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ABSTRACT 
 

Space payloads are designed to be lightweight to sustain extreme environmental 

conditions for years together without any failure. For future interplanetary missions to have 

inexpensive launches, advanced materials like Carbon Fiber Reinforce Polymers (CFRP), 

HF31, CE7, Kevlar, etc. having low density, high strength and high specific stiffness are 

required. Composite material such as Carbon Fibre Reinforced Polymers (CFRP) offers 

considerable mass saving and high specific stiffness, but in recent years, an increment of the 

power for the payload requirements has created a need for this composite with enhanced 

thermal and electrical conductivity. This results in limited use of CFRP as a space payload 

component. To eliminate this and to improve the performance, the application of Nano 

reinforcement in this composite is required. Several Nano-fillers, such as Graphene & 

Carbon Nanotube (CNT) are efficient to enhance greater Mechanical, Thermal & Electrical 

properties, provided they meet the criteria of being well dispersed in the Polymer matrix. 

CNT CFRP composite usage opens new horizons for Space industries like ISRO, JAXA & 

NASA. This composite can replace the traditional space materials with high density like 

Kovar and Invar.  

The quality of the Nano-fillers embedded CFRP composite relies upon several 

parameters such as the types of CNTs like Single-Walled Carbon Nanotubes (SWCNTs), 

Multi-Walled Carbon Nanotubes (MWCNTs), or Reduced Graphene Oxide (rGO), its 

purity, aspect ratio, amount of loading and interfacial adhesion between the fillers and 

polymer. The performance of this Nano Composite depends on the successful execution of 

the processing technique and dispersion of Nano fillers in thermosetting resin and carbon 

fibre layers. These parameters govern the properties of composites. It is challenging to 

fabricate an apt Nano Composite that can qualify for Space applications.  

SWCNTs, MWCNTs and rGOs with variable percentages of weight are dispersed 

into epoxy to fabricate CNT-CFRP samples by solution mixing method. Optimisation for 

the amount of SWCNTs & MWCNTs is experimentally evaluated by measuring the 

electrical conductivity of composite. An experimental study has demonstrated that 0.5wt% 

SWCNT or 2%wt of MWCNT embedment in CFRP, are the optimised values to enhance 

maximum electrical conductivity (500-600 times than bare CFRP). Enhancing the electrical 

conductivity of CFRP material is essential for fabricating space components. This enables 

direct electroplating of the surface of the CFRP without surface activation improving the 

overall performance.   
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The characterization in terms of measurement of Tensile strength, Electrical 

resistivity, Shielding effectiveness, Thermal conductivity, Coefficient of thermal expansion 

(CTE) and Outgassing properties is carried out on these optimised samples which are 

essential criteria for designing the Space components.   

Space qualification on samples and electroplated coupons is conducted in 

environmental tests as a part of process qualification. The results indicate that CNT-

reinforced CFRP composites are a promising potential candidate for use in the space domain. 

The challenge is to identify the required potential application of CNT composites for space 

use. Analytical Hierarchy Process (AHP) based decision-making approach is applied to 

select the suitable nanocomposite, based on results obtained from experimental testing and 

functional requirements. This research report includes a few potential applications of CNT 

composites for Space Payload components and product development. Under product 

development, Carrier Plates and Ka-band parabolic Reflectors by SWCNT-CFRP composite 

are fabricated and qualified for space use.  
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CHAPTER 1

Introduction

This chapter describes the design criteria for space payload, limitation of 

existing materials used for space, possible solution, introduction of carbon 

nano materials and composites, research objective and scope, current research 

status of the work carried out in proposed field of nanocomposite. The main 

objective of the chapter is to investigate the potential applications of these 

nanocomposites for payloads on the basis of composite properties and

challenges for space use.

Indian space program emphasizes communication and remote sensing technology by launching 

the satellites reduce the world into a global village. In the field of development of remote sensing 

technology and communication satellites, the Indian Space Research Organization (ISRO) plays 

a very significant role in providing speedy and enhanced communication. For countless 

important applications like DSNG, Television, DTH, Broadcasting etc used throughout the 

country, 'Communication' is ubiquitously utilized to provide the end users with a better coverage 

and outreach. Since the past three and a half decades, the technology has markedly bloomed and 
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is widely utilized by several applications on a commercial basis. On the other hand, the remote 

sensing satellite constellation has had breakthroughs in numerous fields of applications in the 

arena of water resources information systems, agricultural crops inventory, mapping the corals, 

analyzing biodiversity, potential fishing zones, groundwater prospects, ocean state forecasts, 

forest working plants, rural & urban development etc. [1].

Technologies like remote sensing, satellite communication, Geospatial technologies and 

navigation systems are furnishing some futuristic approaches for managing natural resources 

effectively. The outcome of this is a variety of data and information being enabled for societal 

benefits. It is also very helpful for planners and decision-makers to commence unique people-

centric services smoothly.

Satellite communication uses microwave frequencies of the order of a few Giga Hertz (GHz), 

which requires line-of-sight propagation between satellite and ground hardware [2]. 

Communication satellites receive signals from an earth station, amplify and re-transmit them to 

one or more earth stations. The payload is a part of the satellites or spacecraft Fig 1.1[1]. It 

contains panels highly populated with electromechanical packages and RF passive components 

like antennas, feed, waveguides, filters, isolators and couplers as shown in Fig.  1.2

Since a satellite, once put into orbit cannot be brought back for repairs, the requirement of 

reliability is of the highest order. The components that make up a satellite must therefore have 

very high reliability in the severe environment of outer space.

FIGURE 1.1 Satellite Communication System [1]
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1.1 Design criteria of space payloads 

Major design criteria for space payloads are minimum weight and volume, maximum strength-

to-weight ratio, maximum specific stiffness, space-qualified material to withstand harsh 

environmental load and high reliability [2]. For any space payload, mass is everything, because 

the heavier the spacecraft the costlier the mission. Weight has always been a crucial factor for 

structures operating in space. The cost of a satellite-launch reaches up to INR 6000/gm, which 

means that even a gram of weight reduction can help save a lot of money. Therefore using 

lightweight materials is always a desirable option.

FIGURE 1.2 Space Payload and panel of the payload integrated with components

The key to developing any cutting-edge technology is it being future-proof and ISRO endeavors 

to develop and upgrade its technologies accordingly to keep up with the pace of the ever-

evolving needs and ambitions of the country. The organization is spearheading the domain of 

space applications by carrying out diligent research & development for reusable launch vehicles, 

single and two-stage-to-orbit vehicles, heavy-lift launchers, human space-flight projects, semi-

cryogenic engines and the use of composite materials.
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1.2 Space materials

All the major advancements and research carried out in space industries have been facilitated 

by several breakthroughs in materials and manufacturing processes and many contributing 

factors allowing the development of highly sophisticated payload systems, satellite components, 

spacecraft and launchers. The space materials used for manufacturing payloads need to function 

well under severe conditions as they are eventually going to be exposed to the extreme space 

environment. Spacecraft materials face the first set of challenges on the ground itself. During 

the process of manufacturing and assembly, high-mechanical loads are induced on structural 

materials, propulsion systems and electronic components. Poor storage conditions and faulty 

workmanship during manufacturing and assembly can result in internal defects, residual 

stresses, cracks, corrosion, local damages and contamination. The entire space mission 

undergoes the highest loading phase on the ground, especially during static, acoustic and 

dynamic qualification testing. Also, any kind of transport, via road or air presents immense risks 

of dynamic loading, contamination and corrosion. Moreover, the humidity of the coastal 

environment at the launch site and exposure to chemical substances like cleaning agents and 

solvents, oxidizers and propellants and hydraulic fluids can aggravate corrosion, aggression and 

stress-corrosion cracking. Also, the phase of lift-off and launch entails the generation of high 

vibrations, thermal fluxes, acoustic & shock levels and a possibility of lightning and bird 

strikes.

For Space Applications, mostly Aluminium alloy 6061T6 is used for packaging material, 

whereas Magnesium alloy, Kovar, Invar and Titanium are used for specific design requirements 

[3]. A unique combination of characteristics, i.e. lightweight, high electrical & thermal 

conductivity, corrosion resistance, minimum Coefficient of Thermal Expansion CTE and high 

specific stiffness of these materials are being used since last many decades. Anyhow, high CTE

high mass & poor corrosion resistance are limitations of these materials. The satellite has to 

operate under some severe environmental conditions in space without degradation in 

performance during its life cycle. It is challenging for any new material to develop and 

characterize under the severe space environment conditions. The choice of material for space 

payload applications needs critical selection and evaluation. Up-and-coming trends of research 
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for advanced materials like Beryllium, CFRP, Silvar, CE17, Rockwell HF31, Kevlar 

Honeycomb,NT is increasing for space use due to their significant advantages.

Carbon fibers are the strongest fibers, which are used to make composites with plastics, 

producing Carbon Fiber Reinforced Polymer (CFRP). CFRP has great prospects and capabilities 

due to its favorable property of specific stiffness. Therefore, it is the best suitable structural 

material for space applications. Mainly antenna reflectors, Payload panels, cylinder structures 

for mirrors etc. are made up of CFRP for space and ground projects. 

1.3 Problem statement

One of the disadvantages of CFRP is that it has significantly lower conductivity (Electrical: 106-

107 mho-cm, Thermal: 0.3 W m/K) compared to metals. The lower conductivity directly affects 

the thermal dispersion, electromagnetic shielding, and current-carrying capability. Moreover, 

the bulk conductivity of CFRP is very low because of the laminar epoxy layers. 

In brief, polymer composites used in the space industry are poor conductors (transparent to EM 

radiations) and need some sort of fillers to make them conductive. Alternatively, electrically 

conducting polymers are available, but they are quite expensive, difficult to process and have 

relatively poor mechanical properties [7].  

Moreover, poor conductive CFRP has limitations in surface electroplating, which limits its 

usability for space payload components for low and geo earth orbit space program.

1.4 Objective & Scope of work 

A possible solution to increase the conductivity of the CFRP is the use of nano materials [5]. In 

recent years, Nano-materials like graphene and carbon nanotubes are being considered as one 

of the most popular fillers for CFRP materials. Because, they can improve the electrical 

conductivity and mechanical and thermal properties of polymer without increasing the weight 

[6]. These filler materials are used to disperse in resin, which leads to increase bulk electrical 

and thermal properties of CFRP composite [4]. The main advantage of enhancement of electrical 

conductivity is to enable direct electroplating on the CFRP surface, which is essential for space 

payload components.
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Objective

Investigation of potential application of CNT embedded CFRP composite for space 

applications.

Enhancement of electrical and thermal properties by Carbon Nano fillers.  

Eliminate the surface activation process on CFRP for the electroplate.

Identify the best suitable Nano fillers for the subsystems of payload. 

Fabrication of components with CNT CFRP composite for space qualification.

Scope of work

Study of carbon allotropes like Graphene and Carbon Nano tubes (CNTs), availability 

and cost effectiveness and its embedment in CFRP.

Test the Mechanical, electrical & thermal properties of CNT embedded CFRP, required

for designing the space component. Find out feasibility for synthesis.

Study the fabrication challenges, process parameters, dispersion techniques and amount 

of CNTs and its effect on the properties of CFRP. 

Identify the suitable carbon fabric in terms of strength and fabrication feasibility, epoxy 

resin, chemicals and type of CNTs for fabrication of CFRP. 

Identify the suitable dispersion technique to achieve uniform dispersion of CNT on the 

carbon fabric.

Evaluate optimum percentage of CNT to enhancement of electrical conductivity for 

direct electroplating.

Characterisation of CNT-CFRP composite by fabricating, testing and analysing the 

results on coupons. 

Study and investigate the potential applications for CNT-CFRP composite for space 

applications.

Realisation of payload component with electroplating on the surface. Characterisation 

of component, result verification to ensure the usability in space.

Space qualification of the CNT-CFRP fabrication process and fabricated product (space 

component). 

Process qualification plan and PID generation under process and product development. 
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1.5 Advanced Nano Materials

Graphene & Carbon Nanotube (CNT) are the allotropes of Carbon. These two are called 

1.5.1 Graphene & Carbon Nanotube (CNT)

Graphene is a single layer of carbon atoms tightly arranged in honeycomb structure It can be 

considering the unrolled sheet of Carbon Nanotube as shown in Fig. 1.3 [5,8]. Research on 

Graphene is going on in various research field including space. Due to its extraordinary 

electrical, chemical, optical and mechanical properties, it is found to be a potential replacement 

as Nano filler Table 1.1. It has the superior properties compared to polymers which reflect in 

Graphene based polymer composite [8].

TABLE 1.1 CNT Types Properties [16]

   

E - Young Modulus 1 Tpa (SWNT), 0.8 Tpa (MWNT) 1 TPa

Tensile 11-63 -150 GPa 135 GPa

Density 1-2  g/cc 2.26 g/cc

Thermal

Conductivity

> 3000 W/mk 2500 W/mk [20]

Electrical 

Conductivity
10

6
-10

7

Mho cm

10
6

Mho cm

Co eff. Expansion NEARLY 0 -3.75 e-6

Carbon Nanotubes (CNTs) are cylindrical molecules that consist of rolled up sheets of single

layer carbon atoms (Graphene). They can be single walled (SWCNT) or multi walled

(MWCNT), consisting of several concentrically interlinked nanotubes. Their length can reach 

several micrometers or even millimeters CNTs are allotropes of carbon with a tubular 

nanostructure, having diameters ranging from less than 1 nanometer (NM) up to 50 NM [9].

CNTs are 100 times stronger than and 1 6th the weight of steel with a length to diameter ratio 

that can be as high as 132,000,000 1; a much higher thermal conductivity than diamond or 

graphite, and a low thermal expansion coefficient They are flexible, elastic, and absorbent [10].
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Carbon Nanotubes (CNTs) have significant multifunctional properties.  It can add into polymer 

to produce innovative nanocomposite material now days CNT has large aspect ratio, high 

intrinsic electrical conductivity and high mechanical strength, that makes an excellent choice for 

creating conductive nanocomposites for high performance EMI shielding material Although 

Caron Nanotubes (CNTs) show comparable mechanical properties to Graphene, still Graphene 

is better nanofiller than CNT in certain aspects such as thermal and electrical conductivity [11]. 

CNTs can be added to many other materials including thermosetting plastics and thermoplastics 

to form composites as shown in Fig. 1.4[8] with enhanced strength, elasticity, toughness, 

durability, thermal conductivity and electrical shielding better than the existing space qualified 

materials [10].

FIGURE 1.3 Graphene & CNT Structures[5]

1.5.2 CNT based Nano composites

CNT based Nano composite materials can be classified, according to their matrix materials, 

mainly in three different categories 1] Ceramic Matrix Nano composites e.g. Al2O3/CNT 2] 

Metal Matrix Nano composites e.g. Al/CNT, Mg/CNT. 3] Polymer Matrix Nano composites e g

Polymer CNT. Polymer based composites are novel material with less than two decade of 

history. Polymer materials are widely used in industries due to their ease of production, 

lightweight and often ductile nature. Addition of reinforcement to a widely variety of polymer 

resins produces a dramatic improvement in their biodegradability. 
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FIGURE 1.4 Types of CNT Composites

1.6 Applications for space

Space agencies have adopted nanotechnology to achieve an extraordinary mission. Advances in 

Carbon Nanotechnology offer an opportunity to exploit the multifunctional properties such as 

the combination of thermal, structural, and electrical attributes in composite structures [12]. 

NASA computer modeling analysis has shown that composites using CNTs reinforcements could 

lead to a 30% reduction in the total mass of a launch vehicle. NASA used CNT fiber composites 

for pressure vessels of the cold gas thruster system due to its highest tensile property [13].

There are many other potential orbital applications of CNTs such as a Carbon Nanotube resin 

mirror for an optic in a CubeSat telescope. One of the most important applications of vertically 

aligned CNTs is to develop a black body like venta black, useful for on-board calibration, 

preventing stray light from entering the telescope and improving the performance of infrared 

cameras in space. Other potential CNTs applications for space are: ypersonic Inflatable 

Aerodynamic Decelerators (HIADs), Adaptive Deployable Entry and Placement Technology 

(ADEPT), high altitude long endurance vehicles (e.g. Mars and Venus airplane), In-Situ 

Resource Utilization (ISRU), planetary rovers, parachutes, space suits, landing mechanisms, 

sensors and batteries [22]. Properties of CNTs have inspired a significant change in the space 

applications in near future. However, it is often seen that there is a weak link between speculated 

utility and actual project demand, largely due to a lack of understanding of performance 
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requirements and insertion opportunities for projects. There are recent advancements in 

manufacturing scale-up for this material and the current state of CNT maturation permits a more 

realistic assessment of the application of CNTs for specific functions.

