machine (United 50 KN).
Fractured surfaces of two phase and three phase composites were analyzed with environmental scanning
electron microscope (ESEM, model FEI-Quanta 400). Dispersion of A-MWCNTS in two phase composites
was analyzed by transmission electron microscope (TEM, Tecnai 20, FEI, The Netherlands) studies of the A¢
MWCNT — epoxy sample which is thinned down to electron transparency level by using precision ion
polishing system (PIPS, make Gatan). Fracture surfaces of three phase composites were studied using field
emission scanning electron microscope (FESEM, model Zeiss-Neon 40) to see the dispersion of A-MWCNTSs
and p-MWCNTSs.
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4. Results and discussion:

4.1. Crosslink density of two phase composites: Observed heat evolution patterns from DSC studies for
each loading of p-MWCNT to epoxy resin system are shown in Fig.4.3. Magnitude of heat evolved, was

measured from the area under the peak.

0.5wt%

Owt%-Blank

DSC (mW)

0.25wt%

Temperature (°C)

Figure.4.3: DSC curves showing the heat evolution patterns of the epoxy with different  weight fractions of
p-MWCNTS.

From the DSC results, it is observed that, as the p-MWCNTSs concentration increased, heat evolution during
curing is coming down [Table.4.3]. This indicates that, higher the amount of p-MWCNTSs, more is the
hindrance for the crosslinking reaction and thus less is the degree of cure. This could be due to two possible

reasons.

i) As p-MWCNTSs don not contain reactive functional groups, they cannot participate in

crosslinking reaction and thus cannot contribute to evolved heat during curing.

i) FESEM image with improper dispersion of p-MWCNTS in epoxy is shown below in
Fig 4.4. 1t is known that, p-MWCNTS tend to agglomerate easily due to van der waals  forces  of
attraction between the individual tubes [18]. Viscosity levels of the resin raises significantly due to

agglomeration of CNTs. As the diffusion of epoxy molecules through viscous resin will be hindered due to
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drag as well as due to entangled CNTs, degree of crosslinking will be abnormally low. More is loading of p-

MWCNTSs, more will be reduction in the degree of crosslinking [Table.4.3].

Fig.4.4: FESEM image showing some zones rich with agglomerated p-MWCNTSs (bright zones) and other
zones without p-MWCNTSs (dark zones) indicating poor dispersion

Observed heat evolution patterns from DSC studies for each loading of A-MWCNT to epoxy resin system are

shown inFig.4. 5.

0.25wt%

1.0wt%

0.5wt%

DSC (mW)

Owt%-Blank

1 TN (NN (NN (NN (RN A N NN N N 4
I N N O A

120 140 160 180 200 20 240 260
|

Temperature ("C)

Figure.4.5: DSC curves showing the heat evolution patterns of epoxy with different

weight fractions of A-MWCNTSs.
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It can be seen from Fig.4.5 that, as we keep on increasing the loading of A-MWCNT in epoxy, heat raised
significantly up to 0.5wt%. It was reported that, functionalized CNTs can covalently integrate with the epoxy
network through exothermic reactions [8]. In the present case, additional heat evolutions can be attributed to
extra crosslink reactions occurred due to additional amino groups available on the A-MWCNTSs. Amino
groups present on the A-MWNTs are known to form strong covalent bonds with the epoxy matrix [20].
Beyond 0.5wt% loading there is only a marginal increase in the evolved heat (Table.4.3). This could be either
due to the exhaustion of the epoxy sites that can avail the additional amino groups present on the A-MWCNT
or due to improper dispersion at higher loading. However, SEM/TEM micrographs are showing good
dispersion even at 1.0wt% loading of A-MWCNT (Fig.4.6). This indicates that, for the DGEBA epoxy resin
having DETDA curing agent in the ratios of 4:1 weight percentage, saturation in accommodating A
MWCNT will occur somewhere between 0.5wt% to 1.0wt% loadings. This is because, amino groups present
on the A-MWCNT compete with the amino groups of hardener/curing agent in crosslinking with the epoxy
groups. As the loading of A-MWCNT increases, more and more amino groups will be available while the

epoxy groups are not increasing proportionately.

Hence, at some loading of A-MWCNT, a situation arises, where, though amino groups are present for
crosslinking, there will be no more epoxy groups available, making further crosslinking impossible. Relative
percentage (%) improvements/change in the crosslink density (%CD) due to A-MWCNT over the blank is

measured using following formula and the obtained results are summarized in Table.4.3.

AH (MWCNT epoxy) - AH (Blank epoxy)
%CD = X 100
AH (Blank epoxy)
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Table.4.3: Heat evolution during crosslinking, percentage (%) change in the crosslink density (%CD)

and fracture toughness for two phase composites

Wit% of MWCNTS AH (j/9) %CD Fracture toughness
in epoxy (MPa.m*?)
0% MWCNT ( Blank) 165 - 0.96+ 0.05
0.25% p-MWCNT 154 -7 0.90 £0.10
0.5% p-MWCNT 147 -11 0.88+0.13
1.0% p-MWCNT 128 -22 0.75x 0.07
0.25% A-MWCNT 202 22 1.07£0.04
0.5% A-MWCNT 242 46 1.28 £0.03
1.0% A-MWCNT 268 62 1.21 +0.05

FESEM/TEM images showing good dispersion of A-MWCNT in epoxy are shown in Fig.4.6




Figure.4.6: Electron microscope images of two phase composites (a) SEM image of 1.0wt% A-MWCNT-
epoxy failed under fracture toughness test showing crack deflection ( encircled zone) by A-MWCNT ( shown
by arrows) (b) TEM images of 1.0wt% A-MWCNT-epoxy showing good dispersion of A-MWCNT ( shown
by arrows) (c) & (d) FESEM images of 0.5wt% A-MWCNT -epoxy showing good dispersion of As
MWCNT ( Shown by arrows)

4.2. Fracture toughness of two phase composites: In case of two phase composites, fracture toughness is
found to decrease with the increasing loading of p-MWCNTSs. On the other hand, it increased with increased
loading of A-MWCNTSs up to 0.5wt% [Fig.4.7].
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Fig.4.7: Fracture toughness of MWCNT-epoxy two phase composites as a function of weight percentage of
MWCNTS (b) p-MWCNTs-epoxy (b) A- MWCNTS - epoxy

Reduction in toughness for epoxy with the addition of p-MWCNTSs can be attributed to agglomeration of later
[Fig.4.4]. In the agglomerated form, p-MWCNTSs cannot offer resistance to propagating cracks effectively.
This is because, resin infiltration in to agglomerated MWNCTSs will be poor and hence they act as defect
zones. Hence, crack propagation becomes easier as defect zones do not offer resistance to propagating cracks.
This is inferred from the microstructure of the fracture surfaces of the p-MWCNT-epoxy composites which
are observed to show glassy surface without crack deflections as shown in Fig.4.8. This resulted in reduced

fracture toughness for p-MWCNT-epoxy two phase composites.
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Figure.4.8: SEM image of the fracture surface of p-MWCNT-epoxy showing glassy surface without crack
deflections (encircled zone)

A+-MWCNTSs are observed to enhance the toughness of epoxy matrix (Table.4.3). This can be understood due
to two reasons. The first one being, the ability of the strongly bonded A-MWCNTSs to deflect the cracks
originated in the matrix as shown in Fig.4.6.a. which forces the advancing crack front to follow torturous
paths leading to generation of rough surface having more surface area. As generation of more surface area
during fracture, absorbs more energy it resulted in enhanced toughness [21,22]. Rough surfaces generated for
A+-MWCNT -epoxy two phase composites as compared to the blank epoxy can be seen in the following




Figure.4.9: SEM images of the fracture surfaces of two phase composites. (a) Blank epoxy showing fracture
planes with insignificant crack deflections (b) 1wt% A-MWCNT-epoxy two phase composite showing crack
deflection along the fracture planes (encircled zone). (¢) & (d) High magnification view of the 1wt% A

MWCNT-epoxy two phase composite showing rough fracture surfaces in different regions.

The other reason for enhanced toughness can be understood due to enhanced crosslink density of epoxy
matrix in presence of A-MWCNTS. This aspect is elaborated in detail in the following section.

4.2.1. Effect of crosslink density changes on toughness of epoxy: Crack deflection by CNTs is generally
believed as the primary mechanism contributing to the toughness improvements of the two phase composites.
However, if it were the primary mechanism effecting the toughness, then it should have increased further at
1.0wt% loading of A-MWCNTSs compared to 0.5wt% of loading. As observed from the results (Table.4.3),
for 1.0wt% loading of A-MWCNTSs average fracture toughness value decreased by about 6% as compared to
the toughness value observed at 0.5wt% loading. Dispersion problem of A-MWCNTSs cannot be attributed
for this as good dispersion was observed even up to 1.0wt% loading as shown in Fig.4.6. This concludes that,
the toughness variations in epoxy matrix are due to additional reasons other than crack deflections and
bridging. Additional reason for toughness variations can be attributed to the enhanced crosslinking of epoxy in
presence of A-MWCNT. The negative trend observed for toughness beyond 0.5wt% loading of A-MWCNTSs
indicates that, crosslink density improvements beyond an optimum value will bring down the toughness of the

matrix.

Two phase composites discussed so far acts as matrix in three phase composites. Hence three phase
composites, are expected to get influenced by the properties of the two phase composites. The following
sections discusses, the mechanical properties of the three phase composites in the light of toughness variations

of the two phase composites.

4.3. Mechanical properties of three phase composites:

4.3.1. Mechanical properties of p-MWCNT-C-epoxy: All the mechanical properties were observed to be
coming down with the addition of p-MWCNTSs to C-epoxy composites (Table.4.4). There is no precise trend
in the mechanical property reduction due to p-MWCNTSs addition. For instance, 0.5wt%-p-MWCNT-C-epoxy
has shown higher flexural strength but lower tensile and very low ILSS properties as compared to the blank C-
epoxy. 1.0wt% p-MWCNTs have shown poor tensile and flexural properties compared to any other
composition, but slightly better ILSS than 0.5wt% p-MWCNT-C-epoxy. In general it can be stated that,
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reduction in mechanical properties are found to be more with increased loading of p-MWCNTSs. Reasons for

the observed reduction in the mechanical properties can be understood as following

MWCNTSs in non-functionalised form are generally highly entangled. Highly entangled p-MWCNTSs needs
very high shear forces to unbundle. Hence, uniform dispersion of p-MWCNTSs in the resin systems is very
difficult as compared to the functionalised MWCNTSs. It can be seen from the Fig.4.10.a, that there are
undispersed bundles of p-MWCNTSs which are not infiltrated well with the resin system. These, resin deficient
zones are acting as defects in the C-epoxy composites which initiates early failure of the composite under
applied loads. However, wherever there is good dispersion of p-MWCNTS, they are able to enhance the

interface strength of C-fibre with the matrix (Fig.10.b).

Poor and non-uniform dispersion and resultant non-uniformity in the interfacial bond strength, can be
evidenced from the microstructure of the fractured samples with some zones showing good interfacial
bonding (Fig10.c &d) and other zones showing poor bonding.

