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3. Abstract 

Thermoplastic materials are replacing thermoset and metal counterparts in many application 

areas, including medical, automotive, and aerospace. Thermoplastic parts can be 

thermoformed, recycled and welded and for this reason, are very attractive for industrial and 

commercial applications. New joining methods are increasing the complexity of 

manufacturable components while lowering costs. In comparison to fastening or adhesive 

bonding, which require additional pre-processing steps and might suffer from poor mechanical 

performance and physical compatibility, welding is a less expensive, faster, and more reliable 

process with mechanical properties comparable to the native (or pristine) material. The growing 

industry requirements towards more efficient solutions necessitate welding processes that are 

quick, versatile and with a high process and in-use performance. 

To meet such requirements, many welding techniques have been developed and investigated 

over the years, however, among them, Transmission Laser Welding (TLW) for unreinforced 

plastics and Resistance Welding for reinforced polymers are receiving higher and higher 

attention from many sectors, especially aerospace. While they offer great advantages over other 

technologies, the high cost, the slow set-up time, and the poor in-use performance of existing 

Laser Welding technology, as well as the thermal, electrical, physical, and geometrical 

limitations of Resistance Welding, continue to fall short of current technological needs. As an 

outcome of this work, alternative methods to overcome such limitations were investigated and 

discussed. The main limitation for TLW is the adoption of traditional laser absorbers that, 

placed at the interface, converts the laser beam into heat. Traditional absorbers, not only require 

a long and costly part preparation as they need to be compounded/applied on the welding 
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surface but also necessitate the use of specific laser wavelengths (specific laser sources) and a 

carefully controlled processing temperature to avoid part degradation.  

In this project, an alternative absorber, consisting of a highly aligned carbon nanotube web 

(CNT-web) was investigated to overcome the mentioned drawbacks and meet higher industry 

expectations. The potentials, advantages and limitations when using the CNT-web as a laser 

absorbent were demonstrated by preparing, analysing, welding and testing thermoplastic 

Polyethylene terephthalate glycol (PETG) coupons. The web, consisting of an ultrathin film of 

carbon nanotubes, was directly laid on the welding surface without additional treatments. As a 

consequence, the compounding/application steps were fully eliminated thus proving a potential 

time reduction in part preparation. Optical properties were also investigated and it was found 

that the web provides a constant optical absorbance throughout a wide range of wavelengths, 

which in turn, allows for unique process flexibility as different laser sources can be used to 

weld the parts.  An excellent joint appearance, using the web, was also achieved. It was shown 

that a transparency value as high as   83% can be achieved after welding. While similar 

absorbers, which can be made transparent after welding, need careful temperature control 

during compounding/processing to avoid thermal degradation, the CNT web offers much 

greater temperature resistance, hence allowing for easier process control. Mechanical 

performance was finally examined. It was found that the use of the CNT-web, under optimized 

conditions, leads to a shear strength value of 23 MPa which is in line with or superior to other 

reported studies.  

For composite parts, Resistance Welding uses a heating element placed in between the parts 

with the aim of melting the mating surfaces. Up to now, only metal mesh, or in some cases 

carbon fibre, has been used to carry electrical power at the interface and convert electrical 

current into heat through the Joule effect. The use of these heating elements, however, leads to 

low in-use performance as they add weight to the joint, can promote galvanic corrosion and 
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affect mechanical performance. The use of a CNT-web, used here as a heating element, was 

demonstrated in this work as an alternative candidate to address some of the shortcomings of 

the Resistance Welding method and offer higher performance. The web, as fabricated in this 

work, is resistant to corrosion, of negligible weight, ultra-thin and highly compatible with the 

polymeric parts. Testing coupons made of Polyether Ether Ketone (PEEK) polymer and tested 

under tensile stress, demonstrated a 95% welding efficiency, compared to pristine material. A 

high mechanical performance was also found for composite parts. A shear strength of around 

30 MPa and 24 MPa was found when welding carbon fibre-reinforced Polyether Ketone Ketone 

(PEKK) and Polyphenylene sulfide (PPS) respectively.  It was also found that the load content 

of the web has a minimum impact on mechanical performance when used at reasonable 

loadings. Also, the welding process itself was demonstrated to take advantage of the use of the 

CNT-web heating element. While traditional heating elements require the use of high-pressure 

clamps at the electrical connection to avoid high contact resistance and uneven temperature 

distribution, the web, as fabricated in this work, does not require the use of additional devices 

and shows a uniform thermal distribution with low contact resistance at the electrodes. 

While this work has demonstrated many potential advantages when using the CNT-web as an 

alternative solution, including, a faster, more flexible, and in line with state-of-art performance 

process for Transmission Laser Welding, and, a more lightweight, corrosion-resistant, and 

highly performing heating element for Resistance Welding, further investigation is still 

necessary. Additional polymer combinations need to be investigated in TLW to assess the 

behaviour of the web under different conditions. Also, as the optical properties of the web are 

highly dependent on its fabrication process, a highly precise manufacturing procedure is 

required.  For RW,  the high electrical resistance of the web is the main limiting factor as more 

powerful power suppliers are required to scale up the technology. Additionally, the fragile 
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nature of the web is to be considered as it is easily disturbed when high consolidation pressure 

is applied.
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Chapter 1 

1. Introduction 

1.1. Background  

Thermoplastic polymer materials are replacing conventional thermoset materials in a wide 

range of applications, including medical devices, land transportation, aerospace, and marine 

structures. The thermoplastics are used either in the pure form or as fibre-reinforced composites 

that provide superior strength- and stiffness-to-weight ratios when compared to metals. This 

can lead to benefits such as reducing weight, increasing payload capacity, increasing 

operational range, and enhancing the mechanical performance of structures. Advanced 

thermoplastic composites offer several advantages over thermoset composites. Thermoplastic 

composites have high damage tolerance, excellent corrosion and solvent resistance, high 

fracture toughness, high impact resistance, good fatigue resistance, low storage cost, and the 

raw material has infinite shelf life [1]. Thermoplastic materials are re-processable, repairable, 

and reformable, which contributes to easing fabrication and reducing costs. Moreover, 

thermoplastics can be injection moulded or pressure deformed to produce complex shapes and 

then cooled to demould temperatures in less time than generally required by thermoset 

composites, which have relatively lengthy manufacturing times due to the slow cure kinetics 

and critical thermal cure profiles of thermoset resin [1,2].  

A disadvantage of thermoplastics compared with thermosets is that higher temperatures and 

forming pressure are required for the production of parts. High temperatures and pressures can 

limit the use of thermoplastic parts and raise manufacturing costs. However, integration can be 

greatly improved through the development of rapid, reliable and cost-effective joining and 

assembly techniques.  
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Fusion bonding of thermoplastic composites, which entails the melting of mating parts at their 

mutual interface and their solidification under pressure as one single component, has the 

potential to reduce overall production costs and improve performance and will replace 

conventional joining and assembly methods such as mechanical fastenings and adhesive 

bonding, where practical. Fasteners, which are currently widely used in the assembly of aircraft 

made with metal and thermoset composites, are responsible for 19 to 42 per cent of the final 

aircraft cost [1]. Moreover, fastening can promote stress concentration, galvanic corrosion, 

stress and distortion due to a mismatch of thermal expansion coefficient, and damage of 

reinforcing fibres caused by drilling. The Defense and Space Group of Boeing conducted a cost 

comparison study and reported that fusion bonding (welding) instead of fastening a composite 

wing structure could result in labour savings of more than 61 per cent [1]. Adhesive bonding 

of thermoplastic parts is problematic as few adhesives produce a join matching the native 

strength of the polymer.  

 

Fusion-bonding techniques may be classified according to the heat generation mechanism into 

(i)  friction welding; (ii) electromagnetic welding; and (iii) heat transfer welding [1] (Figure 

1-1). 

 

 



Chapter 1 - Introduction 

28 

 

 

Figure 1-1-  Fusion bonding techniques 

Friction welding, including stir, vibration and spin welding, is suitable to weld un-reinforced 

and, in some cases, reinforced thermoplastic parts. It provides good weld quality with heating 

only at the friction interface, hence resulting in a narrow ‘Heat Affected Zone’ (HAZ) of 

material closest to the join and minimal loss of overall material properties. Also, some of the 

friction methods, such as stir or ultrasonic welding can be robotized to execute continuous part 

welding. However, these methods still hold limited flexibility due to geometrical constraints 

as parts must be rotated (and hence have cylindrical flat or conical form ends) or vibrated (and 
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hence be flat), or have a matching interface that can be tracked with a friction-stir tool. 

Additionally, the cost of equipment is high.  

Electromagnetic radiation (EMR) methods, including induction, microwave and dielectric 

methods as well as laser and infrared, are highly robotizable methods, however, more 

expensive compared to other solutions. 

 Induction and dielectric welding (Figure 1-2) entail the use of a coil energised with a high-

frequency alternating voltage to induce eddy currents in a conductive substrate or the 

radiofrequency for dielectric polymers having a dipole structure. It is non-contact and can be 

used to join large components as the coil can be moved along the bond [3].  

As a disadvantage, if the material is non-conductive, a conductive ‘susceptor’ must be used 

and is thus trapped between the parts, which introduces risks of incompatibility. In the case 

where the part is conductive or has a dipole, induction and dielectric welding will tend to heat 

the whole volume and hence create a wide HAZ that can negatively affect the overall material 

properties. For this reason, using this method is difficult to weld thick parts or smaller features 

where a uniform temperature is required, and it is problematic to weld unidirectional CFRTP 

where eddy currents do not cross the fibres effectively.  

 

Figure 1-2 – Induction welding setup [4]  
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Laser is highly directional and can be extremely intense, offering shorter processing time, 

excellent heat localization, consistent quality and repeatability [1]. The laser beam hits the 

interface to weld by first passing through the upper part, which is transparent to the laser 

wavelength and is then turned into heat by an absorber (pigment or a dye) which can be applied 

to the whole volume of the lower part (Figure 1-3) or only at the interface. This technology 

represents a great solution to weld a wide range of polymeric parts, however, it is very difficult 

to weld fully non-transparent parts or reinforced composites and it is affected by long part 

preparation and high cost as expensive and long treatment need to be used before welding the 

components. 

 

Figure 1-3 -  Conventional transmission Laser Welding setup  

 

Heat Transfer technologies, such as hot tool, gas or extrusion welding, by analogy with oxy-

acetylene and arc welding in metal forming, are ‘contact’ methods and are suitable for welding 

larger parts in any thermoplastic material or composite. However, it is often difficult to control 

and avoid deconsolidation and warpage as big portion of the material melts [1].  

Resistance Welding (Figure 1-4) is also a Heat Transfer technology.  The technique uses a 

conductive susceptor or heating element, usually made of metal mesh or carbon fibre, within 

or between the closely mating surfaces to be joined.  Electrical contact with, and Joule heating 

of the heating element, together with appropriate consolidation pressure promotes melting and 
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interdiffusion and hence bonding of the surfaces, thereby permanently trapping the susceptor. 

As this method heats only the interface to be joined, the energy requirement is minimized; the 

size, thickness and shape of the parts are of minor effect; and the HAZ is narrow so bulk 

material changes are not a problem.   

 

Figure 1-4 - Resistance Welding setup [5]  

1.2. Project aim 

Industrial welding technologies endeavour to provide solutions that are flexible, quick, easily 

robotized, and with a great process and in-use performance, while still maintaining low cost 

and a rapid setup time. This is true for both reinforced and un-reinforced polymeric materials. 

Some of these characteristics are addressed by state-of-the-art technologies but further research 

is required due to the growing demand for thermoplastic part assembly. 

The ultimate aim of this work was to examine alternative methods to more effectively meet 

industry expectations thus contributing to incorporating and developing approaches to improve 

performance, reduce costs, speed up processes, and increase process versatility. 

 

To bond polymeric parts, among all solutions, Transmission Laser Welding, which uses an 

absorber between parts to turn laser into heat, is the ideal technology to weld many types of 

polymers in an extremely fast and reliable way. TLW, apart from providing low processing 
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time and being versatile, is highly robotizable and efficient, however,  it suffers from a slow 

setup time, due to the lengthy and specialized preparation, and implicates high costs, especially 

when fully transparent parts need to be welded and consequently, special absorbers necessary. 

In fact, current TLW absorbers for transparent parts not only are expensive but work only with 

a selected group of polymers and laser sources, thus restricting the range of weldable 

thermoplastics and laser machines that may be used. Additionally, the preparation and welding 

phases necessitate extra caution to avoid uneven energy absorption during welding or/and 

absorber degradation under out-of-control temperatures. 

 

For composite parts, resistance welding offers an extremely low-cost and flexible solution 

which, compared to other composite welding methods such as induction or ultrasonic welding, 

can be theoretically applied to many types of thermoplastic with no geometrical limitation.  

Moreover, this technology can be easily robotized. This makes this technology ideal to weld 

composite parts, however, RW suffers from poor in-use performance since the traditional metal 

mesh or carbon fibre heating elements employed for welding become permanently trapped in 

the joint and hence influence the material properties in that zone. The extra weight, thermal 

expansion, corrosion sensitivity and surface chemistry of metal meshes, compared with the 

polymer matrix, introduce often unacceptable risks of joint failure. Whilst carbon fibre 

elements are more compatible, the practical difficulties of insertion, connection and 

energization make this material a challenge to use, and limit its application.  

 

Thus, the aim of this project translated into developing and investigating possible solutions to 

overcome the limitation of TLW and RW, thus reducing processing time and preparation cost 

as well as improving the in-use performance, and increasing the weldability range.  
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In this sense, a different absorber for TLW, based on a special carbon nanotube structure 

(carbon nanotube web – CNT-web), was investigated in this work of thesis to understand the 

impact on process efficiency with particular focus on the preparation time, in-use performance, 

process flexibility and costs. The carbon nanotube (CNT) is an ideal absorber in that it is ‘black’ 

or almost uniformly absorbent over an extreme range of wavelengths from far IR to extreme 

UV, and is or can be rendered compatible with virtually all polymer systems. It thus enables 

any laser system to be used with any polymer transparent to a laser wavelength. Moreover, the 

CNT-web is produced as a dry solid thin film which allows for quick preparation time as the 

film needs just to be laid on the surface to weld rather than being compounded or uniformly 

sprayed on the surface. 

 

 For Resistance welding, a CNT web heating element is also proposed and investigated to 

replace conventional metal mesh. The CNT web’s low sensitivity to corrosion, low weight and 

high polymer compatibility make this materaisl  the right candidate to improve the performance 

of current RW solutions. 

 

The specific properties of carbon nanotube, such as optical absorption, thermal and electrical 

properties, mechanical strength, size, polymer compatibility, corrosion sensitivity, porosity, 

and relatively low production cost make this material of great potential for the joining of 

pristine and composite thermoplastics in aerospace and other demanding applications.  

Carbon nanotube (CNT) comprises single or concentric multiple cylinders (also termed walls 

or shells) of graphene or single-atom thick hexagonally bonded carbon. Single-wall CNT is 

typically around 1 nm in diameter whilst CNT with around 3 to 8 walls is from 3 to 10 nm.  

CNT is synthesised by vaporisation and condensation of carbon, with or without a metal 



Chapter 1 - Introduction 

34 

 

catalyst present, using either a laser or arc discharge; or by thermolytic chemical vapour 

deposition (CVD) of a hydrocarbon usually on a transition metal catalyst.   

When grown at high density on a smooth surface, CNT forms a ‘lawn’ or ‘forest’ of parallel 

aligned fibres. One uniquely useful product of this mode of synthesis is ‘Directly Spinnable 

Carbon Nanotube’ (dsCNT) which has the characteristic that when drawing the frontmost rank 

of CNT fibres horizontally away from the forest, each contiguous rank is attached and drawn 

away in turn, with the CNT of each rank re-orienting from the vertical to the horizontal in the 

direction of draw. This produces a porous ‘web’ of CNT, (each CNT fibre of which is only 7 

to 10 nm in diameter and 100 to 500 μm long) that is as wide as the forest (typically 10 to 150 

mm) and can continue to lengthen until the forest is exhausted, typically producing 3 m of web 

for each cm of forest length. The CNT-web is typically around 20 µm as drawn but will densify 

to a thickness of about 50 nm.  

As the CNT is highly aligned, anisotropic, and so thin and highly porous that the web is 

extremely flexible and conformable. 

1.3. Project approach and objectives 

To achieve the project’s aim and develop new opportunities for thermoplastic and 

thermoplastic composite welding, the main focus of this study was to investigate the use and 

implementation of CNT-web in Transmission Laser and Resistance Welding.  

 

The approach adopted to investigate the two technologies followed a similar pattern where the 

study, starting from simpler cases, deepened further into the analysis of the two technologies. 

For TLW only one polymer (Polyethylene terephthalate glycol - PETG) was investigated in 

order to simplify the welding process but, at the same time, give more space to the analysis of 
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CNT-web production, deposition procedure, optical characterization, welding parameter 

analysis and mechanical performance.  

