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ABSTRACT 

 

 

Shohan, Rakibul Alam, Multi Wall Carbon Nanotube (MWCNT) laminar composite structures  

 

reinforced with Titanium carbide (TiC). Master of Science (MS), May, 2020, 55 pp., 2 tables, 11  

 

figures, 117 references. 

 

Laminar composite structures based on twisted MWCNT yarn were crafted by integrating 

titanium and graphene at (80:20) wt. %, respectively, into multi wall carbon nanotube sheets. 

Titanium and graphene mixture addition has been used to enhance the mechanical properties of 

MWCNTs based composites structures through in situ formation of TiC by using combustion 

synthesis approach. Twisted yarn incorporated with powder mixture was heated up to 750 0C in 

Differential Scanning Calorimetry (DSC) to initiate the reaction among titanium, graphene, and 

MWCNTs. The characteristics X-ray peaks of the TiC phase were well observed on produced 

twisted yarns at 2θ =36, 39, 42, 62. We have also investigated MWCNT/TiC based composite 

morphology, TiC particles size and elemental atomic analysis by using the thermal field emission 

Scanning Electron Microscope (SEM) equipped with an Electron Dispersive X-ray Spectroscopy. 

It has been shown that the as-prepared laminar composites structures possess a tensile strength of 

300 MPa which is worthy of comparison to the results available in literature. 
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CHAPTER I 

 

 

INTRODUCTION 

 

 

1.1 Background 

 

 

Mankind is now experiencing its fifth and most intense industrial and technological 

revolution that broadly relies on composites structures and advanced composite materials. 

Scientists have been working on new techniques to replace expensive, heavy, short life and 

environment unfriendly materials with promising nano-architectured allotropes of carbons (Single 

Wall Carbon Nanotubes/ Multi Wall Carbon Nanotubes/ Graphene/ Graphite), which can take 

material science and engineering to the next level [1]. Moreover, composite fabrication 

maintaining a high degree of purity and uniform dispersity is crucial for structural applications. 

One- and two-dimensional nanomaterials like MWCNT and Graphene, respectively, as the 

composite filler materials have been investigated to fabricate many more advanced structural 

composites modified with optical, mechanical, electrical, and magnetic properties in recent 

advancement [2-5]. Reduced weight and high mechanical performance are the paramount features 

of these structural composites. Primarily, this is why our motivation is going to study high strength 

and lightweight laminar composite structures based on MWCNT twisted yarn reinforced with 

titanium carbides (TiC). 

            Laminar or yarn like composite structure have been widely used in weight-critical  
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structures, such as aircraft, spacecraft, bullet-proof vests, radiation protection suits, spacesuits etc., 

owing to their high stiffness, strength, and thermal stability [6]. Recently developed high potential 

carbon structure, MWCNT yarn, has similar properties but far better mechanical properties 

compare to common carbon fibers [7]. Fundamentally, yarning is the way to increase the reliability 

and the durability of mechanical properties of MWCNTs composite structures, specifically 

Young’s modulus and Tensile strength. To reduce the weight and complexity, the laminar 

composites can be employed towards outer space applications for the effective uses of solar sails 

and panels.  

1.2 Structural and Composite Materials 

Since the introduction of composite materials, physicists, chemists, engineers, and 

metallurgists have been working on laminar composites structure, ceramic matrix composites 

(CMC), metal matrix composites (MMC), natural fiber composites, and fiber reinforced polymers 

(FRP) composite structures etc. They have attracted more attention due to their high strength-to-

weight ratio, high modulus-to-weight ratio, excellent fatigue resistance, good damage tolerance, 

excellent hardness, high thermal conductivity, exceptional mechanical strength, ductility at high 

temperature and virtue of making component of complicated shape [8]. Composite materials are 

being widely used for several decades in automobile, aerospace, rocket manufacture, 

transportation industries, civil infrastructure, sporting equipment as well as in medical and military 

application [9]. Due to their excellent and unique mechanical properties, composite materials have 

already been a powerful choice and a sustainable alternative to noble metals as well as to air-

sensitive metal or oxide for structural applications in extreme environmental conditions.  

Moreover, laminar composite structures have already offered a promising solution in the 

aircraft community by lowering manufacture-operation-maintenance cost and enhancing the 
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performance of engaged materials and structures as well as becoming an attractive candidate for 

new generation aero-vehicles [10]. The use of laminar composite materials has been growing over 

time because these materials are the perfect choice for the structural applications that need low 

weight and high strength. Without exaggeration, we can safely say that the development of laminar 

structural composite materials has been playing an important role in modern technology, industry, 

and structural applications. 

1.3 Multi Wall Carbon Nanotubes (MWCNTs) 

 

 

MWCNTs have attracted a good attention for laminar composites structures due to its 

outstanding physical and mechanical properties possessed by individual CNTs, which outperform 

the properties of various advanced materials used for industrial applications. They are becoming 

an interesting material because of their unique one-dimensional structure, and their extraordinary 

electrical, thermal, and optical properties [11]. Other excellent attributes of MWCNTs comprise: 

a large aspect ratio, a low density, high thermal stability, chemical inertness, maintenance of 

mechanical properties at high temperatures and so on [12]. These exceptional characteristics have 

made CNTs a promising alternative to silicon, copper and aluminum in various fields [13] and 

more suitable for different novel applications in nano-mechanics, energy storage, biotechnology 

[14], catalyst support in fuel cells and reinforcement of materials [15]. Moreover, due to these 

characteristics, MWCNTs have been used in weaving into macroscopic objects like electrically 

conductive wire, bulletproof vests, materials which can absorb electromagnetic waves. They also 

being used as mechanical actuator [16] for artificial muscles, flexible batteries, sensor, and solar 

cells. 

Harnessing these outstanding and intriguing properties of MWCNTs into application 

requires its existence on a macroscopic scale such as in the form of fiber or yarn in which CNTs 
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are aligned to the fiber axis and parallel to each other [17]. The lightweight yarn-like structure 

made of MWCNTs fibers showed exceptional toughness, high surface area, resilience to bending 

stresses and good performance into structural applications [18]. MWCNT yarn and laminated 

sheets made from directly CVD or forest by spinning or drawing methods outperform carbon fiber 

for high-end uses, especially in weight critical applications having combined electrical and 

mechanical functionality.  