Table.4.4: Mechanical properties of p- MWCNT-C-epoxy three phase composites at different wt% of

MWCNTSs
Property Blank 0.25wt% 0.5 wt% 1.0wt%
(MPa) (0% MWCNT) p-MWCNT p-MWCNT p-MWCNT
Tensile strength 2220(180) 2119(189) 2150(113) 1763(101)
Flexural strength 1269(48) 1385(94) 1326(83) 1128(100)
ILSS 58(3) 62(2) 48(5) 49(6)

Values in the parentheses are standard deviations

Generally, samples having agglomerated MWCNTs may be showing poor strength and the samples collected
from the well dispersed zones may be showing good mechanical properties. This could be the reason for

unpredictable trend in the mechanical properties of the p-MWCNTSs.
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Figure.4.10: SEM images of 1.0wt% p-MWCNT-C-epoxy composites. (a) Bundles of MWCNTSs with poor
dispersion (encircled) (b) Showing good adhesion of matrix to the fiber (shown with arrows) in the zones
where p-MWCNTSs are well dispersed (encircled zone) (c) & (d) Fracture surfaces showing good adhesion of
matrix to some filaments (encircled zone) and poor matrix adhesion to most of the other filaments (shown

with arrow) .

4.3.2. Mechanical properties of A-MWOCNT-C-epoxy: Similar to fracture toughness of two phase
composites, tensile and flexural strengths of the three phase composites also increased with increased loading
of A-MWCNTSs up to 0.5wt% beyond which, these properties started to show a downward trend (Table.4.5).

Table.4.5: Mechanical properties of AF-MWCNTSs -C-epoxy three phase composites at different wt% of

MWCNTs
Property Blank 0.25wt% 0.5 wt% 1.0wt%
(MPa) (Owt% MWCNTSs) A-MWCNTSs A+-MWCNTSs A+~MWCNTSs
Tensile strength 2220(180) 2356(96) 2450(57) 2430(178)
Flexural strength 1269(48) 1353(104) 1463(80) 1401(110)
ILSS 58(3) 63(4) 66(2) 68(6)

Values in the parentheses are standard deviations
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Strength improvement due to addition of A-MWCNTSs could be attributed to the strengthened fiber matrix
interface which is evident from the significant change in the failure modes of the blank C-epoxy composites as
compared to the failure modes of the A-MWCNTSs-C-epoxy composites. SEM micrographs of the fracture
surfaces of the tensile specimen of blank C-epoxy samples are showing more fiber matrix debonding and inter
filament debonding indicating less interface toughness (Fig.4.11). Failure of the blank C-epoxy composite

with more inter filament debonding can be understood as below.

Fiber-matrix interface zone is the weakest zone in the composite. This is due to the fact that, fiber and matrix
are two distinct phases joined at the interface. Hence, across the interface zone, there is sudden change in the
mechanical properties like tensile strength, stiffness. Under the applied tensile loads, initially both fiber and
matrix elongate uniformly up to some critical strain. However, as the stiffness of the fiber and matrix are not
same, there will be mismatch in the strain of the fiber to the matrix which keeps on increasing with the
increasing applied load. This results in generation of micro cracks at interface. Once the micro cracks are
generated at the interface, stress concentration buildsup at the cracked zones which results in easy propagation
of initially formed cracks. This leads to immature failure of the blank C-epoxy composites with more inter

filament debonding as shown in Fig.4.11.

On the other hand, 0.5wWwt% A-MWCNT reinforced C-epoxy composites are found to display distinct failure
modes with less inter filament debonding as compared to the blank C-epoxy composites as shown in Fig.4.12.
The distinct failure modes with less inter filament debonding observed for 0.5wt% A-MWCNT-C-epoxy
could be explained by the fact that, the A-MWCNTSs present at the interface, anchor the C-fiber to the matrix
strongly thus strengthening the interface and ensuring uniform stress buildup along the length of the C-fiber

—matrix interface under the applied load [23].

It is evident from the micro structure of the fractured surfaces of 0.5wt% A-MWCNT-C-epoxy that, A¢
MWCNTSs are strengthening the fiber-matrix interface by resisting the generation of the micro-cracks. Even
after the generation of matrix micro-cracks at the interface, A-MWCNTSs can offer more resistance for the
propagation of interface cracks through crack deflection and also by crack bridging. Strengthened interface
ensures uniform load distribution across the sample and thus the maximum mechanical property of the every

filament present in the C-fibers tows is realized.

74



Figure.4.11: SEM images of the fracture surface of blank C-epoxy composites (a) Fully debonded individual
filaments (b) & (c) Filaments with little or no resin attached to their surfaces.

In essence, prior to the failure of the composite carbon filaments/fibers slides past the matrix. If the composite
is having A-MWCNT as additional reinforcements, they act as anchoring sites between the fiber to the
matrix. Hence during the sliding of the fibers more energy will be consumed. This is because of A:MWCNTSs
also needs to be pulled out of the matrix. Thus 0.5wt% A-MWCNT-C-epoxy has shown higher tensile and
flexural properties [15].

The macro images of the fractured samples under tensile loads also support the observations made with SEM.
It can be observed from the Fig.4.13 (a-c) that, when A-MWCNTSs are present in C-epoxy, tensile failure of
the composite is by explosive failure (XGM mode of failure as per ASTM D 3039) with individual filaments
opening up and breaking at once and forming a broomstick kind of structure by the fractured specimen.
Failure of the, A-MWCNT-C-epoxy composites predominantly by explosive mode of failure indicates strong
interaction between individual filaments which are responding uniformly to the applied load, across the area
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of the composite that is subjected to the tensile loads. Hence, they all failed at once. This ensured maximum
utilization of the mechanical properties of the all the filaments which resulted in improved tensile strength for

the A-MWCNT-C-epoxy composites.

Figure.4.12: SEM images of 0.5wt%A-MWCNT-C-epoxy after tensile failure (a) Showing very less inter
filament debonding (debonded filament shown with arrow). (b) & (¢) Showing good inter-filament bonding
(indicated by arrows) (d) FESEM image showing good dispersion of A-MWCNTSs (encircled zone) (e)
FESEM image showing matrix deformed zones at fracture surface where A-MWCNTS are visible (encircled

zone) (f) Magnified view of encircled zone of image 'e' showing well dispersed A-MWCNTS .
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Figure.4.13: Macro images of the fractured specimens under tensile loads (a) 0.25Wt%A~MWCNT-C-epoxy
(b) 0.5wWt% A-MWCNT-C-epoxy (c) 1.0wt% A-MWCNT-C-epoxy (d) Blank-C-epoxy

However, if the primary reason of strength improvement for CFRPs is due to A-MWCNTS, then the
mechanical properties should have increased more at 1.0wt% addition of A-MWCNTSs than 0.5wt% addition
of A-MWCNTSs. This is because at 1.0wt% addition of A-MWCNTS, more amount of A-MWCNTSs should
have offered more number of anchoring sites across the interface. However, results show a remarkable
improvement in the tensile, flexural strength only up to 0.5wt% loading of A-MWCNTSs. Beyond this, at
1.0wt% loading of A-MWCNTSs there is a saturation in the tensile and flexural strength with indications of
slight reduction in the properties. Saturation in mechanical properties at 0.5wt% loading of A-MWCNTSs and
slight reduction in mechanical properties at 1.0wt% A~MWCNTSs loading is similar to the trend that was
observed for fracture toughness of the two phase composites (A-MWCNTs-epoxy) which is acting as the
matrix in the three phase composite (A-MWCNTSs-C-epoxy). Hence, the following section is oriented to
visualize mechanisms of strength improvements for A-MWCNTSs- C-epoxy in terms of toughness changes to

matrix/ matrix present at the interface.

4.3.2.1. Effect of matrix toughness on tensile strength, flexural strength: At the interface of A
MWCNTSs-C-epoxy, additional crosslinking reactions will occur between the A-MWCNTs & epoxy and
between A-MWCNTs and the epoxy sizing on the C-fibers [9]. This additional crosslinking not only

increases the interfacial strength but also interfacial toughness as it is observed that, increased crosslinking is
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found to increase the matrix toughness up to some optimum value (Fig.4.7.b) which is 0.5wt% loading in the
present case. Enhanced interface toughness due to functionalized MWCNTs up to optimum loading, and it’s
saturation beyond optimum interface crosslink density was earlier reported by some research groups [24]. In
the present case, at 0.5wt% loading of A-MWCNTS, toughness reaches optimum value at C-fiber and epoxy
matrix interface. Hence up to this loading, inter filament bonding is intact with very less or no signs of micro-
cracks. (Fig.4.12. b &4.12. c).

As the A-MWCNTS loading increased to 1.0wt%, interface toughness has come down which is inferred from
the, observed micro-cracks at the C-fiber-matrix interfaces for 1.0wt% A-MWCNT-C-epoxy (Fig.4.14.a).
This can be attributed to the fact that, higher crosslinking at the C-fiber-matrix due to higher loading (1.0wt
%) of A-rMWCNTSs reduced the toughness of the interface. This is validated by the fact that, cracks are
observed to be originating from the zones where A-MWCNTSs are present at the interface (Fig.4.14.b
&4.14.c). This indicates that, even with good dispersion of A-MWCNTSs (as inferred from Fig.4.14.b-f) at
higher loading, A-MWCNT’s ability to anchor the C-fiber to the matrix is overshadowed by the reduced
interface toughness due to higher crosslinking.

As micro cracks propagation increases at the interface, mechanical properties starts to come down as interface
cannot act as effective load transfer medium between the matrix to fiber or fiber to fiber. This implies that, the
interface toughness of C-epoxy which is altered by A-MWCNTSs is playing a significant role in influencing
tensile and flexural properties of the three phase composites. In essence, at their optimum loading ( 0.5wt% in
the present study) A-MWCNTS are assisting in deriving the maximum mechanical properties of carbon fibers
by minimizing the interface cracks. This can be further evidenced from the load Vs deflection curves of the

samples failed under tensile loads (Fig.4.15).
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Figure.4.14: SEM/FESEM images of the 1.0wt%A+~MWCNT-C-epoxy samples after fracture (a) Showing
micro-cracks at the interface (shown by arrow) (b) Encircled zone showing initiation of debonding at C-fiber
matrix interface (c) Close view of the encircled zone in fig.b, showing initiation of matrix debonding at
interface where well dispersed A-MWCNTs are present at higher loading (1.0wt% loading of As-
MWCNTS) (d) Fractured sample where A-MWCNTS are located (encircled zone) (e) Magnified view of the
encircled zone in image 'd' showing well dispersed A-MWCNTSs (f) Well dispersed A-MWCNTSs on the
surface of the C-fiber (encircled zone).
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Figure.4.15: Force Vs deflection of curves of C-epoxy/A-MWCNT-C-epoxy composites subjected to tensile
testing.

It can be seen from the Fig.4.15, that the maximum deflection at which carbon fibers are failing has not
changed. But the maximum load the composite can experience before it strained to its maximum capacity has
increased. It indicates that, in case of blank C-epoxy, due to generation of micro cracks at the interface, stress
concentration has increased at selective zones resulting in the premature failure of the composite. On the other
hand, when optimum loading of Af-MWCNTSs are present at the interface, they are cushioning the interface
micro-cracks and thus ensuring uniform load distribution to all the fibers across the sample area, there by
deriving the maximum potential of the reinforced carbon fibers. Beyond optimum loading, as the interface

embrittlement starts, again stress concentration zones increases leading reduction in mechanical properties.