 

Regarding Resistance welding, different polymeric materials were investigated namely 

Polyether ether ketone (PEEK), Polyether ketone ketone (PEKK) and Polyphenylene sulphide 

(PPS) and studies were reported in different chapters. This approach, also influenced by 

material availability, was used to demonstrate that the method is not only suitable for different 

thermoplastic materials but is capable to weld high-performance thermoplastics such as the 

mentioned ones which are widely used in the aeronautic sector. Because of the challenging 

physical properties such as melting temperature, viscosity or, crystallization kinetic, these 

materials represent an ideal scenario for a real proof of concept.  

As a starting point, pristine un-reinforce PEEK was first investigated. The absence of 

reinforcement, which typically represents a complication due to the more complex mechanisms 

governing heat exchange, electrical conductivity and mechanical performance, simplified the 

study and provided room for the investigation of the heating element manufacturing, its 

characterization and the performance analysis at different welding conditions. For each 

material system, a slight readaptation of the heating element manufacturing was performed to 

address for the presence of the fibres, in the case of PEKK and PPS, or to explore different 

heating element configurations.   

Process analysis performed through thermal, electrical and mechanical characterization tests 

under different welding conditions, was implemented for all material systems, however, RW 

using carbon fibre CF/PEKK focused more on the electrical properties of the CNT-web heating 

element and its behaviour when in contact with the welding parts. Particular focus was given 

to the understanding of electrical leakage in conductive materials. The investigation using 

reinforced CF/PPS converged more on the electro-thermal characterization of the heating 
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element, with particular attention to the ability of self-monitoring weld quality, the effect of 

different CNT-web layup on the mechanical performance of the components, and the 

robustness of the web to withstand tougher welding conditions. 

 

The main objectives of this work were as follows:  

• To investigate the current state-of-art in order to find out what are the current 

limitations in Transmission Laser Welding and Resistance Welding and what is 

restricting such methods from a faster, more performing and flexible process. 

• To examine the optical, electrical and thermal properties of the CNT-web and 

differentiate it from traditional materials used in TLW and RW.  

• To investigate how the use of CNT-web can improve TLW and RW of neat and 

composite thermoplastics and investigate the impact of its use in terms of 

performance and efficiency. 

• Finally, to understand what the main limitations of such an approach are and 

suggest insights for future work 

 

1.4. Thesis outline 

The thesis begins with an introductory Chapter, which introduces the background, project aims 

and objectives, significance and novelty of the project. 

The literature review is presented in Chapter 2, with an introduction to the welding techniques. 

In section 2.2, the literature on Laser Welding is discussed and the different techniques are 

presented together with the shortcomings of current absorbing materials.  In section 2.3 the 

Resistance Welding technique is introduced and existing or proposed metal mesh, carbon fibre 

and carbon nanotube heating elements are presented, compared and discussed.   
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Section 2.4 contains a description of carbon nanotube and the various production methods to 

fabricate single and multi-walled CNT. Special attention is devoted to the chemical vapour 

deposition process and the production of carbon nanotube web in sections 2.4.2 and 2.4.3. 

 

Chapter 3 presents the study into the Laser Welding of unreinforced transparent thermoplastic 

parts using CNT-web . In section 3.2 the materials and the methods used are discussed with 

particular emphasis on i) the production and then the application of CNT-web to the surface of 

the test coupons, ii) the welding parameters chosen for the test, and iii) the characterization 

method used for the assessment of optical properties of the CNT-web. 

In particular, in section 3.2.3 an optical method is described that uses photographs of samples 

subjected to linearly and circularly polarized light to investigate the transparency/transmittance 

of carbon nanotube web under different conditions. In section 3.3 the results in terms of optical 

properties and process parameters and their effect on mechanical performance are examined. 

Carbon nanotube web transparency under linearly or circularly polarized light was assessed in 

samples bearing 1 or 2 CNT-web layers and before and after welding (section 3.3.1). In sections 

3.3.2 and 3.3.3, the effects of the energy density on the heat-affected zone (HAZ) and 

mechanical performance of single-lap shear specimens are presented and conclusions are 

summarised in section 3.4. 

 

In Chapters 4,5 and 6 Resistance welding is presented to discuss the welding of different 

material systems.  

In Chapter 4 the Resistance Welding of unreinforced thermoplastic PEEK parts using CNT-

web is presented. Section 4.2 introduces the i) production of the CNT heating elements using 

PEEK polymer film, ii) the electrical characterization of the elements, iii) the fabrication of 

PEEK tensile coupons for welding tests and iv) the welding process setup. Finally, temperature 
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observations during welding together with a discussion on the mechanical performance of 

specimens welded under a different set of parameters and visual/optical analysis are described 

in section 4.4. 

 

In Chapter 5 the Resistance Welding of carbon fibre reinforced PEKK using CNT-web is 

presented. In section 5.2 the materials and methods are presented. The production of two types 

of the heating element made of 10 layers of carbon nanotube web and either PEKK polymer 

film; or PEKK film plus glass fibre fabric, is presented in section 5.2.1 together with the 

fabrication of composite specimens made from quasi-isotropic laminates made of carbon fibre 

and PEKK matrix or CF/PEKK covered with one ply of glass fibre. In section 5.2.2 the 

electrical and electro-thermal properties of the heating elements are discussed. The thermal 

characterization and behaviour of the heating elements during welding is discussed in section 

5.2.3. The welding process parameters such as type of electrical delivery, pressure, time and 

power are discussed in section 5.2.4 while the leakage effect, which happens when a conductive 

heating element comes  into direct contact with conductive parts, and the possible solutions 

such as polymer or glass fibre insulation are discussed in section 5.2.5. Finally, the results for 

the shear strength of specimens joined under different welding parameters and for the different 

combination of heating element and laminates is presented in section 5.3. In the same section 

the effect of power on the HAZ, on the outline of a processing window that considers 

mechanical performance and geometrical stability, and the analysis of the fractured surface are 

explained. 

 

In Chapter 6, Resistance Welding of carbon fibre reinforced PPS using CNT-web is presented. 

For this material system the production of the heating element and its characterization, and 

welding setup are explained in section 6.2. A method that exploits the electro-thermal 
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properties of the heating element to indirectly measure the welding temperature at the interface 

of the welding samples is described in section 6.2.4. The results are then given in section 6.3. 

Single lap shear test results for samples welded using heating elements made of 10 layers of 

CNT-web, under a consolidation pressure of only 0.05 MPa and at different levels of power 

and time are reported in section 6.3.1. In the same section, the effect of the number of CNT-

web layers on the mechanical performance of the joint is also assessed and reported. Finally, 

the effect of the welding pressure on the welding process is discussed in detail in section 6.3.2. 

 

Discussion and Conclusions, as well as recommendations for future work, are reported in 

chapters 7 and 8, respectively. 
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Chapter 2 

2. Literature review 

2.1. Welding of thermoplastics  

Fusion bonding or welding of thermoplastics consists of the stages of surface preparation (if 

necessary); heating the polymer at the interface to a viscous fluid state; bringing the mating 

surfaces together under pressure to allow the polymer chains to inter-diffuse; and maintaining 

the position and pressure while cooling the polymer to a sufficiently strong and stable 

‘demould’ temperature. Weld bonding of polymers is indispensable in manufacturing, and the 

introduction of new techniques has extended the range of weldable structures and materials. 

Usually, the quality of the welded parts is comparable to the quality of autoclave consolidated 

or compression-moulded parts. An ideal welding technique should be applicable to various 

joint configurations over small and large bonding areas, adaptable to automation, capable of 

on-line inspection, and provide reproducible, strong, and reliable joints with minimum surface 

preparation and cost. Since none of the joining techniques can be applied to all kinds of 

components and materials, the practical ideal is if a small number of complementary joining 

techniques can be defined to cover a broad range of applications. 

In this thesis, Laser Welding, for neat thermoplastic, and Resistance Welding, for reinforced 

or composite thermoplastic, were investigated. This chapter shows the current developments 

in both technologies highlighting the advantages of using carbon nanotube web to overcome 

the shortcomings in current methods and, in the last section, explains the origin and synthesis 

of CNT-web. 
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2.2. Laser Welding 

Compared with many common methods, the application of lasers to polymer welding offers 

several advantages and opportunities such as shorter processing time and excellent heat 

localization, with consistent quality and repeatability [6]. Moreover, the technique is 

contactless and generates a minimal heat-affected zone (HAZ) or residual thermal stress in the 

part [6].  

In Laser Transmission Welding (LTW), which is the most common Laser Welding technique, 

the laser beam passes through the first component, which must be transparent or semi-

transparent to the laser wavelength, and then is absorbed and converted to heat at or very near 

the interface between the parts (Figure 2-1). 

 

Figure 2-1- Transmission Laser Welding[7] 

 

There are three main strategies to convert the laser beam energy into heat at the interface:  

• Lower Part Absorption: The upper part is transparent to the laser wavelength while the 

lower part is opaque, being compounded with appropriate absorbing additives (dyes or 

pigments). In this case, the laser beam passes through the upper part, to the surface of 

the lower part where it is converted into heat [6,8,9] (Figure 2-2a). The heat, then, is 

conducted to the interface and upper part;  
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• Interface Absorption: Both components are transparent but one or both surfaces at the 

interface bears an absorbing layer. This converts the laser energy into heat which is then 

delivered to the parts by thermal conduction (Figure 2-2b);  

• Bulk Absorption: If the parts are of a polymer that partially absorbs the radiation, a 

laser of the appropriate wavelength can be used, without additional dyes or absorbers 

[10], and the heat is generated in the bulk material with some localization at the 

interface achieved with focussing [11] (Figure 2-2c). 

 

 

Figure 2-2 -Welding strategies where a) the lower part is compounded with absorbing additives, b) an absorbing 

layer is sandwiched between two transparent parts and c) the laser beam is directly absorbed by the parts at 

particular wavelengths.  

 

The bulk absorption technique (Figure 2-3), achieves Laser Welding despite the absence of 

added absorbers. 

Common thermoplastics show high transmittance in the wavelength range of conventional 

beam sources used in polymer welding (800-1100 nm), however, at certain wavelengths they 

can show high absorption. For example, polycarbonate absorbs only around 10% of laser 

radiation in the range of 400 - 1500 nm but near 1700 nm absorbs 70% [10].  New diode lasers 

provide a broad variety of wavelengths which allows them to utilise the intrinsic absorption 

bands of thermoplastics. The use of the appropriate wavelength in combination with special 

optics enables Laser Welding of two optically identical polymer parts without added absorbers.  
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Figure 2-3 - Bulk absorption technique 

 

This method can be used in a large number of applications primarily in the medical and food 

industry, where the use of absorbers usually entails costly and time-consuming authorization 

processes. However, the bulk absorption process results in a wide HAZ, is limited by the 

availability of suitable laser sources, the variety of polymers that would require different 

wavelengths and the cost of the equipment. 

For this reason, the lower part absorption process (Figure 2-4) is the most common process, 

where the bottom part to be joined needs to be compounded with a light-absorbing additive 

such as carbon black, which absorbs light almost equally well at wavelengths from 300 nm to 

2500 nm [12].  

 

Figure 2-4 - Lower part absorption configuration 
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Carbon black is also the most common absorber due to its relatively low cost and its outstanding 

absorption properties. This method was, for example, studied in polycarbonate [13], however, 

the depth and efficiency of heating are very dependent on absorbent loading. Other polymers, 

such as acrylic [6] with 0.2% and polypropylene with 0.1% and 0.3% [14] carbon black have 

also been studied. Results showed that low loadings cause more heating to occur in the body 

of the absorbing part rather than at the interface, and any variation in loading uniformity results 

in uneven heating or poor heat transfer to the transparent part [14]. It was found that higher 

absorber loading needs to be used for an efficient weld. For example, a 2% carbon black in 

polypropylene produces effective heating at the interface [15],[16] and facilitates the modelling 

and study of process parameters such as laser energy and exposure time.  

Carbon nanotube (CNT), which exhibits extremely efficient absorption of light at all 

wavelengths [17], can be used instead of carbon black in polymers for LTW. For example, in 

ABS [18] and in polypropylene [19] where it was tested in conjunction with dispersed Fe2O3 

and heating using a Nd:YAG laser at 532 nm. However, uniform dispersion of sufficient CNTs 

in a polymer can be very difficult due to viscosity and clumping problems. Also, as for the 

carbon black, the compounding with polymer results in a dark or black colouring for one part 

of the joined end product, and an appearance that may not be acceptable. 

Whereas carbon black and CNT-loaded polymers remain opaque black after welding, dispersed 

transparent strongly absorbing fluorescent dyes such as those based on squaraine [8] have also 

been demonstrated. Although initially highly coloured, the dyes can be permanently bleached 

with heat or UV light after welding. This novel approach presents some technical difficulties 

as the dye starts to degrade at a temperature of 150 ℃ so the dye dispersion process must be 

carefully controlled to avoid excessive temperatures. The dyes themselves are complex and 

expensive to produce and require lasers of particular wavelengths e.g. 623-670 nm [1].  

Commercially available Lumogen IR ® products based on the more thermally stable and nearly 
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colourless but strongly IR absorbing rylene [20] molecular structure are now available. These 

products require a laser at around 800 nm but have limited suitability for PP and PE polymers. 

The use of dispersed dyes and pigments for LTW means that two different polymer 

compositions – the absorbing material and the transmitting material – must be prepared, 

significantly increasing processing costs. The dye itself, which may be very expensive 

compared with the polymer, must nevertheless be dispersed uniformly throughout the 

absorbing batch at a relatively high concentration to achieve efficient heating near the interface 

even though only the absorber material nearest that interface is used for welding.  

A much more efficient way is  to apply an absorber at the interface only (Figure 2-5), which 

ensures that heating is concentrated and symmetrically distributed.  

 

Figure 2-5 - Interface application setup 

 

A series of almost colourless IR absorbing dyes were developed around 2007 by Clearweld ® 

and required a spraying processes of solutions in organic solvents prior to joining. Using this 

method, the welding would not need the compounding step with the polymer, however, it 

requires uniform application of the dye. This type of absorber, as for the compounded one, is 

sensitive to temperature, making the welding window narrow, has limited compatibility with 

many other polymers and requires a laser of the appropriate wavelength (from 940 nm to 1100 

nm depending on the product). The dyes however do not appear to be available any longer.  
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The current literature review reveals that existing absorbers suffer from many limitations. 

Whether the appearance of the parts is compromised because of the dark pigments, thus 

reducing the in-use performance of the method, or the compatibility with the laser or the 

polymer is limited, thus restricting the flexibility of the method, or the preparation process is 

slowed down because of the lengthy and complex preparation required to compound/apply the 

the absorbers, or yet because of the sensitivity of the absorber to temperature, current absorbers 

have many shortcomings.  

As we have seen, randomly dispersed CNTs have been investigated in the compound with 

different polymers, however, the CNT-web, including its deposition, optical properties under 

different lights, mechanical performances, or efficiency under different welding conditions 

have never been investigated for TLW. The extremely low thickness of the web (50 nm) [21],  

results in an almost transparent layer which makes the weld seamless. The stability and polymer 

compatibility and exceptional absorption characteristics of CNT-web over an extreme range of 

wavelengths make this the most attractive approach for TLW of thermoplastics due to the high 

flexibility that it offers. The CNT-web is an easy-to-handle dry layer which can directly be 

applied onto the surface to weld thus saving a substantial amount of time in process preparation.  

Finally, as for the randomly dispersed CNTs, the web has great temperature stability which 

allows for a wider welding window. 

2.3. Resistance Welding 

Resistance Welding (Figure 2-6) has been adopted for reinforced thermoplastic components, 

especially in the aerospace sector where high specification thermoplastic matrixes such as 

PEKK, PEEK or PPS have been combined with glass or carbon fibre [1,3,22–36]. Resistance 

Welding is a very simple technique, wherein a conductive susceptor or heating element is 
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inserted at or between the mating surfaces to be joined. Joule heating, together with appropriate 

consolidation pressure, results in melting and polymer interdiffusion and hence bonding of the 

surfaces, thereby permanently trapping the susceptor.  

 

Figure 2-6 - Resistance Welding setup 

Many of the disadvantages of other thermal bonding methods can be avoided with Resistance 

Welding which suits a broad variety of thermoplastic materials [30]. As this method heats only 

the interface to be joined, the energy requirement is minimized; the size, thickness and shape 

of the parts are of minor effect; a narrow HAZ is produced and bulk material changes do not 

occur. The main challenges are ensuring temperature uniformity within the weld region [37] 

and preventing current leakage from the element when joining conductive substrates 

[29,31,37–39]. Consolidation pressure is also a critical parameter to consider, especially when 

large surfaces need to be welded [40]. Several studies report the use of consolidation pressures 

in the range from 0.15 - 0.20 MPa [31,41,42] up to 1 MPa [38,43–45] so when welding large 

parts, powerful tools need to be used. 