However, synthesized CNT macrostructures such as yarn and sheets until now possess (or 

have) substantially lower mechanical, electrical and thermal properties than those of individual 

CNTs as the probability of a critical flaw scales up with volume. On the other hand, high surface 

area of CNTs can attenuate these inadequacies by introducing interfacial bonding (van der walls), 

and CNT yarns compare with carbon fibers can be knotted maintaining their strength [19]. 

Furthermore, forest-drawn CNT sheets coating with functional power has produced yarns which 

containing almost 95 wt. % powder. Organized CNT architectures such as vertically aligned 

forests, yarns, and sheet exhibit promise to enhance the properties of individual CNTs and opened 

up new functionalities comprising dry adhesion, large-stroke actuation, shape recovery, high 

damping, terahertz polarization, near -ideal black body absorption, and thermoacoustic sound 

emission [19-22]. 

Many researches have already been carried out to make the full use of CNT’s outstanding 

properties into applications in different ways. In this study, our intension is to exploit these unique 

properties of MWCNT as much as possible into application by fabricating macrostructural yarn 

like structure. 
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1.4 Integration of Titanium-Graphene mixture into MWCNTs sheets 

 

In this study, we integrated titanium and graphene mixture into 30 MWCNT sheets stacked 

on top of each other to improve the mechanical properties of MWCNT twisted yarn through in situ 

formation of TiC. Graphene, a two-dimensional honeycomb sheet of sp2-hybridied carbon atoms, 

has significantly grown in interest in the fields of science, technology, and industry because of its 

exceptional properties, for instance, high thermal conductivity (~ 3000 w/mk), Young’s modulus 

(~ 1.1 TPa), mechanical strength (~ 125 GPa) [23-25]. Also, graphene can be embedded in 

different modern industrials and electronics devices such as lithium-ion batteries, fuel cells, 

ultracapacitors, molecular sensors, transparent display, flexible electrodes, and transistors [26-30]. 

Physicists and materialists have been working on how to cultivate the outstanding properties of 

graphene. One possible route is to maximize the effective use of these properties into application 

by integrating them into composites. That’s why we have used graphene nano flacks into our 

laminar composite structure to improve the mechanical properties. The incorporation of graphene 

into polymer matrices shows promising enhancement of mechanical properties [29]. Because of 

considerable difficulties in dispersion, fabrication, and their unrevealed interfacial chemical 

reaction, unlikely to graphene-polymer composites, the graphene metal composites were still little 

discussed. However, a number of recent advances in graphene-metal composites have been 

observed. For example, Hu and colleagues studied graphene reinforced titanium-based 

nanocomposites materials and found the nanoindentation hardness (almost 11 GPa) which was 

three times greater than the pure Ti, also the Young’s modulus (200 GPa) was dramatically 

increased [32]. 

Titanium and its composites are being intensively utilized in marine, aerospace and military 

areas by virtue of their outstanding properties like high melting point, low density, high tensile 
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strength at ambient temperature, excellent corrosion resistance, and great biodiversity, compare to 

steel and aluminum alloy [33]. But, because of their some significant drawbacks like wear 

resistance, low thermal conductivity, high cost and low mechanical strength at high temperature, 

many researchers propose carbon materials-Ti composites, such as carbon nanotubes-Ti and 

carbon fibers-Ti composites, to overcome the limitations [34,35]. Graphene, compared with carbon 

nanotube and carbon fibers, shows even more exceptional performance in thermal and mechanical 

properties. Adding a certain amount of graphene, the thermal and mechanical properties of pure 

Ti and its alloys may be effectively increased. Ti-Gr nanocomposites synthesized by laser sintering 

showed more than two times Vickers Hardness value of titanium [36]. These all characteristics of 

Ti composites specially with graphene substantially signify the reasons behind incorporating the 

Ti/Gr into MWCNT structure to enhance the mechanical properties. The intention of this research 

is to explore the experimental aspects of Ti/Graphene/MWCNT composites structures because a 

handful of interdisciplinary studies of Ti/Graphene composites have been done so far and mostly 

rely only on functional and theoretical calculations [37,38]. 

1.5 In situ formation of TiC inside MWCNT yarn 

 

Titanium carbides have attracted a great deal of attention because of their high chemical 

resistance, high heat resistance, short bonds, good corrosion resistance, low weight, 

biocompatibility, exceptional mechanical strength, chemical stability, high elastic modulus, high 

wear resistance, low heat-conductivity coefficient and good electrical conductivity for many 

structural applications. They are being used for metal working tools, high temperature heat 

exchanger, turbine engine seals, grinding wheels, magnetic recording heads, bullet proof vests, 

and carbide steel, etc [39,40]. It has received considerable commercial interest as well [41]. The 
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purpose of this study is to synthesize TiC inside MWCNT yarn so that it can reinforce the 

mechanical properties of as produced MWCNT twisted composite structure. 

 

                   Figure 1: FCC structural configuration of TiC. (Drawn by ChemDraw software) 

TiC has been used as a reinforcement for the metal matrix composites (MMC) by virtue of 

its excellent properties, such as high melting temperature (32500 C), low density (4.93 g/cm3), high 

hardness (2895-3200 HV), high chemical stability and high elastic modulus (Young’s modulus of 

410-510 GPa) [42], good wettability and strong interfacial bonding with the metal matrix. 