Hence, even if good dispersion of A-MWCNTS is ensured in C-epoxy composites, mechanical properties
namely tensile and flexural strengths will not increase beyond optimum loading of A-MWCNTS (0.5wt% A
MWCNTSs in present study). This is due to the reduction in the interface toughness beyond a critical amount of
loading of A-MWCNTS.
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4.3.2.2. ILSS property of A-MWCNTSs -C-epoxy: Inter laminar shear strength (ILSS) values increased up
to 1.0wt% loading of A-MWCNTSs in C-epoxy, though the matrix toughness was coming down beyond
0.5wt% loading of A-MWCNTS. This can be understood by the fact that, failure by ILSS involves more
shearing and deformation at the fiber - matrix interface compared to the tensile and flexural failures. In such
failures, more anchoring sites provided by higher loading of A-MWCNTSs can strongly resist the interface
shearing leading to higher ILSS [25]. This indicates that, interface bridging by the A-MWCNTSs plays a
predominant role in improving the ILSS property than the interface toughness.

5.Conclusions: i) Pure MWCNTSs (without any functional groups)/ p-MWCNTSs brings down the crosslink
density of epoxy matrix while amino functionalised MWCNTs (A-MWCNTS) can increase the crosslink

density of the epoxy matrix.

ii) p-MWCNTSs are reducing the toughness of epoxy while A-MWCNTS are increasing toughness of epoxy up
to a optimum loading. This is attained at a loading of 0.5wWt% of A-MWCNTS to epoxy in present study

iii) p-MWCNTSs are reducing the mechanical properties of C-epoxy composites due to their tendency of

agglomeration.

iii) Toughness improvement (at C-fiber - matrix interface) due to A-MWCNTSs is resulting in the tensile,
flexural strength improvements in C-epoxy composites. These properties start to show a downward trend
beyond optimum loading of A-MWCNTS, even when they are well dispersed. This is due to declining
interface toughness beyond optimum loading of A-MWCNTSs. Hence, even well dispersed A-MWCNTSs

cannot impart improved mechanical properties to C-epoxy composites beyond an optimum loading.

iv) ILSS property of the C-epoxy composites is found to increase with increased loading of A-MWCNTSs

which is not following the trend observed in the toughness of the matrix.
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Chapter: V

CNF Reinforced Carbon -Epoxy

Composites



CNF Reinforced Carbon — Epoxy Composites

The studies carried out so far have indicated that, amino functionalized carbon nanotubes are strengthening
the fiber-matrix interface which is resulting in the enhanced mechanical properties for CFRPs. Matrix
toughness/interface toughness improvements due to addition of A-MWCNT was found to be the main
reason behind the mechanical property improvement of A-MWCNT- CFRPs. This infers that, CFRPs having
more matrix content (lower fiber volume fractions) should get benefited more with the addition of A
MWCNT. Moreover, as it was observed that, CNTs are not acting as load bearing reinforcements in CFRPs
rather acting as interface modifiers, it is expected that, similar results can be obtained with amino
functionalized carbon nanofibers (A-CNFs) which are akin to MWCNTSs. Since, A-CNFs are available at
lower costs and easy to disperse in polymeric resins compared to A-MWCNT, it is essential to explore them
as reinforcements to CFRPs. Hence, in this chapter, effect of A--CNFs addition to CFRPs having different
fiber volume fractions is studied. It was observed that, A-CNFs can significantly increase the flexural
strength and shear strength of CFRPs having lower fiber volume fractions. As the fiber volume fraction

increases, their role as addition reinforcements are becoming insignificant.

1. Introduction

Carbon nanofibers (CNFs) are crude form of MWCNTSs. Their surface contains thick pyrolitic graphite
coating deposited on the core of MWCNTSs. The graphitic planes of CNFs are also not oriented along the
longitudinal axis of the tube, rather they are slightly canted with respect to the tube axis. These features
makes them distinct from MWCNTSs. However, they are also known to possess good mechanical properties,
which makes them attractive materials to reinforce CFRPs. Besides this, CNFs are generally available at
lower prices as compared to MWCNTSs, which makes them economically viable for reinforcing large
structures CFRPs. Hence, carbon nanofibers (CNF) were also widely explored as additional reinforcements
to enhance the mechanical properties of the carbon fiber reinforced plastics (CFRPs) [1]. Studies on the
functionalisation of CNFs and their homogeneous dispersion in polymer matrices were reported extensively
by many research groups, which enables to realize the full potential of CNF as reinforcements in CFRPs [2-
4]. It is reported that, amino functionalised CNF can react with epoxy matrix and thus form a covalent bond
with the matrix [5]. Even after substantial understanding of functionalisation and dispersion of CNFs, still

there are diverse reports on the degree of mechanical property improvements for CFRPs

86




due to the addition of CNFs. For instance, flexural strength improvements of fiber reinforced composite
laminates due to the addition of CNF are reported up to as high as 22%, and also as low as 2.7% [6-7]. In
general, improvement in the mechanical properties of CFRPs due to addition of functionalised CNFs is
attributed to the strengthened fiber — matrix interface area [8]. In turn, interface area is dependent on the fiber
volume fraction (Vy) of the composite. Hence, the extent of the mechanical property improvement due to the
CNF addition in CFRPs depends on the V; of the composite [9]. The significance of the V¢ of CFRPs in to
which CNFs are added could be one of the reasons for the large scatter observed in the reported mechanical
properties of CNF reinforced CFRPs. So far, there are no systematic studies reported on, how CNFs addition
influence the mechanical properties of the CFRPs/C-epoxy composite laminates having different fiber
volume fractions. In this chapter an attempt was made to bridge this gap. V¢ of the composite used in most
of the practical applications generally lies in the range of 40-70%. Hence this range is considered in this
study.

2. Raw materials: Epoxy resin, carbon fabric, and amino functionalised carbon nanofibers are the main raw

materials in the present study. Brief specifications of the raw materials are given below.

Epoxy resin:
1. Chemical formula : Diglycydyl ether of bisphenol -A
2. Viscosity : 10,000cP at 30°C
3. Density : 1.2 g/cc
4. Acid Value : 85-120
5. Commercial name : LY-556
Hardener:
1. Chemical formula : Diethyl toluene diamine
2. Viscosity : 200 cP at 25°C
3. Density : 1.0 g/cc
4. Commercial name HY-5200

Carbon fiber specifications: Poly acrylo nitrile (PAN) based high strength carbon fabric woven
with 3k fiber of T-300 grade were used to make laminated (2D) CNT-C-Epoxy composites. Brief
specifications of carbon fibers are as given below.

1. Tow type : 3k (3000 filaments in a tow)

2. Weaving pattern : 8- H Satin
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3. Density of fiber : 1.75 glcc

4. Areal density of fabric 380 g/ m?

5. Tensile strength (tow) 3.5 GPa

6. Tensile modulus (tow) 180 GPa

7. Commercial name : T-300 grade fabric

Carbon nanofibers (CNFs): CVD synthesized CNFs, which were subsequently purified and amino
functionalised were procured from M/s Chemapol industries (Mumbai). Brief specifications of the amino

functionalised CNFs (A-CNFs) are given below.

1. Purity : 99.9wWt%

2. Metallic impurities : less than 0.1wt%
3. Diameter : 100-200 nm

4. Length : 10-20 microns

Microstructure, FT-IR and TGA pattern of the amino functionalised CNFs in as received form are shown in

Fig.5.1.

Microstructure shows approximately 150 nm-250 nm diameter for A-CNFs in as received form. Cupstacked
structure of CNFs is visible from Fig.5.1.b. FT-IR shows a strong and symmetric peak at 3448 cm™ as well
as a shoulder at 1632cm™ indicating presence of N-H bonds on the surface. TGA has not shown any residual

weight indicating absence of any metallic impurities.
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Figure 5.1: (@) & (b) Micro structure of as received A-CNFas observed under transmission electron
microscope at different magnificaitons. (c) FT-IR pattern of the as received A-CNF(d) TGA pattern of the as
received A--CNF
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3. Experimental work: The scheme of experimental work that is carried out is given breifly below.

3.1. Fabrication of composites: For fabricating the composite laminates, initially 1.0 weight percentage
(wt%) of A+-CNFs (1.0g of A-CNFs for 100g of epoxy ) were dispersed in the epoxy resin using a probe type
ultrasonicator (Mesonix-3000, USA) for 45 minutes followed by ball milling at 250 rpm for 120 minutes.
Hardener was added to the A+-CNF- epoxy mixture (24 parts of hardener to 100 parts of the epoxy resin by
weight). This mixture was further ball milled at 250 rpm for 30min. Carbon fabric (C-fabric) was cut in to
predecided specific dimensions and impregnated with A~CNF-epoxy-hardener mixture. Impregnated fabric
layers were stacked and compressed in a suitable size metallic die. Curing of the stack in the compressed
condition was carried out at 120°C for 120minutes followed by180°C for 180 minutes. V; of the composite
was controlled by varying the number of fabric layers in the given thickness (approximately 2.5mm).

Various steps involved in composite fabrication procedure is shown in the following flow diagram.

Flow diagram: Schematic flow of experimental work

Mixing the amino CNFs in to epoxy resin

4

Dispersion by sonication and ball milling

4

Addition of curing agent and ball milling

v

Applying A-CNF-mixed resin on the C-fabrics followed by
laying it up and compressing to required thickness

v

Curing in the oven (120°C two hours and 180°C three hours)

v

Cutting the samples to required sizes for testing
for tensile strength, flexural strength, ILSS

Various raw materials and tools used for fabrication of three phase composites and a typical laminated (2D)

composite after fabrication are shown below in Fig.5.2.
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Figure.5.2. (a) Carbon fabric roll from which fabric layers of required dimensions were collected (b) Die
plates used to sandwich the stacked fabric layers (c) A CNF- C-epoxy composite fabricated for mechanical

property evaluation.
Different composite laminates that were made with varying Vs are shown in Table.5.1.

Table 5.1: Different types of A-- CNF- C-epoxy composites fabricated

Sample description Sample code Wt% Aq+CNF %VT (+/-1%)
Blank C-epoxy 40BCE* 0 40
A+-CNF -C-epoxy 40CCE® 1.0 40
Blank C-epoxy 50BCE 0 50
A+CNF -C-epoxy 50CCE 1.0 50
Blank-C-epoxy 60BCE 0 60
A+-CNF-C-epoxy 60CCE 1.0 60
Blank —C-epoxy 70BCE 0 70
A+CNF -C-epoxy 70CCE 1.0 70

*BCE: Blank Carbon-epoxy composite, "CCE: A-CNF-C-epoxy composite.
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Composite laminates made without A-CNF addition are, denoted as BCE (Blank—Carbon-Epoxy) while the
composite laminates made with the addition of A-CNF are denoted as CCE (CNF reinforced Carbon—
epoxy). The numbers prefixing the BCE/CCE indicates the fiber volume fraction. For example, 60CCE
indicates Ar-CNF reinforced C-epoxy composite having 60V;. V; of the composite laminates was determined
with acid digestion test, using concentrated nitric acid following ASTM D3171. Flexural strength,
interlaminar shear strength (ILSS) and tensile strength of the prepared composite laminates were determined
as per ASTM D790 (three point bending test), ASTM D2344 and ASTM D 638 respectively on universal
testing machine (United 50KN, USA). Minimum eight numbers of samples were tested from each laminate
for each of the measured property and the results obtained is the average of the measurement (Table.5.2.).
Microstructure and fracture modes of the tested samples were analyzed with environmental scanning electron
microscopy (ESEM-FEI, Quanta 400, USA).

4. Results and discussion

4.1. Flexural strength: Flexural strength trend for A¢ -CNF-CFRPs at lower and higher V; was observed to

be different which are discussed in the subsequent sections.

4.1.1. Flexural strength at 40V60V¢: A-CNF reinforced C-epoxy (CCE) composite laminates have shown
higher flexural strength as compared to their corresponding blank (BCE) composite laminates having same
Vs (Table.5.2).