Different types of Resistance Welding heating elements have been investigated [39,46–50]. 

These mainly consist of metal mesh [38,39,41,43,45,51,52] or carbon fibre (CF) material 

systems (either CF fabrics or CF ‘Organo Sheets’  - CFRTP film preforms) [31,42]. 
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Metal mesh is relatively easy to use in RW and offers a reliable welding process and consistent 

weld quality. Additionally, resistance welding using the metal mesh has been investigated to 

perform continuous welding [53], thus creating the opportunity to scale up the technology and 

meet higher industrial expectations, and to self-monitoring welding processes by using 

electrical signals coming from the heating element[47].  As a drawback, the mesh is relatively 

heavy, can be affected by or promote corrosion, and, because of its different surface chemistry 

and physical properties compared to the composite fibres and matrixes (e.g. stiffness, thermal 

conductivity and expansion), can ensue residual stress thus promoting cracks at the interface 

[44,45]. During welding, high pressure devices need to be used not only to clamp the electrodes 

and avoid high electrical contact resistance [29,31,38,52], but also to consolidate the welding 

parts. For the electrodes, clamp pressures between 2 and 16.3 MPa have been reported 

[31,38,54]. As a result, the process is less flexible to be adopted in industrial environments 

where additional process complexity is necessary. Adhesion between the metal mesh and the 

polymer is also critical. As there is lack of chemical bonding between them, physical 

entanglement with the polymer is considered as the major, if not only, bonding mechanism at 

the metal/polymer interface. Efforts to enhance adhesion to the metal meshes has been made 

and this included sandblasting, aryl diazonium grafting, silane grafting [48], organosilane 

coating [55] and even coating with flame-grown carbon nanotube (CNT) [54]. Dubé et al. [45] 

showed that a smaller mesh wire diameter would reduce its inclusion effect. Still, because of 

the different nature of the materials involved, metal mesh remains a main concern, especially 

in the aerospace sector. 

As a replacement, carbon-based heating elements, such as thermoplastic carbon organo sheets 

have been studied. The element is compatible with the composite parts, however, requires a 

thorough removal of the polymer from the electrical connection areas, and high clamping 

pressure to avoid critical problems such as poor reproducibility [39] and excessive heating at 
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the junctions [42]. Also, because of the nature of carbon fibre tapes and the challenging 

electrical connections, an uneven temperature has usually been detected [39,45] leading to an 

irregular melt front and difficulties to scale the process [50]. 

 

As for TLW, the CNT-web has never been investigated as a replacement material for the 

Resistance Welding heating element. Only limited investigation has been made using dispersed 

CNTs in a polymer [44] to be used as a heating insert for thermoplastic joining, however, it 

entails an additional processing step and the challenge of uniform dispersion of CNTs in a 

viscous medium. Whether as an insert or a bulk dispersion into the polymer, it would also 

require a different dispersion process for each type of polymer processed.   

Also, limited studies have been found about the control of electrical conductivity in polymer 

films using for example CNT-web, CF or combinations of the two [56,57].   

Compared to the metal mesh, the CNT-web can be efficiently produced at an industrial scale, 

it is not affected by corrosion, is highly flexible and is of negligible weight. 

Because of the ultra-thin, extremely conformable and porous nature of the web, as well as the 

high compatibility with thermoplastics, higher mechanical performances have been expected 

[54] however, controversial results on the integration of CNTs at the interface of composite 

laminates have been published.    

To contribute to the current state-of-art, in this work, is proposed the investigation of CNT-

web as a heating element to weld thermoplastic and thermoplastic composite parts. The method 

could potentially be applied to many thermoplastic materials, however, the main focus was 

given to welding aerospace sector polymers such as PEEK, PEKK and PPS. The mechanical 

performance using different welding parameters was explored and, the effect of CNT loading 

was investigated to understand how they can affect composite mechanical performance. As, 

for the metal mesh, the ability to sense weld quality was also investigated by conditioning the 
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electrical signal. Using this innovative heating element, electrical connections were studied and 

discussed as well as the effect of consolidation pressure on the web [58].  

2.4. Production of Carbon nanotube (CNT) 

2.4.1. Introduction  

Carbon nanotube (CNT) can be visualized as graphene carbon atoms bonded into a hexagonal 

array which, in free graphene would be flat but in CNT is curved into a cylinder [59] (Figure 

2-7).  

 

Figure 2-7- Single wall carbon nanotube. 

CNT can be single-walled (SWCNT) or multi-walled (MWCNT) comprising two or more 

concentric cylindrical tubes (Figure 2-8). (Note that for clarity, the C atoms are reduced in 

apparent size. In practice, there is essentially no free volume between CNT walls, and the 

central lumen is typically around ¼ to ⅓ of the overall diameter.  Note also that the aspect ratio 
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(length:diameter) illustrated is approximately 5, but for actual CNT is at least 1000, and 

typically 10,000 to 100,000). 

 

Figure 2-8 - Multi-walled carbon nanotube . 

The properties of the CNTs are affected by the orientation of the hexagonal array in the 

cylindrical form and this can lead to metallic or semiconducting electrical and thermal 

properties as indicated by the chiral vector, 𝐶ℎ: 

𝐶 ℎ  = 𝑛𝑎 1   +  𝑚𝑎 2 

 

 

Figure 2-9 - Nanotube chirality[60]. 
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Based on the chiral vector, the structure of SWCNTs can be categorized as three types (Figure 

2-9): ‘armchair’ (n = m), ‘zigzag’ (m = 0) and ‘chiral’ (n ≠ m ≠ 0) [61,62]. The chirality of 

CNTs will significantly affect their transport properties, especially the electronic properties. 

All armchair and zigzag SWCNT, and chiral ones where (n-m)/3 is an integer have ‘metallic’ 

conductivity whilst chiral SWCNT where (n-m)/3 is not an integer are semi-conductive, with 

a band gap that varies from almost zero to ~2 eV. Multi-wall CNT will have different chiral 

vectors for each shell [63,64] with the conductivity controlled by any metallic layer.  

2.4.2. Synthesis of CNT 

Synthesis techniques can be classified as 'floating catalyst' or 'bound catalyst', and carbon 

evaporation or chemical vapour deposition (CVD) based on the way CNT is grown.  

In the floating growth method, catalyst particles are generated, and CNT growth occurs within 

a gas passing through a reactor for a brief period of time before exiting and being collected. On 

the contrary, bound methods use a catalyst that is applied to a substrate held in the reaction 

zone either before or during the reaction and can thus be productive for an indefinite period of 

time. The substrate can be particulate and stationary or mobile, as in fluidised bed growth, or 

smooth and continuous, such as quartz, silicon or metal slides, tubes or ribbon. Smooth-

substrate grown CNT fibres are typically moderately to well-aligned, and grow normal to the 

substrate surface. 

2.4.2.1. Arc-discharge 

Arc discharge synthesis can be considered to be substrate grown and ‘bound catalyst’ method. 

In this method, two high-purity graphite rods are placed tip to tip as the anode and cathode, and 

a DC arc struck between them to create a high temperature (~4000 K) discharge (Figure 2-10).  
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Figure 2-10 - Arc-discharge set-up [65].  

 

The system is held under an inert atmosphere (e.g. helium, argon, nitrogen [66]) at low pressure 

(between 50 and 700 mbar). The arc discharge vaporizes the anode graphite rod and carbon 

condenses on the cathode [67] in various forms. The outside shell of the deposition is made of 

fused carbon, while the inside is a softer fibrous core made of CNT and other carbon particles. 

As the anode is consumed, the gap between the anode and the cathode is maintained by 

adjusting the anode's position. [59]. To achieve SWCNTs, a metal catalyst (e.g., Fe, Co, Ni, Y, 

or Mo) may be added to the anode, and the composition of the catalyst influences the width 

and diameter distribution of the CNTs. The method generates a significant amount of carbon 

debris (soot) on and around the product. MWCNT will be the main product in the absence of 

the catalyst. The CNT tends to be relatively defect-free due to the high temperature of the 

synthesis, but mixed in with amorphous carbon and fullerene soot that requires separation. [67]. 

2.4.2.2. Laser ablation 

Laser ablation is a floating catalyst method developed to synthesise SWCNT. A pulsed laser is 

used to vaporise a graphite target, doped with cobalt and nickel catalyst, that is placed in a 

furnace at approximately 1200 °C (Figure 2-11).  
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Figure 2-11- Laser ablation setup [68]. 

 An inert gas stream carries the carbon vapour as it condenses on the catalyst particles and is 

collected on a water-cooled target. [59]. The arc discharge and laser ablation techniques both 

produce high crystallinity (i.e. highly graphitic or defect-free) CNT. Their non-negligible 

drawbacks, however, limit their applications. The size of the solid carbon sources, namely the 

anode in arc-discharge and the target in laser ablation, limits production. And the CNT is 

produced in tangled masses with undesirable by-products, indicating that it must be purified 

before use. The purification process however adds cost, worsens tangling, and introduces 

defects [59,69].  

2.4.2.3. Chemical vapour deposition 

Chemical vapour deposition (CVD) (Figure 2-12) is currently the most widely used technique 

for producing CNT at an industrial scale because it is relatively simple and cost-effective when 

compared to arc-discharge and laser-ablation methods.  
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Figure 2-12- Chemical Vapour Deposition method [70] . 

 

The carbon source is a hydrocarbon gas that is passed through a tubular reactor at 500 °C – 

1200 °C in the presence of a catalyst (e.g., Fe, Ni, or Co nanoparticles). A volatile form of the 

catalyst can be mixed with the hydrocarbon and a carrier gas before being flowed through. 

At high gas flow rates and temperatures, the carbon nanotubes grow on the floating catalyst 

and are carried out of the reactor in a continuous process and the catalyst is not allowed to 

settle. This is the commonest approach for commodity quality CNT. At lower gas speeds and 

temperatures, the catalyst will settle in the reactor onto suitable substrates, and the CNTs will 

grow in a semi-aligned and discontinuous fashion for as long as the hydrocarbon and catalyst 

are supplied and there is room in the reactor.  

The catalyst can instead be coated onto a substrate prior to growth and placed in the reactor 

and only pure hydrocarbon and carrier are used. The substrate may be particulate and stationary 

or mobile, as in fluidised bed reactors, and the CNT produced will be locally aligned and 

ordered but randomised on the large scale. The separation of the CNT from the substrate is a 

significant challenge. Alternatively, the substrate may be smooth and continuous, such as 

silicon or quartz wafer or steel shim. In this case, the CNT will be highly aligned and essentially 

catalyst-free because only a very small amount of catalyst is required [71] and it remains bound 
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to the substrate. In this method, CNT is collected upon cooling the substrate to room 

temperature [72].  

 

When hydrocarbon vapour enters the tubular reactor and comes into contact with the hot 

catalyst, it decomposes into carbon and hydrogen species. The hydrogen disperses, and the 

carbon dissolves in the catalyst. When the metal reaches its carbon-solubility limit at that 

temperature, the dissolved carbon precipitates out and crystallises in the form of a cap or 

hemisphere [72].  

Based on the catalyst-substrate interaction, two models are proposed.  

i) The “tip-growth model” where hydrocarbon decomposes on the top surface of the 

metal, carbon diffuses down through the metal and precipitates on the underside 

where the CNT start growing and lifts the whole metal particle off the substrate. 

ii) The “base-growth model” where the CNT precipitation fails to lift the metal particle 

off so the precipitation instead lifts the graphene cap off the catalyst and further 

carbon is added to the annular zone near the substrate, thus extending the cap into 

a cylinder. Thus the CNT grows up with the catalyst particle rooted on its base. 

The two ways are strictly related to the interaction between the substrate and the catalyst, if 

this interaction is weak the “tip-growth model” will be the most prominent, while, if the 

interaction is strong the “base-growth model” will be the most common [72]. 

 

Finally, the form of carbon produced (SWCNT or MWCNT) is dependent on the physical 

dimensions of the catalysts [73] as well as many other factors. For the system with catalysts in 

small dimensions (~ nm), it tends to form SWCNT; while with the catalyst size increases (~10 

nm), MWCNT become increasingly preferred [72,73] . CNT made by CVD, particularly with 
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substrate bound catalysts, has higher yield and purity, [59], and this method was applied to 

make the CNT in-house used in this work. 

2.4.3. CNT-web 

The creation of extended CNT structures has been an objective of research from the 1990s on.  

Poulin et al., for example, created long ribbons from dispersed SWCNTs using flow-induced 

alignment of a polymer dispersion [74], whilst a dispersion of SWCNT in concentrated sulphuric 

acid was also found to give relatively pure CNT fibre. Fan et al. demonstrated two years later that 

a fine CNT yarn could be drawn from some CNT forests directly [75]. It was also shown that the 

drawn yarn can be stabilized for a higher strength using twist during the spinning process to impart 

radial compression [76].  

Windle's group developed a method for producing CNT yarn directly from a floating catalyst CVD 

reactor atmosphere rather than a CNT forest substrate the same year [77], but such yarn is highly 

disordered and the short CNT  fibres have catalysts and amorphous carbon attached to them. 

 

In 2007, Atkinson et al. reported the production of highly aligned film, also called ‘CNT-web’, that 

can be drawn horizontally directly from the vertically aligned forest [78] and used as drawn or 

laterally condensed and formed into a pure CNT yarn (Figure 2-13).  
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Figure 2-13 – A) CNT-web directly drawn from a forest and B,C,D) twisted into yarn [78]. 

CNT-web is a promising material in many fields such as electronics, sensors, electro-thermal 

systems, fibre reinforced polymer composites, and many others. For the first time, this thesis will 

focus on the use of Carbon Nanotube Web for the development of thermoplastic welding 

processes.
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Chapter 3 

3. Transmission Laser Welding of unreinforced 

transparent thermoplastics [79]  

3.1. Introduction 

The use of layers of carbon nanotube (CNT) web as an absorbent in Laser Welding of 

transparent and semi-transparent thermoplastics is described in this chapter. The layers of 

CNT-web were sandwiched between two polyethylene terephthalate glycol-modified (PETG) 

coupons and irradiated at a wavelength of 1064 nm in order to create single lap shear 

specimens. Optical analysis was used to determine the joint's transmittance in various 

configurations. The transparency in the visible range of the layers of CNT-web was compared 

before and after welding. Mechanical performance was also assessed for single lap shear 

specimens welded using a single layer of CNT-web and under different laser energies. The 

method under investigation provides the use of a stable solid film as a laser absorbing material, 

rather than a  liquid pigment or dye, which needs to be applied to the surface very evenly and 

immediately prior to welding, thus speeding up the manufacturing process. 

3.2. Materials and methods 

3.2.1. CNT-web production and preparation 

Directly spinnable CNT forests with an average CNT length of 300 µm and a diameter of 

around 10 nm and synthesised  according to a process described in [21] were used to produce 

the CNT-web. The nanotubes were drawn from the front face of the CNT forest held on the 

silicon growth substrate, hence the CNT are highly aligned in the direction of draw (Figure 
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3-1a). The web may potentially have indefinite length and width, however in this work, a web 

with a width of 30 mm was used.  

 

   

 Figure 3-1 – a) Drawing of carbon nanotube web from CNT forest and b) PETG plate bearing the web. 

Sheets of glycol-modified polyethylene terephthalate (PETG) with a thickness of 3 mm, were 

cut into coupons of 100 x 25 mm and then, after cleaning with iso-propyl alcohol to remove 

grease and dust, the CNT-web was directly laid on the surface at one end. The web was oriented 

perpendicularly to the longitudinal dimension and covering an area of 30 × 25 mm (Figure 

3-1b). The web can be used as initially laid but is easily disturbed. This deposition strategy, 

resulting into a quick and efficient way to enrich the surface with the laser absorbing layer, was 

then effectively stabilised and secured on the polymer surface by ‘solvent densification’ 

whereby a solvent (eg i-PrOH), that does not dissolve the polymer, is applied as a fine spray 

or, as in this case, flowed across the plate dropwise from a disposable pipette and allowed to 

dry.  
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3.2.2. Welding process 

In the present work, a fibre laser (MLS-4030, Micro Laser Systems, Netherlands) operating, 

by happenstance, at a wavelength of 1064 nm with a programmable X-Y stage was used as a 

heating source. All the experiments were run at a defocus distance of 23 mm to provide an 

appropriate heating profile over a reasonable area. The laser spot has a diameter 𝑤 = 800 μm 

at this defocus distance. 

Transmission Laser Welding has two types of parameters, namely absorber parameters, such 

as the intrinsic absorbance of the polymer and the inserted absorber, the number of CNT-web 

layers used, and the orientation of the CNT-web with respect to polarization and raster 

direction; and process parameters, such as irradiation power, translation speed (feed rate), spot 

size, and pressure applied to the parts during irradiation. Although a study of all these variables 

would require a complex and broad design of experiments (DoE), the aim of the present work 

is to identify a reasonable parameter set to establish a preliminary prioritisation of variables 

and a demonstration of mechanical performance and optical properties. Samples used for tests 

were laser welded at an irradiation power 𝑊 = 1.83 W, and pressure 𝑝 = 4 MPa. Feed rates 

were varied as a proxy for energy input and heating rate with 𝑣 = 1, 2.5, and 5 mm/s.  