Publications in the literature proves that TiC reinforced metal composites shows good wear 

resistance and higher mechanical properties [43-46]. TiC produced by mechanical alloying have 

outstanding resistance to oxidation and corrosion because of homogeneous distribution and 

adhesion between particles and being attractive composite materials in aerospace application 

[47,48. Excellent compatibility between TiC grain and stainless steel makes the TiC grains the 

suitable reinforcement agent for the stainless steel. The formation of TiC layers inside the Cu-CNT 
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nanocomposites substantially improves the interfacial bond between the CNTs and the copper 

matrix [49]. The articles [50,52] verified the practical roles of carbides by establishing the thermal 

conductivity of Cu-Ti-CNTs that is sufficiently higher than the Cu-CNTs. It was disclosed that the 

tribological properties of the nanocomposites has been significantly enhanced with greater quality 

TiC, which is resulted by using the CNT and graphene as carbon sources. In comparison to using 

graphite as a carbon source, graphene and CNT lowers 49% and 15% in wear volume loss and 

decrease 6% and 16% in friction coefficient successively [52]. Hard TiC particles are being used 

to improve the wear resistance and harness of the Cu matrix composites as investigated by Yang 

et al. [51]. About ten-fold strength improvement has been noticed in titanium matrix composites 

(TMC) by reinforcing with TiC [54,55]. 

1.6 SHS methods of amalgamation 

 

Many synthesis processes were studied and proposed to produce TiC such as chemical 

vapor deposition (CVD) [56], thermal plasma synthesis [57], carbothermal reduction process [58], 

reactive hot pressing (RHP), spark plasma sintering (SPS) [59,60]. self-propagating high 

temperature synthesis (SHS) or combustion synthesis [61 - 63], mechanical alloying [64], 

microwave sintering [65], reactive hot pressing, exothermic dispersion, direct melt oxidation, flux-

assisted synthesis and so on. Synthesizing TiC by a direct reaction between Ti and carbon under 

vacuum at high temperature is expensive because it requires high energy. As well as the thermal 

plasma synthesis and the chemical vapor deposition have very high operating cost, and the 

sintering process consumes large amount of energy. Even though the TiC mixture prepared by 

high energy ball milling can significantly reduce the ignition temperature [66], fabrication process 

is convoluted and need further modification for industrial purpose. Among all of them, on the other 

hand, the prominent, cost effective, and low energy consumption SHS process, by using large 



9 
 

quantity of heat of reaction, has got more attention [67,68]. Martirosyan’s research group at the 

University of Texas Rio Grande Valley successfully published several reports based on 

combustion synthesis [69-74] including experimental [77-77] and theoretical [78-80] 

investigations.  

Self-propagating high temperature synthesis (SHS) process, which also referred to as 

combustion synthesis or highly exothermic process, is a kind of self-sustaining synthesis technique 

in which precursor is triggered at one end by external high energy input (e.g. laser beam, heated 

coil) to initiate the reaction and once ignited, the highly exothermic reaction between constituents 

or between constituents and compounds turns into self-sustaining and converts progressively the 

constituents into product by no means of any external energy [69-74]. This synthesis technique 

has already been an attractive method for researchers to produce composite or refractory materials. 

K.S. Martirosyan and A.S. Mukasyan [82] explained all about combustion synthesis of 

nanomaterials explicitly and precisely in their book. By using this convenient method, a large scale 

of different materials like nitrides [83], borides [84] intermetallics [85], carbides [86], silicides, 

carbonitrides, composites, hydrides, chalcogenides, complex oxides, have been fabricated. The 

compelling advantages of this technique comprise: i) high purity and refined microstructure of 

product, ii) energy and time efficient, iii) simplicity of process and equipment, iv) high reaction 

rate, v) simultaneous formation and densification of product, vi) substituting the raw materials 

with cheaper one, and most importantly, vii) low production cost [87]. By applying the SHS 

method, many organic compounds and materials, more than 700, have been synthesized. This 

method is not only suitable for solid-solid system, but also for solid-liquid and solid-gas 

combustion system. Porous TiC from titanium and carbon powder were produced by the SHS 

process, proposed in [88]. Also, by this process, Holt and Munir [89] and Yamada et al. [90] 
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effectively synthesized dense TiC composites from titanium and carbon powders. The self-

sustaining exothermic reaction in the SHS process can provide high temperature required for 

inorganic compounds, more than 2000 K, and for intermettalics, more than 1000 K. Finally, we 

have chosen the SHS process because it’s various merits over conventional methods to produce in 

situ TiC inside MWCNT twisted yarn. Most importantly, highly exothermic reaction being ignited 

between constituent powder requires comparatively low temperature below 1000 0C in the SHS 

process. 

1.7 Literature reviews 

 

In literatures, many researchers have been conducting research to improve the mechanical 

properties of MWCNT composite yarn. To the best of our knowledge, no comprehensive reports 

have been published yet about the mechanical properties of MWCNT laminar composite structures 

reinforced with TiC in any other literature. Our synthesized laminar composite structures exhibit 

the tensile strength of 320 MPa which is not the best but comparable to the results available in 

literature. CNT yarn produced through Chemical Vapor Infiltration (CVI) shows increased tensile 

strength from 61 MPa for the pristine yarn to 159 MPa for 2 hours CVI served yarn. The excellent 

increment of stiffness also has been noticed in CVI yarn treated for 2 hours which is from 1.68 

GPa for pristine yarn to 11 GPa for as-synthesized yarn [91]. Tensile strength of 5-ply yarn 

composite with ratio of epoxy: modifier: hardener (60:40:20) and 25- ply yarn composite 

(100:0:25) are reported as 319.8 MPa and 261.4 Mpa, respectively [92]. 

Composites made from bamboo-type carbon nanotubes shows tensile strength of 170 MPa 

and Young modulus of 4.7 GPa comparing with 120 MPa and 2.3 GPa in composites synthesized 

from common hollow MWCNTs [93]. The strength of the CNT/nylon 6,6 composite were 



11 
 

improved to 320, 540 and 630 MPa with stretch rations of 2%, 5% and 7%, respectively [94]. 

Another practical way to improve the mechanical properties of MWCNT yarns structures through 

polymer dip coating [95]. Zhang et al. revealed considerable improvement of tensile strength of 

the CNT yarn by infiltrating with a polymer [96]. Increment of load capacity of CNT yarn by post 

spun twisting has been reported by Zhu et al [97].  