Table.5.2: Summary of the mechanical properties of composites

*F.S (MPa) % imp” ILSS (MPa) % imp °T.S (MPa) %
Imp
V; |BCE CCE® BCE CCE BCE CCE
40 529(23) 682(41) 28.9 32 (1.2) 41(1.1) 28.1 722 (42) 775(26) 7.3
50 601(39) 690(44) 14.8 35 (2.8) 40(1.8) 14.2 756 (23) 777(7.4) 2.7
60 765 (38) 788(38) 3.0 47 (2.4) 48(16) 2.1 855(18)  896(42) 47
70 921 (28) 869(27) -5.6 47 (45) 45 (3.2) -4.4 915(14)  854(39) 6.6

*Flexural strength, ° Percentage improvements, “Tensile Strength

Note: Values in the parenthesis indicates standard deviations
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It can be seen from the Table.5.2, that, as the V¢ of the composite is increasing, there is a downward trend in
the flexural strength improvements for CCE as compared to their corresponding BCE (having same V). For
instance, flexural strength of 40CCE is 28.9% higher than 40BCE, while it is only 3% higher for 60CCE as
compared to 60BCE. SEM studies of the fractured specimens have shown good dispersion of A-CNF at all
V¢ (40-70%) of the composite laminates (Fig.5.3).

Figure.5.3: Fractured samples of C-epoxy composites failed under flexural/ tensile loads showing good
dispersion of A-CNF( indicated by arrows) (a) 40CCE failed under flexural load (b) 50CCE failed under
flexural load (c) 40CCE failed under tensile load (d) 60CCE failed under tensile load.

As the dispersion of A-CNFs was observed to be uniform, the observed variation in the flexural strength
improvements may not be due to poor dispersion of A-CNFs. As all other experimental parameters were

kept same, and only fiber volume fraction was varied, the systematic reduction in the degree of mechanical
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property improvements with increasing V; of CFRP can be attributed to the effects imposed by V; only.
Possible mechanisms for the observed trends are discussed based on the micro and macro images of the

fractured samples. Mode of crack propagation during flexural failure and microstructure of the fractured

samples are shown in Fig.5.4.
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Figure 5.4: Showing C-epoxy samples failed under flexural loads. Broad arrows on top of each figure is
indicating the loading point (a) 40BCE showing failure predominantly by interlaminar crack
propagation(Indicated by arrows) (b) 40CCE showing predominant failure by rupture of C-fabrics (indicated
by arrows) with no interlaminar crack propagation (c) SEM image of 40CCE showing interface
strengthening by As CNF(encircled zone) (d) 40CCE showing interpenetrated As - CNF network joining
many filaments (e)&(f) 60BCE showing failure by rupture of C-fabric layers with minimum interlaminar
crack propagation.

Flexural failure of the CFRP is known to involve a combination of the failure by shearing of the fiber —
matrix interface at the loading point and failure by rupture of fibers (in tensile mode) generally away from
loading point. SEM images of the BCE & CCE samples failed under flexural loads, shows failure by
combination of both interface shearing and rupture. However, it was observed that, the magnitude of the

former and later modes of the failures varied significantly for BCE and CCE.

For instance, in case of 40BCE, failure initiated under the loading point in the flexural strength test, resulted
in predominant formation of interlaminar cracks due to interface shearing (Fig.5.4.a). It is reported that, the
crack propagation through the matrix rich interface zones encounters less resistance [9]. Hence, 40BCE
failed at lower strength. On the other hand, in case of 40CCE, crack propagation was predominantly
translaminar with the rupture of the C-fabric layers with minimum or no interface shearing (Fig.5.4.b). This
mode of failure indicates that, A-CNF strengthened the interface due to their ability to interlock the fiber-
matrix interface as shown in Fig.5.4.c & 5.4.d [10-11]. Hence crack is forced to propagate in translaminar
(through thickness) direction with the rupture of the C-fabrics. As the C-fiber rupture consumes more
energy, 40CCE which failed through the translaminar crack propagation with the rupture of C-fibers, has
shown a significant improvement in the flexural strength. Besides this, the epoxy matrix, reinforced by the
A+-CNFs is known to exhibit enhanced stiffness, and this stiffened matrix can effectively restrain fiber

bending which also contributed to the improved flexural strength of 40CCE [12-13].

Load Vs extension graphs of the samples failed under flexural loads are shown in Fig.5.5. It can be seen
from the graphs that, at lower V¢, BCE are failing at lower load where as the failure loads for the CCE
samples have increased significantly. This indicates that, more amount of C-fibers are involved in the failure
of the CCE samples as compared to the BCE samples. More elongation of the composite before failure

supports this view point.
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Fig.5.6: Showing schematic flexural failure modes of C-epoxy/ A-CNF -C-epoxy at different V;. () Low Vi
C-epoxy showing horizontal spread of crack at each layer giving more interlaminar crack propagation. (b)
Low V¢ C-epoxy with A--CNF showing, A-CNF arresting the horizontal spread of crack and forcing the crack
to propagate by rupturing C-fabric layers (c) High V; C-epoxy showing highly compacted C-fabric layers and

translaminar crack propagation

As the V¢ of the composite laminates increased to 60V, the fracture modes have changed significantly. Even
in case of BCE crack propagation mode during flexural failure was observed to be predominantly
translaminar (Fig.5.4.e & 5.4.f). Reduced interface shearing even for BCE at higher V¢ can be attributed to
the crimp of the woven fabrics. Crimp is a curvature or deformation arising out of weaving [14]. At higher
Vs, when fabric layers are well compacted, crimp zones can interlock with adjacent fabric layer zones having
complementary curvatures. These interlocks could resist interface shearing. Thus, at higher V¢ of C-epoxy,
crack propagation is proceeding with rupture of carbon fabric layers even for BCE samples. Hence, need of
A+-CNF to resist the interlaminar cracks would be limited for higher V¢ C-epoxy composites. Schematic

flexural failure modes of BCE and CCE at lower and higher V¢ are shown in Fig.5.6(c).

As both, 60BCE and 60CCE failed in a similar mode, a significant improvement in the flexural strength due

to the addition of A-CNF was not observed. However, A-CNF present in CCE, can still offer some
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additional advantages as shown in the Fig.5.7. A-CNF reinforced C-epoxy composites failed under flexural
loads are found to show formation of many subsidiary cracks (diffuse cracks) away from the main crack
front in contrast to the limited number of diffuse cracks observed for the blank C-epoxy composites
(Fig.5.7.a & 5.7.b).Formation of diffuse cracks can be attributed to the interconnected network of A+CNFs
(Fig.5.4.d) which can transmit the load to long distances from the point of the bending load. As matrix is
having well dispersed A-CNFs dispersed in it (Fig.5.7.c & 5.7.d), formation of diffuse cracks over a large
area involves pulling out of A-CNFs from matrix in a larger area which consumes significant energy. This
resulted in the improvement of the flexural strength.

Figure.5.7: SEM images of the C-epoxy composites failed under flexural loads. (a) 60BCE showing one
major crack front (path shown with arrows) with insignificant subsidiary/ diffuse cracks (b) 60CCE showing
major crack (encircled zone) associated with many subsidiary cracks (shown with arrows) spread over a
large area of the sample. (c) & (d) A-CNFs pulled out of the cracked surfaces of the matrix failed under

flexural loads at different locations.

4.1.2. Flexural strength at 70V;: Addition of A-CNFs to the C-epoxy laminates having 70Vf (70CCE) was
found to reduce the flexural strength (Table.5.2) by 6.6% as compared to 70BCE. Failure of the 70CCE
shows significant delamination at the interface (Fig.5.8.a). This could be attributed to poor wetting of the C-
fibers in 70CCE. When, A«-CNFs are present in the composite, they compete with the C-fibers in consuming

the resin for wetting their surfaces. Hence, at such higher V¢, epoxy resin may not be sufficient to achieve
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ideal wetting of C-fibers. This can be evidenced from the poor wetting of the C-fibers in 70CCE (Fig.5.8.b)

as compared to the wetting for 40CCE (Fig.5.4.c).

Figure 5.7: SEM images of the 70CCE samples failed under flexural loads. (a) Mixed mode of failure with
significant interlaminar crack propagation (indicated by arrows) coupled with rupture of carbon fabrics (b)

Encircled zones showing glassy surface of the C-filament indicating poor wetting of C-filament surface.

Poor wetting at higher V; of the A; — CNF reinforced C-epoxy could be due to the fact that, carbon
nanofibers due to high surface area may consume considerable proportion of the resin, which may fail to
ensure an ideal bonding between fiber-matrix. This resulted in weak interface and facile crack propagation
leading to reduction in the flexural strength. In case of 70BCE, there were no A¢ -CNFs to compete with C-

fibers for the resin. This leads to better

wetting of C-fibers, as well as the effective interlocking of alternate fabric layers with crimp zones of the
fabrics. Hence, 70BCE has shown better flexural strength as compared to 70CCE. Failure of the 70CCE at
lower elongation as compared to the 70BCE (Fig.5.5.b) also indicates that, the composite has failed before

utilizing the maximum potential of the reinforcing fibers.

4.2. Tensile strength: Visible improvement in tensile strength due to A-CNF addition was observed for C-
epoxy (Table.5.2). Reasons for this, can be understood from the fracture modes of the BCE and CCE
samples. Figure.5.9. shows that, the tensile failure of the C-epoxy involved interfilament debonding at the
micro level and interlayer debonding at the macro level. However, the magnitude of the interfiber and
interlayer debonding varied significantly from BCE to CCE. It was observed that, A-CNFs improved both
interfilament and interlayer strength. Reasons for these observations are discussed in detail in the following

sections.
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Fig.5.9: SEM images of C-epoxy samples failed under tensile loads (a) 40BCE showing interfilament
debonding (b) 40CCE showing strong interfilament bonding due to interlocking of filaments by A; —-CNF
(indicated by arrow) (c) & (d) 50CCE sample showing significant interface toughness (indicated by encircled
zones) due to As -CNFs.

4.2.1. Interfilament bond strengthening: It was observed that the fractured surfaces of the BCE were
smooth with complete interfilament debonding (Fig.5.9.a), with negligible matrix adhered to their surface.
On the other hand, CCE have shown strong interfilament bonding with significant matrix adhered to their
surfaces. A¢ -CNFs are observed to lock the fiber matrix interface (Fig.5.9.b). It can also be seen that, the
matrix that is adhered to the surfaces of the C-fibers is rough indicating significant interface toughness due to
As -CNFs (Fig. 5.9.c &5.9.d). Enhanced interface toughness could be due to the ability of A; —-CNFs to act
as micro bridges/interlocks at the fiber — matrix interface, which enhances the toughness. However, as seen
in Fig.5.10, significant surface roughness with hackle like features could also be seen at the interfaces where
concentration of As -CNFs is minimum. This could be attributed to the enhanced interface crosslink density
due to the addition of A-CNFs. Amino functional groups present on the surface of the CNFs can participate
in the crosslinking reaction with the epoxy matrix resulting in enhanced interface crosslink density.

Increased crosslink density at the interface results in enhanced interface toughness [15].
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Figure 5.10: SEM images of the 60CCE sample failed under tensile loads. (a) & (b) 60CCE showing rough

surface with hackle like features indicating interface toughening (indicated by arrows)

Influence of the enhanced interface toughness and the bridging at the interface resulted in involving more

number of reinforcing fibers/ filaments during failure of the composite [16].

Thus for CCE, higher interface toughness coupled with strong interfilament bonding ensured a uniform load
distribution across all the carbon fibers [17-18]. Hence, CCE samples show higher tensile strength.