Two polymer coupons, one bearing the densified CNT-web and one (the pristine plate) without, 

were overlapped by 30 mm length to form a single-lap shear test sample with the CNT in 

between. They were held between steel blocks and pressure applied using a double effect 

pneumatic cylinder (Festo ADVC-80-25-I-P) at air pressure of 6 bar to apply a load of 3 kN 

over the 30 x 25 mm contact area (resulting pressure 4 MPa). The plates, (Figure 3-2b), were 

laser treated through a slot machined in the upper block (Figure 3-2c). Given that the slot, with 

dimension 30 x 3 mm, was small compared to the overlapped area of the polymer plates, the 

pressure was assumed to be uniform over the contacting surface.  
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The laser system was programmed to generate weld lines oriented longitudinally to the sample 

direction (i.e. perpendicular to the CNT-web). Welded areas, 𝐴, of nominally 25 mm x 3 mm 

were generated across the sample by raster scanning parallel laser lines of nominal line width 

800 μm and 800 μm apart (Figure 3-2d). The scan length was 5 mm to give a 1 mm overlap 

with the clamping block at the start and end of each scan to eliminate any timing or dwell 

variability (Figure 3-2d). 

 

Figure 3-2 – a) Overlap of two polymer specimens prior to welding, b) clamping of the overlapped specimens 

between the plate of the compression tool, c) Laser Welding process through a machined slot to form 1 welding area and 

d) a detail of the laser path. 

 

For each sample, five welded areas (Figure 3-3), 3 mm apart, were generated one beside each 

other to create a pattern of welded and unwelded areas. The melt pool produced by the laser 

will be wider than the beam diameter by an amount dependent upon the power transferred and 

the thermal conductivity of the web and polymer. Effective welding is achieved when 

contiguous weld pools substantially merge. 
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Figure 3-3 – Welded sample with 5 weld areas 3 mm apart (lighter zones) and in the detail the single weld lines each 

800 um wide. 

 

3.2.3. Optical characterization through a photographic method 

3.2.3.1. Methodology 

Additional optical information, obtained through a calibrated photographic method, was used 

for the quantitative assessment of the overall sample area (as distinct from the small area 

encompassed by a spectrophotometer) for uniformity and transmittance. A camera (Canon EOS 

80D mounting the Canon EF 100mm f/2.8L Macro IS USM lens), positioned perpendicularly 

to a flat light source (LCD display) and at a distance of 350 mm (Figure 3-4), was set to manual 

and camera parameters (shutter speed, iso, aperture and focus distance) were maintained 

constant throughout the whole process to ensure the proper comparison between the images. 

Lens stabilization was set to off and focus to manual. 
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Figure 3-4- Setup of the photographic method for the investigation of optical properties 

 

Photographs of the light source only (white LCD display control image), and then of the test 

samples, positioned on the display, were obtained in a dark room in RAW format (.CR2). RAW 

images, as distinct from other formats, are typically stored in linear-light values, where, after a 

noise correction (dark current correction), the captured light intensity from a light source is 

directly proportional to the value attributed to the pixels in the image (i.e. halving the emitted 

light intensity causes the pixel value to be halved). Test samples, positioned above the display, 

absorb part of the light which in turns hit the camera sensor producing an average pixel value 

lower than the one produced by the light source only. Thus, the transparency of an object can 

be computed as the ratio between the average pixel value of the test sample image and the 

control image (light source).  
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3.2.3.2. Dark current correction 

Every camera sensor produces a certain amount of dark current, which accumulates in the 

pixels during an exposure. The dark current is produced by heat and the main problem is that 

it accumulates at a different rate in every pixel and it shifts up the pixel value by a certain 

amount causing the loss of proportionality with the incident light intensity. Fortunately this 

‘systematic’ effect can be easily removed by subtracting a dark frame. A dark frame is a 

photograph taken under the same conditions (shutter speed, iso, aperture), but with no light 

striking the pixel array (e.g. putting the lens cap on). The dark frame can be subtracted from 

the light frame to remove the systematic error from the image (Figure 3-5). For most sensors, 

this produces a striking improvement in the image. 

ImageJ software with the DCRAW plugin, which enables to import image RAW files at 16-bit 

linearly, was employed to subtract the dark frame from each test image. ImageJ creates a 

corrected resulting 16-bit image, separated in its three colour channels, red, green, and blue. 

This image was then used for the assessment of pixel values and transparency. 

 

Figure 3-5- Example of dark noise correction process for each channel. The illustrated photos result from the merged 

channels.  

 

3.2.3.3. The linearity of the method 

The linearity between captured light intensity and pixel value was demonstrated as follows. 
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First, the light source (Figure 3-6a) was photographed with no samples on it, and then, in 

sequence, with one, two, three and four overlapped PETG plates (Figure 3-6b,c,d,e) (shutter 

speed equal to 1/10 sec, iso 100, aperture f/2.8 and focus distance 350 mm).  

 

Figure 3-6 - Photographs of a) the light source and above samples. 

 

Each added polymer plate, having the same light-absorbing properties (same thickness and 

material), would absorb the same amount of light (e.g. two plates will have double absorbance 

compared to one plate) and, for each picture, the pixel value would proportionally decrease. 

All images were dark current corrected and then ImageJ software was used to evaluate the 

average pixel value. For each sample image, 𝑖, and each colour channel, 𝑐, the average pixel 

values �̅�𝑖𝑐
, evaluated over a rectangular selection of 1500 x 2200 px in the middle of each 

image, were measured and used for evaluation of transmittance. The transmittance, 𝑇𝑖𝑐
, was 

calculated as: 

 𝑇𝑖𝑐
=

�̅�𝑖𝑐

�̅�𝑑𝑐

𝑥100 Eq. 3-1 

Where, �̅�𝑑𝑐
, is the average pixel value evaluated for the light source only (control image). 

Finally the absorbance for each image and each channel was computed as: 

 𝑎𝑖𝑐
= 2 − log10 𝑇𝑖𝑐

 Eq. 3-2 

 

Table 3-1– Measurements and calculation of average pixel value, transmittance and absorbance of light source and PETG samples. 

# Average pixel value,  Transmittance %, Absorbance data, 

  red green blue red green blue red green blue 

𝑇𝑖𝑐
 �̅�𝑖𝑐

 𝑎𝑖𝑐
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Light source 12456 14507 18643 100.0 100.0 100.0 0.0000 0.0000 0.0000 

1x PETG 10991 12741 16317 88.2 87.8 87.5 0.0543 0.0564 0.0579 

2x PETG 9738 11247 14379 78.2 77.5 77.1 0.1069 0.1105 0.1128 

3x PETG 8599 9904 12430 69.0 68.3 66.7 0.1609 0.1658 0.1760 

4x PETG 7717 8855 11306 62.0 61.0 60.6 0.2079 0.2144 0.2172 
 

 

 

The absorbance of, for example, the red channel (Table 3-1), proportionally increases with the 

number of PETG plates, whereby, one plate has an absorbance of 0.0543, while two, three or 

four overlapped plates have an absorbance which is  double, triple, and quadruple respectively 

within experimental error. For each channel, Figure 3-7, a near-perfect linear fit between the 

measured absorbance and the expected absorbance calculated considering a perfectly 

proportional behaviour.  

 

Figure 3-7 – Measured absorbance for each sample plotted against the expected linear absorbance. 

 

Finally, the absolute value of transparency measured with an Agilent Cary 60 UV-VIS 

spectrophotometer was compared to the results from the photographic method. Average 

transmittance in the range of 300 to 1100 nm (Figure 3-8), which include the visible spectrum, 

is around 90%, which, in turn, correspond to the transmittance value measured for a single 

PETG plate using the photographic method. 
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Figure 3-8 –UV-VIS spectrophotometer T% of one single plate of PETG. 

 

The same methodology was used to examine the transmittance and absorbance of carbon 

nanotube web layers. When compared to spectrometeranalysis, this methodology allows for 

the investigation of a larger area of a sample and the elimination of errors caused by the small 

area probed by the spectrophotometer.  

3.2.3.4. Transparency of the CNT-web under different light conditions 

Carbon nanotube web, because of the highly aligned CNT and intervening gaps of a nanoscale 

width  exhibit a pronounced polarizing effect.  A material with a polarization axis lets light 

waves with an electric vector parallel to that axis to pass through while blocking waves of other 

polarization.  

The ideal polarizing material, when impinged by a randomly (i.e. un-polarized) or circularly 

(i.e. a rotating electric vector) polarized light beam of intensity 𝐼0, will transmit only that 

component of the light with an electric vector parallel to the polarizer, thus on average reducing 

the initial unpolarized intensity by half and rendering the transmitted light linearly polarized.  
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 𝐼 =
𝐼0
2

 

Eq. 3-3 

 

 

When the light source is already linearly polarized (the light lay on a single propagation plane) 

and of intensity 𝐼0, the intensity 𝐼 transmitted through an ideal polarizer can be described by 

Malus’ law, 

 

 𝐼 = 𝐼0 cos2 𝜃 Eq. 3-4 

 

where 𝜃 is the angle between the incident light polarization and the polarization axis. When 

the propagation plane of the linear polarized light is parallel to the polarization axis (𝜃 = 0°) 

the intensity is 𝐼 = 𝐼0, when it is perpendicular (𝜃 = 90°) the intensity is equal to zero. 

 

Optical properties of carbon nanotube web layers were measured under two different light 

sources: 

i. Circularly polarized display (CPD).  

ii. Linearly polarized display (LPD).  

 

For each light source, photographs of the following were captured:  

i. Light source image (control image), 

ii. two overlapped PETG plates without CNT-web (2xPETG) 

iii. welded samples (welding feed rate 𝑣 = 5 mm/s), comprised of two PETG plates, 

containing one (1CNTL), or two CNT-web layers (2CNTL). 

Control samples comprising the light source and two layers of PETG (Figure 3-9a and b 

respectively) and test samples, containing the single (Figure 3-9c and d) or double (Figure 3-9e 

and f) CNT-web layer, were positioned on the display with the carbon nanotube web layers 
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oriented longitudinally (Figure 3-9c and e) and perpendicularly (Figure 3-9d and f) to the 

display direction to measure transmission at different polarization angles.  

The use of circularly polarized light should show no difference in the transmitted or absorbed 

light when samples are placed at 0 or 90°, however, since light sources can show small errors 

in the generation of a perfect circularly polarized light, measurements were executed at both 

angles and the average value was used for comparison. 

 

 

Figure 3-9 – Photographic comparison between the a) light source b) two overlapped polymer plates, two welded sample 

positioned at c) 0° and d) at 90° containing 1 layer  CNT-web and c) two welded sample positioned at e) 0° and f) at 90° 

containing 2-layers CNT-web. 

 

Using ImageJ software, images were all dark-frame corrected and the average pixel value �̅�𝑖𝑐
, 

evaluated for each image 𝑖 and each colour channel 𝑐, was measured over a rectangular 

selection of 1500 x 2200 px for the control image (display) and  the 2 x PETG image, and over 

a rectangular selection of 1500 x 1100 px for welded and unwelded areas of samples containing 

one and two web layers and positioned at 0 and 90° (Table 3-2).  

 

Table 3-2 - Designation of sample and configuration for the measurement of pixel value using ImageJ software. 

Designation, # Angle, 

° 

Area of interest, Selection size, 

 px 

Light source 0 / 1500x2200 

2xPETG 0 / 1500x2200 

2xPETG+1CNTL_0°_u 0 unwelded 1500x1100 
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2xPETG+1CNTL_0°_w 0 welded 1500x1100 

2xPETG+1CNTL_90°_u 90 unwelded 1500x1100 

2xPETG+1CNTL_90°_w 90 welded 1500x1100 

2xPETG+2CNTL_0°_u 0 unwelded 1500x1100 

2xPETG+2CNTL_0°_w 0 welded 1500x1100 

2xPETG+2CNTL_90°_u 90 unwelded 1500x1100 

2xPETG+2CNTL_90°_w 90 welded 1500x1100 
 

 

 

Finally, the transmittance and absorbance were calculated: 

 𝑇𝑖𝑐
=

�̅�𝑖𝑐

�̅�𝑑𝑐

𝑥100 Eq. 3-5 

 𝑎𝑖𝑐
= 2 − log10 𝑇𝑖𝑐

 Eq. 3-6 

 

where, �̅�𝑑𝑐
, is the average pixel value evaluated for the light source (control image). For each 

configuration the average values across each channel of transmittance and absorbance, 𝑇�̅� and 

�̅�𝑖, were computed (Table 3-3 and Table 3-4). 

 

Table 3-3 – Average pixel value, transmittance and absorbance data for sample positioned above a circularly polarized 

light source. 

# Average pixel value, �̅�𝑖𝑐
 Transmittance %, 𝑇𝑖𝑐

 Absorbance, 𝑎𝑖𝑐
 

 red green blue red green blue 
Avg.  

𝑇�̅� 
red green blue 

Avg. 

�̅�𝑖 

Light source (CPD) 12456 14507 18643 100.0 100.0 100.0 100.0 0.000 0.000 0.000 0.000 

2x PETG 9738 11247 14379 78.2 77.5 77.1 77.6 0.107 0.111 0.113 0.110 

2xPETG+1CNTL_0°_u 7726 8323 10195 62.0 57.4 54.7 58.0 0.207 0.241 0.262 0.237 

2xPETG+1CNTL_0°_w 8198 9406 11726 65.8 64.8 62.9 64.5 0.182 0.188 0.201 0.190 

2xPETG+1CNTL_90°_u 7066 7910 10005 56.7 54.5 53.7 55.0 0.246 0.263 0.270 0.260 

2xPETG+1CNTL_90°_w 8186 9321 11766 65.7 64.3 63.1 64.4 0.182 0.192 0.200 0.191 

2xPETG+2CNTL_0°_u 5822 6686 7878 46.7 46.1 42.3 45.0 0.330 0.336 0.374 0.347 

2xPETG+2CNTL_0°_w 6672 7607 9244 53.6 52.4 49.6 51.9 0.271 0.280 0.305 0.285 

2xPETG+2CNTL_90°_u 5328 5826 7346 42.8 40.2 39.4 40.8 0.369 0.396 0.404 0.390 

2xPETG+2CNTL_90°_w 6451 7222 9044 51.8 49.8 48.5 50.0 0.286 0.303 0.314 0.301 
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Table 3-4 – Average pixel value, transmittance and absorbance data for sample positioned above a linearly polarized 

light source. 

# Average pixel value, �̅�𝑖𝑐
 Transmittance %, 𝑇𝑖𝑐

 Absorbance, 𝑎𝑖𝑐
 

  red green blue red green blue 
Avg. 

 𝑇�̅� 
red green blue 

Avg. 

 �̅�𝑖 

Light source (LPD) 9726 10766 12661 100.0 100.0 100.0 100.0 0.000 0.000 0.000 0.000 

2x PETG 7636 8412 9910 78.5 78.1 78.3 78.3 0.105 0.107 0.106 0.106 

2xPETG+1CNTL_0°_u 6392 6936 7967 65.7 64.4 62.9 64.4 0.182 0.191 0.201 0.191 

2xPETG+1CNTL_0°_w 6690 7248 8313 68.8 67.3 65.7 67.3 0.163 0.172 0.183 0.172 

2xPETG+1CNTL_90°_u 4896 5280 6029 50.3 49.0 47.6 49.0 0.298 0.309 0.322 0.310 

2xPETG+1CNTL_90°_w 6169 6739 7833 63.4 62.6 61.9 62.6 0.198 0.203 0.209 0.203 

2xPETG+2CNTL_0°_u 5439 5820 6573 55.9 54.1 51.9 54.0 0.252 0.267 0.285 0.268 

2xPETG+2CNTL_0°_w 5642 6043 6840 58.0 56.1 54.0 56.1 0.237 0.251 0.267 0.252 

2xPETG+2CNTL_90°_u 3197 3384 3774 32.9 31.4 29.8 31.4 0.483 0.503 0.526 0.504 

2xPETG+2CNTL_90°_w 4474 4842 5583 46.0 45.0 44.1 45.0 0.337 0.347 0.356 0.347 
 

 

The absorbance of the CNT-web alone, �̅�𝐶𝑁𝑇 , for each configuration was then computed as the 

difference between the average absorbance of the samples �̅�𝑠𝑎𝑚𝑝𝑙𝑒 (having the absorption 

contribution of 2 PETG plus the CNT-web) and the average absorbance of the 2 x PETG plates 

alone, �̅�2𝑃𝐸𝑇𝐺  : 

 

 �̅�𝐶𝑁𝑇 = �̅�𝑠𝑎𝑚𝑝𝑙𝑒 − �̅�2𝑃𝐸𝑇𝐺  Eq. 3-7 

 
 

3.2.4. Sample preparation for mechanical tests 

Lap shear tensile tests on welded samples were conducted using a Lloyd Universal Testing 

Machine, equipped with a 5 kN load cell, at a cross-head speed of 1 mm/min. The shear strength 

𝜎𝑤 was measured as: 

 

 𝜎𝑤 = 𝑃/𝐴 
Eq. 3-8 
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where 𝑃 is the maximum load and 𝐴 is the welded area. 