It has also been reported in literature that molecular functionalization and electron-beam 

irradiation both were consider as a technique to increase the tensile strength and Young modulus 

of the bulk CNT yarn composites by 25% and 88%, respectively [98]. Kai Liu et al. synthesized 

CNT/ polyvinyl alcohol (PVA) yarns having tensile strength up to 2 GPa and Elastic modulus 

more than 120 GPa, much higher than the twisting (1 GPa) and simply twisting (0.5 GPa) yarn 

[99].  

Researchers have been working on yarn like laminar composite structures to improve the 

mechanical properties of MWCNTs in different ways. However, usually pristine MWCNT yarns 

lack required stability under load. In this study, we have introduced a method for stabilizing 

MWCNT yarn using highly exothermic reaction to produce and deposit TiC into yarn. In situ 

produced TiC effectively binds adjacent MWCNT to restrain inter-nanotubes sliding effect load, 

which therefore increase the durability of MWCNT yarn structure. Neighboring nanotubes slide 

each other under load in yarn, which causes a high extents of stress relaxation and permanent 

elongation. As a result, mechanical properties i.e. tensile strength and young’s modulus of yarn 

also changes with load, which is not acceptable for most structural application. Therefore, it is 

crucial to stabilize and sustain the MWCNT yarns. 
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1.8 Objectives 

 

a) Synthesis of composite or yarn like structure based on Multi Wall Carbon Nanotubes 

(MWCNTs) twisted yarn. 

b) Reinforcement of this laminar composite structures by in situ production of TiC inside 

yarn. 

c) Thermogravimetric analysis of this structure composites. 

d) Morphological analysis of our as produced yarn like structures. 

e) Investigating the mechanical properties of as synthesized laminar composite structures. 

 

1.9 Hypothesis 

 

Addition of titanium and graphene mixture inside the MWCNTs sheets may increase the 

mechanical properties of as synthesized MWCNT laminar composite structure by in situ formation 

of TiC. 

1.10 Layout of the thesis 

 

 Chapter 2, a detail description of general properties and applications of Titanium, Carbon 

Nanotubes, and Graphene are presented. 

 Chapter 3, we discussed the methods of preparing our sample and laminar composite 

structures. 

 Chapter 4, results are analyzed and discussed.  

 Chapter 5, this report is concluded with some remarks on the results. 
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CHAPTER II 

 

 

PROPERTIES OF MATTERS  

 

 

We have used titanium, MWCNT, and graphene in this study because of their outstanding 

characteristics which is important for structural applications. They have extraordinary mechanical 

properties, thermal properties and most importantly they are compatible with the environment. 

2.1 Titanium 

Chemical element, Ti, atomic number 22 and atomic weight 47.90, is a silvery gray 

transition metal. As Titanium belongs to the first transition group, chemically its behavior shows 

many similarities with silica, chromium, zirconium, and vanadium. It is a strong, corrosion-

resistant, lustrous metal. Titanium of this size (149 μm) is not pyrophoric, and is covered by few 

nano (4-5 nm) layer of oxide. English mineralogist and chemist William Gregor discovered a 

compound of titanium and oxygen for the first time in 1791 and separately rediscovered in 1795, 

and finally named by the German chemist Matrin Heinrich Klaproth. 

 

2.1.1 Properties 

It is high-strength, lightweight, low-corrosion structural metal. It is 60% heavier than 

aluminum and 45 % lighter than steel.  
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 Electron configuration: [Ar] 3d1 4s2 

 Density: 4.506 g/cm3 at 25o C 

 Melting point: 1670 o C 

 Boiling point: 3287 o C  

 Specific heat capacity: 524 JKg-1K-1 

 Young’s modulus: 115.7/107 GPa  

 Shear modulus: 43.8/38 GPa 

2.1.2 Applications 

It also works as an excellent alloying agent with many metals like aluminium, iron, 

molybdenum. These alloys have been used for many high temperature structural applications due 

to extremely high melting temperature, excellent hardness, high thermal conductivity, exceptional 

mechanical strength, and great chemical resistance. Also, they have attracted a good attention for 

aircraft and spacecraft application [33-35]. 

Titanium is being used in orthopedic implant devices because of its outstanding high 

strength, rigidity, and their genuine mechanical performance. Prosthetic hip and knee replacement, 

bone-plates and screws, pace-makers, and cranial plates of skull fractures are prime examples of 

titanium implants used in orthopedics [100]. Titanium dioxide (TiO2) has opacity to UV light 

damage and auto cleaning capacity leading their uses as a white pigment in outside painting [101] 

2.2 Carbon Nanotubes (CNTs) 

CNT sparked the imagination of different research groups and organization around the 

world. It is an one dimensional beehive-shaped nanostructural tube with sp2 hybridized carbon 

atoms. In 1952, Radushkevish and Lukyanovich first investigated and explained CNTs, and later 
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on, Oberin observed SWCNTs in 1976. In recent history, the discovery of CNTs is attributed to 

Iijima, who described multi-walled carbon nanotubes for the first time during C60 molecule 

fabrication. Since their discovery by Iijima in 1991, carbon nanotubes have fascinated researchers 

with their possibilities for different commercial applications. 

               

(a)                                                                     (b) 

(c) 

Figure 2: Zig-zag (a), SWCNT(b) and MWCNT (c) (Drawn by Nanotube modeler software) 

2.2.1 Properties 

Carbon nanotubes are known as nano-architectured allotropes of carbon, composed of layer 

of graphene sheets that are wrapped having a cylindrical shape. Approximate thickness of CNTs 
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is 1/50000th of human hair. They usually exist in three different geometries: a) armchair, b) zig-

zag, and c) chiral. CNTs can be either metals or narrow-band semiconductor based on the ways of 

rolling of graphene sheets. Over the years, researchers are working to understand the intriguing 

properties of CNTs. They exhibit some outstanding properties like a large length-to-diameter 

ration, a high degree of stiffness, exceptional resilience. By controlling the diameter, wall nature, 

chirality, and length of CNTs, these properties of CNTs can be manipulated. 

Two types of carbon nanotubes that can have high structural perfection. Single walled 

carbon nanotubes (SWCNTs) consist of a layer of graphene sheet folded into a cylindrical tube. 