ISRO payloads consist of panels on which various Electronic Packages, Components and 

Antennas are mounted to a form system to communicate with ground hardware. Some potential 

applications for CNT-CFRP composite are investigated based on its properties. 

1.6.1. Electromechanical Packages & Carrier Plates

Payloads consist of panels on which various electronic packages, components and antennas are 

mounted to form a system to communicate with ground hardware. Electromechanical packages 

are mounted on panels, populated 70%-80% of the panel area of the space payload as shown in 

Fig.1 is designed to provide an enclosure for Microwave Integrated Circuits (MIC) and Printed 

Circuit Boards (PCB). These packages are made up of Aluminum alloy Al6061T6 due to its low 

density and good mechanical properties, accumulated with carrier plates, RF components, 

connectors, capacitors, feed-through and electronic devices as shown in Fig. 1.5[3]. These 

electromechanical aluminum packages can be replaced by pitch-based CFRP with high fiber, 

consisting of high thermal conductivity. Feasibility studies are carried out to obtain thermally 

conductive CFRP materials using an out-of-autoclave RTM process with demanding 

characteristics & reduction of approx. 23% mass compared to Aluminum Housing [14].

FIGURE 1.5 Electromechanical Package & Carrier Plates
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Carrier plates are made up of Kovar material. It supports the alumina substrate where microwave 

circuits are engraved. Large numbers of Carrier plates are required for RF circuits in 

Electromechanical packages. Kovar material has a higher density compared to CFRP material. 

Development of CFRP carrier plate results in achievement of weight reduction nearly six times 

compared to the existing topology. Moreover, there are many studies on enhancing the electrical 

conductivity and mechanical properties of epoxy by adding fillers such as short Carbon Fiber, 

Carbon Nanofiber, Carbon Nanotube, Graphene etc. The addition of Multi-Walled Carbon 

Nanotubes (MWCNT) to the CFRP improves all mechanical properties because it prevents the 

formation and propagation of cracks that affect load distribution significantly. CNTs show the 

greatest effect on the failure strain in the longitudinal direction and in the tensile strength in the 

transverse direction [6]. MWCNT is added to composite material to enhance the electrical 

conductivity & shielding effectiveness requirement as shown in Fig.1.6[15] & Fig.1.7[16] 

respectively. Even a small volume fraction of SWCNT/MWCNT increases the in-plane and 

through thickness electrical & thermal conductivity of CFRP composite significantly as shown 

in Fig.1.8[17, 23-24]. Thus, Aluminum alloy electromechanical packages and Kovar carrier 

plates require high thermal conductivity to dissipate the heat of the components and even 

electrical conductivity for gold plating. These requirements can be fulfilled by using CFRP-CNT 

composites. 

FIGURE 1.6 Enhancement of Electrical Conductivity with %wt of MWCNT Loading[15]
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FIGURE 1.7 Enhancement of Shielding Effectiveness of Al Alloy & CNT-CFRP[16]

FIGURE 1.8 Comparison of Neat CFRP & CNT-CFRP Sample[17]

1.6.2 Structural Components

MWCNT based composite parts like engine cover panel, the strut of rocket engine motor was 

fabricated for the Juno spacecraft bus structure by NASA. These CNT composite parts were 

qualified all the spacecraft system level tests. Moreover, Nano carbon sheet (CNT/M55J/CE) 

material-based panels exhibited EMI shielding and ESD characteristics, satisfied the typical 

spacecraft EMI ESD requirements [12]. Structural components used for testing of the payloads
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& support structures can be fabricated with CNT composites to enhance high strength as shown 

in Fig 1.9 [18]. Vibration test fixtures, panels mounting structures, structures for deployable 

subsystems can be fabricated by CFRP material reinforced with Graphene or CNT [25].

FIGURE 1.9 Stress Strain Curves of Pure Ethylene Vinyl Acetate (EVA) and 

Composites with Various CNT Loadings

1.6.3 RF Antenna & Feed

RF Antennas & Feeds mounted outside on the EV top panel are exposed to the space 

environment. Functional performance degrades after a while due to the radiation effect. In low 

earth orbit, Ultraviolet C (UVC) radiation exposure does not affect the mechanical properties of 

a CNT sheet [19]. This indicates that UVC exposure is not a major consideration when CNT 

sheets are implemented in applications like composite antennas and feed systems as shown in 

Fig.1.10[1]. Nanocomposites, based on RTM6 resin and MWCNTs can be used for space 

applications as their conductivity requirement for the frequency range from 200 MHz-10 GHz 

without degradation of surface conductivity in a UVC environment. The conductivity of the top 

layer of CFRP can be increased by the use of composites containing CNTs as shown in Fig. 1.11 

[20]. This increases the gain for the reflector and improves the overall performance.
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FIGURE 1.10 Antenna & Feed System of Space Applications

FIGURE 1.11 Comparison of CFRP with & without CNT

1.6.4 Passive Components

A material very suitable for the realization of resonating cavities, filters, feeds for space 

applications as shown in Fig.1.12[1] is Aluminium Alloy 6061T6 due to its good thermal

conductivity. Unfortunately, Aluminium has a high thermal expansion coefficient (CTE). Invar 

is almost ideal from the mechanical stability viewpoint with low CTE. But Invar has a high 

density compared to Aluminium, poor machinability, low thermal conductivity, poor electrical 
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conductivity CNT-doped thermoplastic based dry powder when deposited uniformly on top of 

prepreg material then it increases mass material by only 1%. Addition of CNT causes a decrease 

in CTE compared to the neat material in a longitudinal direction which is considered as a positive 

effect for the thermal stability of the material[6].

FIGURE 1.12 Mux, Filters Cavities for Space Applications

A smooth surface for passive components & electromechanical packages, and interface plates 

are the primary requirement for surface conductivity. The waviness, roughness is considerably 

reduced with the addition of a thin layer of non-functionalized Carbon Nanotubes [14]. CNT-

CFRP composite have extensive application for passive components.

1.6.5 Electro Optical Modules 

Invar is high dense material, it is widely used in space applications for thermal stability due to its 

low coefficient of thermal expansion (CTE) [21] The Electro optical module of remote sensing 

payloads includes CCD detectors and detector electronics as shown in Fig. 1.14[1] These 

detectors are coupled with optical systems through invar housing.  To minimize the variations 

with temperature gradients, assemblies are coupled through invar plates. The super invar is used 

for mirror mounts that have been designed to withstand storage temperature and mechanical loads 
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generated during the launch resulted in the reduction of the modulator transfer function (MTF) 

due to temperature variation within operating temperature. Carbon Fibre has low CTE compare 

to Epoxy. CTE of Epoxy can be reduced by adding the CNT as shown in Fig 1.13[12] Thus, 

CFRP CNT composites can be replaced Invar brackets & housing of optical payloads.

FIGURE 1.13 CTE with CNT & Without CNT

FIGURE 1. 14 Invar Brackets & Housing for Optical Components
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1.7 Challenges for Space Use

CNTs are added to the epoxy resin to improve the mechanical, electrical & thermal properties of 

the whole CFRP composite. However, epoxy thermosets are frequently used as polymer matrices 

of CFRPs, which are usually responsible for the failure of the composite.  

Key challenges of incorporating CNTs into polymer matrices are 1] dispersion and 2] interfacial 

adhesion between CNTs and the matrix. Both parameters have to be optimized to achieve 

superior mechanical or physical properties. Due to the aromatic nature of the carbon atoms on 

CNT walls, they mainly interact through Vander-Waals interactions with the surrounding matrix, 

however, functional groups can be introduced to CNTs to increase their connection to the matrix. 

The Electrical conductivity of epoxy is very low and even if it is used as a matrix for conductive 

carbon fiber, the produced CFRP composite material cannot reach the required electrical 

conductivity. Moreover, epoxy resin is brittle and allows the formation of cracks between fibers 

and matrix in the composite subject to certain loading conditions, especially during the liquid 

molding process due to the viscosity of epoxy [6]. 

Electrical & thermal properties depend on the quantity of CNT used. It is difficult to evaluate the 

threshold value of CNT for each epoxy system. More amount of CNT increases the viscosity of 

epoxy, which results in non-uniform dispersion. The optimum percentage of CNT has to be 

decided to enhance the electrical property, which helps for surface electroplating.  

Based on the characterization (Electrical, Mechanical and Thermal properties) of CNT 

composite, analysis has to be carried out to select the most suitable CNT composite for 

fabricating the specific components depending on their functional criteria. 

Any material, component, product or process has to be space qualified before the space usage. 

Space qualification is an important process to demonstrate whether an entity is capable to fulfill 

the specified requirement (withstanding under space environment) to exhibit reliability. 

Environmental tests like Thermal Cycling, Humidity Tests, Thermovac, EMI/EMC Tests and 

CVCM-TML tests confirm the product for space use. The samples and product have to undergo 

various severe environmental tests for space qualification. 
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1.8 Conclusion

Even after the introduction of CNT for more than a decade, the applications of CNTs composites 

for space use remain a challenge. CNT provides an outstanding property spectrum that can be 

used to improve a wide range of materials. However, the transfer of properties from the nanoscale 

to a macroscopic material is a limiting factor. CNTs are well studied at microscopic levels, but 

there is still a lack of understanding about its behavior & characteristics in macroscopic 

applications. 

An intensive study is carried out for applications of CNT-CFRP composite, a lightweight 

material for space payload. Expanded applications of CFRP by embedment of CNT are needed 

for space industries. A feasibility study and analysis are conducted for this high-stiffness

composite to replace specific space payload components according to its achieved potential 

properties. Carbon nanotubes, their types and composites with polymer matrix are well studied 

and tested to check the feasibility of space components before fabrication. 

Fabricated CNT-CFRP composite, characterized it to evaluate the Electrical, Mechanical and 

Thermal properties, optimized percentage of CNT, suitable for electroplating. Based on electrical 

and thermal properties, potential applications for space components are investigated.  The 

analysis is carried out for specific space components like Reflector Antenna Gaganyaan, the most 

prestigious project and Carrier Plate of electromechanical package. The product was developed 

with the CNT-CFRP composite and was demonstrated functionally. 

Space qualification of process and product is executed and Process Identification Document 

(PID) is eventually generated for future technology transfer to industries. 
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CHAPTER 2

Study of synthesis of CNT-CFRP Composite

This review chapter describes the parameters for synthesis of CNT CFRP 

composite and its effects on dispersion. It also describes the effect of the 

amount of CNT disperse on the composite's thermal and electrical properties.

The detailed analysis can be beneficial in fabricating the space components 

for the future space missions.

The space agencies always demand high-specific stiffness materials to minimize the launching 

cost, which can be achieved by selecting the high strength and lightweight materials. Weight is of 

paramount importance when it comes to a space payload. It has always been one of the most crucial 

factors for any structure that is to be operated in space. Because apparently, the mass of the space 

payload is directly proportional to the cost of the launching for that mission [8].  

2.1 Carbon Fiber Reinforced polymer

Nowadays, Carbon Fiber-Reinforced Polymer (CFRP) is also an excellent candidate for its specific 

stiffness, it replaces traditional Aluminum alloy, Kovar & Invar in various space payload structures 

as shown in Table 2.1 [14, 28, 29]. Therefore, the CFRP material is now being broadly promoted 



20

by many space agencies like NASA, ISRO, ESA and JAXA for their satellite components [13,25].

However, due to significantly lower conductivity of epoxy resin of CFRP, heat flow reduces results 

in to lowers thermal dispersion, electromagnetic shielding and current carrying capacity. It also 

results in limitation of the surface coating of precious metals by electroplating for CFRP 

components which is essential for low earth orbit and geosynchronous earth orbit space mission 

[21,26,4,29].

Uses of Epoxy for bonding the Carbon fiber during the fabrication of CFRP composite is non-

conductive. The Epoxy must be conductive to increase the overall conductivity of CFRP 

composite. It is possible to use CNTs as filler material for epoxy and enhance the conductivity of 

the CFRP however their application in space missions remains a challenge [5-6, 27]. The 

conductive epoxies are under development and few are available in the market but are very 

expensive. Moreover, they should be compatible with space-qualified carbon fibers, if not, they 

must undergo space qualification. CNTs can be enforced into CFRP to enhance the mechanical, 

thermal and electrical properties, required for aerospace industries [10].

TABLE 2.1 Physical Properties of Traditional Space material & CFRP [28, 29]

Traditional Space Material
Property Alumin

um
Kovar Invar CFRP Unidirectional

Specific Gravity(g/cm3) 2.7 8.3 8.1 1.6

Young's Modulus (GPa) 70 138 141 181

Electrical Conductivity (S/cm) 
2.45 
x105

0.20
× 105

0.12
× 105

346 Longitudinal
0.0122 Transverse

3.24 x10-5 Thru Thick.

Thermal Conductivity 
(W/mK) @ 22 0C

167 17 13 5-7 in plane
0.5 - 0.8 Transverse

Coefficient of thermal 
expansion (1/K) PPM 23 5.5 0.5-2

Near 1
35 (Transvers & Thru 

Thick.)
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2.2 Types of Carbon Nanotubes (CNTs) and Properties 

There are two basic structures of CNTs 1) Single-Walled Carbon Nanotube (SWCNT) and 2) 

Multi-Walled Carbon Nanotube (MWCNT) as shown in Fig 2.1. A Single-Walled Carbon 

Nanotube (SWCNT) is a seamless cylinder, consisting of only one layer of graphene, whereas the 

Multi-Walled Carbon Nanotube (MWCNT), also cylindrical, consists of multiple concentric layers 

of graphene. The SWCNTs have a length of a few micrometers and their diameter is up to 10 nm 

[10], whereas the diameter of an MWCNT can be up to a few hundred nanometers. It consists of 

23]. The striking 

properties of SWCNT & MWCNT are their exceptional specific gravity and conductivity 

compared to other allotropes of carbon. It contains remarkable electrical and thermal conductivity 

as shown in Table 2.2. The Coefficient of Thermal Expansion (CTE) of CNT is very low, which 

is advantageous for the replacement of Invar, a space-qualified material highly used for optical 

systems. The space components fabricated by CNT polymer composite can deliver the subsystem 

with the lowest mass and high performance. The few methods for producing CNTs are laser 

ablation, arc discharge, and Chemical Vapor Deposition (CVD)[30-31]. The quality and quantity 

of CNTs depend on their production process. The CVD is a best suitable method that takes place 

in a vacuum to produce high-quality of CNTs. 

FIGURE 2.1 Single-Walled Carbon Nanotube & Multi-walled Carbon Nanotubes [10]

SWCNT MWCNT
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2.3 Processing of CNT-Polymer composites

Fabrication of CNT-Polymer composite depends on the matrix i.e. thermoplastics or 

thermosetting. The three main processing techniques incorporate solution mixing, in situ 

polymerization, melt blending and chemical modification processes, which present some distinct 

advantages in the manufacturing process of CNT- Polymer composite. Although the Solution 

Mixing process produces high-quality composite, apparently the process of Melt Blending is less 

complicated and it also presents the option of producing the composites on a large scale basis. And 

on the other hand, the process of In-Situ Polymerization helps to produce polymers that exhibit 

high mechanical properties because of the formation of a covalent bond between the CNT and the 

polymer matrix. However, this also negatively influences the electronic properties of the 

composite. Now, to manufacture CNT-Polymer composites both, organic and aqueous mediums 

have been used. The following are the major factors that affect the microstructure development of 

CNT-polymer composite fiber [32]. 

TABLE 2.2. Physical properties of Carbon allotropes [30]

1] CNT structure 

2] Polymer CNT interfacial micro structure 

3] Dispersion of CNT 

4] Polymer and CNT orientation. 