For the mechanical test, a welded area, A, of nominally 6.4  × 3 mm in the middle of the overlap 

zone was created by raster scanning only 8 parallel laser lines (nominal line width 800 μm) at 

800 μm intervals (Figure 3-10). The small size of the welded area compared with the overlap 

zone prevents significant flexure or rupture of the substrates during testing and promotes a 

cohesive type of fracture of the bond thus allowing proper shear characterization. The melt 

pool produced by the laser will be wider than the beam diameter by an amount dependent upon 

the power transferred and the conductivity of the web and polymer. Effective welding is 

achieved when contiguous weld pools substantially merge. Thus, the effective overall weld 

area will be slightly larger than 6.4 × 3 mm.    

An optical microscope was used to inspect the width and the uniformity of the welded 

specimens. 

 

 

Figure 3-10 – Detail of the welded area for samples prepared for single lap join test. 
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3.3. Results  

3.3.1. Optical Characterisation 

 

Figure 3-11 – Transmittance and absorbance for isolated CNT-web layers positioned above a circularly polarized light 

source.  

 

A single CNT-web layer has a transmittance of 73 per cent over a consistent wavelength range 

investigated, from 400 nm to 700 nm (Figure 3-11). This means that 27% of incident energy is 

absorbed and converted to heat by the 50 nm thick web placed at the interface while the rest of 

the energy is absorbed by the bulk polymer or transmitted through. The single layer, after 

welding, exhibits an increase in transparency to 83%.  Also under circularly polarized light, 

two layers of CNT-web presents an average transmittance of 55% (the average absorbance is 

double compared to the absorbance of the 1-layer CNT-web) while after welding it rises to 

66%. It is also clear (Figure 3-11) that the CNT-web is a “classic” absorber where for example 

2 × absorbance of 1 layer = absorbance of two layers. 

In contrast, under linear polarized light (Figure 3-12), a single CNT-web layer reveals a 

considerable difference when oriented at 0 compared to 90 degrees. Samples aligned with the 



Chapter 3 - Transmission Laser Welding of unreinforced transparent thermoplastics 

75 

 

direction of polarization have a transmittance of 82% (absorption = 0.085) but only 63% 

(absorption= 0.204) at 90°. This means that when the CNT layer is positioned perpendicular to 

a linearly polarised light, the single layer absorbs more than double the electromagnetic 

radiation (18% against 37%). It is also worth noting that, when compared to samples subjected 

to circular polarised light or ‘random polarised’ light, which, as previously stated, absorbed 

27% of the light, using a linearly polarised light source and positioning the samples 

perpendicular to it increased the absorption to 37%. This would not only make the process 

more energy efficient, but it could also eliminate the need for two CNT-web layers, or reduce 

the laser power required and the HAZ created, and allow for a high level of sample 

transparency. Also for linearly polarized light, the 2-layers CNT-web has a transmittance of 

69% at 0° (i.e. double the absorption compared to the single layer at the same angle) while its 

transmittance  at 90 degrees is only 40%. As expected, the absorbance of each sample exhibits 

linear behaviour, in accordance with the Beer-Lambert law (Figure 3-12 right). 

 

Figure 3-12 – Transmittance and absorbance for isolated CNT-web layers positioned above a linearly polarized light 

source. 

 

Measurements using a UV-VIS spectrophotometer (Figure 3-13) when compared to the 

photographic method give slightly different results for the single and double layer of unwelded 
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CNT-web, being 64 and 47% respectively as against 73 and 55% according to the photographic 

method. This error arises because the light source in a Spectrophotometer becomes partially 

polarised due to multiple reflections within one plane between the light source and the 

specimen. Nonetheless, this chart shows that the transmittance (absorbance) for the single or 

double layer of CNT-web is almost flat through the analysed range from 330 to 1100 nm. This 

means that previous results, investigated through the photographic method, are to can be 

extended to the same range. This suggests also that different laser systems, working at a 

different wavelength, can be utilized on the same material having the same heating effect. 

 

Figure 3-13 –  UV-VIS spectrophotometer T% of single and double layer of CNT-web 

 

3.3.2. Effect of energy density 

Different process parameters, such as specific power, 𝑊𝑠, raster speed, 𝑣, and sample pressure, 

𝑝, were initially investigated to understand the effect on weld efficiency and quality. The 

energy density, 𝐸,  (energy per unit of area delivered to the weld) will depend upon power, 𝑊, 

speed, 𝑣, and spot size, 𝑤, and is defined as: 
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 𝐸 =
𝑊

𝑣𝑤
 

Eq. 3-9 

An additional parameter is the absorbance of the susceptor, which will govern the amount of 

heat produced. Two layers of CNT-web will absorb twice the energy compared to a single 

layer. This effect is demonstrated with welding results for one and two layers of CNT-web 

using the same weld parameters (𝑊 = 1.83 W, 𝑝 = 4 MPa, 𝑣 = 5 mm/s, raster spacing 800 

μm) which show that the higher energy absorption produces a wider melt pool and hence a 

wider welding width. This achieves the desired merging of contiguous welds when welding is 

effective (Figure 3-14). Multiple and perhaps crossed layers of CNT-web might be utilised 

where laser power is limited or where opacity, polarization or other factors are to be considered. 

For current weld quality and efficiency studies, a single layer of CNT-web was used. 

 

Figure 3-14 – Welding lines side by side for samples bearing a) 1-layer CNT-web and b) 2-layers CNT-web 

 

Thus, for a given susceptor absorbance and spot size, 𝑤, the same energy density at the weld 

site, 𝐸, can be achieved either using ‘high’ laser power, 𝑊, and high welding speed, 𝑣, or ‘low’ 

power and low welding speed (the terms ‘high’ and ‘low’ being relative). However as heat is 

generated at the CNT-web, it is also spreading into the surrounding web and being conducted 

into the bulk polymer to produce a heat affected zone (HAZ) the extent of which will depend 

on the duration and rate of heating. Heat dissipation means that laser power below an absolute 

limit will fail to melt the polymer even when stationary, and welding can only proceed where 

the scan rate is slow enough to enable melting to occur. However at low powers and speeds, 

the process becomes less and less energy efficient since most of the power is dissipated into 

the polymer far from the welding joint whilst also creating a deep HAZ. In contrast, when high 
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power (e.g 𝑊 ≈ 2 W) plus high speed (𝑣 = 5 mm/s for an energy density 𝐸 = 0.44 J/mm2) are 

adopted, and for the same weld pressure (e.g. 𝑝 =4 MPa), the heating, with less time for heat 

dissipation, is concentrated at the interface and welding is successful (Figure 3-15a). However, 

if the power is too high then even with a higher speed to produce the same energy density, (e.g. 

𝑊 ≈ 8 W, 𝑣 = 20 mm/s), an excessive local temperature increase occurs which degrades the 

polymer and the CNT (Figure 3-15b).  

 

 

Figure 3-15 – a) Welding lines of a) samples welded with 𝑊 ≈ 2 W, 𝑣 = 5 mm/s and b) samples welded with 𝑊 ≈ 8 

W, 𝑣 = 20 mm/s. 

 

3.3.3. Mechanical performance  

The single-lap shear strength was investigated for specimens containing 1 layer of CNT-web 

welded with a constant power 𝑊 = 1.83 W at different scan rates (hence different energy 

density) and with a pressure 𝑝 = 4 MPa. At the fastest scan rate of 5 mm/s, the shear strength 

is only around 13 MPa, (Figure 3-16). This calculation assumes that the total weld area is 6.4 

× 3 mm. At a welding speed of 2.5 mm/s, the weld lines are just merged and shear strength 

increased to around 19 MPa. However, a further speed reduction (and hence increase in power 

density) to 1 mm/s gives a further increase in strength to around 23 MPa. 
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Figure 3-16 – Average and standard deviation of shear strength for specimens welded at 5, 2.5 and 1 mm/s respectively 

and observed welding lines for the same samples.  

As for comparison, even if not much work as been performed using PETG, different polymers 

have been welded using TLW. As an example, polycarbonate (PC) and polyarylsulfone (PASF) 

have been welded using different absorbent [80] and values of single lap shear test under 10 

MPa have been reported. A study on  PC and acrylic welding has reported values of shear 

strength of around 13 MPa [81]. 

The two surfaces to be joined are separated by a CNT-web layer of  about 50 nm thickness, 

and the welding process is localised heating where the majority of the surrounding material 

remains unheated and hence solid. Thus the only mechanism by which the polymer on either 

side of the join can come into contact and mix is if it melts and swells above the local surface. 

In the absence of pressure, such swelling might simply push the surfaces apart and bonding 

would not occur. The pressure applied externally must be sufficient to resist the internal 

pressure and force the expanding and molten but still highly viscous polymer pool to penetrate 

the CNT-web and intermix with the polymer on the opposite face.  The pressure also 

accommodates any slight mismatches in the surfaces to be joined and ensures uniform 

conduction from the CNT-web to the bulk material on both sides, and the effect of insufficient 
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pressure is striking. For example, specimens welded with the same welding parameters as 

before (𝑊 = 1.83 W, 𝑣 = 5 mm/s) but with the applied pressure reduced by only 50% from 

𝑝 = 4 MPa to 𝑝 = 2 MPa had shear strength reduced from 13 MPa to only 1 MPa. It should be 

noted that, although the strength obtained here can be used for material screening and 

qualification of the manufacturing process, this does not represent in any way a material 

parameter but a structural parameter that depends on the geometry of the welded region. 

3.4. Concluding remarks 

• An alternative transmission Laser Welding method for transparent and semi-transparent 

thermoplastic, using CNT-web layers as an absorber, was demonstrated. The produced 

web resulted into a easy to handle film that can be easily laid directly on the surface to 

weld. The use of a solvent that does not dissolve the polymer was shown to further 

stabilize the web thus making it stable on the surface.  

• The optical analysis, under circularly polarized light, has demonstrated that 1-layer 

CNT-web has a transmittance of 73%. This means that almost 30% of incident light is 

transformed into heat during welding. However, after welding, the transmittance of the 

web exhibits an increase of 15%, from 73 to 83% making the final product even more 

transparent.  

• The optical study has demonstrated that each CNT-web layer has the same absorbance, 

thus, if for example a higher absorbance is required, a stack of multiple CNT-web layers 

can be created to multiply the effect. 

• Optical analysis under linearly polarized light has shown that a single layer of CNT-

web  oriented perpendicular to the direction of light polarization, transmits only 63% 

of energy compared to 82% when oriented in parallel. This means that the amount of 

light energy transformed into heat can be varied from 18% to 37% by adjusting the 
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polarization direction, thus providing an important additional parameter for adjusting 

the process as required.   

• It was also shown that the web has a constant absorbance over a wide range of 

wavelengths. This means that the web can potentially be used under any common laser 

sources. 

• Different process parameters were investigated to establish a preliminary understanding 

and single-lap shear tests have demonstrated a maximum shear strength of 23 MPa for 

samples welded using 1-layer CNT-web.  

• The demonstrated welding technology offers the potential of speeding up current 

welding processes, removing limitations on the range of laser sources  that can be used, 

and maintaining an excellent appearance for transparent components.  
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Chapter 4 

4. Resistance Welding of unreinforced thermoplastics [58]* 

4.1. Introduction 

The Resistance Welding of thermoplastic materials by means of aligned carbon nanotube 

(CNT) web is here reported. Layers of CNT-web (each layer of which has a densified thickness 

of 50 nm) were placed between layers of Polyether Ether Ketone (PEEK) film to create a 

resilient insert which was then placed between two mating surfaces. An electrical current was 

passed through the CNT-web to produce Joule heating, thereby melting the insert and adjacent 

surfaces of the thermoplastic parts. Preliminary experiments on PEEK samples show that the 

tensile strength of the welded specimens reached 96% of the strength of the pristine material, 

even before optimizing the processing conditions. The potential of this welding technology is 

evident: the inserts are ultra-thin and highly flexible, so can conform to bonding surfaces of 

complex shape, and the anisotropy of the CNT-web provides an additional parameter for 

optimizing the electro-thermal response. 

4.2. Materials and Methods 

4.2.1. CNT-web insert preparation and characterization 

Directly drawable CNT forest, with an average CNT length of 300 μm, and an average CNT 

diameter of 10 nm, that were synthesized by chemical vapour deposition (CVD) following a 

procedure reported in [21] were used for this work. CNT-web was drawn directly from the 

 
* Reprinted with permission from “Welding of thermoplastics by means of carbon-nanotube web” by M. Russello, 

G. Catalanotti, S.C. Hawkins, B.G. Falzon, 2020. Composites Communications, 

Volume 17, 56-60, Copyright [2019] by Elsevier Ltd. 
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silicon growth substrate and wound to a depth of 10 layers onto a square-section mandrel (side 

70 mm) lined with a 220 µm thick PEEK film (Figure 4-1a). The PEEK film, bearing the CNT-

web, was removed and cut into squares with sides of length 16 mm.  Conductive silver paint 

was sprayed onto the ends of the web to create electrodes perpendicular to the drawn direction, 

and copper busses were then stuck to the paint to facilitate electrical connections (Figure 4-1b). 

A second PEEK film was then placed over the assembly to create the insert.  

 

Figure 4-1 – Insert manufacturing. (a) Drawing and winding of carbon nanotube web, (b) assembly of the insert with 

copper electrodes and covering film, (c) top view of the final insert before covering. 

 

The longitudinal sheet resistivity of a single layer of CNT-web, 𝜌 = 1200 ± 160 Ohm. This 

was calculated as 𝜌 = 𝑅𝑤𝑁/𝑙, where 𝑅 is the longitudinal resistance of 𝑁 web layers measured 

with an Agilent 34450A 5½ Digit Multimeter, 𝑁 = 10 is the number of CNT-web layers,  𝑤 =

16 mm is the width of the specimen, and 𝑙 = 14 mm is the  distance between the inner edges 

of the electrodes (see Figure 4-1b).  

4.2.2. Welding process  

A Platen Press (COLLIN P 200 P) was used to make PEEK panels with a thickness of 10 mm 

following the supplier’s recommended manufacturing protocol using PEEK pellets. The panels 
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were machined using a CNC machine (Stepcraft 600) in order to obtain samples of dimensions 

130  × 10  × 10 mm for weld specimens and 260  ×10  × 10 mm for controls. Before welding, 

surfaces to be joined were carefully cleaned with acetone to remove any contamination.  

The welding process (Figure 4-2) consists of five steps: 

i. alignment of the specimens (Figure 4-2a); 

ii. positioning of the insert (Figure 4-2b) with slight pressure applied; 

iii. application of electric power to melt insert and adjacent regions of the specimens 

(Figure 4-2c); 

iv. application of a consolidation pressure as heating is stopped (Figure 4-2d); 

v. machining to remove the welding flash. 

 

Alignment of the two specimens to be joined, and controlled application of pressure, was 

achieved with the ASTM D6641 test fixture (Figure 4-2a). Heat is generated within the insert 

by the Joule effect and the total electrical energy used, 𝐸 = 𝑊𝑡, where 𝑡 is the time of exposure 

and the power, 𝑊 = 𝑉𝐼 (i.e. applied DC voltage times current). The power is kept constant (by 

automatically adjusting the voltage) for the duration of heating. It is also convenient to use 

specific power, 𝑊𝑠 , and specific input energy, 𝐸𝑠, obtained by normalising the power and 

energy with respect to the area of the bonding surface. The specimens were all welded at the 

same specific power 𝑊𝑠 =  55 kW/m2 while the effects of consolidation pressure, 𝑝, and time 

as expressed by specific input energy, 𝐸𝑠, were studied. 

 

A thermal imaging camera and software (FLIR T640, ResearchIR) was employed to record the 

temperature profile during the entire process to investigate the change in the superficial 

temperature in the vicinity of the weld line; to understand the effects of the welding parameters 

on the temperature distribution; and to analyse heating and cooling rate of the samples.  
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Figure 4-2 – Welding process. (a) Alignment of polymeric parts with ASTM D6641 – combined loading compression test 

fixture, (b)positioning of CNT-web insert, (c) application of electric power, and (d) application of consolidation pressure 

(Note for b-d,ASTM D6641 fixture deleted for clarity) 

 

4.3. Characterization  

4.3.1. Mechanical test 

Tensile tests on welded and control (pristine material) specimens were conducted using a 

Zwick Roell z100 universal testing machine, equipped with a 100 kN load cell, at a cross-head 

speed of 1 mm/min. The pristine material strength, 𝜎𝑢, and that of the welded specimens, 𝜎𝑤, 

were measured to yield a value of the joint efficiency, 𝑒 = 𝜎𝑤/𝜎𝑢.  