4.2.2. Interlayer bond strengthening: When CFRP is subjected to external stress, a shear stress is
generated between the fiber and matrix due to the elastic mismatch according to the shear lag theory [19].
Hence, beyond a critical stress, shearing of the fiber — matrix interface will occur, which may lead to
generation of the microcracks at interface areas and debonding of layers. This could result in non - uniform
load distribution across the sample and leads to a premature failure. This can be evidenced from the SEM
images of BCE samples (Fig.5.11.a &5.11.b), which have shown a significant interlayer delamination during
the tensile failure. However, for CCE, interlayer delamination decreased significantly (Fig.5.11.c &
Fig.5.11.d.).
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Figure.5.11: SEM images of the 60CCE sample failed under tensile loads. (a) 60BCE& (b)

40BCE showing interlayer (plies) delamination during tensile failure (c) & (d) 40CCE & 60CCE showing
improved interlayer bonding (shown by arrow)

Observed variations in the failure mode of the BCE as compared to the CCE were reasoned as follows.

i) Ar-CNFs that are added to CFRPs preferentially assume the interface position of the C-fiber to
the matrix (Fig.5.9.b &5.10.a) due to the filtration effects of the C-filaments. Hence they form a
thin layer of A+-CNF rich C-fiber surface. A--CNF dispersed epoxy is known to display higher
stiffness. Hence, while moving from the fiber surface to the matrix at the interface and beyond,
there will be a gradual transition from the stiff, isotropic C-fibers to the weaker epoxy matrix. This
leads to reduction in the stress concentration across the C-fiber - matrix interface during the
interface sliding. Due to this, A--CNF reinforced CFRPs, experiences less stress concentration at the
interface leading to delayed crack initiation [20]. Besides this, long projections of Ar-CNFs from
the C-fiber surfaces as shown in Fig.5.12. indicates possible Z-reinforcement of the various layers

which can further minimize the interlayer debonding [21].
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Fig5.12: SEM image of 60CCE showing A-CNF projections from C-filaments from the fracture zones.

Schematic tensile failure modes of CCE and BCE are shown in Fig.5.13.

C-epoxy (Blank) with poor inter layer bonding

Figure.5.13: Showing schematic tensile failure modes of C-epoxy with and without amino functionalised
CNFs (A-CNF/ A+CNF) (a) Interfilament bond strengthening by A+CNF there by involving more C-
filaments/fibers during failure. (b) C-epoxy without A-CNF showing poor interfilament bonding (c) C-
epoxy with A«-CNF showing interply bonding due to Z- reinforcement of by A-CNF (d) C-epoxy without
A+-CNF showing more interply debonding.
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Thus, the strengthened fiber — matrix bonding at the micro level and strengthened interlayer bonding at the
macro level lead to a uniform load distribution across the sample under tensile load. This resulted in a higher

tensile strength for CCE samples compared to that of BCE.

Similar to the trend observed for flexural properties, the tensile strength of 70CCE was observed to be lower
as compared to 70BCE. Fracture mode of the 70CCE was observed to be predominantly with interlayer
debonding as shown in Fig.5.14.a. As explained previously, A-CNF addition to 70V; C-epoxy led to the
resin insufficiency and thus inefficient wetting of the C-fiber surface as shown in fig.5.14.b &5.14.c. This in
turn resulted in the generation of the interfacial cracks, interfilament debonding and interlayer debonding
(Fig.5.15.a &5.15.b). Hence, the tensile strength of the 70CCE was lower than 70BCE.

Figure.5.14: 70CCE samples failed under tensile load (a) Significant interply debonding during tensile
failure. (b) Encircled zone showing poor bonding of the C-fibers with matrix, and preferential matrix
attachment with A-CNFs at interface (shown by arrows) (c) C-filaments with poor wetting (shown by

encircled zone) indicating matrix insufficiency.
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Figure.5.15: 70CCE samples failed under tensile loads showing debonding at the fiber-matrix interface

(shown by arrows)

4.3. ILSS: Interlaminar shear strength gives indication of the resistance to the initiation of the cracks at the
interface. ILSS of the CCE samples are higher as compared to the BCE. However, percentage improvements
in ILSS decreased with increasing V; (Table.5.2). For instance, for 40CCE, ILSS was 28 % higher as
compared to the 40BCE while it was only 2 % higher for 60CCE as compared to 60BCE. A-CNF addition
results in more ILSS, because, CNFs provides more interfacial surface area and also act as interlocks at the
fiber matrix interface, which effectively resists interface shearing [8]. Decrease in the percentage
improvement of ILSS with increasing Vs of the composite can be attributed to the enhanced fiber surface
area in the high V¢ composite laminates, which seeks more bridging and anchoring with the matrix. This is
because, as the fiber interface area increases, proportionately more number of A+-CNFs are required to
anchor them. However, as the fiber volume fraction increases, matrix volume fraction decreases. Since the
A+-CNFs are dispersed in the resin/ matrix, the reduction in the volume fraction of the matrix will bring
down effective numbers of A-CNFs which are acting as anchoring sites. Hence, as the A-CNFs are coming
down, their ability to anchor the interfaces also decreases leading to reduced ILSS for the composite. 70CCE
has shown lower ILSS than 70BCE (Table.5.2), because of the matrix deficiency to wet the fiber and CNF

surfaces.
5. Conclusions

i) ArCNF can impart significant enhancement in the flexural, shear and tensile
Strength for the laminated carbon-epoxy composites having lower fiber volume fractions (V¢
around 40%). However, as the fiber volume fraction of the composite increased (around
60%), strengthening mechanisms due to A+-CNF are losing their prominence and thus giving

only marginal improvement in the above properties.
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ii) Addition of A —CNF to C-epoxy composite laminates having very high fiber volume
fraction (70% fiber volume fraction in present study) results in reduction in  mechanical
properties due to inability of the available matrix to form ideal bond with both A-CNF and
C-fibers.
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Chapter: VI

CNT-Zirconia Reinforced

Carbon-Phenolic Composites



CNT-Zirconia Reinforced Carbon-Phenolic Composites

Carbon-Phenolic (C-Ph) composites having 0.5wt%, 1.0wt% and 1.5wt% of multiwalled carbon nanotube
(CNTSs) were fabricated (CNT-C-Ph) and tested for their flexural strength, ILSS and thermal conductivity. On
the otherhand, Zirconium oxide (Zirconia) coating on carbon fabric (C-fabric) was developed by using
zirconia sol. C-fabrics having different weight percentages(wt%) of zirconia namely 0 wt% (Blank), 3.5wt%,
6.5wt% and 9.5wt% were used to make Zirconia-Carbon-Phenolic (Zr-C-Ph) composites. Thermal
conductivity, ILSS and flexural strength were measured for the prepared Zr-C-Ph composites. Based on the
initial results, subsequently a functionally graded carbon — phenolic composite (FG-C-Ph) having CNT-C-Ph
composition up to certain thickness followed by Zr-C-Ph composition for the remaining thickness was made.
Thermal insulation and ablative properties for blank C-Ph, Zr-C-Ph, FG-C-Ph were studied using plasma
arc jet test which was carried out at a heat flux of 4.0 MW/m?for 30 seconds. Results from the plasma arc jet
test show that, the temperature drop across the Zr-C-Ph composite was found to be highest while it was least
for the blank. However the ablation rate was found to be highest for the FG-C-Ph while it was least for the

blank. Ablation mechanisms for all the tested composites are proposed based on the SEM and XRD studies

1. Introduction: Rayon carbon fabric reinforced phenolic (C-Ph) composites are widely used as
thermal protection systems (TPS) in aerospace applications due to the low thermal conductivity of
the rayon based carbon fabric and the high char yielding properties of the phenolic matrix [1-3].
Many research groups have attempted to reduce the thermal conductivity of the C-Ph composites
further. It is reported that, the spun yarn carbon fibers carbonized at low temperature can decrease
the thermal conductivity of C-Ph composites significantly besides imparting better interfacial and
ablative properties [4]. Silicone based anti-ablation coatings on thermal protection systems can form
oxidation resistant silica layer during ablation, whereas silicone polymer based ablative composites
can undergo cermetisation during ablation forming oxidation resistant ceramic layer [5,6]. On the
other hand, addition of various nanomaterials like, nanosilica, montmorillonite nanoclay, polyhedral
oligomeric silsesquioxane (POSS) to C-Ph composites are reported to reduce their thermal
conductivity besides reducing the ablation rate [7,8]. Though, zirconia (ZrO;) is known as a better
thermal insulator than silica, it was not explored so far, as an additive to C-Ph composites. Recently,

Yaxi chen et al. reported that addition of zirconium diboride to C-Ph composites can significantly
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improve their thermal insulation properties during ablation. The reason for this was assigned
primarily to the formation of insulating zirconia layer by oxidative decomposition of zirconium
diboride [9]. Though, it is now well established that, the ceramic additives can decrease the thermal
conductivity of C-Ph composites, they pose problems such as poor interlaminar shear strength
(ILSS), especially at higher loadings which results in the delamination of composites [7]. It is
essential for TPS to have a good interlaminar shear strength to resist the mechanical erosion as they
should withstand the harsh conditions like high velocity aerodynamic shearing loads. It has been
reported that carbon nanotubes (CNTs) and carbon nanofibers enhance ILSS of the C-fiber
reinforced polymer matrix composites [10,11]. So far limited studies have been carried out to
understand the combined effects of ceramics and CNTs addition to C-Ph composites on the thermo-
mechanical and ablative performance [7,12-14]. In general, introduction of ceramic additives to C-Ph
composites was carried out by either direct addition of the ceramic powder or through a polymeric
resin, which on thermal decomposition gives the intended ceramic. Developing ceramic coating/
zirconia coating on C- fabrics and using them as reinforcements to obtain low thermal conductive

TPS and integrating it with CNT-CFRP is the novel concept of the present study.

1.1. Aims of the study: Aims of the study are as following:

(1) To find out the optimum concentration of the A-MWCNTS to improve the flexural strength

and ILSS of C-Ph composites with minimum improvements in the thermal conductivity

(i) To understand the effect of zirconia coating on the C-fabric, by studying the mechanical,
thermal and ablative properties of carbon - phenolic composites made by zirconia coated C-

fabrics.

(iii)  To prepare functionally graded CNT-Zr-C-Ph composites which can combine the advantages
of CNTs and zirconia addition to C-Ph in imparting better mechanical properties and low

thermal conductivity respectively.

(iv) To study how CNTs addition to C-Ph composites can affect the flexural strength, shear

strength and ablation rate.

2. Raw materials: Carbon fabric, phenolic resin and amino functionalised A--MWCNTSs are the

main raw materials. Detailed specifications of each of the raw materials is given below.
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Phenolic resin:

1. Chemical name : Resol

2. Viscosity : 200 cP at 30°C

3. Density : 1.2 g/cc

4. Point of trouble : 6-7 ml

5. Solid content : 65%

6. Volatile content ; 35%

7. Commercial name ; Resol grade phenolic resin

Carbon fiber/fabric specifications: Rayon based woven carbon fabrics were used to make

laminated (2D) CNT-C-Ph and Zr-C-Ph composites. Brief specifications of the fibers are as given

below
1 Tensile strength : 1.0 GPa
2 Tensile modulus : 41 GPa
3. Density : 1.65 g/cc
4 Diameter : 8.5 um

Carbon nanotubes (CNTs): Amino functionalised MWCNTs (A-MWCNTS) were used in the present
study. MWCNTSs synthesized by CVD method were procured from M/s Chemapol industries (Mumbai).
These MWCNTSs were purified and amino functionalised (as detailed in chapter—IIl). Brief specifications of
the A-MWCNTSs are as given below

1. Purity : 99.9%

2. Metallic impurities : 0.1%

3. Diameter : 20-30 nm
4. Length : 2-4 microns

3. Experimental Work: To meet the objectives/ aims of the work mentioned in section.1.1, experimental

work is carried out in following steps.