Due to the strong Van der Waals binding energy associated with CNT agglomerates, to separate 

nanotubes shear mixing or ultra-sonication are used. Wherein the input of mechanical energy 

should be more to get satisfactory dispersion. There should be more input of mechanical energy 

for satisfactory dispersion [40]. A good dispersion aids in preventing the stress concentrators and 

the slippage of the nanotube as well. This results in more filler surface area during the composites 

Property Fullerene Graphite Diamond SWCNT MWCNT

Specific Gravity(g/cm3) 1.7 2 3.5 0.8 1.8

Electrical Conductivity 
(S/cm)

10-5 4000 102-1015 102 -106 103-105

Thermal Conductivity 
(W/mK) @ ambient

0.4
298 2000 6000 2000

Coefficient of thermal 
expansion(1/K) (ppm)

1.7
4-8 1.1-1.3 ~0 ~0



23

loading. This enhances the performance of the composites to a great level. However, the dispersion 

process also throws in some challenges like the length of the nanotubes, their entanglement, 

volume fraction, and high viscosity. CNT with more length obstructs the separation of the tubes 

which results in more shear force required to separate the agglomerates and to disperse the 

individual CNTs.

2.3.1 Dispersion

Different methods such as mechanical stirring, ultra-sonication, calendaring, or a combination of 

these methods lead to an improvement in CNTs' dispersion but at the same time, it can damage the 

CNTs as well. Very high shear forces may result in the destruction of or some sort of damage to 

the structure of the CNT, which in turn can highly affect the conductivity of the composite. 

However, to enhance the property, the process of surface modification of CNTs may prove helpful. 

Although, the composites with non-modified CNTs reveal higher electrical conductivity [33]. 

There is a threshold limit of CNT content to achieve mechanical, thermal, and electrical properties. 

More addition of CNT prevents the formation of homogeneous dispersions and the removal of

large volumes of solvents[15]. Table 2.3 shows how the dispersion affects the mechanical, thermal, 

and electrical properties. Well-dispersed CNTs increase the strength of polymers and thermal 

conductivity approximately more than 33% and 45% respectively, whereas electrical conductivity 

significantly increases with the addition of the lowest %wt CNTs. However, well dispersion is the 

biggest challenge to achieve the maximum advantage of CNTs.

TABLE 2.3 Comparison of well dispersed and poorly dispersed CNTs [34]

CNT Contain
% wt

Tensile Strength
MPA

Thermal conductivity
W/mK

Electrical conductivity
S/cm 

Poor 
Dispersed

Well 
Dispersed Poor Dispersed

Well 
Dispersed

Poor 
Dispersed

Well 
Dispersed

0.5 69 73 0.13 0.20 1.00E-02 2.00E-02

1 64 75 0.16 0.23 1.50E-02 4.00E-02

1.5 60 80 0.18 0.26 2.00E-02 5.00E-02
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2.3.2 Gel time

Gel time is also one of the important factors of epoxy, directly proportional to the CNT content, 

the addition of CNTs reduces gel time more than 3 times for 1 wt.% of CNTs. Gel time is approx. 

1200s for the epoxy (without CNTs) whereas it reaches 360 s for 1 wt.% of CNTs as shown in Fig 

2.2. The decrement of gel time leads to the formation of defects such as voids, bubbles, and other 

structural discontinuities, which can influence thermal and electrical conductivities [33-34].

FIGURE 2.2 Relation between Gel Time and CNTs [31]

2.3.3 Sonication

The CNTs agitation in a polymer matrix is carried out by ultrasound energy called the ultra-

sonication process. A frequency of more than 20Khz is used by ultrasonic probe or bath. The 

dispersion of CNTs in a small volume and less viscous form of solution is possible by this process. 

This ultrasonic probe produces high-impact energy with a low amount of shear forces, which may 

not be sufficient for proper dispersion. The researcher uses a combined process of mixing and 

sonication to ensure all the polymer passes through this volume. There are two types of sonication 

methods. 1] Mild sonication 2] High-power sonication. High-power sonication may damage the 

length of a nanotube, which can directly affect the composite properties [34-36]. Generally, Aceton 

or ethanol is used as a solvent in the sonication process to produce CNT composite. In the first 

stage, the solvent separates the agglomerated CNTs and then mixes the polymer. The advantages 

of these solvents are 1] To separate the agglomerated CNTs 2] Low boiling point tends to evaporate 

solvent rapidly. The result of the sonication process (dispersion quality) can be analyzed by 

morphological study and evaluation of physical properties.

0
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1500
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2.4 Physical Properties of CNT CFRP composite

2.4.1 Thermal Properties

Enhancement of thermal properties, required for the fabrication of Space Payload Components can 

be possible by the addition of CNTs. It increases thermal conductivity, thermal diffusivity, and 

glass transition whereas it reduces the Coefficient of Thermal Expansion (CTE), a significant 

required property for the material of interplanetary missions. The addition of even 1 wt.% of 

single-wall CNTs increases the thermal conductivity of epoxy resin twice. On the contrary if the 

same weight fraction of carbon fibers are taken, the thermal conductivity increases only up to  40% 

[35]. The thermal properties directly depend on the types of CNTs containing polymer composite. 

However, for the SWCNT, there is no significant increase in thermal conductivity even with 5%wt

of loading, but further loading of SWCNT (7%wt) increases the thermal conductivity drastically, 

whereas 0.2% of MWCNT can increase thermal conductivity significantly, this rise can be seen 

up to 1% of the threshold limit as shown in Fig 2.3. Thus MWCNT is the most suitable CNTs to 

improve thermal conductivity [37]. The improvement of thermal conductivity leads to an increase 

in heat dissipation which results in an increment of thermal stability of the composite, which is 

essential for the Space Components.

FIGURE 2.3. Thermal Conductivity vs. SWCNT & MWCNT Loading [35,37]
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The length (L) and diameter(D) of CNTs affect the thermal conductivity of the composite. The 

thermal conductivity is more in the long aspect ratio (L/D=500) than in short aspect ratio (L/D=50) 

[38] as shown in Fig 2.4.

FIGURE 2.4 Thermal Conductivity vs. SWCNT & MWCNT Loading [35,37]

2.4.2 Thermal Diffusivity

Specific heat capacity (Cp) at different temperatures. Thermal 

diffusivity is measured by experience analysis at temperature 25, 65, 100 and 140°C[35]. Thermal 

diffusivity increases drastically at 0.2% CNT, then it gets stabilized up to 1% as shown in Fig 2.5.

FIGURE 2.5 Thermal Diffusivity with Temperature with different % of CNT amount [35]
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2.4.3 Coefficient of Thermal Expansion

Satellite in Low Earth Orbit (LEO) passes in and out of the earth's shadow as a result of which the 

exterior surface is exposed to long-term periodic temperature fluctuations and thermal stresses are 

induced by these thermal changes due to the anisotropic nature of composite (e.g. large difference 

in CTE of fiber and matrix). Therefore, thermal fatigue is the major concern for the design of 

composite materials for space payload applications. Thermal experiments demonstrate that the 

MWCNT-CFRP is thermally stable up to 354ºC. It can survive thermal cycling in a range of -40ºC 

to 120ºC without any detectable cracking and de-lamination. It has considerably lower CTE (3.1-

3.4 ppm/0C) than that of Al alloy (24 ppm/0C). Such lower CTE value is beneficial for the 

Electromechanical Packages for payloads [7].

2.4.4 Electrical Properties

Material with properties like high electrical conductivity, electromagnetic interference (EMI) 

shielding, electrostatic dissipation is preferable for space applications. Traditional space materials 

like Aluminum, Kovar, and Invar are having high electrical conductivity and low surface 

resistivity. The SWCNT is the best option to improve these properties in CFRP. The electrical 

conductivity of the composite can sharply increase by the addition of 0.3 to 0.5%wt SWCNTs, 

where the percolation threshold is of ~0.5wt%[39] as shown in Fig 2.6. The MWCNT (1% wt) 

increases the electrical conductivity of the composite significantly, however, its percolation 

threshold is 2.5% higher than SWCNT [35,20] as shown in Fig 2.7.

FIGURE 2.6 Electrical Conductivity Vs %wt SWCNT loading [39]
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         FIGURE 2.7 Electrical Conductivity Vs %wt MWCNT loading [20]  

The length of CNTs, waviness, thin interphase and homogeneous dispersion are factors that affect 

the electrical conductivity. The waviness is inversely proportional whereas the length of CNT and 

homogeneous dispersion is directly proportional to conductivity. Thick interphase CNTs increase 

the conductivity [10,40-41].

The volume resistivity and surface resistivity of pure epoxy are 162 times and 8 times more than 

that of the well-dispersed raw SWCNT (0.5%wt) in epoxy [5] as shown in Table 2.4. The 

experimental analysis demonstrated that the amount of 0.1% wt of SWCNT concentration in CNT-

Epoxy composite reduces volume resistivity significantly whereas 1% to 2% of MWCNT forms a 

conductive chain in the composite which results in a decrease in the volume resistivity as shown 

in Fig.2.8. The experimental analysis demonstrated that the resistivity of CNT composite samples 

decreases drastically with an increase in voltage and %wt concentration [12]. Moreover, the AC 

conductivity of epoxy increases with the increment of the amount of loading and frequency [20].

TABLE 2.4 Difference between Pure Epoxy and Epoxy with CNT Raw [5]

Sample Volume Resistivity
(ohm-cm)

Surface resistance 1cm2 area 
(ohm)

Epoxy Pure 1.31 x1011 7.1 x 109

Epoxy- CNT-Raw 0.8 x 109 0.9 x 109
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FIGURE 2.8. Volume Resistivity Vs amount of SWCNT & MWCNT [5]

Microwave packages, feed and Antennas of space payloads are fabricated with material which is 

mechanically strong and provides acceptable shielding effectiveness (SE). The electronic package 

fabricated by neat CFRP can degrade SE. The enforcement of CNT in CFRP can enhance electrical 

conductivity, which provides adequate shielding. The Reinforcement of the long and short CNTs 

affects the EMI shielding and electrostatic dissipation(ESD) of the CNT composite. However, 

short CNTs can make a conductive composite, suitable only for ESD. The CFRP material 

reinforced with MWCNT(0.2%) provides higher EMI SE ( ~ -80 dB) than Al6061-T6[39].

2.4.5 Mechanical properties

The mechanical properties of composite like tensile strength and yield strength increase with an 

increment of %wt SWCNT. It is also dependent on the homogeneous dispersion and orientation 

of SWCNT. MWCNT has carbons in concentric cylindrical shapes in multi layers. This structure 

provides good mechanical properties in MWCNT. Polymer with 0.2% of MWCNTs can improve 

the strength by approx. 46% in comparison to neat CFRP and offers double the tensile strength 

than that of Aluminum alloy as shown in Table 2.5..  The Vickers hardness is increased by 3.5 

times when 2%wt of SWCNT is reinforced in polymer. Moreover bending strength is increased 

up to 0.5% CNT and any further addition may cause a decrement in strength due to the formation 

of defects[35]. 
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TABLE 2.5 Comparison of parameters Al6061T6, Neat CFRP, MWCNT-CFRP [39]

2.5 Conclusions

Until now, Nanotechnology has been chosen by space agencies to accomplish many remarkable 

missions. CFRP composite is widely used for space payload, where mass is one of the important 

aspects in the design criteria. A carbon nanotube (CNT) improves the Thermal and Electrical 

properties of an epoxy resin of CFRP. The advancements in this field of Carbon Nanotechnology 

offer a great opportunity for space industries to investigate the potential applications for 

interplanetary missions [22,12].

This review plays a vital role to explore the applications of CNT composites for the space payloads 

components, used for communications, navigations and interplanetary missions e.g. Structure, 

Electronics & RF packages and Microwave Components. Moreover, this can replace the high 

density of traditional space material.

1. Electromechanical packages and Carrier Plates, RF Filter Cavities, Invariable Dimension 

Brackets and Housing for Optics, Feed Systems etc. can be fabricated by CNT-CFRP 

composite. This has a great impact on the weight reduction aspect of the payload. This 

composite satisfies the requirement of electromagnetic shielding effectiveness, thermal 

conductivities, low coefficient of thermal expansions and electrical resistivity for the space 

payload components.

2. The major advantage to make the surface of CFRP electrical conductive is surface coating. 

The conductive surface can electroplate easily as silver and gold plating are essentials for 

space components [24]. This increases the RF performance of the payload.

Parameter Al Alloy Neat 
CFRP

MWCNT-
CFRP

Comparison with 
MW CFPR

Tensile Strength (MPa) 320 415 606 89% more than Al 
Alloy

Young's Modulus (GPa) 68 52 66 Approx. Same
Poison Ratio 0.33 0.30 0.30
Flexural Modulus (GPa) - 15 30 Double than Neat 

CFRP
Specific Stiffness (E/ )106 25.9 35.8 45.5 75% more than Al 

Alloy
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3 High Thermal Conductivity of Composite improves the heat dissipation to maintain thermal 

balance within payload components, which can reduce the installation of heaters and heat 

dissipation systems.

4. Intensive study of synthesis process for CNT-CFRP composite resulted in following:

a. Before the fabrication of the composite, the epoxy-enforced CNTs have to be 

characterized by testing mechanical properties, dimensional stability and the measuring 

of thermal and electrical properties. Scanning electron microscopy is used for 

observations to evaluate the CNTs' dispersion. The bending strength and thermal and 

electrical conductivities of the CNT-epoxy matrix can be measured & evaluated.

b A significant improvement in electrical conductivity is observed at very low CNT loading 

for SWCNT (0.3-0.5%wt) and MWCNT (1-3% wt). Whereas of thermal conductivity is 

observed at CNT loading for SWCNT (>5 % wt), but it is very low in case of MWCNT 

(0.5%-1%wt) as shown in Fig. 2.3, 2.6 and 2.7.

c. Solution mixing is an easy method for the fabrication of CNT-polymer nanocomposites. 

It is very common and suitable for the small size of samples. The dispersion process with 

a suitable solvent like Aceton or Propanol used to reduce the viscosity, can be carried out 

by mechanical mixing, magnetic stirring or sonication. The process of dispersing the 

nanotubes is relatively easy with the polymer solution. However, it depends on factors 

like the CNTs type, their amount in polymer and processing conditions.

d. CNT is an ideal filler nanomaterial to fabricate polymer composite but there are two major 

challenges i.e 1) Uniform dispersion 2) Adhesion between polymer and CNTs, that need 

to be addressed and some properties need to be studied before the realization of CNT 

polymer nanocomposite. These two uncertainties are often problematic at the stage of 

fabrication of CNT composite.

This review is essential to understand the effects of the parameters on dispersion and its impact on 

the process in terms of influencing the thermal and electrical properties of the composite. It is also 

helpful in analyzing the effect of the amount of CNT dispersal on the composites' properties.
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This study is useful to achieve the required thermal and electrical properties in CNT polymer 

composite. This can be later validated by characterization. This detailed analysis can be beneficial 

in fabricating the space components for future interplanetary space missions. 
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CHAPTER 3 

Tailored MWCNT Composite Characterization  

Tailor-made CFRP composite with MWCNT 0.4 wt.% reinforcement in epoxy 
enhances the thermal and electrical conductivities by 41% and 500 625%, 
respectively, which is sufficient to electroplate the CFRP. Direct electroplating 
without surface activation on MWCNTs composite is achieved due to 
enhancement of the electrical conductivity. Electroplating on CFRP components 
allows us to explore the potential applications for future geo-space missions such 
as carrier plates and radio frequency (RF) filters. This chapter explains the 
fabrication of the tailored CNT-CFRP composite sample and characterization 
that includes the properties such as thermal expansion, thermal conductivity and 
electrical resistance, which is a significant preceding step for any material to be 
space-qualified. 

3.1 Introduction  

The tailor-made CFRP with unidirectional carbon fibers (CFs) and the embedment of Multi-

walled CNT 0.4%wt in the epoxy is prepared by Institute for Environmental Nanotechnology, 

Erode, Tamil Nadu, India. Investigation of the thermal and electrical properties of the 

commercial MWCNTs-CFRP is helpful to check the feasibility of the composite for space use. 

New material characterization is also an essential step before space qualification and parameter 

optimization during the in-house fabrication of components, which shall prove beneficial to 

future geo-space missions. 
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3.2 Fabrication of Sample 

-based polymer and is used 

for preparing the sample where intensive agitation, mechanical mixing and ultra-sonication 

processes are applied to disperse CNT 0.4%wt. in the polymer. The CNT-CFRP sample is 

fabricated by using PAN (polyacrylonitrile) based carbon fiber, 90% pure multi-walled CNTs 

(produced by chemical vapor deposition). A 0.4% wt. sample of MWCNT with a diameter of 

20- -A type epoxy, the most widely 

commercialized resin.  