4.3.2. Scanning electron microscope (SEM) and visual inspection 

Small sections were cut across the weld line from coupons, polished, sputtered with a thin layer 

of gold (Agar sputter coater B7341, 30 mA for 40 s) and examined by scanning electron 

microscope (Hitachi FlexSEM 1000). The fractured surfaces of the specimens were also 

visually inspected.  
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4.4. Results 

Preliminary experiments indicated that a suitable range of pressure and input energy to explore 

initially was approximately 1 – 4 MPa and 5,000 – 10,000 kJ/m2. Actual values and the number 

of specimens for each designation were selected (Table 4-1) to identify the best performance 

to-date and the effect of lower pressure and shorter time (lower input energy). 

Table 4-1 - Variables studied 

Specimen Designation Pressure, 

𝒑, [𝐌𝐏𝐚] 
Input 

energy, 

𝑬𝒔, [𝐤𝐉/𝐦𝟐] 

Specimens, 

# 

PC Pristine Control - - 3 

WB Weld best 4 8250 5 

LP Low Pressure 

weld 

0.4 8250 5 

LE Low Energy weld 4 4950 4 

 

 

The PEEK specimens to be joined were clamped with a CNT-web insert between them (Figure 

4-3a, one WB specimen is illustrated (𝐸𝑠 = 8250 kJ/m2, 𝑝 = 4 MPa)) and power applied to 

the copper buses. Infrared imaging of the joint zone (Figure 4-3b) was captured at equilibrium 

temperature (about 100 seconds) and the joint held in place until cool (Figure 4-3c).  Surface 

spot temperatures were continuously recorded at 0.5, 2.5, 3.5, and 5 mm (Figure 4-3d), 

respectively from the joint line where indicated (Figure 4-3b). 

 

 

At 0.5 mm from the nominal welding line, surface temperature reaches 390 °C after about 100 

seconds. It then appears to fall slightly although this is likely due to accumulation of flashing 

which blocks the IR camera view and presents a larger surface area for heat dissipation.  Further 

from the joint, the temperature stabilises from about 100 seconds and then rises very slowly 
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thereafter, reaching about 265, 200 and 155 °C, at 2.5, 3.5 and 5 mm respectively when heating 

is stopped (𝑡=150 s). Thereafter, the passive cooling rate is equal to 550, 90, 35, and 20 °C/min 

at 0.5, 2.5, 3.5, and 5 mm, respectively. 

 

 

Figure 4-3 – (a) Setup of welding; (b)Thermal image of the WB specimen during welding; (c) welded specimen with surrounding 

polymer flash; (d) temperature curves at different distances from the weld line during the welding process 

  

After cooling, the welded specimens were machined back to a 10 mm square section to remove 

flashing and tensile tested. Other specimens (WB and LE) were polished and analysed using 

the SEM. The weld region for the WB specimen (Figure 4-4a) does not show any imperfection 

or visible voids. Moreover, a notch was introduced in a corner of the specimen in proximity of 
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the weld line in order to reveal the carbon nanotube location which is otherwise extremely 

difficult to see (detail in Figure 4-4a). 

In contrast, the LE specimen exhibits a clear separation between the different regions of the 

joint (Figure 4-4b) showing that enough energy has not been provided for melting. 

 

Figure 4-4 – SEM images of (a) WB specimen weld line with detail (mag. x10) showing the presence of CNTs, and (b) LE 

specimen weld line. 
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4.4.1. Mechanical performance and inspection 

Mechanical testing of the welded specimens (Table 4-2) demonstrated that within the range of 

parameters studied, the best identified conditions (specimens WB) were 𝑝 = 4 MPa and  𝐸𝑠 =

8250 kJ/m2, where this total energy is delivered over a treatment period of 150 seconds. 

  

Table 4-2  – Experimental results. 

Designatio

n 
Tensile strength 

Mean 

value  
SD 

Efficienc

y 

  𝜎, [MPa] 𝜎, [MPa] 𝑠, [MPa]  𝑒,  [%] 

PC 

102 

99 6 - 93 

103 

WB 

94 

95 3 96 

93 

99 

97 

93 

LP 

37 

25 18 25 

7 

21 

12 

51 

LE 

16 

18 7 18 
16 

27 

11 

 

The simultaneous use of longer time and thus higher input energy, and the higher consolidation 

pressure (Figure 4-5, Table 4-2) yields a bond strength of 96% efficiency. A lower pressure, 

and particularly a lower energy (which entails a treatment period of just 90 s) results in very 

poor bonding with an efficiency of just 25% and 18% respectively.  
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Figure 4-5 – Tensile strength of pristine and welded samples. The error bars indicate the standard deviation. 

The fracture surfaces of the WB and PC samples (Figure 4-6a) show similar morphology being 

that of a cohesive fracture and indicating that effective molecular diffusion was achieved for 

the weld. In contrast, an adhesive type of fracture due to the insufficient pressure (LP) or input 

energy (LE) is seen for these specimens (Figure 4-6c, d). The LP specimen (Figure 4-6c) 

exhibits bubbling at the surface due to the inability of the applied pressure to overcome the 

high melt viscosity of the PEEK in order to expel entrained air or adsorbed moisture, whilst 

the LE specimen also shows partially unmelted material at the centre region because of 

insufficient heating time [82].  
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Figure 4-6 – Fracture surface of specimens after tensile test; (a) specimen PC; (b) specimen WB; (c) specimen LP; (d) 

specimen LE. 

4.5. Concluding remarks 

An alternative Resistance Welding method for thermoplastics, using a CNT-web as the directly 

energised Joule heating element, has been demonstrated. This preliminary investigation using 

PEEK specimens showed that the best results for bond tensile strength were achieved with a 

specific power of 𝑊𝑠 = 55 kW/m2, a specific energy of 𝐸𝑠 = 8250 kJ/m2, and a consolidation 

pressure of 𝑝 = 4 MPa. The welded specimens achieved a strength of 95 ± 3 MPa and a joint 

efficiency of 96%. 

The resulting small added weight and thickness, high conformability, and tailorable electro-

thermal response make this approach highly practical for the welding of thermoplastic 

structures.  
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Chapter 5 

5. Resistance Welding of reinforced PEKK composites [83] 

5.1. Introduction 

Single-lap shear specimens were produced using Resistance Welding of carbon fibre reinforced 

polymers by means of carbon nanotube (CNT) web-based heating elements. Heating elements 

were manufactured by embedding the CNT-web layers between layers of PEKK / glass fibre 

and connecting them to copper electrodes. An experimental campaign explored how their 

electrothermal behaviour influenced the welding process. Specimens were welded at a pressure 

of 0.05 MPa and different levels of power and time. Within the parameter space explored, an 

optimum bond was obtained with a specific power of 80-90 kW/m2 and a time of 150 s, 

achieving a shear strength of 30 MPa. Post-failure analysis revealed that the fracture 

propagated within the substrates rather than through the CNT-web element. This work 

represents a further step in the integration of CNT-web based heating elements in an industrial 

welding process.   

5.2. Materials and methods 

5.2.1. Specimen manufacturing 

Heating elements were produced by sandwiching 10 layers of CNT-web (hereinafter indicated 

with CNTW10) between two PEKK films (each with nominal thickness of 50 µm). Two types 

of heating elements were prepared comprising either: i) PEKK/CNTW10/PEKK (denoted HE); 

or ii) G/PEKK/PEKK/CNTW10/PEKK/PEKK/G (denoted HEG), where G indicates the 

inclusion of a single ply of plain weave glass fibre fabric having an areal weight of 25 or 50 
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gsm as indicated in the text. Glass fabric was studied as a means to prevent current leakage 

from the CNT-web in the latter stages of the welding process.   

 

The highly aligned 100 mm wide CNT-web was drawn from a forest grown on silicon wafer, 

laid on a PEKK film 300 mm long (Figure 5-1a) and densified using acetone (Figure 5-1b). 

The acetone densification improves the compactness of the web, reducing the thickness of the 

single CNT-web layer from 20 μm to 50 nm, and making the web cling to the PEKK and hence 

easier to handle. The film bearing the CNT-web layers was cut into 100 × 30 mm strips across 

the longitudinal direction of the web. Copper electrodes (100 x 10 mm) were attached along 

the long edges of each strip by means of silver paint to leave a 20 mm wide clear CNT zone. 

A second film of PEKK placed on top of the CNT-web layers yielded the HE assembly (Figure 

5-2a). Sandwiching the CNT-web and PEKK carrier between PEKK films and glass fabric 

yielded the HEG assembly in Figure 5-2. These assemblies were consolidated under vacuum 

(-95 kPa) while the temperature was increased to 370°C over 280s; held above the PEKK 

melting temperature (343°C) for 1 or 4 minutes (for HE or HEG, respectively); and allowed to 

cool naturally to <100 °C (approximately 20 min.). Finally, the consolidated element was cut 

into smaller pieces of 25 mm (Figure 5-3). 
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Figure 5-1 – a) Drawing process of CNT-web layers from the CNT forest to the PEKK film and b) densification process 

using acetone. 

 

 

 

Figure 5-2 – Exploded view of a) HE and b) HEG heating elements. 
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Figure 5-3–Completed heating element (HE) with sizes and cutting lines. 

 

The test specimens were prepared from panels of two laminates supplied by Solvay:  

i) a quasi-isotropic laminate with layup [45, 90, -45, 0, 45, 0, -45, 90]S made from APC-AS4 

(areal weight of 145 gsm, resin content of 34%,) with a thickness of 2.24 mm, hereinafter 

denoted as CF-PEKK; 

ii) a laminate made by adding to one face of the previous laminate (i.e. CF-PEKK) an outer ply 

of plain weave glass fabric (areal weight of 50 gsm) with a thickness of 2.30 mm, hereinafter 

denoted as CF-PEKK_G.  

 

Both laminates were cut into 100 × 25 mm coupons and thoroughly cleaned with iso-propyl 

alcohol to remove grease and dust. For all material systems (i.e. CF-PEKK and CF-PEKK_G†), 

two coupons were positioned as shown with a 17 mm overlap with a CNT-web heating element  

(Figure 5-4), taking care not to leave the copper electrode within the overlap. The HE elements 

were paired with CF-PEKK_G coupons (glass fabric innermost, Figure 5-4b) while the HEG 

 
† CF-PEKK_G specimens were placed with the single layer of glass fibre facing the heating 

element in order to prevent current leakage. 
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elements were used with the CF-PEKK coupons (Figure 5-4a). Each specimen assembly was 

placed in a frame to maintain correct alignment, the electrodes connected to a power supply 

and a pneumatic ram used to apply controlled consolidation pressure. The heating element was 

energized until welding was achieved and then the assembly allowed to cool in the frame to 

below 100 °C. 

 

 

Figure 5-4– Assembly of welding specimens and heating elements to form a single lap sample. 

5.2.2. Electrical characterization of the heating element 

The sheet resistivity, 𝜌, of the heating element is:  

 𝜌 = 𝑅 𝑤𝑁/ 𝑙 Eq. 5-1 

 

where 𝑅 is the electrical resistance; 𝑙 = 20 mm is the distance between the electrodes; 𝑤 =

25 mm is the width of the insert, and 𝑁 =10 is the number of CNT-web layers. 

 

The sheet resistivity computed with Eq. 5-1 does not depend upon the length, width and number 

of CNT-web layers, and allows estimation of the power necessary to melt the interface.  
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The specific power, 𝑊𝑠, defined as electrical power 𝑊 per unit area (of the heating element), 

can be calculated as:  

 
𝑊𝑠 =

𝐼2𝑅

𝑙𝑤
=

I2𝜌

𝑁 𝑤2
 

Eq. 5-2 

 

where 𝐼 is the electrical current, maintained constant throughout the welding process in this 

study. It is worth noting that if the resistivity of the heating element is measured at room 

temperature,𝜌0, the use of Eq. 5-2 is not rigorous at high temperatures since the resistivity itself 

depends on the temperature. 

 

Preliminary experiments conducted at temperatures between 20 and 350°C (slightly above the 

melting point of PEKK) have shown that the resistivity of the heating element decreases 

linearly with the temperature (Figure 5-5).  Thus the specific power 𝑊𝑠 applied during the 

welding process changes linearly with the temperature of the CNT-web. 

 

 

Figure 5-5– Heating element sheet resistivity change withtemperatures. 
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It should be noted that CNT-web batches from different directly spinnable CNT forests can 

have different electrical properties depending upon forest density, CNT length, CNT number 

of walls, CNT diameter and web areal density [84]. Moreover, the electrical properties can be 

affected by various anomalies of the element such as structural flaws, nanotube misalignment 

or poor densification. For example, (Figure 5-6), the sheet resistivity was measured for two 

different batches of CNT-web comprising respectively 56 and 97 heating elements. Batch 1 

has an average sheet resistivity (mean value = 894 Ω, SDV=59.2 Ω) which is 55% higher than 

that of batch 2 (mean value = 578 Ω, SDV=39.8 Ω). This difference could be accommodated 

in the process by adjusting the weld parameters or, more easily, by varying the number of web 

layers used to make batches of elements to achieve the same resistivity. 

 

 

 

Figure 5-6– Sheet resistivity at room temperature of heating elements produced using two different CNT forests. 

 

5.2.3. Thermal characterization of the heating element 

The CNT-web element transfers heat to the substrate through conduction and, in the exposed 

regions of the heating element that lie outside the sample overlap (Figure 5-7), to the 

environment through convection and radiation. Since radiation and convection represent, for 
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the case under investigation, less efficient ways of heat transfer, the temperature of the exposed 

regions is usually much higher than that within the overlap. This leads to higher temperatures 

at the entry point (Figure 5-7) that could potentially cause polymer degradation and heater 

failure in the vicinity of the edges. 

 

 

Figure 5-7– Exposed length of heating element and detail of the penetration area. 

 

This is a well-known problem with conventional heating elements (metal meshes or carbon 

fibre) that need to be strongly clamped to minimise the contact resistance between the electrode 

and the heating element and hence necessarily have a large exposed area. 

 

CNT-web heating elements, on the contrary, were fabricated by directly connecting the copper 

electrodes, necessary to deliver the power, at the edges of the CNT-web. With this technique, 

the area of the exposed region is minimized, and the mass and thermal conductivity of the 

copper buses is considerably higher than that of the adjacent web and so slightly cools it at the 

contact edges. 
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A thermographic image of a strip of heating elements (i.e. prior to subdivision) brought to an 

average temperature of ~80 °C (Figure 5-8) reveals that the temperature over the body of the 

heating elements (averaged over the areas represented in Figure 5-8) is virtually uniform and 

that it decreases abruptly in the vicinity of the electrodes. This means that with the technique 

used to manufacture the heating elements, the resistance at the contact point between the CNT-

web and the electrode is lower than the resistance within the CNT-web itself, and confirms that 

no clamping is needed to reduce the contact resistance, thus simplifying the welding process.  

 

 

Figure 5-8– Thermal image of a heating element (HE type) (100 mm x 20 mm) brought at an average temperature of 80 ͦC 

and temperature measurement at different locations. 

5.2.4. Welding process and related parameters 

5.2.4.1.  Power delivery 

The welding process can be performed using constant voltage [38,52] or constant current 

control [29,41,51] although variations of this (i.e. ramped voltage application) have been used 

[45]. Since the sheet resistivity, and hence heating element resistance, decreases linearly with 

the temperature, application of a constant voltage results in an increase in the current and thus 

an increase in power. However, a sudden and drastic decrease in the resistance (due for example 

to current leakage) will cause a substantial increase in the power and could lead to a localized 
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runaway and risk of scorching or fire. Conversely, an increase in the resistance (caused for 

example by a small break in the CNT-web) will cause the delivered current, and thus the power, 

to decrease substantially. Hence, the welding could fail because of the insufficient energy 

delivered. 

 

Contrarily, at constant current, which is achieved by automatically varying the voltage, the 

power will decrease in line with the resistivity as the temperature rises, thereby slowing the 

temperature rise and extending the time required. However, if the resistance drops drastically 

because of current leakage, the power will drop as well (Figure 5-9) making the welding 

process much safer. Moreover, an increase in the resistance, due for example to a local rupture 

of the web, will cause the power, and therefore, the temperature to increase (Figure 5-9) but 

only up to a safe voltage limit, making the welding more likely to succeed. For the 

aforementioned reasons, all welding experiments reported here were run at constant current. 

 

 

Figure 5-9– Characteristic electrical profiles of heating elements experiencing CNT-web breakage or leakage under a 

constant current supply. 
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5.2.4.2. Pressure control 

The consolidation pressure plays a major role in polymer welding because it counters the 

thermal expansion of the polymer, promotes polymer interdiffusion and ensures that small 

gaps, due to manufacturing imperfections, curvature, or specific manufactured features, are 

brought together and the whole of the weld interface is in contact. When joining large parts, 

high consolidation pressure is problematic because it requires robust and expensive tooling. 