3.1: Step (i): Optimisation of the CNT content in C-Ph composites: Amino functionalised MWCNTS (A¢
MWCNTS) reinforced C-Phenolic composites (CNT-C-Ph) were made by adding different weight percentages
(wt%) of A-MWCNTS, namely Owt% (blank), 0.5wt%, 1.0wt% and 1.5wt%. Thermal conductivity, flexural

strength and ILSS were measured for the prepared CNT-C-Ph composites. Aim of this step is to optimise the
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concentration of A-MWCNTSs in C-Ph composites in order to obtain maximum improvement in flexural and
shear strength with minimum improvement in the thermal conductivity. Fabrication procedure of CNT-C-Ph
composites and the results obtained in the mechanical and thermal property evaluation are presented in section
3.4.

3.2: Step (ii): Optimisation the zirconia content in C-Ph composites: zirconia added C-Ph composites (Zr-
C-Ph) were made by using zirconium oxide (Zirconia) coated carbon fabrics. To obtain zirconia coating on
carbon fabric (C-fabric) zirconia sol was used. C-fabrics with different weight percentages (wt%) of zirconia
namely Owt% (Blank), 3.5wt%, 6.5wt% and 9.5wt% were used to fabricate Zr-C-Ph composites. Thermal
conductivity, ILSS and flexural strength were measured for the prepared Zr-C-Ph composites. Aim of this step
is to find out the optimum concentration of zirconia that gives the best reduction in thermal conductivity,
while retaining good flexural and shear strength. Fabrication procedure of Zr-C-Ph composites and the results
obtained in the mechanical, thermal property evaluation tests are presented in section 3.5, section.4 &

section.5.

3.3: Step (iii): Realising functionally graded composite: Based on the mechanical and thermal properties of
the CNT-C-Ph and Zr-C-Ph composites, a functionally graded carbon — phenolic composite (FG-C-Ph) was
made with optimised composition of CNT-C-Ph (of step i) up to certain thickness followed by optimised
composition of Zr-C-Ph composition (of step.ii) for the remaining thickness.

Finally, thermal insulation and ablative properties of the functionally graded C-Phcomposites were studied
and compared with the blank C-Ph, Zr-C-Ph composites by using plasma arc jet test, which was carried out at
a heat flux of 4.0 MW/m? for 30 seconds.

3.4.Fabrication and testing of CNT-C-Ph composites: Predecided weight of (Owt% /blank, 0.5wt%,1.0wt%
and 1.5wt%) amino functionalised multiwalled carbon nanotubes (A-MWCNTS) were added to phenolic resin
and ball milled for 3 hours at 250 rpm to ensure their dispersion in the resin. This A-MWCNT-resin mixture
was applied on the C-fabric and allowed to dry at room temperature for 48h to allow partial curing to get
prepregs (A-MWCNTSs -C-Prepreg). A-MWCNTSs-C-prepreg was cut in to 150 mm x 150 mm and stacked up
in a die (job) followed by curing in an autoclave. Typical cure cycle involved raising the temperature of the
job up to 120°C and then soaking the job for 120 minutes. 5 bar pressure was applied on the job at the time of
gelling. Subsequently temperature was raised to 180°C and maintained for four hours under the same load.
Thus, four different CNT-C-Ph composites of approximately 5 mm thickness were prepared with 0.0wt%
(blank), 0.5wt%, 1.0wt% and 1.5wt% Af-MWCNTSs. Representative samples were collected from the
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laminates to measure density and fiber volume fraction (%Vs). %V was measured as per ASTM D 3171 by
taking approximately 2g of the composite. ILSS and flexural strength were measured as per ASTM D 2344
(sample dimensions 50mm x 10mm x 5mm) and ASTM D 790(sample dimensions 200mm x 10mm X 5mm)
whereas thermal conductivity was measured as per ASTM E 1225 using hot guard method ( sample

dimensions 25mm dia and 5mm height).

The following flow diagram gives a brief overview of the experimental work described in this
section.

Flow diagram: Schematic flow of experimental work

Mixing the Amino A--MWCNTSs in to phenolic resin

\4

Dispersion by Ball milling

7

Applying the A-MWCNTSs mixed resin on the C-fabric
(0.0wt%, 0.5wt%, 1.0wt% and 1.5wt%)

2

Pre-pregging and stacking required number of layers

2

Curing in auto clave and collecting the sample for

3.4.1. Results: The following table (Table.6.1) gives the density and mechanical properties of the

prepared composites

Table.6.1: Density and mechanical properties of the composites

Sample Description Density %Vf “F.S ILSS
g/cc (MPa) (MPa)
Blank C-Ph 1.44 53 225(22) 20(1.0)
0.5Wt%CNT C-Ph 1.42 52 262(21) 22(2.1)
1.0Wwt% CNT-C-Ph 1.49 59 221(14) 21(1.3)
1.5wt% CNT C-Ph 1.50 59 204(7) 22(3.2)

®Flexural strength, Values in the parentheses are standard deviations
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From the results it can be seen that, 0.5wt% A+-MWCNT-C-phenolic showed a significant improvement in the
flexural strength. Beyond this loading of A-MWCNT to C-Ph composites, flexural strength and ILSS have

come down significantly.

Thermal conductivity values obtained for CNT-C-Ph samples are shown in Table.6.2.

Table.6.2: Thermal conductivity values of the CNT-C-Ph composites

Sample Description Thermal *Percentage improvement
Conductivity
( W/m-k)
Blank C-Ph 0.59 -
0.5Wt%CNT-C-Ph 0.69 17
1.0wt% CNT-C-Ph 0.71 20
1.5wt% CNT-C-Ph 0.71 20

#[(Sample-Blank)/Blank]x100.

It can be seen that, as the A-MWCNTSs concentration increases in the C-Ph composites, thermal
conductivity increased which may be due to increased number of heat conducing path ways
(MWCNTSs) formed by bridging of C-fabric/ fibers by MWCNTSs. C-fabric layers were previously
sandwiched and separated with the insulating phenolic matrix layer. However, beyond 1.0wt%
addition of A-MWCNTS, thermal conductivity improvement was not observed probably because of
the threshold value obtained at 1.0wt% addition of A-MWCNTs. At some optimum loading of
CNTs, interconnected network of CNTs will form in the matrix. At this loading thermal conductivity
will be maximum and beyond this loading, further improvements in the thermal conductivity may
not be observed. CNT-C-Ph composites that have shown best mechanical properties and lowest
thermal conductivity are used further in making FG-C-Ph (CNT-Zr-C-Ph) composites as discussed in
the section 3.5.2. Reasons for the observed trend in the flexural strength, ILSS and thermal

conductivity due to A-MWCNTSs addition is discussed in subsequent sections.
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3.5. Fabrication and testing of Zr-C-Ph and FG-C-Ph composites:

3.5.1. Zr-C-Ph composite fabrication: Zirconia coated carbon fabrics were used to realise Zr-C-Ph
composites. Zirconia coating on the C-fabric was obtained using zirconia sol. Zirconia sol was
prepared by mixing zirconium oxy chloride, ethanol and demineralized water in the molar ratio of
0.05: 2.38: 1.1 and stirring the mixture for one hour with a magnetic stirrer at room temperature. This
sol was applied on the surface of the carbon fabric (C-fabric) with the help of a spray gun and
allowed to dry at room temperature (approximately 96 hours) till the coated fabric attained constant

weight. Expected yield of the zirconia coating from the sprayed sol was calculated using equation-1.

ZroCly+ HO ———  ZrO, + 2 HCl---mmmmmmmmemeeeem (1)

Thus, four different compositions of zirconia coated C-fabrics (Zr-C-fabrics) having zirconia weight
percentages (wt %) of 0.0wt% (blank), 3.5wt%, 6.5wt% and 9.5wt% were made by selecting the
amount of the sol sprayed. Morphologyof the coating on Zr-C-fabrics was studied with scanning
electron microscope (ESEM-FEI Quanta 400, The Netherlands). Phenolic resin was applied on the
Zr-C-fabrics followed by drying at room temperature for 48 hours to allow partial curing to get
prepregs (Zr-C-prepregs). To fabricate the composites, Zr-C-prepregs were cut in to 150 mm x 150
mm pieces (approximately 60 layers) and stacked up (job) followed by curing in an autoclave.
Curing cycle employed was same that was employed for fabricating CNT-C-Ph composites (Section:
3.4). Thus, four different Zr-C-Ph composites of approximate 20 mm thickness were prepared with
0.0wt% (blank), 3.5wt%, 6.5wt% and 9.5 wt% Zr-C- fabrics. Representative samples were collected
from the laminates to measure density and fiber volume fraction (%Vs). %V:was measured as per
ASTM D 3171.

3.5.2. FG-C-Ph composite fabrication: Based on the thermal and mechanical characterization of
the composites made (in the sections 3.4.1 and 3.5.1), a functionally graded carbon - phenolic (FG-
C-Ph) composite was fabricated by using the combination of 0.5wt% A-MWCNTSs-C-prepregs and
6.5wt% zirconia coated -C-prepregs. To prepare the FG-C-Ph composite, initially nine layers of A¢-
MWCNTSs - C- prepregs were stacked up, over which approximately 40 layers of Zr-C-prepregs were
stacked. Curing cycle employed was similar to the curing cycle that was employed adopted for CNT-
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C-Ph composites (Section: 3.4).In the finished composite, approximately 3 mm from the top was
having 0.5wt%A.MWCNT-C-Ph composition while the rest 17 mm of the composite was having
6.5wWt% Zr-C-Ph composition. Samples from this composite were tested only for ablation properties.
Schematic representation of the FG-C-Ph composite that was fabricated is shown in Fig.6.1.

//////////////
0 Swt%A MWCNTs
///////////////

6.5wt% Zr0,-C-Ph

Figure: 6.1: Schematic of the FG-C-Ph composite made with A-xMWCNT-C-prepregs and zirconia
coated C-prepregs.
Following flow diagram shows the experimental work described in section 3.5 at a glance.

Flow diagram: Schematic flow of experimental work

Preparation of zirconia sol

0.5Wt%AMWCNT-C-Prepregs *

Applying zirconia sol as coating on C-fabric & drying

<

6.5wWt%Zr-C-Prepregs . . . ; . .
. preg Applying Phenolic resin on the zirconia coated C-fabric

v

2

Laying up A.MWCNT -C —Ph prepregs

followed by Zr —C-Ph-prepregs Pre-preaaina and stackina required number of lavers
Curing in autoclave & sample Curing in autoclave
collection

(.

v Sample collection and machining and testing

FG-C-Ph tested for ablation property v

Tested for flexural strength, ILSS, thermal conductivity,
ablation property.
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Carbon fabric which was used as the reinforcement, die made from mild steel in which the prepregs
were layed up, cured and typical fabricated composite are shown in Fig.6.2.

4. Characterization

4.1. Flexural strength and ILSS: Specimens having dimensions of 5 mm x 10 mm x 100 mm and 5
mm X 10 mm x 50 mm were collected for flexural strength and ILSS respectively from the prepared
Zr-C-Ph composites. Flexural strength was measured as per ASTM D 790 while ILSS was measured
as per the ASTM D 2344 using universal testing machine (United, Model STM 50 KN, US).
Minimum five number of samples were tested for each property and the average values are shown in
Table.6.3.