3.3 Microscopic Characterization 

Scanning electron microscopy (SEM) images of the surface confirm the presence of the carbon 

nanotubes (CNT) creating a conductive pathway in the carbon fibers (Fig. 3.1). Unidirectional 

carbon fibers can be seen; they are woven in a parallel direction. There are no gaps between 

fibers. All fibers lay flat. The epoxy is dominant at the stitch portion whereas it evenly disperses 

on the fabric. 

 

 

 

 

 

 

 

 

 

FIGURE 3.1 CFRP-CNT composite laminate and CNT on the surface 
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3.4 Characterization of Composite 

The characterization of the space material is required before applications for space components. 

Thermal and electrical properties are important for the material to meet functional performance, 

which is measured with calibrated laboratory instruments used for quality evaluation of the 

space material as shown in Table 3.1 

Table 3.1 CFRP-CNT  Composite Characterization  

Sr 
No. 

Properties 
 

Instruments Applicable 
Standards 

Requirement of Characterization 

1 Coefficient 
thermal 
expansion   
(CTE) 

Dilatometer 
Make-TA, Model-
DIL 801 

ASTM E 
228[42]. 

Cyclic temperature loading produces dimensional 
instability in material. Minimum CTE is one of the 
essential thermal properties. The invar,  is one of the 
qualified space material with low CTE, which can be 
replaced by CNT CFRP composite 

2 Specific heat 
capacity 
(Cp) 

Scanning 
Calorimeter Make-
TA, Model-DSC-
25/discovery series 
m 

ASTM E 
1269[43]. 

Components of Low Earth orbit payloads experience 
more cycling temperature. The energy required to heat 
and cool the component is an important parameter for 
the components of low earth orbit payloads, which 
experience more temperature cycling than GEO.  

3 Thermal 
Conductivity 
(TC) 

Diffusivity 
measurement setup 
(Make-TA, Model- 
Discovery Xenon 
Flash DXF 200) 

ASTM E 
1461 (Clark 
Taylor 
Diffusivity) 
[44].    

Thermal conductivity is important for thermal balancing 
between the components. Dissipation of heat reduces the 
thermal gradient and functional degradation of the 
component by avoiding the critical temperature limit.  

4 Electrical 
Resistivity  

Electrical resistivity 
instrument (Make-
Jandel, Model-
RM3000) 

ASTM D 
4762[45] 

Electroplating is required on the payload components to 
avoid the environmental effect and improve the 
functional performance like solderability and RF 
performance. 
  

3.4.1 Coefficient Thermal Expansion (CTE)  

Evaluation of coefficient thermal expansion (CTE) is made by dilatometer (CTE measurement 

setup, Make-TA, Model-DIL 801) having linear variable differential transformer (LVDT) 

sensor (Fig.3.2). CTE measurement is carried out as per the test procedure ASTM E 228. In this 

method specimen is heated in the furnace and displacement of the ends of specimen are 

transmitted to a sensor LVDT using push rods.  

Cylindrical rod samples of size 50 mm in length and 5 mm in diameter are prepared by the 

machining. Samples of CNT-CFRP are prepared in longitudinal and transverse directions each. 

The length of these samples is accurately measured by the digital Vernier caliper. Initially, a 

standard fused silica rod is loaded in the fused silica push rod dilatometer and the instrument is 
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operated at a heating or cooling rate of 2°C/min in the temperature range of 0 to 100°C in an air 

atmosphere. Sample holder is covered by furnace and connected to the liquid nitrogen cylinder 

to achieve the low temperature. The whole operation of the instrument is controlled through the 

operating software Win TA. Data of change in length and corresponding temprature is obtained 

and corrected with a standard quartz dataset to avoid the instrumental bias. This correction file 

of standard fused silica rods is used for the correction of low thermal expansion materials like 

CFRP. Similarly, all the sample-runs are carried out. Dataset is corrected by the standard fused 

silica correction dataset. After the correction of the change in length and corresponding 

temperature dataset is used for the CTE measurement. The instrument also provides the 

the temperature range 0 to 100°C is determined by following equation (3.1).  

             (3.1) 

-6/K or 10-6/°C, L represents 

original length, L1 and L2 represents length of sample at temperature T1 and T2 

-

CFRP in each direction evaluated for CTE measurement. 

 

FIGURE. 3.2 CTE measurement Setup (Make-TA, Model-DIL 801) 

CTE results of MWCNT-CFRP laminate that are evaluated from the change in length and 

corresponding temperature data are analyzed. The change in length of test samples and the 

corresponding temperature is shown in Fig. 3.3. The mean coefficient of thermal expansion 

(ppm/°C) for longitudinal and transverse directions are respectively  0.916 ppm/°C and 1.448 

ppm/°C for temperature range  40°C to 100°C which is a useful temperature range for the 
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qualification of the materials for space use. Microscopic study shows the carbon fibers are 

unidirectional and CTE in the axial direction is negative due to the thermal contraction 

phenomenon, which is commonly observed in all unidirectional MWCNTs fiber composite [46]. 

 

Figure 3.3 (a) CTE and change in length versus temperature for longitudinal and (b) 

transverse direction test sample of CNT-CFRP 

3.4.2 Specific Heat Capacity 

The specific heat capacity (Cp) of the material is evaluated by using the Differential Scanning 

Calorimeter (DSC), Make-TA, Model-DSC-25/discovery series (Fig. 3.4). Cp is determined as 

per ASTM E 1269. The operation of the full system is controlled by the software TRIOS. This 

test method involves heating (or cooling) a test specimen at a controlled rate in a controlled 

environment. The difference in heat flow between the test material and a reference material 

(standard sapphire) due to energy changes is continuously monitored and recorded. 
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FIGURE 3.4 Differential Scanning Calorimeter (Make-TA, Model-DSC-25) 

Two empty clean aluminum specimen holders plus lids of almost equal weight are sealed and 

positioned on the reference position of the DSC and another one is kept in the sample position. 

Heating or cooling of the sample is carried out at a constant rate of 20°C/min and the data is 

recorded for a temperature range of 0 to 100°C and record the baseline thermal curve. To achieve 

a temperature below room temperature, liquid nitrogen is poured into the sample holder chamber 

assembly. In the second run, empty sample holder is replaced by the standard Sapphire holder 

and the standard Sapphire thermal curve is recorded. In the third run, the standard Sapphire 

holder is replaced by the sample. A sample weight of around 20 mg is taken and the sample 

thermal curve is recorded. The baseline, standard Sapphire and sample thermal curve are 

exported to the software Specialty library and the Cp is calculated at the desired temperature by 

using the following equation 3.2. 

         (3.2) 

Here, Cp(s) represents the specific heat capacity of the specimen in J/(g K), Cp(st) represents 

the specific heat capacity of the sapphire standard in J/(g K), Ds represents the vertical 

displacement between the specimen holder and the specimen DSC thermal curves at a given 

temperature in mW, Dst represents the vertical displacement between the specimen holder and 

the sapphire DSC thermal curves at a given temperature in mW unit, Ws represents the mass of 

specimen in mg and Wst represents the mass of sapphire standard in mg Fig 3.5. The specific 

heat capacity of the CNT-CFRP sample 0.949 J/(g °C) is observed at 0°C and it gradually 

increases up to 1.518 J/(g °C) at 100°C. 
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FIGURE 3.5 Specific Heat Capacity of Standard Sapphire and test Specimens 

The specific heat capacity of the CNT-CFRP sample 0.949 J/(g °C) is observed at 0°C and it 

gradually increases up to 1.518 J/(g °C) at 100°C. A graphical representation of specific heat 

capacity over the temperature range is shown in Fig. 3.6.  Microscopic study shows the random 

dispersion of MWCNT in the epoxy which obstructs the movement of polymer molecules and 

causes a decrease in thermal energy of the system [47]. 

 

 

 

 

FIGURE 3.6 Specific heat capacity of CNT-CFRP composite 

3.4.3 Thermal Conductivity & Electrical Resistivity 

Thermal 

thickness of an infinite slab of a homogeneous material in a direction perpendicular to the 

surface, induced by unit temperature difference. Thermal conductivity is 
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W/ (m K). 

diffusivity measurement Setup Make-TA, Model- Discovery Xenon Flash DXF 200 (Fig.3.7). 

Three samples of CNT-CFRP laminates are evaluated for thermal diffusivity measurement. In 

this method, a small, thin disc specimen is subjected to a high-intensity short-duration radiant 

energy pulse. The energy of the pulse absorbed on the front surface of the specimen and the 

resulting rear face temperature rise (thermal curve) are recorded. The thermal diffusivity value 

is calculated from the specimen thickness along with the time required for the rear face 

temperature rise to reach its maximum value. The thermal diffusivity of the specimen is 

determined over a temperature of interest. Evaluation of the thermal diffusivity of samples is 

carried out as per ASTM E 1461(Clark Taylor Diffusivity). A square block-shaped sample of 

10 mm length and 1.5 mm thickness is prepared by the machining operation. Dimensions and 

weight of the sample are noted and loaded in the instrument. To achieve a temperature below 

room temperature liquid nitrogen cylinder is connected to the furnace of the instrument. The 

instrument is fully controlled by the operating software DXF 200, which records the thermal 

diffusivity values in the temperature range of 0 to 100°C. Thermal diffusivity is measured at 

temperature 0, 25, 50 and 100° -CFRP 

capacity (Cp) at different temperatures by the equation (3.3) 

          (3.3) 

 

FIGURE 3.7   Thermal Conductivity Measurement Setup  
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Average thermal conductivity of 0.665 W/(m K) is observed at a temperature of -2°C and is 

gradually increased up to  0.848 W/(m K) at -101°C. Thermal conductivity vs. temperature for 

samples in a graphical representation is shown in Fig.3.8.  

MWCNT reduces the thermal resistance of the composite. This is due to the improvement of 

the bonding force between carbon fibers and epoxy. Thermal resistance decreases with the 

increment of temperature and ultimately thermal conductivity increases with temperature.  

  
 

FIGURE 3.8 Thermal conductivity of CNT-CFRP composite 

Electrical resistivity is measured by the electrical resistivity measurement instrument Make-

Jandel, Model-RM3000 (Fig. 3.9), which is based on the four-point probe measurement. 

 
 

 

FIGURE 3.9 Electrical Resistivity Measurement Setup  
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Electrical resistivity of 15-  is observed for the CNT-CFRP laminates on a four-point 

probe measurement instrument. Enhancement in thermal conductivity in the CNT-CFRP sample 

with respect to that of bare CFRP samples is 41% through-thickness, whereas electrical 

resistivity is reduced 6 7 times (Table 3.2), resulting in an increase of electrical conductivity of 

500 625% with the CNT-CFRP composite [17,48]. The enhancement of electrical conductivity 

on the surface is an important factor for electroplating and is essential for CFRP carrier plates. 

TABLE 3.2. Thermal and electrical properties comparison of bare CFRP and CNT-CFRP 

composite 

 
Thermal 

Conductivity 
through thickness 

Electrical Resistivity 
On surface 

Electrical Resistivity 
Thru thickness 

Bare CFRP Sample 
[24,49] 

0.6 W/m K  87-  

CNT-CFRP Sample 0.848 W/m K  15-  

Enhancement 41% W/m K 
7.24 times reduced  
625 % conductivity 

6 times in reduced  
500 % conductivity  

3.5 Results and Discussion 

 The characterization results of CNT-CFRP are encouraging for thermal expansion and 

conductivity. Thermal expansion near 0 is desirable to replace the Invar material. However, 

thermal conductivity enhancement is only 41%. This is due to using non-functionalized 

commercial MWCNT. Moreover, microscopic observation reveals the nominal aspect ratio 

of CNTs leading to moderate enhancement of thermal conductivity. 

 The main benefit of the addition of the MWCNT is the improvement in the electrical 

conductivity from an electroplating point of view. The morphological study indicates that the 

MWCNT establishes the connection between epoxy and carbon fibers (CFs) which renders 

the surface electrically conductive [50]. A successful attempt for direct silver plating is 

carried out on the CNT-CFRP sample (Fig. 3.10) without chemical activation of the sample. 

An increase in the electrical conductivity of CFRP due to the addition of CNT is a positive 

sign for its application in the space payload RF components. 
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FIGURE 3.10 Silver Plated CNT-CFRP laminate 

 A Peel test is carried out to estimate the adhesion of the silver plating sample. However, the 

poor adhesion of silver plating is observed on the surface, which is caused due to randomness 

of CNT dispersion. Non-uniform dispersion of CNTs occurs due to agglomeration caused by 

strong van der Waals bonds. As a result epoxy dominant portions are formed at a few places 

[51]. The etching process on the surface needs to be carried out to improve the adhesion of 

the plating. Unidirectional carbon fibers shrink longitudinally above the temperature of 60°C. 

This happens due to softening of the resin and shrinking of the fibers [52,12]. This is also 

one of the reasons for poor adhesion of plating. 

 CFRP-embedded MWCNT 0.4%wt. is sufficient to improve the electrical conductivity to 

electroplate the sample. This composite explores the opportunities for potential applications 

for the space payload components [13,37]. Enhancement of these properties results in 

replacing the high-density space materials and alloys. The CNT-CFRP composite proves to 

be a potential candidate for the replacement of Kovar alloy for carrier plates (CP), used in 

Microwave Electronic packaging (MEP). The composite carrier plate is greatly advantageous 

to reduce the weight of the package level. This composite satisfies the requirements like high-

shielding effectiveness, moderate thermal conductivities, low coefficient of thermal 

expansions and high electrical conductivity required for the space payload components such 

as carrier plates and RF cavities [22].  
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CHAPTER 4 

Optimization of Nano Fillers for CFRP   

Single wall carbon nanotubes (SWCNT), Multi-walled carbon nanotubes 
(MWCNT) and Reduced Graphene Oxides (rGO) enhance the electrical 
conductivity of CFRP. The main objective of this study is to find optimum 
percentage of these nanofillers for achieving lowest resistance value for 
fabricating conductive composites material for space components.  

4.1 Introduction  

Over the last few years, the technology for producing carbon allotropes embedded polymer is 

being developed by advanced scale-up capabilities of industries due to their significant material 

properties [53-54]. The processing of reinforcement of graphene or CNT in CFRP and its 

characterization for space applications is challenging; as it has to satisfy specific functional 

requirements [55]. The enhancement of properties of CFRP depends on the amount of Graphene 

or CNTs embedded. Electrical property is more crucial for fabricating space components. 

Electrically conductive components enable the electroplating of the material for improving RF 

performance. Electrical conductivity also leads to improve shielding effectiveness and 

grounding requirements. Optimization of the amount of CNTs in CFRP is evaluated on the basis 

of the electrical conductivity of the composite. 
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The optimization of the percentage of single-walled carbon nanotubes (SWCNTs), multi-walled 

carbon nanotubes (MWCNTs) or Reduced Graphene oxide (rGO) is essential for synthesizing 

CNTs or GO and polymer. Also, it is critical for their uniform dispersion into epoxy and fluidity 

of epoxy resin system on carbon fiber. rGO is the form of Graphene oxide, is processed by 

chemical, thermal and other methods by reducing oxygen percentage. It is oxidation process of 

graphite, which results into increment of interlayer spacing and functional aspects [55-57]. The 

work is carried out to develop the CFRP with SWCNTs, MWCNTs & rGO with various 

concentrations. This includes the fabrication of carbon allotropes embedded in CFRP composite 

samples and characterization for electrical conductivity, which is an important parameter for the 

electroplating of composite.  

4.2 Methodology 

Raw Materials and instruments used for fabricating CNT-CFRP or Graphene-CFRP composites 

are as per Table 4.1 & 4.2.  