The lowest effective consolidation pressure for the proposed technology is therefore identified 

and used in experiments to best inform its use in an industrial environment. Preliminary 

experiments found that the lowest consolidation pressure for which the mechanical behaviour 

of the joint is satisfactory and repeatable is 0.05 MPa, and is thus used in all the experiments. 

5.2.4.3. Time and power control 

After fixing the consolidation pressure, the two major parameters investigated are the welding 

time 𝑡 (at three levels: 60, 105, 150 s), and the initial specific power 𝑊𝑠0 supplied to the heating 

element (also at three levels: 70, 80, 90 kW/m2). The initial specific power is calculated with 

Eq. 5-2 (i.e. 𝑊𝑠0 = I2𝜌0 𝑁 𝑤2⁄ ) using the sheet resistivity measured at room temperature, 𝜌0. 

5.2.5. Leakage effect in CF-PEKK 

Welding of conductive composites can be drastically affected by electrical leakage whereby 

the current finds an alternative, significantly lower resistance, path than through the CNT-web 

element. This prevents parts of the element from reaching the desired temperature, and 

generates local hot spots at the leakage points. To investigate current leakage, a HE heating 

element was sandwiched between CF-PEKK specimens and, after applying pressure, provided 

with a constant current. With no glass fabric insulation layer, direct contact between the CNT-

web in the heating element and the carbon fibre of the substrates can occur. Depending upon 

how quickly and severely the leak develops, the weld may not succeed at all or may fail at 
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substantially lower loading. The fracture surface of the failed test sample (Figure 5-10) shows 

an area of unwelded interface surrounding a small contact point.  

 

Figure 5-10– Surface of a welding sample affected by current leakage and characterized by a leaking point and an 

unwelded area. 

During the welding process, the leakage event can be detected by monitoring the current, 

voltage and power being applied. As the sample is otherwise electrically isolated, leakage 

requires two points of electrical contact between the substrate and CNT-web. In our study three 

main types of contact locations were identified: i) the front-edge, ii) the side-edge and iii) point 

contacts on the mating surface (Figure 5-11). 

 

Figure 5-11 shows three examples of: 

i. Point to point path (Figure 5-11a), where current leaks between local point contacts; 

ii. Point to front-edge path (Figure 5-11b), where the current leaks from a local point 

contact to a front edge contact adjacent to a copper bus; 

iii. Side-edge to Side-edge (Figure 5-11c), where the current propagates diagonally from 

one side to the other of the substrate. 
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Figure 5-11– Illustration of the three main types of contact and the possible current path: a) Electrical current moving 

from one point contact to another, b) current moving from a point contact to a front-edge contact and c) current moving 

from one side-edge contact to another. 

In our study, the third type of current leakage, the side-edge to side-edge, was mainly avoided 

by cutting the heating elements slightly narrower than the coupons.  

However, this method does not prevent current leakage from the other locations and, for this 

reason, different methods were investigated to reduce the event: 

i. Increase the thickness of the polymer film enclosing the heating element.  

ii. Include a robust (e.g. glass fabric) insulating layer between the heating element and the 

substrate. 

5.2.5.1. Polymer film insulation 

HE heating elements were used alone or embedded within additional films of PEKK (denoted 

as HE+1L and HE+2L if 1 or 2 additional layers per side are used, respectively), to determine 

if the addition of polymer can prevent electrical leakage at the specific powers of 70 kW/m2 or 

90kW/m2. The as-prepared HE element does not prevent current leakage at 70 kW/m2 (Figure 

5-12a) but the addition of one extra layer of polymer (i.e. HE+1L) is sufficient to allow 

successful welding. On the other hand, if a higher power is used (90 kW/m2) (Figure 5-12b) 
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neither HE+1L nor HE+2L will guarantee insulation between the parts. At the higher power, 

the polymer film presumably melts more quickly and to a higher temperature before the 

interfaces have softened sufficiently to bond. The applied pressure, in combination with the 

lower viscosity of the melted polymer film, increase the probability of creating an electrical 

contact with the substrates [31,38]. 
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Figure 5-12– Electrical profile of welding processes at: a) 70 kW/m2, using heating elements HE and HE+1L, and b) at 

90 kW/m2 using heating elements HE+1L and HE+2L. 

5.2.5.2. Glass fabric insulation 

HEG heating elements were used to weld CF-PEKK substrates using an initial specific power 

of 80 kW/m2. Ten samples of each type were produced and it was found that in 80% of cases, 

welding was completed (to the time target of 150 seconds) without current leakage in samples 

welded using the 25 gsm ply. Samples welded with the 50 gsm glass ply were successfully 

joined in 100% of cases (Figure 5-13). The failure of the 25 gsm glass ply in 20% of cases is 

attributed to the presence of random gaps that can be found in the glass fabric.  

 

 

Figure 5-13– Electrical profile of welding processes at 80 kW/m2 for 150 seconds using heating element insulated with 

glass fibre ply (heating element of type 2). 

5.2.6. Mechanical tests and fractographic analyses 

Single lap shear specimens were tested using a Zwick Roell z100 Universal Testing Machine 

equipped with a 100 kN load cell and tests were performed following the ASTM D5868. A 

loading speed of 1 mm/min was used for all the specimens. 
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The shear strength of the samples was calculated as 𝜏 = 𝑃/𝐴, where 𝑃 is the peak load 

measured during the test and 𝐴 is the nominal area of the sample overlap. Note that this does 

not necessarily equal the actual welded area which might be smaller in case the ligament has 

not been entirely melted. The fracture surface of samples was then observed using a Canon 

EOS 80D camera and Canon EF 100 mm f/2.8L Macro IS USM lens and different types of 

fractures were reported according to the ASTM D5868 standard. 

5.3. Results 

5.3.1. CF-PEKK_G/HE samples 

5.3.1.1. Experimental results 

Samples welded at the two highest powers and the longest time (150 s) show the highest 

mechanical performances with values close to 30 MPa (Figure 5-14). On the contrary, samples 

welded for only 60 seconds show the lowest mechanical performance with values under 4 MPa 

for the highest power, or complete failure for the lower power/time combinations. Furthermore, 

samples welded for 150s or using the two highest specific powers show a welded area above 

85% with the highest value of 100% welded area for samples welded at the higher power/time 

combination (Table 5-1). 
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Figure 5-14– Shear strength of welded (CF-PEKK_G/HE) at different Specific power and Time. 

 

 

Table 5-1 – Welded area and single lap shear test statistics for welded (CF-PEKK_G/HE) at different 

Specific power and Time. 

Factors  Single lap shear test results  Statistic characteristic 

Specific power  

(kW/m2) 

Time  

(s) 
 Welded area  

(%) 

Shear strength  

(MPa) 
 Average  

(MPa) 

St. Dev  

(MPa) 

CV  

(%) 

90 150 

 100 27.3  

29.0 2.07 7.1  100 28.4  

 100 31.3  

90 60 

 13 2.5  

3.7 1.12 30.1  20 4  

 33 4.7  

70 60 

 0 N.A.  

N.A. N.A. N.A.  0 N.A.  

 0 N.A.  

70 150 

 79 17.7  

19.0 1.25 6.6  81 20.2  

 85 19.1  

80 105 

 77 19.7  

20.5 0.92 4.5  100 20.3  

 85 21.5  

70 105 

 23 4  

3.7 0.58 15.7  18 3  

 21 4  

80 150 
 100 28.1  

28.7 0.67 2.3  100 29.4  
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 100 28.5  

80 60 

 0 N.A.  

N.A. N.A. N.A.  0 N.A.  

 0 N.A.  

90 105 

 98 22.3  

24.2 1.96 8.1  100 26.2  

 100 24  

 

 

5.3.1.2. Heat affected zone (HAZ) of the joints 

In any welding process, a zone is created adjacent to the bond in which the material is affected 

by the heat flux although not necessarily melted. Insofar as the thermal effect is likely to be 

neutral or negative rather than positive, it is important to keep this heat affected zone (HAZ) 

as narrow as possible. In the present work, plastic deformation of the joint plies as indicated 

by edge splitting and crushing are taken as a proxy indication of HAZ thickness. The affected 

thickness is 50 to 100% for the joints welded at 90 kW/m2, around 20 to 50% for 80 kW/m2 

and zero to about 10% 70 kW/m2 (Figure 5-15). A good compromise of welding reliability, 

strength and HAZ minimization is obtained powering the heating element at 80 kW/m2 for 150 

seconds.  

  

 

Figure 5-15– Plastic deformation of welded CF-PEKK_G/HE samples welded for 150 seconds and with a specific power 

equal to 90 kW/m2, 80 kW/m2 and 70 kW/m2 respectively. 
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5.3.1.3. Processing window 

The processing window (Figure 5-16) was generated by plotting the values of shear strength, 

obtained at the different points of the experimental space, against the two factors, specific 

power and time. Some additional samples were prepared, at 100 kW/m2 applied power for 60 

and 105 seconds, and tested to clarify the general limits of the acceptable processing area. 

The light grey area (Figure 5-16) indicates a condition of under-welding. Under this condition, 

the average portion of the joint area successfully welded was below 85%. 

Samples with a welded area above 85% fall within the mid-grey ‘fully welded’ zone and are 

characterized by the higher mechanical performance obtained. Although having 100% weld 

area and of high strength, samples falling within the dark grey area are considered to be ‘over 

welded’, having a HAZ greater than 50%. The optimum processing window is located between 

the welding times of 105 and 150 seconds with the highest mechanical performances in 

correspondence of 80 and 90 kW/m2 and 150 seconds. It is worth noting that the processing 

window area, generated after 150 seconds, was created solely by analysing the HAZ of the 

samples. 
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Figure 5-16– Processing window for the welding of CF-PEKK_G/HE samples with reported values of shear strength. 

 

 

 

5.3.1.4. Analysis of fracture surface 

Three types of failure can be detected in the broken samples: 

• Intra-insert failure (Figure 5-17a), when the crack propagates within the heating 

element. This type of fracture is caused by the polymer film failing to fully penetrate 

the CNT-web structure, either because the web is too thick or dense, too little pressure, 

time or heat is applied, or air has become trapped in the structure; or by the element 

degrading during use. The element is necessarily hotter than required to melt the 

polymer in order to create a temperature gradient steep enough to join the components 

in a reasonable time. The key constraint on further increasing the power and hence 
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temperature is the thermal degradation caused to the polymer of the element before 

welding is completed.   

• Adhesive failure (Figure 5-17b), when the crack propagates between the heating 

element and substrate. This type of failure occurs when the polymer interdiffusion does 

not (completely) happen. This is caused by process variables of insufficient time and/or 

power and/or pressure.  Otherwise, current leakage can rob the surrounding area of the 

energy to heat sufficiently. 

• Fibre-tear failure (Figure 5-17c), where the crack propagates in the substrate and fibre 

plies (deep fibre-tear failure) or matrix with a few fibres (light fibre-tear failure) of the 

substrate is transferred to the heating element surface, is usually related to a good 

welding performance. In the present work, it was observed with successful welds that 

cracks propagated deep into the substrate, breaking one or multiple plies of carbon fibre. 

If, in small portions, the crack also propagates into and through the heating element, or 

between the heating element and substrate with little or no diminution of strength, this 

would also be considered to be fibre-tear failure.  

 

 

Figure 5-17– Main types of detected failures in welded samples after single lap shear test. 
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Figure 5-18 reports a comparison of the fracture surface for specimens welded with a specific 

power 𝑊𝑠0= 70 kW/m2, 80 kW/m2 and 90 kW/m2. All specimens were welded using a welding 

time of 150 seconds and consolidation pressure of 0.05 MPa. Samples welded using 80 and 90 

kW/m2 show fibre-tear type of failure, however, samples welded at 90 kW/m2 show a larger 

area of deep fibre-tear failure compared to specimens welded at 80 kW/m2. The additional 

amount of provided energy, compared to samples welded with lower power, results in an 

improved bond between the substrates and the heating element. This is also confirmed by the 

fact that samples welded with the 70kW/m2 not only do not present a deep fibre-tear type of 

failure but show portions of adhesive failure (Figure 5-18c) with a consequent lower strength.  

 

 

Figure 5-18– Failure surface of single-lap shear test CF-PEKK_G/HE samples welded for 150 seconds and with a 

specific power equal to a) 90 kW/m2, b) 80 kW/m2 and c) 70 kW/m2 respectively. 
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5.3.2. CF-PEKK/HEG samples 

As a concept demonstration, substrates of CF-PEKK were welded using the pre-made HEG 

heating elements having the 50 gsm glass ply on each face to prevent current leakage. This 

configuration is helpful to simplify the manufacturing process of thermoplastic composites by 

eliminating the need to include a ply of glass fabric in their original configuration. Three 

samples were welded at pressure 𝑝 = 0.05 MPa, using the best welding parameters found when 

welding CF-PEKK_G/HE (i.e. 80 kW/m2 and 150 s) (Table 5-2). 

 

Table 5-2 - Results for single lap shear test of CF-PEKK/HEG at different specific power and time 

Factors  Single lap shear test results  Statistic characteristic 

Power  

(kW/m2) 

Time  

(s) 
 Welded area  

(%) 

Response  

(MPa) 
 Average  

(MPa) 

St. Dev  

(MPa) 

CV  

(%) 

80 150 

 100 26.02  

25 1.28 5.12  100 25.50  

 100 23.58  

 

 

The single-lap shear test produced a mean shear strength of 25 MPa which is slightly lower 

than the value reported for CF-PEKK_G/HE for the same welding parameters. This difference 

is possibly attributable to a slight difference in thermal conductivity across the glass-carbon 

fibre interface compared with the polymer-glass interface of the CF-PEKK_G/HE 

construction, perhaps influenced by the element or substrate topography. Further optimisation 

of the process would clarify and eliminate this difference. 

5.4. Concluding remarks 

The following concluding remarks can be made: 
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• The heating elements are extremely flexible and can be easily conformed to any shape. 

They exhibit uniform temperature and a resistivity that decreases linearly with the 

applied temperature. 

• Single lap shear specimens CF-PEKKG/HE have shown a shear strength of 29 MPa. 

This was obtained applying a consolidation pressure of 0.05 MPa, an initial specific 

power of 80-90 kW/m2 for a period of time of 150 s. 

• Single lap shear specimens CF-PEKK/HEG have shown a slightly lower shear strength, 

25 MPa, using the same processing parameters. 

• Post-failure analyses showed that optimum specimens exhibited a fibre-tear fracture 

with a crack propagating within the substrate. 

• The results obtained demonstrate the potential of the proposed welding technology and 

suggest the prospect to use it in an industrial environment. 

 



Chapter 6 - Resistance welding of reinforced PPS composites 

118 

 

Chapter 6 

6. Resistance welding of reinforced PPS composites 

6.1. Introduction 

Carbon fibre reinforced polyphenylene sulfide (CFR-PPS) coupons were used to prepare 

single-lap shear samples Resistance Welding using carbon nanotube web (CNT-web) heating 

elements.. After a preliminary characterisation of electrical and thermal parameters, welding 

of CFR-PPS was studied in detail at a suitable range of power, time and a pressure. The 

specimens were then tested in shear and the best result (shear strength of about 24 MPa) was 

obtained for a specific power of 100 kW/m2, a weld time of 60 s and a pressure of 0.05 MPa. 

It was also found that a fourfold increase in number of layers to make the CNT-web resulted 

in a 13% lower shear strength, but also in a more resilient and durable heating element. This 

work represents a further step into the integration of CNT-web based heating elements into an 

industrial welding process. 

6.2. Materials and methods 

6.2.1. Manufacturing of the heating element 

Single-lap shear (SLS) samples were manufactured welding CFR PPScoupons with dimensions 

of  100 × 25 × 2.3 mm and having a quasi-isotropic layup [GF/(45, 90, -45, 0, 45, 0, -45, 90)S] 

bearing on the top surface a single layer of plain weave glass fibre (GF) ply with an areal 

density of 50 gsm. The latter was added, as normally done in industrial welding, to prevent 

current leakage between the heating element and the CF. The CNT-web heating element was 
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placed in between the coupons (with the glass ply facing the heating element) and welded 

applying electrical current and a consolidation pressure. 

The heating element was produced by sandwiching 5, 10 or 20 layers of CNT-web between 

two 50 µm PPS polymeric films (Torelina™ #50 – 3030 Standard Grade). 

The as-drawn CNT-web had a width of 100 mm and was directly extracted from a carbon 

nanotube forest (grown on a silicon wafer with CNT length of 300 µm), deposited onto a 300 

mm PPS film (Figure 6-1a) and densified using acetone (Figure 6-1b). The 100 mm wide film, 

bearing the CNT-web layers, was then cut into pieces of 30 (direction of draw) × 100 mm 

(Figure 6-1c). Copper electrodes (100 × 10 mm) were attached to the long edges of each piece 

using silver paint  in order to improve the electrical connection between nanotubes and 

electrodes. The final exposed area of the web between the copper electrodes was 100 × 20 mm. 