Multiwall carbon nanotubes (MWCNTs) are composed of several layers of graphene sheets like 

rings of a tree trunk. Depending on the direction of graphene sheet rolled to form a nanotube 

cylinder, CNTs can be either metallic or semiconducting. CNTs have a diameter approximately 

from 0.4 nm to more than 3nm and length can extend up to millions of times of the diameter. The 

interlayer space in MWCNTs is around 3.4 Å, which is similar to space between graphene sheets 

interlayer. MWCNTs have diameter ranges from 1.4 to 100 nm.[20,21]. Small-diameter SWNTs 

have a high Young’s modulus and high tensile strength. Properties for the nanotubes can be tuned 

by tailoring the diameter. 
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Table 1: Comparison between MWCNTs and SWCNTs 

 

 

2.2.2 Applications 

CNTs have outstanding mechanical, chemical, thermal, electrical, and optical properties 

[102,103]. The thermal conductivity of CNTs is more than double of diamond which was the best-

known thermal conductor before that CNTs identifications. The sp2 carbon-carbon bonding inside 

CNTs has made them remarkably mechanically strong [104]. The nanotubes are considered 

extraordinary for the variety of structural applications because of high mechanical strength with a 

Young’s modulus value of 1000 GPa which is about five times higher than steel [105]. The tensile 

                        MWCNT                               SWCNT 

Several graphene layers   Single graphene layer 

Easy bulk synthesis  Difficult bulk synthesis  

High purity  Poor purity  

Structure is complicated  Easy assessment and characterization  

Not easily twisted  Twisting is easy  

Aggregation in the body is high Aggregation in the body is less 

Lesser chances of defects during 

functionalization  

Greater defects chances during functionalization  
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strength of CNTs is approximately 63 GPa which is almost 50 times greater than steel [106]. 

Nanotubes also have been widely used in fabrication of nanoscale electronics devices.  

With the growing demands in energy sector, researchers are relentlessly investigating all 

the existing resources of energy. They also studied all the promising substitutes whether renewable 

or non-renewable. Solar energy as a cost effective, abundant, and sustainable source of energy, 

could be a promising solution for sustainable production and the storage of electrical energy for 

different applications, such as transport, portable devices etc [107,108]. To overcome the 

limitations of solar collector, which is low efficiency of thermal conversion, Carbon nanotubes 

attracted a great attention because of their excellent performance as a solar absorber and hear 

transfer fluid. Stable CNT fluid, which is a result of modified MWCNTs by beta cyclodextrin, 

enhances the thermal conductivity and solar absorptivity. 

CNTs, which is considered as p-type semiconductor, based photovoltaic cells (PVCs) have 

already attracted an intensive attention in renewable energy sector [109]. The amalgamation of 

CNTs with electron donors exhibits a promising idea to exploit the solar energy and transform this 

energy into electrical energy [110]. Carbon-on Si is a sustainable design to produce solar cells with 

excellent conversion effectiveness [111]. 

Ultracapacitors, which are devices for energy storage, with electrodes composed of CNTs 

have exceptional power density about fourfold higher than batteries, an energy density of almost 

60W/Kg, and a lifespan more than 300,000 cycles [112]. This considerable improvement in the 

DLC power density attributed to the extraordinary conductivity and surface area gained form 

CNTs. 

As an electrode material for batteries, CNTs have already been considered a promising 

candidate due to their remarkable electrochemical properties. For the technologically recognized 
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lithium ion batteries (LIBs), outstanding anode materials come from the synthesis of SnO-CNT 

composites. The combination of CNTs with Si nanoparticles shows a new idea to fabricate high-

performance electrode for LIBs. Recently CNTs have been using in microbial fuel cells because 

of their unique and excellent intrinsic properties like good electrochemical stability, corrosion 

resistance, and high conductivity [113,114]. 

CNTs have high surface area to volume ration and an organized distribution of pore size 

as compared to activated carbon. For these characteristics, they have excellent sorption ability. 

Clean water is crucial for all living organism to nourish their life [115]. CNTs as adsorbents can 

remove various heavy metals from water and can be widely used for water treatment applications. 

CNTs based ultrasensitive sensors are being applied to detect mercury which is very toxic to all 

living organisms [115]. In addition to the removal of toxic metals, CNTs are contributing to wipe 

various organic pollutants in water treatment process. They are also considered as an outstanding 

absorbent for the treatment of organic dyes owing to their large surface area and extraordinary 

properties. Emulsified oil in water, which have very negative impact on the living organism and 

environment, have been remove by ANTs. The most prominent application of functionalized CNT-

based nanobiosensors is to detect the DNA sequences in our body [116]. As well as CNT- based 

pressure sensors are being used in kidney dialysis machines, eye surgeries, respiratory devices, 

and hospital beds. 

2.3 Graphene 

Graphene, or mono-layer graphite, is a single-atom-thick and two-dimensional honeycomb 

sheet consisting of sp2-hybridied carbon atoms which are tightly packed in a hexagonal crystalline 

structure (Park & Ruoff 2009). It is the building block of all graphitic carbons. However, graphene 
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shows magnificent properties than its mother material which is graphite. Due to its tightly packed 

carbon atoms and sp2 hybridization, graphenes are more stable. 

 

 

 

 

 

 

 

 

(a)                                                                    (b)          

        Figure 3: Two layered graphene sheets (a) and Four layered graphene sheets (b). (Drawn by 

Nanotube modeler software) 

 

In 2004, pioneer researchers Geim and Novoseloy conducted an outstanding research in 

the University of Menchester leading to isolation of a single sheet of graphene using scotch tape 

method on a silicon wafer [117]. Since the discovery of graphene, many researchers have been 

conducting research on it in the scientific community. Furthermore, due to its outstanding optical, 

electronic, thermal, and mechanical properties, it has been utilized in several industrial 

applications. 