4.2.1 Materials  

TABLE 4.1 Materials to fabricate composites 

Carbon Fabric  URMS, 3K Biax., Plain weave,TC-35,GSM 208, thickness 0.250 mm, No of 
filaments 3000, yield tex 200 g/1000m, Tensile 4000 MPa, elongation 1.7%, 
Density 1.7 g/cc, filament diameter 7µm 

Single Walled Carbon  
Nanotube (SWCNTs) 

Mean Diameter 1.6+/-0.4 nm, Length : >5µm, Purity < 15wt%, surface are 490 
m²/g and bulk density  0.1 g/cm³ 

Multi- walled Carbon  
Nanotube (MWCNTs) 

Diameter  10-35 nm, Length >10  µm, purity >99%, surface area 110-350 m²/g, 
bulk density 0.19 g/cm³  

Reduced Graphene  
Oxide 

Purity > 99%, No of layers 3-6 Layers, Diameter 0.8-2 nm, Length  1-  

Resin-Epoxy Resin-ARL-135 LV, Hardener : AH-422 
Solvent Acetone, Grade : AR Purity - 99.97%   
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4.2.2 Experimental Instruments 

TABLE 4.2 Instruments Used to Fabricate Composites 
 

Weighing Balance  
 

Mettler Toledo (Switzerland), Type : New Classic MF Model: MS205DU, Lease 
count 0.01mg 

Ultra sonication Toshniwal Process Instrument Pvt Ltd., TOSHCON, XT56 
Magnetic Stirrer Relitech Laboratory Equipment, Haryana, Microprocessor based magnetic Stirrer 

with Hot Plate, Model RT-450, Max speed: 1800 rpm 
Mechanical Stirrer Biolab Instruments Mfg. Co. BL 2310 speed : 4000 rpm, 

4.2.3 Sample Preparation 

The Solution mixing method is used to fabricate Nanocomposite samples. The detailed process 

is shown in Fig. 4.1 & 4.2. Different weight percentages as shown in Table 4.3 for SWCNT, 

MWCNT & rGO with respect to a combined weight of epoxy resin and hardener is taken in a 

ratio of 100:32. Acetone is added to CNTs and kept in an ultra-sonication bath for 2-3 hrs for 

breaking of the agglomeration of nanotubes. Later on, epoxy is added into the acetone-dispersed 

CNT and allowed to heat for 30 minutes at a temperature of 40-60ºC along with magnetic 

stirring to ensure evaporation of acetone and proper mixing of CNTs in epoxy resin. CNT-epoxy 

mixed content is allowed to cool to room temperature and desired amount of hardener is added 

and mixed properly with the help of a mechanical stirrer. Polyacrylonitrile (PAN) based 

bidirectional carbon fabric (Carbon Fiber TC35-3K, Make-United Raw Material Solutions Inc., 

Taiwan) having 3000 filaments per tow is used. An equal weight percentage of Carbon fibers 

and CNT-dispersed Epoxy resin is taken. CNT-dispersed epoxy-hardener resin mixture is spread 

on carbon cloth by hand layup method to get proper wetting of carbon fabrics. A total of eight 

fabric layup staking is carried out to get a 2 mm thick composite. CFRP composites of 

dimensions 300 x 300 x 2 mm are prepared using vacuum bag molding technique, where 

laminates are allowed to cure at room temperature for 24 hrs. Later on the whole setup is put in 

oven with curing cycle of a total of 10 hrs (80ºC for 2 hrs. +100ºC for 2 hrs. + 120ºC for 2 hrs.+ 

150ºC for 2 hrs.). Visual inspection of samples is carried out when samples are taken out of the 

chamber.   
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TABLE 4.3 Nano fillers dispersion quantity  

Sr No Nano filler Composition 

1 SWCNT 0.1%,0.25%,0.5%,1%, 2% wt 
2 MWCNT 0.1%,0.25%,0.5%,1%, 2% wt 
3 Hybrid rGO + MWCNT 0.75 wt% +0.25 wt%  
4 Hybrid rGO + MWCNT 0.25 wt% +0.25 wt%  

5 Hybrid rGO + MWCNT 0.25 wt% +0.75 wt% 

6 Hybrid rGO + MWCNT 0.5 wt% +0.5 wt% 

 

 

 

FIGURE 4.1    Fabrication Process 

 A] Weighing of Nano filler  B] Ultra sonication C] Magnetic Stirrer D] Carbon Fabric   

E] Vacuum Bagging F] CNT-CFRP Sample 
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FIGURE 4.2 Schematic Diagram for the Solution Mixing 

4.3 Sample Characterization  

Samples have been characterized to understand Electrical and Thermal properties and behavior 

under specific conditions. Results are compared with neat CFRP sample All test Samples are 

prepared and tested as per ASTM standards [42-44, 58].  

 

Epoxy   

Resin 

Magnetic Stirrer 

with Heater  

Hardener  

 

          Mechanical Stirrer 

Ultrasonic Bath 

 

CNT-CFRP Laminate  

Hand layup- 

spreading of 

Fabric layer staging, vacuum bagging and curing  
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Electrical Characterization: Sheet Resistivity ASTMD257 , Shielding Effectiveness 

ASTMD 4935  

 Thermal Characterization: Thermal Conductivity ASTM E 1461 , Co eff. of thermal 

Expansion ASTM E 228   

4.4 Electrical Characterization  

For measurement of surface resistance of CNT-CFRP Nanocomposites, the Prostat (PRS-801) 

resistance system (with PRS-801-W probe) instrument is used as shown in Fig 4.3. An 

instrument having automatic test voltage selection and capable to measure resistance 

104 

through-thickness.  

 
 

 
 

FIGURE 4.3 Measurement of electrical resistance of CNT-CFRP composites 

4.4.1 SWCNT Composite  

through-

electrically nonconductive (Average resistance: 5000 ).   

Electrical resistance measurement of SWCNT-CFRP composite sample shows that 0.1 % wt of 

SWCNT containing CFRP composite sample has average surface and through thickness-
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resistance of 150 . Mixing and dispersion of 0.1% SWCNT in epoxy resin mixture and the 

spreading of the matrix (SWCNT epoxy hardener mixture) on carbon fabric is comparatively 

very easier due to the low viscosity of the matrix. As the percentage of SWCNT as a filler 

increases to 0.25%, the electrical resistance drastically decreases to 16 .  

For in-plane and through-thickness, electrical resistance further reduces to 11  for 0.5 % 

SWCNT filler. Further addition of CNT (1% & 2%) in epoxy-hardener does not give any benefit 

in terms of reduction of electrical resistance. Moreover, higher content SWCNT in epoxy resin, 

creates difficulties in spreading of CNT-epoxy matrix. Graphical presentation of electrical 

resistance measurement of SWCNT Composites is shown in the Fig 4.4. 

 

FIGURE 4.4   Electrical resistance of SWCNT composites 

 

4.4.2 MWCNT Composite  

Mixing and dispersion of 0.1 % MWCNT in epoxy resin is easy due to the low filler 

concentration whereas the spreading of a matrix (MWCNT + epoxy-hardener) on carbon fabric 

is easy due to the low viscosity of the matrix. As the percentage of filler (MWCNT) content 

increases, there is a decrease in electrical resistance as shown in Fig. 4.5. Electrical resistance 

measurement of the MWCNT-CFRP composite sample shows that 0.1% wt of CNT-CFRF 

composite sample has an average surface resistance of 340  whereas, the through-thickness 

C N T  2 % C N T 1 % 0 . 5 0 % 0 . 2 5 % 0 . 1 0 % B A R E

ELECT RICAL RESISTANCE SWCNT COMPOSITE (OHMS)

A Side surface B Side Surface Through Thickness
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resistance is 535 . Surface and through-thickness electrical resistance enhances to 26.31  and 

55.55  respectively for 2% wt MWCNT-CFRP composite sample. In the case of the MWCNT-

CFRP composite, the lowest electrical resistance is observed for 2% MWCNT content. 

However, spreading of high filler concentration containing epoxy matrix seems difficult due to 

the high viscosity of matrix as compared to 0.1 to 1%wt MWCNT content epoxy matrix. A 

graphical presentation of the electrical resistance measurement of MWCNT-CFRP Composites 

is shown in Fig 4.5. MWCNT mixing, dispersion in epoxy resin and final spreading of matrix 

on carbon fabric are easier compared to SWCNT containing epoxy resin due to uniform 

dispersion of MWCNT. 

 

 

FIGURE 4.5   Electrical resistance of SWCNT composites 

 

All the samples from 0.1%wt to 2%wt are electroplated in a silver bath as shown in Fig. 4.6 and 

4.7. 0.5% SWCNT-CFRP coupon and 2% MWCNT-CFRP coupons show the uniform coverage 

of electroplating layer. Bare CFRP (without Nanofillers) sample and direct electroplated CNT-

CFRP samples are shown in Fig.4.8.  The Tape peel test is carried out after the silver 

electroplating on the sample [59]. There is no degradation found in the tape peel test.   

 

C N T  2 % C N T 1 % 0 . 5 0 % 0 . 2 5 % 0 . 1 0 % B A R E

ELECT RICAL RESISTANCE MWCNT COMPOSITE (O HMS)

A Side surface B Side Surface Through Thickness
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FIGURE 4.6   Test coupons with different concentration  

 

 

 

 

 

 

 

FIGURE 4.7   Test coupons under electroplating  

 

 

 

 

 

 

 

FIGURE 4.8 (a) Bare CFRP sample and (b) Silver plated coupon  
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4.4.3 Hybrid (MWCNT+rGO) Composite  

Hybridization of MWCNT and rGO enhances thermal conductivity due to the formation of C-

C covalent bonds. Phonons transport speedily in covalent bonds which is not the case in non-

covalent Van der Waals bonds due to the reflection and scattering of phonons. The -

transportation of phonons is directly proportional to thermal conductivity. 

Graphene offers a large contact area for MWCNT due to its multiple internal layers, it shows 

active participation in phonon transport with minimum coupling loss. Moreover, the 

concentration of graphene le -

interaction between rGO and the side wall of the MWCNT [60]. This results in the formation of 

bridges between rGO and MWCNT. The uniform dispersion of MWCNT-rGO complexes with 

no precipitation at room temperature indicates the good stabilizing quality of GO for MWCNT 

[61]. But it is observed that with an increase in MWCNT content over rGO in a hybrid system, 

the thermal conductivity decreases in the in-plane direction but it increases in the through-plane 

direction, whereas electrical conductivity increases. The higher ratio of MWCNT-rGO offers 

maximum thermal conductivity in the through-plane direction, whereas minimum value in the 

in-plane direction with such hybrid system having the highest electrical conductivity [62]. 

Electrical characterization is carried out by measuring the sheet resistivity as per ASTM D257-

07 and the shielding effectiveness as per ASTM D4935-18 [63]. 

Surface electrical conductivity decreases with an increase in hybrid filler content and the highest 

value is obtained at lower filler loading with 0.25wt% MWCNT and 0.25wt% rGO. It is assumed 

that with an increase in filler content rGO is unable to create uniform dispersion with MWCNT 

and tends to saturate the mixture. MWCNT remains in form of a close bundle due to its strong 

Van der Waals interaction among themselves instead of an absorption onto the rGO sheet to 

establish a conductive path. Enhancement of electrical conductivity in through-thickness is 

significantly noticed with a concentration of 0.25wt% MWCNT and 0.75wt% rGO as shown in 

Fig. 4.9. Moreover, the sample with 0.75wt% MWCNT and 0.25wt% rGO showed considerably 

better electrical conductivity th

resistance can directly electroplate without activating the surface due to an increment in 

electrical conductivity. 
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FIGURE 4.9   Electrical resistance of Hybrid MWCNT+ rGO composites 

It is observed that electrical conductivity will increase with MWCNTs content and its maximum 

value is achieved when the MWCNTs nanoparticles dominates the total nanofiller content [64]. 

Apart from electrical conductivity space material must also have better Shielding Effectiveness 

(SE) to avoid unwanted electromagnetic interfaces and provide electromagnetic compatibility 

with sufficient isolation. SE is measured on the samples with different concentrations of rGO 

and MWCNT, using the waveguide method. The sample with 0.75wt% MWCNT and 0.25wt% 

rGO revealed an improvement in SE in the frequency band of 10 GHz to 27 GHz; measured 

values are compared to the bare CFRP sample, as shown in Fig. 4.10  

FIGURE 4.10 Measurement of shielding effectiveness 
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ELECT RICAL RESISTANCE MWCNT+RGO  COMPOSITE (OHMS)

A Side surface B Side Surface Through Thickness

27.00

28.00

29.00

30.00

31.00

32.00

10 15 20 25 30 35 40

Frequency Hz

Shielding Effectiveness SE

0.25wt% MWCNT 0.25wt% rGO 0.75wt% MWCNT 0.25wt% rGO

0.25wt% MWCNT 0.75wt% rGO Bare CFRP



55 
 

4.5 Thermal Characterization 

Space payload components are subjected to thermal load during their testing and service life. 

Poor thermal conductivity can increase the temperature of the components and reduce the rate 

of heat dissipation. Thermal properties like thermal conductivity can be deduced from thermal 

diffusivity as per ASTM E1461-13, coefficient of thermal expansion as per ASTM E228-17 and 

specific heat capacity as per ASTM E1269-11. The same are measured and characterized. 

4.5.1  Thermal Expansion  

The coefficient of thermal expansion (CTE) is evaluated by measuring the change in length with 

respect to the change in temperature as shown in Fig. 4.11. CTE of 0.75wt% MWCNT and 

0.25wt% rGO composite sample indicates a negative value (-0.1454 ppm/°C) whereas the 

composite sample with 0.25wt% MWCNT and 0.75wt% rGO indicates a positive value (0.2916 

ppm/°C) near to zero as shown in Fig. 4.11. CTE data on bare CFRP sample is more than 0.783 

ppm/°C between the temperature range of -100°C to +150°C . 

 

FIGURE 4.11   Measurement of co-efficient of thermal expansion 

4.5.2 Thermal Conductivity 

The thermal conductivity of a bare CFRP sample is 0.3 W/mK to 0.5 W/mK over the 

temperature range of -100°C to +150°C, whereas the sample with 0.75wt% MWCNT and 

0.25wt% rGO concentration has higher thermal conductivity than other samples. The ratio of 
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MWCNT-rGO plays a significant role in improving through-thickness thermal conductivity and 

it increases with an increase in the ratio of MWCNT/rGO [65-66] as shown in Fig. 4.12. Thermal 

conductivity is greatly influenced by rGO content, the sample with lower loading of rGO over 

MWCNT offers the highest thermal conductivity due to a decrease in the level of defectiveness 

(impurities in the form of oxidized carbons and other defects) associated with rGO [67]. The 

increase in thermal conductivity is due to the formation of 3-dimensional thermal paths formed 

by the addition of MWCNT. There is a chance of an increase in phonon scattering due to the 

highest concentration of MWCNT, which results in decreased thermal conductivity [68]. 

 

 

FIGURE 4.12   Thermal conductivity of different composites 

There is a significant improvement in the electrical conductivity by the addition of hybrid 

0.25wt% MWCNT and 0.75wt% rGO in through-thickness direction by 54 folds, and with 

hybrid 0.75wt% MWCNT and 0.25wt% rGO in in-plane direction by 4 folds as compared to 

the bare sample. The enhancement of electrical conductivity leads to improved SE values. A 

hybrid sample with 0.75wt% MWCNT and 0.25wt% rGO achieves maximum SE in the range 

of 10 GHz to 27 GHz.  

In the hybrid sample with different concentrations of MWCNT/rGO, the thermal conductivity 

increases with an increase in the ratio of MWCNT-rGO for the hybrid sample with 0.75wt% 

MWCNT and 0.25wt% rGO in the range of 0.28 W/mK to 0.62 W/mK as compared to the 

hybrid sample with 0.25wt% MWCNT and 0.75wt% rGO having the range of 0.12 W/mK to 
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0.43 W/mK. The increase in the ratio also offers a transition of CTE from a positive value 

(0.2916 ppm/°C) to a negative value (-0.1454 ppm/°C), minimizing strain transfer due to 

thermal load. 

4.6 Discussion & Results 

The results of these three types of samples 1) SWCNT composite with 0.1%,0.25%,0.5%,1%, 

2% wt  2) MWCNT composite with 0.1%,0.25%,0.5%,1%, 2%wt and 3) MWCNT + rGO 

(hybrid) with different composition are tested for electrical conductivity point of view. 

Enhancement of electrical conductivity is the most important property of CFRP, which can 

capacitate direct electroplating. Improvement of electrical conductivity enhances the result of 

reflectivity which leads to an improvement in RF performance. RF performance is essential for 

waveguides, reflectors, electronic boxes and Mux Demux cavities for space payload.  