4.2. Thermal Conductivity: Cylindrical specimens having 25 mm diameter and 5 mm height were
machined from the prepared composites. Thermal conductivity in the through thickness direction
was measured at 300°C under steady state conditions as per ASTM E 1225 using hot guard method.
Two samples from each of the composite were tested and the average values of the thermal

conductivity of the two samples is shown in Table.6.4.

(b)

- ‘

%

Figure.6.2: (a) Carbon fabric (b) Die for stacking prepregs (c) Fabricated C-Ph composite.
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4.3. Plasma arc jet test: Cylindrical specimens having 10 mm diameter and 17.6 mm height were
machined from the blank C-Ph, Zr-C-Ph and FG-C-Ph composites. Length of the specimens was kept
perpendicular to the direction of the fabric layup. Test specimen was encircled with the guard ring
which was also machined out from the same composite. Guard ring was employed to ensure
unidirectional exposure of the test specimen to the plasma arc jet. ‘K’ type thermo couple was
bonded to the rear surface (away from the surface facing the plasma arc jet) of each specimen to
measure the back face temperature. A schematic of the test specimen configuration is shown in
Fig.6.3.a.

Sample surface
exposed to plasm

Guard ringi

| hermo couple

AN —\
Sample Ceramic  Insulator Sample under

holder plasma arc jet test

(@) (b)
Figure 6.3:Plasma arc jet test a) Schematic configuration of the sample and the holder used for
plasma arc jet testing b) Plasma arc jet testing under progress; i) Blank C-Ph after test ii) 6.5wt%
Zirconia C-Ph after test iii) FG-C-Ph after test

Specimens were exposed to the plasma arc jet at a flame velocity of about 1 mach having a stagnant
flux of 4AMW/m? for 30 seconds (Fig 6.3.b). Raise in back face temperature is continuously recorded
as a function of time. Though the plasma jet was switched off after 30 seconds of test duration, back
face temperature was recorded up to 70seconds. In case of FG-C-Ph, test specimen was oriented in
such a way that, CNT-C-Ph part of the composite faced the plasma jet while the back face
temperature measured was for Zr-C-Ph part of the composite. Ablation rate was determined by
dividing the reduction in length of the specimen with the test durationin seconds. Averageback face
temperature and ablation rate were determined based on the average of two samples and typical
values are shown in the Table.6.5. Microstructure of the ablated surfaces was studied with FESEM

(FEI,Quanta 200), where as compositional changes resulted due to ablation was studied with X-ray
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diffraction (XRD-Philips PWD, Model 1830, The Netherlands). Representative samples are shown in
Fig.6.3.b (i —iii).

5. Results and discussion
5.1. Microstructure of the coated fabric and prepregs: Microstructure of the representative C-
fabric samples coated with zirconia are shown in Fig.6.4. Thickness of the coating was observed to

be approximately 700 nm to 900 nm for 3.5wt% zirconia coating (Fig.6.4.b).

Zirconia coating

v

\ umps of zm:orﬁn

Carbon fiber

Figure 6.4: Microstructure of the zirconia coated fabrics and CNT-C-Prepregs a) C-fibers coated
with 3.5wt% of zirconia showing thin layer of coating (indicated by arrows) b) 3.5wt% zirconia
coating on C-fibers showing approximate thickness of 700-900nm c) 3.5wt% zirconia coating on C-
fibers showing coating formation on all carbon filaments d) 6.5wt% zirconia coating on C-fibers
with growth of large crystallites e) 9.5wt% of zirconia coating on C-fiber having lumps of zirconia
) 0.5wt%A+-MWCNT-C-prepregs showing good dispersion of A-MWCNTS.

It can be seen from the Fig.6.4.a,6.4.b & 6.4.c, that the precursor based coating method employed in
the present study can develop a uniform coating around filament surface. However, as the wt% of
zirconia increased, lumps of zirconia coating were observed (Fig.6.4d,6.4.e). On the other hand, As-

MWCNTSs were observed to be well dispersed on the C-fabric surface. (Fig.6.4.1).
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5.2. Density, %Vs: It is observed that, as the wt% of the zirconia on the C-fabric increased, density
and %V; of the composites have come down (Table.6.3). This is due to the increased coating
thickness that is deposited over the C-fabric with increased wt% of the zirconia which seeks more
space during compaction of the C-fabric layers. In contrast to this, A-MWCNTSs -C-Ph composites
have shown slightly increasing trend in the density and %V;as compared to blank C-Ph, indicating
better compressibility of the A-MWCNTSs -C-Ph prepregs (Table.6.1).

5.3. Flexural strength and ILSS: It is observed that, Zr-C-Ph composites have shown poor flexural

and ILSS properties as compared to the blank C-Ph composites. Reduction in these properties is

more with increasing wt% of zirconia (Table.6.3).

Table.6.3: Physical and mechanical properties of the composites

Sample Description Density %Vf °FS ILSS
glcc (MPa) (MPa)
Blank C-Ph 1.44 53 | 225(22) 20 (1.0)
3.5 wt%Zr- C-Ph 1.40 50 | 222 (36) 19 (2.8)
6.5 Wt% Zr-C-Ph 1.25 37 | 146(10) 14(2.9)

®Flexural strength, Values in the parentheses are standard deviations

Samples cannot be machined out from the 9.5wt% Zr-C-Ph composite due to delamination during
machining, which indicates poor ILSS properties. Hence physical and mechanical property data
cannot be generated for this composition. Reason for the reduced ILSS for Zr-C-Ph composites can
be attributed to the fact that, once the zirconia layer is deposited on the C-fiber, effective interfacial
interaction between the matrix and the fibers comes down. This leads to poor interfacial bond
strength, resulting in lower ILSS. Significantly poor ILSS at higher loading could be attributed to the
large crystallites of the zirconia (Fig.6.4.d,6.4.e) which could have acted as defect zones in the
composite. Besides this, reduction in %V; of the composites made with Zr-C-prepregs is also
responsible for the reduction in the mechanical properties of the C-Ph composites. On the other hand,

A+-MWCNT-C-Ph composite displayed enhanced flexural and shear properties. It can be seen that,
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well dispersed A+MWCNTSs present in C-Ph composites, are strengthening the fiber - matrix
interface by bridging the interfacial microcracks (Fig.6.5.a) leading to enhanced ILSS for the CNT-
C-Ph. Similar strengthening mechanisms for the ILSS improvement of CFRPs due to A-MWCNTSs
were reported [15,16]. Enhanced flexural strength due to A-MWCNTSs addition may be due to
strengthening of the fiber matrix interface (Fig.6.5.b) and stiffening of the matrix, which can

effectively resist the bending forces [17].

Figure.6.5: FESEM images of the A-MWCNT-C-Ph composites failed under shear and flexural loads (a)
Image showing well dispersed A-MWCNTSs bridging the matrix micro cracks at the C-fiber-matrix interface
(encircled zone) during shear failure (b) Image showing A-MWCNT reinforced matrix holding the C-fibers

together during flexural failure.

5.4. Thermal conductivity: Thermal conductivity of Zr-C-Ph composites is found to be significantly
less as compared to the blank C-Ph (Table.6.4). This is due to the fact that, significant proportion of
the advancing heat energy is consumed in generating lattice vibrations (phonons) in the zirconia
layer [7]. Drop in the thermal conductivity is significantly more at higher wt% of zirconia probably
due to increased thickness of insulating layer.

Table.6.4: Thermal conductivity values of the composites

Sample Description Thermal Conductivity *Percentage
( WIm-k) Change
Blank C-Ph 0.59(x0.05) -
3.5Wt% Zr-C-Ph 0.41(0.15) -30
6.5wWt%Zr-C-Ph 0.33(x0.10) -44

?[(Sample-Blank)/Blank]x 100. Values in the parentheses are average deviation
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On the other hand, A-MWCNT-C-Ph composite displayed more thermal conductivity as compared
to the blank C-Ph (Table.6.2). This can be attributed to following aspects [18, 19].
1) A+-MWCNTSs increases thermal conductivity of matrix which was originally

insulating.

i) A+-MWCNTSs provides increased contact area at the fiber matrix interface which
enables a facile heat transfer from the fiber to the matrix. This is because, As-
MWCNTSs acts as interfilament/ fiber thermal bridges resulting in more conducting
pathways in the composites.
5.5. Back face temperature and ablation rate: Observed back face temperatures with respect to

time, for the samples that were subjected to plasma arc jet test are shown in Fig.6.6.
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Figure.6.6: Back face temperatures of the blank C-Ph, Zr-C-Ph and FG-C-Ph composites

As seen in the Fig.6.6, back face temperature of the test specimens continued to raise even after the
plasma jet was switched off after 30 seconds of test duration. This is due to the dissipation of heat
energy from the ablated surface to the back face. Back face temperature at the end of the test (30
seconds after the plasma jet hit the front face of the specimen) and ablation rate of the test specimens
are shown in Table.6.5.

Results show that, there is a significant reduction in the back face temperature of the Zr-C-Ph composites as
compared to the blank. It indicates that, the insulating coating layer of the zirconia present on the C-fabric

layers is able to reduce the back face temperature significantly under harsh testing environment.

Table.6.5: Ablation rate and back face temperature of composites in plasma arc jet test
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Sample Description Ablation rate Temp
(mm/s) °Cc)

Blank C-Ph 0.054 169

3.5wWt% Zr-C-Ph 0.078 114

6.5 wt% Zr-C-Ph 0.105 104

FG-C-Ph 0.103 135

®Back face temperature at the end of test (30seconds)

It is observed that, as the wt% of zirconia increased in Zr-C-Ph composites, there is more reduction
in the back face temperature (Table.6.5) as the ceramic skin (zirconia coating) structure present on
the C-fibers, can effectively insulate the virgin material beneath the ablation surface [20]. More
thermal insulation capability of the Zr-C-Ph composites, is also evidenced by the lower depth of
penetration of pyrolytic decomposition zone (char zone) in the through thickness direction from the
ablated surface as compared to the blank C-Ph composites (Fig.6.7).

Effective thickness of the insulating Zr-C-Ph layers is less in FG-C-Ph composite as compared to the
other Zr-C-Ph composites. Hence, back face temperature is observed to be more for FG-C-Ph as
compared to the Zr- C-Ph composites (Table.6.5). On the other hand, ablation rate has increased for
the Zr-C-Phas well as for FG-C-Ph composites as compared to the blank C-Ph. These observed

trends in ablation rate are explained as follows.

Figure 6.7: Stereo microscope images of samples after plasma arc jet test. Left end of the sample surfaces in
each figure is ablated surface (surface exposed to plasma). Measured char depths are shown on the images. a)
Blank C-Ph b) 3.5wt% Zr-C-Ph c) 6.5wt% Zr-C-Ph d) FG-C-Ph
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5.5.1. Ablation mechanism in Zr-C-Ph composites: Two major degradation processes may have
operated simultaneously during the ablation. The first one is the chemical degradation of composite
which involves endothermic pyrolysis of the phenolic matrix (charring of the matrix) as shown in
equation-2.
Phenolic matrix —— C (Char) + CH;+ CO + H, —heat ......... (2)

The second major degradation process is mechanical erosion due to high aerodynamic shear forces of
the plasma jet which removes char and C-fibers from the ablating surface. Microstructure of the
ablated surfaces shown in Fig.6.8 indicates that the matrix charring and its subsequent removal is

taking place before the fiber erosion (Fig.6.8.a, 6.8.b).