2.3.1 Properties 

Among two dimensional crystalline layered materials, graphene has arguably the largest 

surface area to volume ratio. Also, it has highest ratio of edge atoms among any allotropes of 
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carbon which make the graphene more chemically reactive. Since it possesses high aspect ratio 

(length many times larger than that of their width) which is tremendously useful parameter for 

enhancing mechanical and electrical properties of composite structure. Atom-thick layer of ring-

bound carbon atoms being spread in graphene sheets are exposed to its surface. This excellent 

characteristic gives graphene an array of distinctive surface chemical, physical and electronics 

properties, which persistently opening doors for new applications in condensed matter physics and 

nanotechnology. Remarkable low-energy electronic structure of single-layer graphene can absorb 

white light by ~ 2.3 %. 

 

 Strength: monolayer, defect free graphene is the strongest material tested to date with a 

strength of 42 N/m, which is equivalent to 130 GPa. It is more than 200 times stronger than 

steel. 

 Elasticity: it can be stretched up to 20%, whereas steel can be stretched only 1%. 

 Young’s modulus: ~ 1TPa.  

 Electron mobility: highest carrier mobility of 200,000 cm^2/Vs at room temperature which 

is more than 100 times higher than silicon. 

 Thermal conductivity: ~5000 W/mK which is more than 100 times greater than copper. 

 Current density: more than 108 A/cm which is around 100 times larger than copper. 

 Optical absorption coefficient: 2.3 % which is around 50 times higher than Gallium 

arsenide (GaAs). 

 Surface area: it has highest surface area of 2630 m2/g meaning less than 3 grams of 

graphene could cover a soccer field. 

 Impermeability: it can block even the smallest atom (Helium). 
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 Electrical resistivity: 10-8 Ω which is around 35%less than copper. 

 Atomic thickness: 0.335 nanometers. 

2.3.2 Applications 

Graphene can detect changes in its surroundings at micrometer scale and individual events 

on a molecular level providing a high degree of sensitivity. Its outstanding properties are beneficial 

in sensor applications like biosensor, DNA sensors and gas sensors etc. 

To increase the efficiency and improve the charge/discharge rate of the battery, graphene 

has already been integrated into both the anode or the cathode in different battery system, such as 

lithium-ion batteries, lithium-sulphur batteries and so on. Since it exhibits a high aspect ratio and 

dangling bonds at both sides of the sheet, graphene can be a perfect ingredient for use in electron 

emission display. 

Graphene is being incorporated into many materials to increase the strength and make it 

lightweight which is very crucial for aviation industry. This composite material could save lots of 

fuel consumption and money.  
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CHAPTER III 

 

 

METHODOLOGY 

 

 

  

Our approach of methodology involves producing titanium and graphene mixture by using 

ball-miller first, and then synthesizing laminar composite structural yarn by incorporating 

titanium/graphene mixtures inside MWCNTs sheet. 

3.1 Titanium and Graphene mixture preparation 

Raw materials were commercial titanium powders (149 µm in size, 99.9% purity, Sigma-

Aldrich) and graphene nanoflakes (12 nm in size, 99% purity, Sigma-Aldrich). The mixture was 

prepared with titanium and graphene powders according to the stoichiometry derived from the 

expected reaction equation: Ti + C = TiC, which is (80:20) wt. %. The mixed powders were placed 

into ceramic cylindrical container of ball-miller with 30 ml of isopropanol as milling media and 

the weight ratio between powder mixture and balls was 20:1. We used MSK-SFM-3 high speed 

vibrating ball miller at a speed of 1200 rpm (revolutions per minute)/ 20 Hz for 8 minutes with the 

period of 40 sec to mechanically activate the mixture particles and to produce homogeneous 

mixture samples. The wetted mixture sample from the ball-miller was heated in an oven for 30 

minutes to evaporate the isopropanol and then titanium/graphene dried mixture samples were 

obtained. 
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3.2 MWCNT twisted yarn preparation 

We used commercially synthesized vertically aligned CNT forests grown on silicon wafers 

by chemical vapor deposition (CVD) to produce well aligned MWCNT sheets.  The synthesized 

forest has height up to 280 µm and single carbon nanotubes with an outer diameter of ~20 nm. As 

well as the volumetric forest density of synthesized CNT arrays was 63.8 mg/cm3. The aligned 

MWCNT sheets were drawn from the side of the synthesized CNT forests using a razor blade and 

a short-pointed piece of wood like toothpick by hand. 30 layers of MWCNT sheets were extracted 

and stacked on top of each other. This stacked MWCNT sheets has width of 2 cm and was placed 

between two rods separated by a distance of 7 cm. The weight of stacked 30 MWCNT sheets was 

measured as ~1 mg. Forest-drawn MWCNT sheets were overlaid with titanium and graphene 

materials by dispersing their mixture solution using small paint brush. The coating solution was 

prepared by mixing titanium and graphene powder in isopropanol and sonicated for 20 minutes to 

get homogeneous solution. The laminar composite yarn was prepared by twisting 30 layers of 

MWCNT/titanium/graphene sheets with width and length of 0.123 mm and 7 cm, respectively. 

 

                Figure 4: Integrating titanium/graphene mixture powder into MWCNT sheets. 
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CHAPTER IV 

 

 

RESULTS AND DISCUSSION  

 

 

4.1 Differential Scanning Calorimetry (DSC) analysis 

The DTA/TG curves of Ti/Graphene mixture powder at 20 oC/min heating rate under 

argon flow of 100 ml/min are presented in Figure 5. 

 

 

Figure 5: DTA-TG curves for the titanium and graphene mixture powder at heating rate 20 

oC/min under argon atmosphere. 
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In Figure 5, green curve represents the Differential thermal analysis (DTA) of 

Titanium/Graphene mixture at heating rate 20 oC/min under inert atmosphere. This inert 

atmosphere has been created by flowing argon gas into the chamber in order to prevent 

Ti/Graphene mixture from being oxidized with atmospheric oxygen.  At the very beginning of this 

DTA curve, one endothermic trough has been observed below 100 oC due to loss of absorbed 

moistures which can be present in the titanium and graphene mixture from the surroundings. Then 

the system is being started heating up to reach the activation energy which is required to initiate 

the chemisorption reaction between adsorbent (Titanium) and adsorbate (Graphene). This reaction 

involves covalent bonds usually in sticking the adsorbate to the adsorbent and is considered as an 

exothermic reaction. As it’s clearly seen from DTA curve (green line) that the ignition starts at 

596 oC and an exothermic reaction has been taking place at 641 oC. The heat released by the 

exothermic reaction between titanium and graphene is 39 J/g which raises the temperature of the 

sample mixture to such a level that the reaction becomes self-sustaining.  