The composite with optimized value 0.5%wt (SWCNT), 2%wt (MWCNT) and 0.25wt% + 

0.75wt% (MWCNT+rGO) for achieving the highest electrical conductivity of CFRP. 

 

TABLE 4.4   Optimization of Nano Materials in CFRP  

Sr No. Composite Optimum composition for Electrical Conductivity 

1 SWCNT + CFRP 0.5% wt 

2 MWCNT + CFRP 2 % wt 

3 MWCNT+rGO+CFRP 0.25wt% + 0.75wt% 

 

This optimization is useful for the further characterization of thermal and electrical properties. 

It is further used to select the appropriate composite with the required properties for the space 

component.  
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CHAPTER 5 

Characterization of SWCNT & MWCNT Composite  

Synthesis of CNT-CFRP samples with single-walled CNTs (0.5%wt.) & 
multi walled CNTs (2%wt.) is attempted by solution mixing method  The 
mechanical, electrical and thermal characterization of composite 
supports the best possible composite out of these for fabricating specific 
space component.  This chapter addresses Characterization and Space 
Qualification aspects. Pre space qualification on samples and 
electroplated coupons confirms survivability against environmental 
tests.   

5.1 Overview  

Synthesis of CFRP samples with SWCNTs & MWCNTs is carried out by solution mixing 

method as discussed in the earlier chapter. The sample size 300 mm x300 mm x 2 mm is 

prepared with 8 layers of carbon fabric of the thickness 0.250 mm each. The samples are 

characterized to evaluate mechanical, electrical and thermal properties. Results are compared 

with bare CFRP sample. All test samples are prepared and tested as per ASTM standards [42-

45,58-59, 63, 69-71].  

 Mechanical Characterization: Tensile strength (ASTM D3039/D3039M), Flexure Test 

(ASTM D 7264/D 7264M) 
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 Thermal Characterization: Thermal Conductivity (ASTM E 1461), Co eff. of thermal 

Expansion (ASTM E 228), Specific Heat Capacity (ASTM E 1269)  

 Electrical Characterization: Bulk Resistivity, Sheet Resistivity (ASTM D257)  

 Space Environmental Test: 

o Thermal shock (-55°C to +105°C), Period: 5min, Number of Cycle: 100 cycles 

o Heat resistance test: (+150°C), Period: 2 Hrs. 

o Humidity (+60°C ± 2 °C and 95 ± 5 % RH), Soak Period: 48 Hours 

o Thermo vac (-55°C to +105°C) Dwell time: 15 min after stabilization, Vacuum: 1 X 

10-5 torr or better, Number of Cycle: 10 cycles 

o Out gassing Temp: 125°C, Time: 24 hr. Vacuume10-5 torr (ASTM E595) 

Silver electroplating is carried out on samples to qualify the composite for space use. These 

samples are to withstand space environment conditions as explained above. The peel test 

(ASTM D3359) is carried out before and after each environmental test using 3M Scotch 

bidirectional adhesive tape. 

5.2 Microstructure and Morphological Characterisation  

A morphological study is carried out to confirm the presence of nanomaterials in CFRP 

composite [72]. The composite samples are micro-sectioned and the layer structure is studied at 

a magnification of 80 X. Eight layers of Carbon Fibers and Epoxy (intermediate) are seen clearly 

(Fig 5.1). There is no damage to the fibres. Epoxy can be seen at intermediate layers of fiber. 

Further, the Scanning Electron Microscope(SEM) indicates the bidirectional carbon fibres and 

homogeneously dispersed epoxy for CFRP; whereas CNTs can be seen with agglomeration in 

an epoxy dominant area in the CNT CFRP sample with the magnification of 21,000 X.  

The structure of the composite under a Scanning Electron Microscope(SEM) with a 

magnification of 10KX, 15KX and 20KX indicates a homogeneously dispersed MWCNT on 

the surface; whereas agglomeration of CNTs is observed in SWCNT as shown in Fig 5.2 and 

Fig 5.3. 
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FIGURE 5.1: Microstructure and Structure under SEM 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.2: SWCNT composite under SEM 
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FIGURE 5.3: MWCNT composite under SEM 

It is clearly seen that the SWCNTs are more agglomerated than MWCNTs. The Vander wall 

force in SWCNTs is high due to its high aspect ratio, whereas the MWCNT is spread uniformly 

on the fibres. The dispersion of MWCNTs is more uniform than that of SWCNTs. 

5.3 Mechanical Characterization  

Mechanical strength is a significant property of any structural material used for space. An 

improvement in mechanical characteristics has often proved to be very valuable. Tensile tests 

and three-point bending tests are carried out on the sample as per ASTM standards. Samples are 

prepared and a comparison is carried out between CFRP and CNT-CFRP samples in terms of 

tensile strength. The strength is increased by 25-27% in SWCNT-CFRP samples, whereas 

stiffness is increased by 39% in MWCNT-CFRP composite samples (Fig. 5.4, 5.5).   
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FIGURE 5.4 Tensile Test & Three Points Bending Measurement 

 

 

FIGURE 5.5   Tensile Strength Measurement 

The effect of environmental tests on the stiffness of the composite is studied and evaluated as 

shown in Fig. 5.6. The thermal cycling in vacuum improves the stiffness of both composites 

(Bare CFRP and CNT-CFRP) observed from the results obtained after environmental test. 
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This improvement is due to the post-curing process, which increases the thermal stability of the 

epoxy matrix, crosslink and removal of voids, whereas the strength of all samples after humidity 

decrease due to its hygroscopic in nature. Also strength of bare CFRP after thermal shock 

decreases compared to No test CFRP sample due to the CTE difference between fibers and 

polymer matrix[73]. 

 

 

FIGURE 5.6    Flexural Strength Measurement 

5.4 Electrical Characterisation  

Electrical conductivity and Electromagnetic interference (SE) are important parameters for the 

space material. Space components are surface treated (plating) to change the surface character 

for the optimal performance and to avoid the environmental effects like corrosion. 

Electroplating on the material is essential to increase the RF performance for realising 

microwave passive components, Shielding Effectiveness for packages and solderability for 

carrier plates. The DC resistivity is measured with the PRS-801 Resistance System for the 

samples of Bare CFRP and CNT-CFRP.  Enhancement of electrical conductivity of SWCNT-

CFRP is observed in the order of 400-500 times that of bare CFRP as shown in Fig. 5.7. This 

increase in electrical conductivity enables to electroplate directly on composite without 

activating the surface.  
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FIGURE 5.7 Surface Resistance on Samples  

The material of the payload packages used for space should have better shielding effectiveness 

to avoid electromagnetic interface by providing adequate isolation. The adequacy to prevent 

emission or to withstand external interference depends on the shielding effectiveness (SE). SE 

is measured using waveguide method. The measured test result data analysis revealed an 

improvement in SE values for SWCNT-CFRP as compared to bare CFRP. The typical test result 

data analysis revealed the improvement 5dB to 18dB in the frequency range of 18Ghz 26Ghz 

SE values for SWCNT-CFRP as shown in Fig. 5.8. However, Improvement range is wide when 

testing more number of samples; sample to sample variation and test set up variations. The SE 

is mainly reflection dominated in SWCNT-CFRP composite [36], which are measured against 

bare CFRP composite  

FIGURE 5.8 Shielding Effectiveness on Samples  
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5.5 Thermal Characterization 

5.5.1  Thermal Expansion  

The thermal expansion (CTE) results in Bare and CNT-CFRP laminate is evaluated by 

measuring the change in length to the corresponding temperature as shown in Fig.5.9. 

FIGURE 5.9   Change in length Vs Temp for (a) Bare CFRP (b) SWCNT-CFRP  

(c) MWCNT-CFRP  

 

To avoid instrument-induced uncertainty in results initially, standard fused silica rod loaded in 

the fused silica push rod dilatometer is used. The desired temp range and heating rate(-100°C to 

150°C and 2°C/min), the obtained dataset is corrected with the standard quartz dataset. This 

corrected dataset of standard fused silica is used for the correction of the dataset of CFRP 

samples to avoid instrument bias. The bare CFRP sample shows CTE 0.783 ppm/°C, whereas 

the CNT-CFRP sample shows CTE 0.550 ppm/°C in the temperature range -100°C to 150°C. 

This temperature range is taken into consideration for the materials to be qualified for 

interplanetary missions. The results indicate that an addition of 0.5 % CNT in CFRP reduces 

the CTE of the sample by 29.77%. This phenomenon is observed due to CNT matrix fiber 

interfacial interaction, which resists the expansion due to CNTs. Moreover, the solvent used 

with CNT for dispersion can reduce the glass transition Tg, which acts as an impurity that rises 

the thermal motion of the molecules of the polymer. CTE behaves proportionally with respect 

to temperature up to Tg then starts to decline. The addition of CNT decreases the expansion of 

CNT-CFRP compared to the bare CFRP which is considered as a positive effect on the thermal 

stability of the material. 
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5.5.2  Specific heat capacity and Thermal conductivity 

The specific heat capacity of bare CFRP sample 491.95 J/(kg °C) is observed at temperature 

0°C and it gradually increases up to 1483 J/(kg °C) at temperature 150°C whereas in the case of 

SWCNT-CFRP sample it is observed to be 476.15J/(kg °C) at temperature 0°C and it gradually 

increases up to 1426.5 J/(kg °C) at temperature 150°C as shown in Fig.5.10. Results indicate 

that the addition of 0.5% SWCNT in CFRP reduces the average specific heat capacity of CFRP 

-100 to 150 °C. The specific heat capacity of 

SWCNT-CFRP decreases with temperature compared to that of bare material. This occurs due 

to the resistance of the molecular movement of the polymer, which decreases the kinetic energy 

of the system [74]. Thermal conductivity can be calculated based on thermal diffusivity and 

density of bare CFRP 1.361 gm/cm³ and CNT-CFRP 1.313 gm/cm³. The thermal conductivity 

increases for both the samples and reduces marginally after 101°C (near to Tg) up to 152°C as 

shown in Fig. 5.8. Results indicate that the addition of 0.5 % CNT in CFRP enhances the thermal 

-100 to 150°C. CNT concentration 

from 0.1 to 1% brings about different influences on electrical and thermal conductivity [46]. 

Thermal conductivity reduces slightly after the glass transition limit of the composite. It is 

concluded that the presence of CNTs in the epoxy matrix causes discontinuities in the polymer 

leading to a reduction of mean free oscillation of polymer molecules and such electron scattering 

results into decrement in the thermal conductivity. 

 

FIGURE 5.10   Specific Heat Capacity and Thermal Conductivity for SWCNT-CFRP & 
MWCNT-CFRP 
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5.6  Pre-Space Qualification  

The process of qualification of the product that assures the withstanding against space 

environmental is called space qualification testing. It is the basic requirement of any process or 

product before use in space. The out-gassing test results in a total mass loss (TML) and 

collective volatile condensable mass (CVCM) are well within the limits of 1% and 0.1%. 

[Appendix H] Samples from bare CFRP and CNT CFRP size 50 x50 mm are prepared for silver 

electroplating as shown in Fig 5.11. Silver plating on bare CFRP is difficult to achieve without 

surface activation, which results in discontinuous plating, whereas direct electroplating is 

achievable in CNT-CFRP samples due to the enhancement of electrical conductivity. These 

samples are passed through a heat resistance test, thermal shock, humidity and thermo-vacuum 

tests as shown in Fig 5.12. The peeling test is carried out on the silver-plated surface after each 

test. The peel test shows good adhesion of the silver plate on the samples. This is to be done for 

qualifying the silver plating process directly on the CFRP without surface activation. 

 

FIGURE 5.11 Silver Plating on CFRP (above row) and SWCNT-CFRP (below row) 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 5.12  Silver Plated Samples in Thermo-Vacuum and Humidity Chamber  
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5.7  Discussion  

The experimental analysis confirms that there is a significant improvement (reducing the 

resistivity from 5000- -

SWCNT (0.5%wt) or MWCNT (2%wt.). Thus the enhancement of electrical conductivity (500-

600 times than that of bare CFRP) is essential for surface treatment on the material used for the 

space components, which is a basic requirement to withstand the space environment and to 

improve the functionality index. The major advantage of this electrical conductivity 

enhancement is that it offers a possibility of electroplating directly on the surface. Direct 

electroplating on CFRP helps avoid the otherwise essential step of the surface activation process 

using a reducing agent. The silver electroplating process is qualified on CNT-CFRP composite 

samples. Thermal properties are enhanced marginally (2-3%) for SWCNT, however, it can 

further be enhanced by the change of resin and modification in the curing cycle. The mechanical 

and thermal properties depend on the aspect ratio of the CNTs and their types. However, these 

properties can be enhanced significantly by exploring the different dispersion techniques to 

achieve a homogeneous dispersion of CNTs.  

5.8  Conclusion 

Applications of CNT composite are a challenge for space industries, because of material and 

process parameters involved, which affect the mechanical and thermal properties. Optimization 

of these parameters is essential to fabricate the composite for space applications as per the 

requirement. The electroplated silver CNT-CFRP samples undergo all environmental tests and 

it confirms no degradation of the plating on samples. This satisfies the process of qualification 

required for CNT-CFRP material. These results give confidence for conducting accelerated life-

test for space use on these composite materials. Such detailed analysis is useful for fabricating 

carrier plates, feed horns and Radio Frequency (RF) cavities for future space missions and their 

benefits can be quantified at the subsystem levels.  
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CHAPTER  6 

Analytical Hierarchy Process for Nanocomposite  

The selection of an appropriate filler is a challenging task to achieve the specific 
properties required for space components. Analytical Hierarchy Process (AHP), 
based decision-making approach is helpful to select the nanomaterial. This paper 
analyzes the multi-criteria based on results obtained from experimental testing 
and functional requirements. This paper provides suitable Nano fillers for the 
fabrication of Radiofrequency and Structural Components for space applications. 

6.1 Background  

Single-walled Carbon Nanotubes 0.5%wt., Multi-walled Carbon Nanotubes 2%wt. and hybrid 

of MWCNT & Graphene Oxide (0.25%wt. + 0.75%wt.) are suitable nanomaterials to enhance 

the electrical & thermal properties of composite. Thus, conductive CFRP has various potential 

applications for space components like Reflectors, Feed Horns, Filter Cavities, Isolators, 

Brackets for optics, RF components and packages as discussed in the first chapter.  

Electrical and thermal characterization of these nanocomposites is carried out to find out suitable 

types of Nano fillers for composite to meet the requirement of particular space applications. 

Moreover, enhancement of electrical conductivity is beneficial for direct electroplating without 

surface activation and this coating improves the surface property [22,75].   
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Space hardware is fabricated using only the space-qualified materials like Kovar, Invar and 

aluminum etc. Kovar and invar materials are used to fabricate RF cavities because of its high 

strength and a low coefficient of thermal expansion (CTE) but they are high-density materials. 

Aluminum is widely used for horns, brackets and RF components due low density and higher 

conductivity but it has high CTE. The microwave packages of payload require high Electrical 

Conductivity (EC) and Shielding Effectiveness (SE), whereas the reflector requires a low 

Coefficient of Thermal Expansion (CTE), and High Conductivity. Low CTE is important for 

optical brackets, whereas high electrical conductivity is a requirement of RF cavities and 

components. The following properties are required for the development of the subsystem as per 

its functionality requirement as shown in Table 6.1. [1-2,5,10,19,76]  

 

TABLE 6.1 Composite Material Properties Requirement  

 

 

 

 

 

 

 

 

Samples of MWCNT-CFRP composite indicated greater thermal conductivity among all, 

whereas SWCNT-CFRP composite samples showed greater electrical conductivity, resulting in 

higher shielding effectiveness in the 18 to 26.5 GHz band. Samples of MWCNT and rGO 

  Material Properties/Criteria 
Sr 
No 

Space Subsystem/ 
Components 

Extreme 
important  

Strongly  Moderate     Least 

1 High power 
subsystems Mux, 
Isolators, HRF  

CTE, Thermal 
Conductivity, 

Electrical 
Conductivity, 

 
Shielding 

Effectiveness 

- 
 

- 
 

2 Low power 
components input 
filters, W/gs, 
Cavities Mux, 
Isolators, 

Electrical 
Conductivity, 

CTE 

Shielding 
Effectiveness 

Thermal 
Conductivity, 

- 

3 Antenna/Reflector/
Feed subsystem  

Electrical 
Conductivity 

CTE Thermal 
Conductivity 

Shielding 
Effectiven

ess 
4 Optical/Structural 

Brackets, Carrier 
plates 
 

CTE Electrical 
Conductivity, 

Thermal 
Conductivity 

 Shielding 
Effectiven

ess 

5 RF packages 
(Electromechanical 
Box & Covers)  
 

Shielding 
Effectiveness 

Electrical 
Conductivity, 

Thermal 
Conductivity 

CTE 
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(0.25% +0.75%)wt. of epoxy embedment with CFRP, showed the lowest values in coefficient 

of thermal expansion (CTE) and electrical resistivity as per Table 6.2.  