Fiber damage and their erosive losses will be significantly low, when the char that is forming during ablation
is retained for long durations. This is due to the fact that, char not only offers radiative cooling to the surface,
but also projects an unidirectional fiber face to the plasma jet by encircling the individual fibers. Ablated
surface of the blank C-Ph shows less matrix removal (Fig.6.8.a) as compared to the matrix removal from Zr-
C-Ph composites (Fig.6.8.b).

The reason for more matrix removal from Zr-C-Ph composite during ablation can be due to
additional reaction as shown in equation-3, that is taking place.

ZrO, + 3C (Solidchar) — ZrC (Solid ) + 2CO (Gaseous) ------- 3)
In essence, zirconia present on the C-fibers reacting with the charred matrix, leading to the formation
of zirconium carbide (ZrC) with the evolution of carbon monoxide. Formation of ZrC is confirmed
from the XRD studies of the ablated surfaces of the Zr-C-Ph composites (Fig.6.9).

Formation of ZrC results in the net reduction of the solid (char) volume by a significant proportion
with the evolution gaseous by products leading to highly porous network formation (Fig.6.8.b) in the
remaining matrix. Similar observations regarding enhanced matrix removal for C-Ph composites in
presence of zirconia (derived from high temperature oxidative decomposition of ZrB,) was made by
Y.Chen et al.[9].
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Figure.6.8: SEM images of samples after plasma arc jet test a) Blank C-Ph showing matrix removal ahead of
fiber damage (pockets of matrix removed zones indentified by arrows) b) 3.5wt% Zr-C-Ph showing more
matrix removal up to considerable depth c¢) Blank C-Ph showing low matrix porosity in the char zone
(approximately 0.3mm behind the ablated surface) with good interfiber bonding. d&e ) 3.5wt% Zr-C-Ph
showing high level of matrix porosity in the char zone with poor interfiber bonding f) Blank C-Ph showing
needle like structure formation for C-fibers @) 3.5wt% Zr-C-Ph showing broken fibers without needle like
structure formation h) Magnified view of the encircled zone of fig.g. showing initiation of fiber breaking i)
6.5wWt% Zr-C-Ph showing lumps of broken fibers.
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Figure.6.9: XRD of the ablated surface of Zr- C-Ph composite showing formation of ZrC

The above proposed reaction, showing consumption of the solid char by ZrO, giving gaseous by
products (reaction-3) is also validated by carrying out through thickness SEM studies of the char
zone of the tested samples (Approximately 0.3 mm behind the ablated surface). It was observed that,
compared to the blank C-Ph composites (Fig.6.8.c), porosity in Zr-C-Ph composite is significantly
high (Fig.6.8.d, 6.8.e). Lower rate of matrix removal from the blank resulted in better protection of
the fibers as evidenced by the formation of needle like structure with less fiber breakage (Fig.6.8.f)
[21]. Higher rate of matrix removal in Zr-C-Ph composites made the fibers under protected from the
high velocity shear forces of plasma jet, which resulted in a severe breakage of lumps of fibers
(Fig.6.8.g &6.8.h). The cumulative effect of enhanced rates of matrix and fiber removal resulted into
enhanced ablation rate for Zr-C-Ph composite. As the wt% of zirconia in C-Ph increased, net
reduction in solid char volume has become more prominent, which resulted in more fiber damage

(Fig.6.8.1) with further enhancement in the ablation rate.

5.5.2. Ablation mechanism in FG-C-Ph composites: FG-C-Ph composite which was exposed to
the plasma jet towards the surface having CNT-C-Ph composition, has shown the highest ablation
rate among the tested composites. Considerable damage to the fibers on the ablated surface is
observed (Fig.6.10).

It is clearly visible that, the fibers near the crossover points eroded higher than the fibers from the

other areas (Fig.6.10.a). This is because CNT reinforcement in the C-Ph composite lead to increased

thermal conductivity of the composite (Table.6.2).
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Figure.6.10: SEM images of FG-C-Ph samples after plasma arc jet test a) Significant erosive loss at the

crossover points (indicated by arrows) b) Arrows indicating broken C fibers

Enhanced thermal conductivity of the composite resulted in a faster rate of the heat front
advancement which in turn led to the accelerated charring and degradation of the matrix along the
thickness. Similar observations on enhanced rate of matrix pyrolysis for CNT reinforced phenolics
was reported by Natali et al.[14]. As the crossover points are matrix rich areas in composites, they
will become char rich areas during the ablation. Hence degradation at the crossover points is
observed to be more severe. Accelerated charring and subsequent erosion of the matrix resulted in
enhanced fibber breaking (Fig.6.10.b) and ablation rate [21]. Enhanced flexural, shear strength of C-
Ph due to A-MWCNTSs could not result into enhanced resistance to erosive loss of composite,
primarily due to the fact that, the room temperature mechanical property improvements due to As

MWCNTSs may have lost their significance in the charred matrix.

6. Conclusions:

)] 0.5wt% addition of A-MWCNT to C-Ph composites gives better improvement in the
flexural strength and ILSS of C-Ph composites with minimum improvement in the
thermal conductivity as compared to the 1.0wt% and 1.5wt% A-MWCNT addition.

(i) Zirconia addition to C-Ph composites (through coating of Zirconia on C-fabric) can
bring down their thermal conductivity significantly. This resulted in reduced back
face temperature when exposed to high temperature and high flux environments.
However, zirconia addition to C-Ph composites reduces their flexural strength and
ILSS.
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i)

Presence of zirconia in C-Ph composites has increased the ablation rate, primarily
due to enhanced conversion of solid char in to zirconium carbide (ZrC) and carbon
monoxide (gaseous product) leading to under protection of the carbon fibers facing
the plasma jet.

Feasibility of integrating A-MWCNTSs and zirconia in C-Ph composite and realizing
a functionally graded composites is established.

It is observed that A+MWCNTS can improve the room temperature flexural and shear
strength of C-Ph composites. However enhancement in these properties lost their
prominence in the charred matrix. Enhanced thermal conductivity due to As-

MWCNTSs improved the ablation rate of C-Ph composites.
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Chapter: VII

Concluding Remarks and

Future Scope of Work



1. Concluding remarks: In this chapter, the major conclusions listed at the end of chapter Il to

chapter V1 are reviewed and the implications of the results obtained are over viewed.

High temperature heat treatment (2600°C) of MWCNTS is an efficient method to obtain ultra high
pure MWCNTSs. This method also ensures enhanced structural perfection to MWCNTSs. However the
duration of heat treatment should be optimised, otherwise the process can render MWCNTSs with

distorted structures.

Amino functionalised MWCNTSs (A--MWCNTS) are increasing the crosslink density of epoxy matrix
due to the participation of amine groups of MWCNTSs in crosslinking reaction. Toughness of the
matrix increases up to optimum crosslink density. Hence, beyond certain weight percentage (wt%)
addition of MWCNTSs to matrix (epoxy), they start to embrittle it.

When the A-MWCNTSs added epoxy resin is used to fabricate C-epoxy composites, Af-MWCNTSs
settles at the interface of carobn fiber and epoxy matrix. Their ability to enhance the crosslink
density results in increased toughness of interface. Toughened interface can better resist the matrix
microcracks that initiates at the interface when the C-epoxy is subjected to mechanical loads. This
results in uniform load distribution across the area of the composite subjected to loading. As the
strength of all the reinforcing carbon filaments/ fibers is harnessed completely, the mechanical
properties of A-MWCNT-C-epoxy will be better than the blank C-epoxy (C-epoxy without As
MWCNTSs). However, beyond optimum concentration of A-MWCNTS, they embrittle the interface.
This leads to facile generation and propagation of interface cracks and premature failure of the
composites. Present study reveals that, MWCNTSs are not acting as load bearing reinforcements in
the composites. Even if A-MWCNTSs are well dispersed they bring down the mechanical properties

beyond optimum concentration.

Flexural strength and shear strength improvements to C-epoxy composites due to amino
functionalised carbon nanofibers (A+CNFs) are significant when C-epoxy composite is having lower
fibre volume fraction. As the fiber volume fraction of the composite is increasing the strengthening
mechanisms due to A+-CNFs are losing their prominence. A-~CNFs are observed to strengthen the
matrix. Hence, fiber dominated properties like tensile strength are not increasing significantly due to
As-CNFs.

In case of CFRPs used for thermal protection systems (Carbon - Phenolic composites), it was
observed that, flexural strength and shear strength increases significantly with A-MWCNTSs
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addition. However, thermal conductivity was also observed to be increasing due to A-MWCNT
addition. Considering the applications of thermal protection systems (TPS) which seeks increased
flexural and shear strength with reduced thermal conductivity, efforts were made to introduce
zirconia to C-phenolic composites through sol — gel method. Introduction of zirconia to CFRP has
brought down the thermal conductivity. Feasibility of integrating both CNT reinforced C-Ph and
Zirconia added C-Ph into a single structure (FG-C-Ph) is established. Both zirconia added C-Ph and
FG-C-Ph phenolic were found to give significant reduction in back face temperature when they were
exposed to high temperature and high flux (4 MW/m?) environments.

2. Contributions: Additional mechanisms (other than conventionally proposed mechanisms)
involved in strength improvements to CFRPs due to CNTs/CNFs addition are proposed. These
mechanisms were supplemented with suitable characterisation methods. Besides understanding the
need for introducing optimised concentrations of CNTs/CNFs to CFRPs, this work has highlighted
the need for using CFRPs having optimised volume fractions to tap the potential of CNTs/CNFs as
additional reinforcements. Mechanisms which define the thermal and ablative properties of CNT
reinforced CFRPs are understood. Feasibility to offset the increased thermal conductivity of CNT
reinforced CFRPs by introducing zirconia is established. The findings of the study, offers scope for
increasing the specific strength of the presently used CFRPs with CNTs/CNFs addition. The major
findings of this work and the insights of the science generated from this work indicates certain

guidelines for the future research

3. Future scope of work:. Present study gives evidence of interface toughening by CNTs and CNFs
to CFRPs. Hence, applications which seek toughened interfaces can be explored in future, to gain
maximum advantage of these reinforcements. For example impact properties of laminated CFRPs
will improve if the interface can dissipate applied load to longer distances at faster rates. It was
observed in the present study that, network of CNTs/CNFs which are present at the interface are able
to generate diffuse cracks much away from the point of loading. This mechanism can enhance the
impact resistance of CFRPs/FRPs, as CNTs/CNFs can minimising the localised damages and back
face trauma (Damage at the back face). This can find applications in composite armour used for

defence systems.
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Similarly damping properties of CFRPs can also increase significantly as CNT/CNF reinforced
CFRPs can dissipate more energy at the interface. This will have significance in reducing the noise
of the composite subsystems. Hence, impact and damping properties of CNT/CNF reinforced CFRPs

can be explored further.

On the other hand, functionally graded CNT - ceramic CFRPs in different compositional sequences
can be explored in future. For instance, blank carbon - phenolic (C-Ph) on the top which will
experience the hot gases, followed by zirconia addition to C-Ph in the middle and CNTs addition to
C-Ph at the bottom could give low thermal conductivity, high strength without compromising on the

ablation rate.

Research studies can be taken up to understand what should be the critical length required for
MWCNTSs/CNFs to act as load bearing reinforcements. Possibility of using continuous CNT fibers as
reinforcements by completely eliminating the conventional C-fibers could offer scope for realising

the full potential of CNTs/CNFs as reinforcements.
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