The blue curve represents the Thermogravimetric analysis (TGA) of Titanium/Graphene 

mixture. As we can see from figure 5, all over the interval of temperature increasing, TG signal is 

virtually constant. Only 2% of weight gain has been observed on this TG curve around 630 o C 

which is insignificant amount corresponding to primary weight (15mg) of the sample mixture. The 

reason for this small amount of weight gain could be forming TiO2 by oxidizing with the oxygen 

which may present in Ti/Graphene mixture. Another reason could be using argon gas which was 

not 100% pure.  

The DTA/TG curves of titanium/graphene mixture dispersed into MWCNT twisted yarn 

at 20 oC/min heating rate under argon flow of 100 ml/min are presented in Figure 6. 
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Figure 6: DTA-TG curves for the Titanium/ Graphene mixture integrated into multiwall carbon 

nanotube (MWCNT) twisted yarn at heating rate 20 oC/min under argon atmosphere. 

In figure 6, green curve represents the Differential thermal analysis (DTA) of 

Titanium/Graphene mixture embedded multiwall carbon nanotube yarn. Inert atmosphere has been 

created by flowing argon gas into the chamber in order to prevent Ti/Graphene mixture integrated 

twisted yarn from being oxidized with atmospheric oxygen.   Endothermic trough below 100 oC is 

due to loss of absorbed moisture that can be present while dispersing titanium and graphene 

mixture into MWCNT sheets from the surroundings. Then the system is being heated up to reach 

the activation energy which is required to initiate the chemisorption reaction between adsorbent 

(Titanium) and adsorbate (Graphene, MWCNT). This reaction involves covalent bonds usually in 

sticking the adsorbate to the adsorbent and is considered as an exothermic reaction. As it is seen 

form the DTA curve that the ignition starts at 595 oC and an exothermic reaction has been occurred 

at 640 oC. The heat released by the exothermic reaction among titanium, graphene, and MWCNT 
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is 50 J/g which raises the temperature of the sample to such a level that the reaction becomes self-

sustaining. The heat released from this exothermic reaction is higher than that the heat released 

from the Ti/Gr mixture only. One can assume that the more energetic reaction has been occurred 

inside MWCNT twisted yarn due to presence of more absorbate (carbon source). We can assume 

that the reaction takes place among titanium, graphene and CNT, and heat can remove the internal 

stress from MWCNT yarn and toughen it. The blue curve represents the Thermogravimetric 

analysis (TGA) of MWCNT yarn. Only 3.3 % weight gain has been observed on this curve around 

600 oC which is negligible amount. The reason for this trace amount of weight gain could be 

forming TiO2 by oxidizing with the oxygen which may present in MWCNT/ Graphene interlayers. 

Another reason could be using argon gas which was not 100% pure.    

Effective ignition of titanium is difficult because of oxide layer forming naturally on the 

surface of titanium. We used nano sized graphene flakes which is considered as one to few layers 

of graphene and generate high temperature which allows increasing the amount of TiC. Graphene 

has a high specific surface area of 1168 m2/g and burning starts around 350- 500 oC due to large 

interlayer spacing of graphene sheets (5.1 Å). This spacious interlayer is mostly because of 

graphene curvature. Graphene shows reactive due to the high accessibility and active site over a 

large surface area. Thus, the high specific surface area of this graphene sample ensures the 

availability of carbon atoms on the surface. 

4.2 X-ray Diffraction (XRD) analysis 

The XRD patterns of synthesized TiC to reinforce MWCNT yarn by high energy 

exothermic process are shown in Figure 7. 
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 Figure 7: XRD spectra of TiC and unreacted Ti particles in Ti/Graphene mixture after 

combustion in DSC. 

In Figure 7, as we can clearly see form the X-ray diffraction graph that only two prominent 

phases, Ti and TiC are clearly observed at their appropriate theoretical angular positions, meaning 

nearly full conversion of Ti and Graphene mixture into TiC in XRD level. Based on the intensity 

of characteristics peaks, the strongest XRD peaks signifies the TiC phase at 2-Theta= 36, 39, 42, 

62 suggesting that the synthesized TiC possess high purity and well crystalline. It is also noticeable 

from figure 7 that small amount of Ti particles remain unreacted in the mixture and their phase 

was identified at 2-theta= 35, 37, 40, 52, 62. One possible reason for this unreacted Ti particles 

could be high concentration of Ti present in Ti/Graphene mixture. It can be assumed form this 

XRD analysis that TiC is the final thermodynamically stable phase of the Ti and Graphene system 

in this combustion synthesis. 
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4.3 Scanning Electron Microscope (SEM) analysis 

              

(a)                                                                  (b) 

Figure 8. SEM images exhibiting the morphology of 30 MWCNT sheets stacked on top of each 

other (a) and single MWCNT sheet (b).  

 

Figure 8(a) shows the microstructural distribution of multi wall carbon nanotubes in our 

synthesized laminar composite structures. From this SEM image, it has been revealed that 

MWCNT bundles preferentially aligned in the direction of the sheet with interconnected structures 

but the multi wall carbon nanotubes become entangled each. Since the alignment and distribution 

of nanotubes have dominant effects on mechanical properties of structures, this entanglement of 

MWCNTs might have unfavorable effects on our synthesized yarn structure. Figure 8(b) represents 

the microscopic view of single MWCNT sheet which is used together to build up our laminar 

structure. 
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(a)                                                          (b) 

                                   

                                                                 (c) 

Figure 9. Microstructural distribution of synthesized TiC particles (a), (b) and deformations and 

fractures observed on TiC particle surface (c). 

Figure 9, (a) and (b) reveal the microstructure examinations of synthesized TiC particles. 