TABLE 6.2    Experimental results of CNT composites 

Alternatives  
TC @25C 
(W/m.K) 

CTE  
(-100 to +150 0C) 

ppm/0C 

Electrical Resistivity in  
Ohm-m 

SE in dB (18-26.5 
GHz band) 

CFRP-SWCNT 0.5672 0.55 14 34.29 

CFRP-MWCNT 0.649 0.3976 13 32.91 

CFRP-MWCNT & 
rGO (0.25% 

+0.75%) 
0.2927 0.2916 12 30 

6.2 Analytical Hierarchy Process (AHP) 

AHP is one of the methods of multi-criteria decision-making (MCDM) that was introduced by 

Prof. Thomas L. Saaty[77]. It is a method to derive relative weights from pairwise comparisons. 

The input is obtained from actual measurement and human judgement, which may cause some 

inconsistency. To prevent this a specific consistency check is carried out.  

AHP is an important tool that deals with complex requirements as shown in Table 6.1 in a more 

simplified way. In this paper, the model is developed with objectives, criteria/properties required 

for the space components and available alternatives, which are different forms of CNTs used 

for the experiments [10].  AHP provides better alternatives, resolves conflict and makes an 

effective decision that satisfies the required criteria. Appropriate selection of alternatives like 

CFRP-SWCNT, CFRP-MWCNT or CFRP-MWCNT-rGO is important for the design of space 

components. This paper intends to propose the most suitable form of Nano fillers (CNT, rGO) 

to embed with CFRP.  

AHP includes the following four steps [78-81] : 

a] Development of the model  

In this, the objective with feasible alternatives along with the set of criteria or required 

properties are determined. Hierarchial levels are built considering the subjectivity and 

quantification of the parameters as shown in Fig 6.1. 

b] Define the priorities (criteria/requirements)  



  

72 
 

Priorities are considered to determine how important and superior one alternative is as 

compared to other. 

c] Consistency check  

This check is carried out to prevent the inconsistency in judgement due to human error.  

d] Model synthesis and final decision.  

The relative weights are derived from the principal eigenvectors and the consistency 

index is derived from the principal eigenvalue 

Step 1: Creation of the comparison matrix  

  C1 C2 C3 .. Cn 

 C1 x11 x12 x13 .. x1n 

          D      = C2 x21 x22 x23 .. x2n 

 C3 x31 x32 x33 .. x3n 

  : : : .. : 

 Cn xn1 xn2 xn3 .. xnn 

where xij indicates the importance of criterion Ci when compared to Cj. The values of the xij are 

denoted as given in Table 6.3. 

Absolute ranks (scale) are assigned to the properties as per their importance from a functional 

viewpoint based on they being equally important, moderately important, strongly important etc. 

The value of xii is always equal to 1 as criterion Ci is equally important to criterion Ci. 

considering that the value of x24 is 5, i.e., If criterion 2 is strongly important to criterion 4 then 

the value x42 is given as 1/5.  

TABLE 6.3     Absolute scale  

 

 

Intensity of 
importance of an 
absolute scale 

Definition Explanation 

1 Equally important Two activities contribute equally to the objective 
3 Moderate imp Experience and judgment strongly favor one activity 

over another 5 Strong imp 

7 very strong imp 
An activity is strongly favored and its dominance 
demonstrated in practice 

9 Extreme imp 
The evidence favoring one activity over another is of 
the highest possible order of affirmation 

2,4,6,8 
Intermediate values between 
the two adjacent judgments 

When compromise is needed 
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Step 2: Calculation of sum of each column of the comparison matrix (S)jcolumn Equation (7.1) 

(S)jcolumn =        

Step 3 : Calculation of normalized comparison matrix Equation (7.2) 

                                                         7.2) 

normalized comparison matrix, it is obtained by dividing sum of the 

column of the comparison matrix 

 

Step 4:  Weights calculation : Wi. Wi is the weight of the ith criterion.  

Wi =                                                             

 

Objective 

 

 

Criteria 

         

 

 

Alternatives 

 

 

FIGURE 6.1   AHP Model 

6.3 AHP Model for High Power Subsystem 

Thermal conductivity, Coefficient of thermal expansion and electrical conductivity are 

extremely important parameters for the High power subsystem. It requires dissipating the heat 

efficiently produced due to high power. High thermal conductivity components reduce the 

Space components by Nano 
composites 

Thermal 
Conductivity 

Coefficient of 
Thermal 
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Conductivity 
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thermal gradient and establish thermal stability. The same scale is given to TC, CTE and EC 

whereas a lower rank is given to SE with respect to others properties. After determining the 

priorities on criteria, a pairwise comparison is carried out to rate themselves. In the end, 

alternatives are ranked under each criterion. This produces the ratio scale score for the 

alternatives, which is then normalized. 

6.3.1  Weightage of criteria    

The following matrix shows the pairwise comparison of criteria with respect to the overall 

objective. In this matrix the first non-trivial comparison is shown between thermal conductivity 

(TC) and coefficient of thermal expansion (CTE). The scale also shows how TC is more 

important than CTE for high-power components as shown in Table 6.4  

 

TABLE 6.4 Pairwise comparison matrix among different criteria 

 TC CTE EC SE 

TC 1.00 1.00 1.00 9.00 

CTE 1.00 1.00 1.00 8.00 
EC 1.00 1.00 1.00 3.00 

SE 0.11 0.13 0.33 1.00 

Sum (column) 3.11 3.13 3.33 21.00 

6.3.2  Normalized comparison matrix  

Normalized pairwise matrix is calculated by dividing of sum of the column to all the elements 

of the column, resulted to weighted value in Table 6.5.  

 

TABLE 6.5   Weights calculated by using AHP process for high power system  

 TC CTE EC SE 
Weighted 

Value 
TC 0.321429 0.32 0.3 0.428571 0.3425 

CTE 0.321429 0.32 0.3 0.380952 0.3305 
EC 0.321429 0.32 0.3 0.142857 0.2710 
SE 0.035714 0.04 0.1 0.047619 0.0558 
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6.3.3  Consistency Check 

A 'Consistency check' is carried out to check whether the absolute scale based on judgement 

provided for each priority is appropriate or not. The first row of weighted value (Table 6.5) is 

multiplied with the first column of non-normalized matrix (Table 6.4). Same steps are attempted 

for the second, third and fourth rows. Ratio of Total weighted sum value and weighted value is 

calculated for obtaining the as shown in Table 6.6. 

TABLE 6.6   Consistency Check  

 TC CTE EC SE Total Weighted 
Sum Value 

Ratio of total weighted 
sum value and weighted 

value 
TC 0.34250 0.33060 0.27107 0.50250 1.446666667 4.223844282 

CTE 0.34250 0.33060 0.27107 0.44667 1.390833333 4.207057976 
EC 0.34250 0.33060 0.27107 0.16750 1.111666667 4.101010101 
SE 0.03806 0.04132 0.09036 0.05583 0.225570437 4.04006752 

      4.14299429 

The Consistence index (C.I.) of matrix is calculated by  

     = 0.0476649      

Consistency Ratio (C.R.) is obtained by dividing the C.I. with appropriate numbers from 

Random consistency index (R.I). It is 0.9 for 4 alternatives [77,82]. This C.R. is less than 0.1. 

This shows the consistency in judgement. Weighted values for Low Power Subsystem, Antenna 

Reflector, Optical Structure and RF Packages are calculated as calculated above, shown in Table 

6.7.  

TABLE 6.7   Weighted Value Calculation  

 

 Weighted Values 
High Power 
Subsystem 

Low Power 
Subsystem 

Antenna 
Reflector 

Optical 
Structure 

RF 
Packages 

Thermal 
conductivity 

0.3425 0.204745175 0.1473 0.1918 0.1599 

CTE 0.3305 0.3330 0.1085 0.6548 0.0555 
Electrical 

conductivity 
0.2710 0.3192 0.6945 0.1017 0.2812 

Shielding 
Effectiveness 

0.0558 0.1429 0.0495 0.0515 0.5032 
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6.3.4  Synthesis of Model 

It is carried out by correlating weighted value for each subsystem and normalized matrix of 

alternative. Table 6.7 shows the Nano fillers embedded with CFRP are the preferable as per the 

requirement properties of the material for the specific subsystem. 

TABLE 6.8   Priority Numbers for Alternatives  

Alternatives 
                

          Subsystem 

Priority numbers 
High Power 
Subsystems 

Low Power 
Subsystems 

Antenna 
Reflector 

Optical 
Structure 

RF 
Packages 

SWCNT 0.8015 0.8177  0.9304 0.6681 0.9537 

MWCNT 0.8419 0.8257 0.7956 0.7979 0.8947 

MWCNT+rGO 0.7778 0.8377 0.8434 0.8780 0.8211 

 

MWCNT is preferable (overall priority = 0.84192) compared to remaining two SWCNT and 

MWCNT/rGO for High power subsystem. Moreover, SWCNT is preferable for Antenna 

reflector and RF packages (priority = 0.9304 and 0.9537), whereas MWCNT+rGO is suitable 

for low power subsystems and optical structure.  

6.4 Conclusion 

AHP-based multi criteria decision making (MCDM) technique results the priority number to 

CNT forms suitable for required properties in CFRP composites. AHP is an ideal decision maker 

to choose best alternative for fabrication of nanocomposites as shown in Table 6.8. 

TABLE 6.9    Apt Material for subsystems 

Sr No Space subsystems/components Applicable Material 

1 High Power Subsystems CFRP +MWCNT composite 
2 Low Power Subsystems CFRP +MWCNT +rGO composite 

3 Antenna Reflector CFRP +SWCNT composite 

4 Optical Structure CFRP +MWCNT +rGO composite 
5 RF Packages CFRP +SWCNT composite 

 

The highest value found corresponds to the best alternatives of choice, so it can be said that in 

this case, SWCNT corresponds to best alternative for antenna reflectors and RF packages. This 

demonstrates that the SWCNT is most efficient than other alternatives.  
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CHAPTER 7

Product Development 

This chapter describes the product development and realization of the 
Carrier Plate & Ka-band Reflector, which includes the feasibility of 
design for reflector and carrier plates (CP) using CNT-CFRP 
composite. It gives brief information about the fabrication and tests 
carried out for the quality evaluation. The main objective of the chapter 
is to qualify the CNT-CFRP composite reflector & carrier plates and 
make them usable for future space payloads. 

7.1 Microwave Electronics Package

Microwave Electronics packages (MEP) are designed to operate over a wide range of 

microwave frequencies. It provides electrical interfaces between the components in the 

spacecraft system and has to ensure high reliability [2,83-84]. These packages provide an 

enclosure for microwave integrated circuits (MIC) as shown in Fig. 7.1.  A typical package 

consists of alumina substrate-mounted carrier plates, stepped cover and electronic devices which 

are mounted on substrates as well on the base surface. All the components of a sub-system that 

are integrated into MEP are minimum in size, mass and complexity. The compartment height, 

width and length are based on the size, weight, load and location of the components. Moreover, 

the MEPs have to undergo stringent testing under simulated space environments. This is one of 

the major factors for design. These requirements call for high-density assemblies, 

miniaturization of components and optimization of thermo-mechanical stresses on components. 
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FIGURE 7.1 MIC package[84]

7.2 Carrier Plates of MEP

A Carrier plate (CP) is fabricated from sheets made of Kovar, a Cobalt-Nickel alloy. Kovar has 

a low coefficient of thermal expansion (CTE) and corrosion resistance properties. Different sizes 

and topologies of the CPs are fabricated. In a typical CP assembly, an alumina substrate is 

bonded to a metallic Kovar alloy carrier using a solder preform as shown in Figure 7.2.  They 

are positively locked with proper torque in the package, which is mounted with lugs on the 

panel. The gold plating (4 6 microns) is carried out on Kovar CPs to avoid corrosion [85-88]. 

The Au is noble to provide excellent corrosion resistance, high electrical conductivity and 

solderability for attaching alumina substrate. Alumina substrate is of aluminum oxide (Al2O3)

having more than 99.6 % purity. It is available in the size 6.35 mm x 6.35 mm to 76.2 mm x 

76.2 mm with 0.635 mm thickness as shown in Fig 7.2.  

FIGURE 7.2 Kovar Plates & Alumina Substrate
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7.2.1 Substrate Failure 

Surface co-planarity is an important parameter to avoid cracks in the substrate [89]. The Carrier 

plate is constrained by the mounting screws during machining and the stresses produced in the 

Kovar material cause deformation or undulation. Moreover, The difference in the coefficient of 

thermal expansion (CTE) between Kovar and Alumina results in thermo-mechanical strains in 

substrates and carrier plates. The strain gradient may be associated with deformation sometimes, 

such as the warping of carrier plates during mechanical assembly.  During the assembly, the 

maximum shear stress occurs at the carrier plate edges. This stress transfers to the substrate 

contacting area, which ultimately gets transferred to the alumina substrate. This stress is tensile 

which leads to failure at the boundaries because of its weaker atomic bonding. Under such stress, 

surface energy increases with a rise in temperature which results in inherent flaws in the 

material. Following this the substrate may develop a hairline crack resulting in a failure of the 

circuit as shown in Fig 7.3[89-90].

FIGURE 7.3 Carrier Plate Assembly and Substrate Cracking [86]

This shows that even though the stress generated at every step of the operation is less, a 

noticeable increment in overall stress is observed at different stages of activities. A combined 

effect of this may prove to be very critical. That is why Stress minimization at the functional 

area is very necessary to prevent the substrate-cracking and an ultimate failure of MEP, which 

leads to heavy penalties in terms of package cost and mission delay.

Crack
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7.2.2 CNT-CFRP Carrier Plate

The indigenous development of CNT-CFRP carrier plates is a possible replacement option for 

standard Kovar-based carrier plates to reduce the mass by six times compared to the existing 

topology [90]. Moreover, Carbon nanotubes (CNTs) can be added to the polymer to improve 

thermal and electrical parameters and surface electroplating [8]. It is advantageous to use CNT-

CFRP composite MEP for interplanetary space missions where the mass is a critical design 

criterion without degrading the performance of the payload. Moreover, the cracking of the

substrate, which is observed due to the warpage in Kovar CP, can be avoided in CNT-CFRP 

CPs. There is a comparison given between Kovar and CNT-CFRP carrier plates in terms of 

stresses produced due to undulation using CAE simulation [91]. 

7.3 Finite Element Analysis (FEA)

The FEA is carried out on a 37.6 mm x 25.6 mm Carrier plate with alumina substrate as shown 

in Fig 7.4. For the construction of a 3D model Autodesk Inventor V.11 CAD software is used. 

This model is converted into STEP format and imported into Solid works 2018 for FE analysis. 

Solid Works is a high-performance finite element pre and post-processor software that allows 

building finite element and finite difference models, viewing their results and performing data 

analysis. CNT-CFRP composite is considered an anisotropic material. The meshing of each 

shell thickness is 0.25 mm and the angle is 0 and 90o alternatively as it is a bilateral directional 

fiber. Shell elements are taken at the lug and the middle functional area. The quad element, size 

1.6991 mm is considered for both materials. There are 1345 nodes and 614 elements.

FIGURE 7.4 Carrier Plate Model 
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7.3.1 Properties of Kovar and CNT-CFRP

The properties of Kovar and CNT-CFRP are taken for the analysis as per Table 7.1[92-93].

TABLE 7.1 Materials Property

Material Elastic 
Modulus (E) 
(N/mm2)

Mass 

(kg/m3)

Yield
Strength
(N/mm2)

CTE
(mm/mm/OC)

Kovar 140 x 103 0.3 8100 276 5.2 x 10-6

CNT-CFRP (Bilateral 
Direction)

80 x 103 0.28 1800 460 1 x 10-6

7.3.2 Frequency Modes

The natural frequency should be above 100 Hz to prevent resonance coupling with the spacecraft 

structure. Hence, the first fundamental frequency is very much important for any space 

component or package. Natural frequencies and their modes are shown in Table 7.2. & Fig. 7.5.

TABLE 7.2 Natural Frequency Mode

1st Mode 2nd mode

Frequency Hz
Mode

1st Mode 2nd Mode 3rd Mode 4th Mode

Kovar CP 4143 5656 8786 10452

CFRP CP 5533 7104 10738 12790
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3rd mode 4th Mode

FIGURE 7.5 Mode Shape of CNT-CFRP Carrier Plates

7.3.3 FE Analysis (CAE Tool)

Boundary Condition: Second order shell quad elements, constrain all four edges (fixed), 

Uniform load: Pressure force: 1 N/mm2, Plate size: 37.6 mm x 25.6 mm x 1.5 mm. (Fig. 7.6)

 

FIGURE 7.6 Displacement and Stress on CNT-CFRP plates

Computational Analysis shows the maximum Deflection at the center of rectangular plate:  2.15 

x 10-2 mm whereas Maximum Stress at the center of longest edge of rectangular plate:  117 

N/mm2
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7.4 Analysis by Classical Method

Rectangular plate with all edges built in condition & uniform distributed load is considering for 

the analysis. (same condition which consider for FE analysis given in previous para). Deflection 

& stress values under these conditions for rectangular plate are calculated. Equation (7.1) & 

(7.2) is considered for thin rectangular plate with uniform load & all edges fixed [94].

7.4.1 Deflection at the Centre

P = 1 N/mm2

Nmm

= 2.124 x 10-2 mm (max) at middle

7.4.2 Stress at the Centre of Longest Edge:
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M(y)= 0.0569 x P x min (Lx or Ly)2 =  37.30 N

= 100 N/mm2

7.5 Comparison of FE Results

Computational analysis and analysis by classical method are compared as shown in Table 7.3

in terms of deflection and stress for 1 N/mm2 load.

TABLE 7.3 Comparison of Analysis results

Rectangular plate 
By Analysis By Mathematical formula

Deflection in mm 2.15 X 10-2 2.124 x 10-2

Stress in N/mm2 117 100

FE analysis is carried out on a rectangular plate of 37.6 mm x 25.6 mm x 1.5 mm size with the 

same boundary condition and type of elements considered in FE Analysis of CP. The value 

obtain from the analysis is very close to the value obtained by the mathematical formula for a 

rectangular plate. Thus the types, size, order of elements and boundary condition assumed in FE 

analysis are validated for further analysis for carrier plate. 
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7.6 Stress with 0.1 mm Warpage on Carrier Plate

The warpage condition simulation is carried out by fixing three lugs and displacing one lug by 

0.1mm as shown in Fig. 7.7(a) and (b) for Kovar and CNT-CFRP CP respectively. 

           

FIGURE 7.7 Stresses (a) Kovar CP (b) CNT-CFRP CP

7.7 Observation  

Stress analysis is carried out for carrier plates (CP) of Kovar and CNT-CFRP. The stress induced 

in Kovar CP is 214 MPa, whereas 30.56 MPa in CNT-CFRP CP. This stress is induced when 

there is a warpage in CP of 0.1 mm at the lug. There is a drastic reduction in stress (more than 

85%) due to undulation in CNT-CFRP CP than that of Kovar CP. Fig. 7.8 shows the stress 

induced in the carrier plate of Kovar and CNT-CFRP at different warpage conditions and their 

comparison. 

FIGURE 7.8 Stress induced in Different Warpage Conditions

Warpage at one lug
Warpage at two same

side lugs
Warpage at two opposite

lugs

Stress in Kovar 214 57.78 219.5

Stress in CFRP 30.56 12.55 30.67

0
50

100
150
200
250

Stress Comparison
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The maximum deformation generated with 1N force at one lug in Kovar CP is 0.018 mm, 

whereas in CNT-CFRP CP is 0.08 mm for the same force at the same location. Hence, more 

deformation is produced in CNT-CFRP material than in Kovar material, which indicates that 

CNT-CFRP material gives more flexibility than Kovar material. 

7.8 CNT CFRP Carrier plate(CP)

-CFRP composite as per the drawing 

attached in Annexure A8. This composite carrier plate is electroplated for improving the 

properties of solder ability and corrosion resistance. The microwave integrated circuit is etched 

on the alumina substrate and is attached to CP with conductive epoxy as shown in Fig. 7.9. RF 

measurement is carried out for performance testing after each environmental test. Carrier plates 

have undergone all the following environmental tests. 

Humidity Test:  50° C RH 95% : 48 Hrs. 

Thermal cycle Test : 70 to 155 : 1000 Cycles

Thermo-vacuum Test : Temp. : -55°C to +105°C, Dwell time: 15 min, Vacuum: 1 x 10-

5 torr, Number of Cycles:  10 

After the above tests, no deviation or degradation in RF performance is observed. and these 

results are similar to Kovar CP. Figure 7.9 shows the measurement setup of RF of 750 Mz LPF 

carrier plate with a network analyzer and Fig. 7.10 shows the plots with Kovar carrier plate and 

CNT-CFRP carrier plate. 

FIGURE 7.9 RF measurement setup of CP
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FIGURE 7.10 Insertion Loss Plots for Kovar & CNT- CFRP CP

The insertion loss of CP of CNT-CFRP matches with the CP of Kovar material. Moreover, 

CNT-CFRP CP is six times lighter than Kovar CP. The structural analysis proves stress 

generated due to the undulation of the lug is also less than that of Kovar CP, so there is no 

possibility of cracking of the alumina substrate. RF measurement confirms that the functional 

aspects have not changed by replacing the traditional Kovar CP.      

This development has the potential to replace all the Kovar-based carrier plates presently 

employed in all frequency transponders and payload applications resulting in considerable 

weight reduction and improvement in electrical properties required for functional aspects.

7.9 Ka Band Reflector

Ka-band reflector antenna communicates with earth subsystems to the service module for audio-

video communication and backup for telemetry and telecommand. The typical specification of 

the Ka-Band reflector is shown in Table 7.4. A previous design was developed with CFRP, 

which is then metallized through the surface activation process and Pressure Vapour Deposition 

(PVD). There are certain limitations to this process. 

Electrical conductivity is achieved on the top surface only. 

There are always chances of detrition of the resin system during surface activation, 

which in turn results in the degradation of adhesion. 

It is seen that better adhesion is achieved in electroplating as compared to metallisation. 
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Improvement in the electrical conductivity of CFRP will enable the parent material itself 

to be electroplated and removes the additional and detrimental step of surface activation.

TABLE 7.4 Typical electrical specifications of Ka-band reflector

Sr.
No.

Parameters Unit Receive Transmit 

1 Frequency MHz 22550 - 23550 25250 27000

2 Operational Bandwidth MHz 50 50

3 Gain dBi 

4 Polarization - RHCP RHCP

5 Average Power Handling W - 4

6 Axial Ratio dB 

7 Return Loss dB 

8 Interface - WR-34

An Axially Displaced Ellipsoid (ADE) Reflector is chosen because of its high gain and 

geometrical compactness as compared to the Cassegrian antenna as shown in Fig 7.11. 

FIGURE 7.11   0.3M Reflector (CFRP) 

A mold of Invar-based material is used for providing the shape of a reflector. The reflector is 

made up of eight carbon fibers of 0.25 mm thickness each, making the total thickness of 2 mm. 

Test coupons are also made for process qualifications. Then it gets cured in the themo-vacuume 

chamber as shown in Fig 7.12. 
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FIGURE 7.12 Ka- Band reflector development

Then the reflector is assembled with Feed as in Figure 7.13

FIGURE 7.13 Reflector with Feed Assembly              

RF characterization of the assembly was carried out at Composite Antenna Test Facility, SAC. 

The results are found very much satisfactory and comparable with CFRP (non-metallized) 

reflector as in Table 7.5.
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TABLE 7.5 Gain Comparison of non-metallized CNT-CFRP and CFRP

Sr. No. Frequency (GHz)

Gain(dBi)

Non- metallized

CNT CFRP

Non-metallized

CFRP

1 22.55 35.80 35.61

2 22.67 35.79 35.60

3 23.00 36.26 35.83

4 23.55 36.45 36.27

5 25.25 36.30 36.40

6 25.55 36.43 36.78

7 26.07 36.91 36.53

8 26.55 37.32 36.94

9 27.00 37.37 37.57

For further improvement, the reflector is Silver Plated using electroplating. To ensure 

uniformity in the plating across the reflector test coupons are also subjected to an electroplating 

bath. Plating thickness measurements of these coupons are found to be uniform along the length. 

Also, the plating coverage are found satisfactory as shown in Fig 7.14.

FIGURE 7.14 CNT-CFRP reflector before & after Silver plating
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RF characterization test was repeated after Silver plating; Table 7.6 & Fig 7.15 shows the 

comparison of CNT CFRP and CFRP metallized reflectors.

TABLE 7.6 Peak Gain Comparison of CFRP and CNT-CFRP Reflector

Sr. No. Frequency (GHz) Metallized
CNT CFRP

Non-metallized
CFRP

1 22.55 36.41 36.10

2 22.67 36.38 36.40

3 23.00 36.89 36.80
4 23.55 37.03 36.89

5 25.25 36.89 37.15

6 25.55 37.01 37.64
7 26.07 37.42 37.70

8 26.55 37.84 38.21

9 27.00 38.02 38.26

FIGURE 7.15 Gain comparison plots of non-metallized and metallized CFRP and CNT-CFRP

35.50

36.00

36.50

37.00

37.50

38.00

38.50
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Gain Comparison Plot
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7.10 Conclusion

Stresses produced due to warpage (undulation) in one lug of CP can be reduced in CNT-CFRP 

material than that of Kovar. CNT-CFRP Carrier plates need to be provided with adequate 

stiffness to minimize the transfer of stresses from the lug of CP to the alumina substrate

contacting area. These techniques are useful to reduce the stresses at the functional area 

(Alumina substrate contact area) to help avoid the crack. The impact of this analysis is helpful 

to fabricate the CNT-CFRP composite as a carrier plate for space applications. Carrier plates 

with CNT-CFRP are developed and tested for environmental & functional test successfully. 

With the successful development of CNT-CFRP reflector, a new application domain has opened. 

This can replace CFRP material and remove the surface activation process completely. Along 

with reflectors & carrier plates, other components like waveguide assemblies, test boxes and 

passive subsystems can also be developed as future projects.

CNT-CFRP composites can be applied for Electro-Optical module in brackets of CCD, where 

thermal stability is essential with less mass and high strength property and RF components such 

as MUX, Filters and cavities and feed for space as well as ground segment. With the RF shielding 

effectiveness to protect against EMI/EMC effect, it can be used for low frequencies 

electromechanical boxes. 
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CHAPTER 8 

Lesson Learnt and Future Scope 

A lot of experience is gained during the development of CNT-CFRP 
composites. During the material-realization few deviations, challenges 
and problems were aroused. These challenges were successfully 
tackled to fabricate the CNT-CFRP composite. Several lessons were 
learnt during the process that are elaborated in this chapter. The 
information gained in the process is thus very useful for future research 
to avoid re-inventing the wheel. 

 

8.1   Background  
 

A lot of experience is gained during the process development phases like dispersion of CNTs, 

mixing of epoxy system solution, infusion the solution on carbon fabric, electroplating and 

reference for product realization.  

The low viscosity of epoxy is easy to disperse with CNTs. The uniform dispersion of CNTs on 

carbon fabric results in achieving a uniform distribution of epoxy by the infusion process. Low-

viscosity epoxy solution can flow and spread uniformly by capillary action. And ultimately, it 

enhances thermal and electrical conductivity uniformly throughout the surface area. Higher 

viscosity solution cannot spread on fabric even with suction pressure. A solvent however, can 
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reduce the viscosity and experiments are carried out to achieve low viscosity. Another 

experiment is carried using Prepreg material instead of carbon fabric. Prepreg is also a higher 

modulus carbon fabric and is self-adhesive. All the observations and experiences are recorded 

during process development, which may prove useful in the future research.  

8.2   Lesson Learnt  
 

Observations during development phase is as shown in Table 8.1,8.2 and 8.3 

TABLE 8.1 Observation 1 

 

 

 

 
 
 
 
 
 
 
 
 

FIGURE 8.1 Infusion process by suction pressure 
 

Observation  Epoxy resin does not flow and uniformly spread on the carbon fiber.  

Analysis  Epoxy resin's viscosity is 1000-1500 mPas. It increases when CNT is added 

to Epoxy. It is very difficult to infuse this solution into carbon fabric even 

with suction pressure. The epoxy cannot spread evenly as shown in Fig. 8.1 

Corrective 

Actions  

The viscosity of epoxy resin can be reduced by adding a specific amount of 

acetone. 

The viscosity of epoxy can be reduced by heating it up to a specific 

temperature and then the epoxy system has to apply quickly. 

Lesson 

Learnt  

Epoxy with low-viscosity (viscosity <200 mPas) is preferable for the 

infusion process. 



95 
 

TABLE 8.2 Observation 2 
 

 
 

 
 
 

FIGURE 8.2 Hardened Epoxy and Viscosity Measurement Cup  
 

Observation 2  Epoxy resin solution starts to get hard before spreading on carbon fibers.    

Analysis  

Epoxy resin is heated up to 90-95 C, to reduce its viscosity and uniformly 

mix it with CNTs. This process reduces the epoxy-CNT solution up to 100-

110 mPa. It is measured by BS4 cup as shown in Fig 8.2.  

But when the hardener is mixed and stirred, the solution starts to harden in 

the beaker itself.  

Corrective 

Actions  

When hardener is added to heated CNT-epoxy solution, an exothermic 

reaction begins and the solution starts hardening. So CNT-epoxy solution 

has to be cooled down at ambient temperature and only then a hardener shall 

be added. Moreover, the heating of the CNT-epoxy solution shall be up to 

40C.  

Lesson Learnt  
CNT-epoxy should never be heated at more than 40C to reduce its viscosity. 

It is better to add acetone instead..    
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TABLE 8.3 Observation 3 
 

 
 

 
 

FIGURE 8.3 Poor adhesion on Prepreg 

Observation 3  Poor adhesion of silver plating on Prepreg samples   

Analysis  CNTs are dispersed in acetone by ultra-sonication process and then the 

solution is directly spread on Prepreg, to make Prepreg surface electrically 

conductive. Samples are fabricated with CNT-Prepreg sheets and are silver-

plated. But silver plating peels off under tape peeling tests due to poor 

adhesion as shown in Fig. 8.3       

Prepreg is self-adhesive carbon fabric. Acetone on this fabric works as a 

scavenger on Prepreg's adhesive property. This leads to poor adhesion of 

CNTs on prepreg, resulting in poor conductivity and poor adhesion of silver 

plating. 

Corrective 

Actions  

CNT can be spread on Prepreg with the same adhesive used during its 

fabrication. This may achieve the uniform adhesion of CNT on Prepreg and 

enhance electrical conductivity to strengthen the adhesion of silver plating.  

More nanoparticles like silver, copper etc can be explored on Prepreg. 

Lesson Learnt  Acetone works like a scavenger for Prepreg. It cannot be used directly with 

CNTs.     
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8.3 Future Scope  

Numerous researches are being carried out on carbon allotropes like carbon nanotubes and 

graphene for the space industries. These filler materials can significantly change the properties 

of parent materials. 

 Researchers should explore the properties of other forms of CNT matrixes such as metal 

and ceramic for space applications. Even CNTs and thermal paint used in space can be 

explored for thermal balancing at the space craft level.  

 Low viscosity epoxies for CNT-CFRP can be explored further for quick and easy 

dispersion through the infusion process. Other conductive nanoparticles' embedment in 

polymers should be explored to achieve heat conduction properties. Optimization of the 

electroplating process on CNT-CFRP should be studied.   

 Existing CFRP materials (Carbon fibers 3K) have lower elastic modulus than that of 

CFRP with Prepreg. CFRP with Prepreg increases the stiffness drastically. Structural 

parts can be fabricated with Prepreg. The production methodology of conductive 

Prepreg can be explored for in-house fabrication. This may reduce the dependency on 

the vendor for Prepreg material and have it readily available for R & D and fabrication 

of space payload components to meet the project schedule.  
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