The bright and dark regions in figure 9(a) and (b) are the TiC composites and unreacted Ti 

particles, respectively. One can assume that some titanium particles remain unreacted in 

titanium/graphene mixture due to lack of enough adsorbate (Graphene). This phenomenon also 

supports the XRD analysis of synthesized TiC particles. Shiny layers of TiC have been formed 
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around the dark Ti particles. As well as it has been shown from the images that shape of the dark 

spots are irregular suggesting that Ti particle sizes are not uniform and average size is about 50-

70 micrometer throughout the sample. Layered deformation and a series of fracturing steps were 

observed on particle surface in figure 9 (c). Irregular particle sizes and layered fracture on particles 

are expected in synthesized power because of using ball-miller to mix titanium/graphene together. 

             

(a)                                                                      (b) 

 

                                                                              (c) 
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Figure 10. Representative SEM micrographs of synthesized TiC particles inside MWCNT 

laminar composite yarn (a), (b), and (c). 

An evaluation of morphologies of in situ synthesized TiC particles inside MWCNT was 

shown in figure 10 (a), (b), and (c). It has been noticed from figure 10 (a) that produced TiC 

particles are nicely attached with MWCNT yarn. As well as sizes and shapes of particles are not 

uniform which is expected due to deformation and fracture occurred while using ball-miller to 

produce titanium/graphene mixture, and the dark flat surface represents the interior part of 

MWCNT yarn. Representative SEM morphology, figure 10 (b) and (c), reveals the nano scale 

distribution of TiC particles inside MWCNT yarn. Shiny particles inside MWCNT yarn are the 

synthesized TiC and tube-like bright lines are the nano carbon tubes in figure 10 (b). Nano sized 

TiC particle has been noticed (bright spot) inside MWCNT yarn in figure 10 (c).  
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4.4 Young’s modulus analysis 

 

Figure 11. Tensile stress-strain curves for pristine MWCNT yarn and synthesized MWCNT yarn. 

               Figure 11. Blue curve (a) represents the stress-strain analysis for our synthesized laminar 

yarn reinforced with TiC and it has been shown that the increment of this curve is linear. The 

synthesized laminar composite structure exhibits excellent durability, with ultimate tensile 

strength value of 300 MPa for yarn reinforced with TiC, compared to a tensile strength value of 

319 MPa for pristine MWCNT yarn (b). It can be concluded from figure 11 that synthesized yarn 

retains 70-80% of pristine MWCNT yarn strength. 
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     Yarn 

     types 

 

Width 

(mm) 

Thickness 

(mm) 

Gauge 

length 

(mm) 

Max. 

Load 

(N) 

Stress 

(MPa) 

Strain 

(mm/ 

mm) 

Young’s 

Modulus 

E (GPa) 

   Pristine 

  (MWCNT) 

0.06 0.06 7.50 2.34 319 0.32 1.00 

Synthesized  

(Reinforced) 

0.13 0.13 7.50 3.29 300 0.16 1.90 

 

        Table 2. Stress, Strain and Young’s modulus values of pristine and synthesized yarn.  

Young’s modulus calculation for our synthesized yarn reinforced with TiC: 

 

 

 

Young’s modulus calculation for pristine yarn: 

  

 

 

 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 =
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑎𝑖𝑛
 𝑃𝑎    

                                    =
300

0.16
 𝑀𝑃𝑎    

                                    =  1.9 𝐺𝑃𝑎    

 

 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 =
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑎𝑖𝑛
 𝑃𝑎    

                                    =
319

0.32
 𝑀𝑃𝑎    

                                    = 1 𝐺𝑃𝑎    

 

 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑜𝑓 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 =

1.9−1

1
 . 100%    

                                                                        = 90 %    
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Table 2 shows the tensile strength and young’s modulus values for our synthesized and 

pristine yarn. From this above calculation, it has been shown that Young’s Modulus of 1.9 GPa 

for reinforced yarn which is 90% greater than that the young’s modulus of 1 GPa for pristine yarn.  
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CHAPTER V 

 

 

CONCLUSIONS 

 

 

In conclusions, we would like to summarize the main points of this work with some 

remarks on the results. This whole study has been accomplished into two different sections.  

In the first section, it can be concluded from DSC and XRD analysis that TiC have been 

successfully investigated from titanium and graphene mixture at their stochiometric ratio. Even 

though some unreacted Ti particles were left in Ti/Gr mixture, nearly full conversion of mixture 

gets into TiC in XRD level. We can assume the probable reasons for these remaining unreacted 

particles due to high concentration of Ti present in Ti/Graphene mixture. As well as the shape and 

sizes of TiC has been recognized from the SEM particles morphologies. 

In the second section, reinforcement of MWCNT laminar composite structure or yarn has 

been successful by in situ formation of TiC, which can be confirmed from the DSC analysis and 

composite morphologies investigated by using the thermal field emission Scanning Electron 

Microscope (SEM, JOEL). 

The as-produced laminar composite structure exhibits excellent durability, with ultimate 

tensile strength value of 300 MPa for yarn reinforced with TiC, compared to a tensile strength 

value of 319 MPa for pristine MWCNT yarn. That means synthesized yarn can retain 90-95 % of 

strength of pristine MWCNT yarn which is really fascinating for the structural applications. 

Moreover, synthesized yarn shows the young’s modulus of 1.9 GPa which is 90 % greater than 

that the young’s modulus of 1 GPa for pristine MWCNT yarn. 
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We assume that tensile strength of our reinforced laminar composite structure or yarn can 

be improved more if you could overcome the following limitations what we have already faced 

during the experiments: 

1) MWCNT alignment in the synthesized yarn is very crucial factor to improve the 

mechanical properties. Maintaining perfect alignment while making MWCNT yarn by 

hand is difficult, instead you could use automatic motor to produce perfect aligned 

MWCNT sheets stacked on top of each other. 

2) Maintaining homogeneous dispersion of sample powder inside MWCNT sheets is also 

challenging. This inhomogeneous dispersion may restrain the load transfer inside 

MWCNT yarn. 

3) We could use smaller Ti particles to mix with graphene nanoflakes. 
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