Finally, another layer of PPS was placed on top (Figure 6-1c) to complete the assembly. 

 

 

Figure 6-1– Illustration of a) CNT-web layer been drawn from the CNT forest and deposited onto the PPS film, b) the 

film bearing the CNT-web layers and c) the exploded assembly of the heating element before heat consolidation. 

 

Each assembled heating element was sandwiched between Kapton films (50 µm) to prevent 

sticking, placed on a heating ceramic plate, and sealed in a vacuum bag of 50 µm thick Kapton 

film toghether with a 180 gsm plain weave glass fibre ply employed as a breather (Figure 6-2).  
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Figure 6-2– Vacuum bag setup. 

The element was vacuum consolidated (-95 kPag) and the hotplate temperature was then raised 

from 20 °C to 280 °C (PPS melting point) in roughly 230 seconds, maintained above the 

melting point (final temperature 330 °C) for 3 minutes (Figure 6-3) allowing to cool naturally. 

The cooling rate, due to natural cooling, was averagely 20 °C/min from 330 to 240 °C, about 

13 °C/min from 240 to 150 °C and about 6 C°/min from 150 to 85 °C under the glass transition 

temperature. The Kapton films, the vacuum bag, and the ceramic plate were coated with a high-

temperature release agent (Frekote 55-NC). 

 

 

Figure 6-3– Temperature profile for the production of the CNT-web element with PPS film . 
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The consolidated assembly was then cut into smaller pieces of 25 mm to form the final heating 

element with exposed area of dimension 25 × 20 mm. 

 

6.2.2. Electrical properties of the heating element 

A two-probe multimeter (Agilent 34450A 5½ Digit Multimeter) was used to measure resistance 

of the CNT-web PPS heating elements and sheet resistivity, 𝜌, computed as: 

 

 𝜌 =
𝑅 𝑤𝑁

𝑙
 

Eq. 6-1 

 

where 𝑅 is the resistance measured at the electrodes, 𝑙 = 20 mm is the distance between the 

electrodes, 𝑤 = 25 mm, is the width of the insert, and 𝑁 is the number of layers in the web. 

The sheet resistivity calculated using Eq. 6-1 does not depend on the length, width, and number 

of CNT-web layers, and it is a critical value necessary to calculate the power supplied at the 

mating surfaces. This can be delivered to the heating element in three different ways: i) at 

constant voltage (consequently, the current will depend on the resistance of the heating 

element), ii) at constant current (voltage will depend on the resistance), iii) or at constant power 

(voltage/current must be adjusted if resistance changes). The specific power 𝑊𝑠, is defined as 

electrical power 𝑊 divided by the heating element area, hence: 

 𝑊𝑠 =
I2R

𝑙𝑤
=

I2𝜌

𝑁 𝑤2
 

Eq. 6-2 

 

where 𝐼 is the electrical current, and, in this study, its value was maintained constant throughout 

the welding process. It is worth noting that, due to its temperature dependency, the sheet 

resistivity falls during the process, causing the specific power to decrease from its initial 

value 𝑊𝑠0 (measured at room temperature, when the sheet resistivity is equal to its initial 
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value 𝜌0). Before each weld, the sheet resistivity of each heating element was measured, and 

the electrical current to deliver to the heating element was calculated in function of the desired 

value of the initial specific power 𝑊𝑠0.  

6.2.3. Manufacturing of the single-lap shear samples 

Each SLS sample was manufactured by placing a pair of coupons one above the other with the 

glass fibre plies facing, and inserting the heating element before the two (Figure 6-4).. The 

overlapped region (corresponding to the ligament of the welded joint) had a length of 17 mm. 

The heating element, having dimensions of 25 × 20 mm, was positioned with the electrodes 

outside ligament.  

 

 

Figure 6-4– Coupons and heating element arrangement. 

 

The consolidation pressure, 𝑝, the weld time, 𝑡, and the initial specific power, 𝑊𝑠0 , were the 

investigated parameters. Small gaps, such as those created by manufacturing flaws or 

mismatched curvature are brought together by the consolidation pressure, ensuring that the 
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whole welding interface is in contact. However, since high consolidation pressures are difficult 

to achieve when welding large components, a pressure of only 0.05 MPa was used. The initial 

specific power and the weld time were in the range 60 - 100 kW/m2 and 60 - 160 s, respectively. 

6.2.4. Electro-thermal properties of the CNT heating element and temperature 

estimation at the interface 

The CNT-web is pure carbon and has a negative resistance temperature coefficient, hence 

electrical resistance of the CNT-web element decreases as the temperature rises. The 

relationship between sheet resistivity and the temperature was experimentally obtained and 

applied to monitor the temperature at the mating surface throughout the entire welding process 

without resort to thermocouples or other intrusive devices that could interfere or be detrimental 

to the successful outcome of the welding process. 

The calibration was performed using a programmable ceramic hot-plate, and warming up three 

CNT-web heating elements, made of 10 layers of CN-web, from 20 to 280°C (melting point) 

in increments of ~10 °C. The temperature was held constant for 1 minute at each increment, 

and sheet resistivity was measured (Figure 6-5). 
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Figure 6-5– Typical heating element sheet resistivity against temperature and linear fit. 

 

The average slope of the three best-fit straight lines for the sheet resistivity (Figure 6-5) is equal 

to 𝜔 = -0.386 ohm / °C (s.d. = 0.0156 ohm/°C) and allows an estimation of the temperature 

as: 

 𝑇 = 𝑇0 +
𝜌 − 𝜌0

𝜔
 

Eq. 6-3 

where 𝑇0 is room temperature. 
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Figure 6-6– Estimated temperature at the mating surface during the entire welding. 

 

The interface temperature estimated using Eq. 6-3 (initial sheet resistivity 𝜌0 = 594 ohm, initial 

specific power 𝑊0 =80 kW/m2, weld time 𝑡 =100 s) (Figure 6-6)  exhibits three distinct stages 

(Figure 6-6): I) increase of the temperature before melting, II) a slight decrease of the 

temperature during the melting of the polymer at the mating surface, and III) further rise in 

temperature when the entire mating surface has melted. Hence, monitoring the temperature 

ensures the overall melting of the mating surface and a successful bond. 

6.2.5. Mechanical performance and fractographic analysis  

Single-lap shear samples were tested, according to ASTM D5868, using a Zwick Roell z100 

Universal Testing Machine equipped with a 100 kN load cell . Samples were loaded at a 

crosshead speed of 1 mm / min. The shear strength of the samples was calculated as 𝜏 = 𝑃/𝐴, 

where 𝑃 is the peak load measured during the test and 𝐴 is the nominal area of the ligament. 

The fracture surface of samples was then evaluated using a Canon EOS 80D equipped with a 

Canon EF 100mm f/2.8L Macro IS USM lens, and fractures were reported in accordance with 

ASTM D5868. 

6.3. Results 

6.3.1. Single lap shear tests 

 

The shear strength of samples joined with a pressure of 0.05 MPa using 10 layer CNT-web 

elements at 60 or 80 kW/m2 range from about 18 MPa at the shorter weld times up to 21 MPa 

for the longer durations, while at  100 kW/m2 a strength of 23.7 MPa is attained in 60 seconds.  
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Table 6-1 – Shear strength of SLS samples welded using 10 layers CNTW at different power and time levels. 

 

Variables   Shear strength 

Specific power 

(kW/m2) 

Time  

(s)   

Average 

(MPa) 

St. Dev 

(MPa) 

60 

120  18.37 2.03 

125  19.6 2.01 

130  20.9 1.88 

160  21.25 1.12 

80 

70  18.1 2.03 

75  20.1 2.00 

80  20.74 2.05 

95  21 1.95 

100  20.21 2.40 

100 60   23.7 2.30 

 

Visual analysis of the fracture surfaces of all test samples show similar features (Figure 6-7) 

with the main crack propagation being  intra-insert. That is, the fracture travels within the 

heating element or between the element and the glass fibre layer of the composite. The plain 

weave glass ply on the exterior surface of each coupon essentially prevents the fracture from 

propagating into the composite, with the intra-insert fracture being, in this case, a lower energy 

crack propagation route. 

 

 

Figure 6-7– Fracture surfaces for different welding powers and weld time.  



Chapter 6 - Resistance welding of reinforced PPS composites 

127 

 

6.3.1.1. Effect of CNT-web content on the mechanical performance of the joint 

The effect of the number of CNT-web layers on the mechanical properties was also 

investigated. More layers not only ensures a more robust and durable heating element, but also 

lowers the electrical resistance, thus permitting a lower voltage power source to be used. Thus 

three heating elements each of 5, 10, and 20 CNT-web layers were used to bond coupons at 

0.05 MPa and 80 kW/m2 for 80 s and the samples tensile tested The average shear strength 

decreases by 6.7% between the 5 and 10 layers configuration (Figure 6-8), and by 13% between 

the 5 and 20 layers configuration. Since the difference between the results obtained with 5 and 

10 layers is not statistically significant (the error bands overlap) the 10 layer configuration was 

considered the optimal. However, because the 20 layer configuration still provides a 

mechanical performance comparable with the other configurations, it is conceivable to prefer 

it in applications where large components must be welded or lower voltage power supply is 

available. 

 

 

Figure 6-8– Shear strength of SLS samples welded with heating elements containing 5, 10 and 20 CNT-web layers (error 

bars represent +/-1 standard deviation). 

 

6.3.2. Effect of consolidation pressure on the welding process 

Resistance Welding requires some consolidation pressure,  but excessive pressure will  deform 

the parts to be joined, especially at higher temperatures, in addition to necessitating a 
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sophisticated and expensive pressure system. Too low pressure, on the other hand, does not 

ensure either closing of the gaps between the mating surfaces, or an adequate polymer 

diffusion, which will negatively affect the mechanical performance of the joint.  

As demonstrated by the test results, a pressure as low as 0.05 MPa was found acceptable when 

using CNT-web.  However the applied pressure can also damage or break the CNT-web 

element itself which will cause the procedure to fail (this type of failure does not normally 

happen for conventional heating elements) To test the effect of consolidation pressure on the 

CNT-web element integrity, heating elements comprising just 5 layers of CNT-web were tested  

at pressures of 0.03, 0.1 and 0.25 MPa, and at an initial specific power 𝑊𝑠0 = 60 kW/m2.  At 

constant current process the power declined as expected due to decreasing resistivity (Figure 

6-9). It was found that heating elements that were used at the lowest pressure (0.03 MPa) 

underwent a gradual  increase in specific power after around 120 seconds, whereas heating 

elements used at higher pressures (0.1 and 0.25 MPa) demonstrated the same effect at shorter 

times and in a more abrupt way, particularly for the highest pressure. Under a steady current 

supply, a rise in power indicates that the electrical resistance of the heating element is growing 

due to web damage or ripping. This means that using a higher pressure during welding could 

damage the heating element. 
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Figure 6-9– Specific power change for welding processes executed under different pressure conditions. 

 

The resilience of the heating elements as a function of number of CNT- web layers was tested 

by comparing elements made with  5, 10 and 20 layers  and used under a consolidation pressure 

of 0.05 MPa and using an initial specific power of  80 kW/m2.  CNT-web elements made with 

only 5 layers exhibit a rise in the specific power caused by increasing electrical resistance at 

about 75 s (Figure 6-10), while those made with 10 and 20 do not show any increase in the 

specific power, thus implying that the 10 and 20 layers heating elements have not suffered any  

damage. Increasing the number of CNT layers, therefore, makes the heating element more 

robust, and the welding process safer (since a lower voltage is required). More layers may also 

have a detrimental effect on the mechanical performance of the joint, hence the number of 

CNT-web  layers has to be carefully chosen in order to get the best compromise between these 

different parameters. 
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Figure 6-10– Specific power vs. weld time for heating elements with different number of CNTW layers. 

6.4. Concluding remarks 

• A thorough study was conducted to investigate the Resistance Welding of aerospace 

grade CF/PPS under a consolidation pressure of 0.05 MPa and at different levels of 

initial specific power and weld time. The single-lap shear specimens were tested 

according to the ASTM D5868 standard.  The best result corresponded to a shear 

strength of 24 MPa obtained with a weld time of 60 seconds and a specific power of 

100 kW/m2. 

• A preliminary investigation aimed at characterising electrically the heating element 

revealed that its sheet resistivity changes linearly with the temperature. This property 

was used to estimate the temperature at the mating surface and to estimate the extent of 

melting and hence bonding. 

• The number of CNT-web layers used to prepare the heating element was found to 

influence both the integrity of the heating element and the mechanical performances. 

In particular, increasing with the number of CNT-web layers make the heating element 
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more robust but may also cause a decrease of the shear strength (e.g. a 13% reduction 

of the shear strength was found when increasing the CNT-web layers from 5 to 20), 

with 10 layers being the optimal compromise of strength and resilience. 

 

Chapter 7 

7. Discussion 

As a result of this work, many outcomes were achieved and others were discussed.  

The literature review demonstrated that current thermoplastic welding methods are still 

constrained by many limitations. 

Transmission Laser Welding using traditional absorbers entails a slow pre-processing 

treatment where the surface or the entire volume of the thermoplastic welding part needs to be 

combined or sprayed with a laser absorber. Additionally to this preparation step, uniformity, 

dispersion level and load content of the absorber play an important role as a small variation of 

these can result in an uneven welding quality. If a transparent joint is required, a more complex 

type of absorber that bleaches under temperature can be used, however, it works for a restricted 

group of laser wavelengths and degrade under specific temperatures thus entailing narrower 

processing and welding windows.  Consequently, current TLW absorbers are the main cause 

of a complex, slow and not versatile process. 

Little study has been performed using Carbon Nanotubes as an absorber, and, to the knowledge 

of the author, no research has been accomplished using CNT-web as an absorber at the 

interface. For this reason, the CNT-web was here investigated and proposed as an alternative. 
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As many properties of the CNT-web strictly depend on the web fabrication procedure, a full 

characterization of the process including, optical analysis, mechanical performance and 

parameter optimization, was carried out. 

Transparency of the web was measured using a photographic method and it was assessed that 

the single layer of CNT-web has a transparency of only 73% in the visible range, however, as 

an advantage, when the joint is exposed to the laser beam, transparency increases to a value of 

83%.  The high transparency of the web combined with the ultrathin thickness occupied at the 

interface (50 nm) translates into an almost-transparent joint with the additional advantage that 

the web does not degrade at the common temperatures adopted to process or weld the material. 

The study has also shown that the web, having a constant light absorption over an extremely 

wide wavelength range, makes the process extremely versatile thus allowing for the material 

to be theoretically weldable using any type of laser source.  

As a result of the study, an extremely rapid deposition process was demonstrated. The pre-

processing steps, involving polymer compounding, spraying, drying or curing, were fully 

eliminated and hence process time and related costs were reduced.  The web was characterized 

under linear and circular polarized light and it was shown that contributing to the flexibility of 

the method is the polarizing properties of the web which, in turn, give an additional parameter 

to tune the absorbing power.  Finally, good mechanical performance, in line with other studies, 

was achieved under single lap shear tests. As a limiting factor, it is worth noticing that the 

optical properties of the web strictly depend on the manufacturing process of the CNT forest. 

The thin layer, even if uniform and easily applicable, needs careful application as the web can 

laterally be collapsed or break during use.  

 

For Resistance Welding, the literature review showed that mainly metal mesh and carbon fibre 

have been investigated as heating elements. As they are permanently trapped in between the 
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parts, mechanical and physical performance are affected. Metal mesh not only can suffer of 

corrosion but is unacceptable as its different physical properties can promote failure under 

impact loads. Carbon fibre, on the other hand, is more compatible but suffers of uneven 

temperature distribution and impractical electrical connections. Carbon nanotube, compounded 

in a polymer, has been investigated as an alternative heating element, however, the difficult 

dispersion of the nanotubes into a viscous medium, the difficulty to control electrical properties 

and the long preparation process, make this approach impractical. On the contrary, CNT-web, 

investigated for the first time in this work as a heating element for RW, can be produced as a 

uniform conductive film with constant thickness. Carbon nanotubes are not affected by 

corrosion and can be made compatible with theoretically any polymer. 

As a result of this study, electrical and thermal properties were investigated for the heating 

element, as well as welding process capability and performance. The Electrical properties of 

the CNT-web can easily be tuned as a different number of layers can be overlapped to achieve 

the desired values of sheet resistivity. The effect of the number of layers on the integrity of the 

heating element when withstanding high welding pressure as well as mechanical performance 

were investigated. It was shown that to withstand higher welding pressure a higher number of 

CNT-web layers need to be used. However, as many of the current studies on the effects of 

carbon nanotubes on the interfacial strength of composite laminates show contradictory results, 

an investigation on the effect of CNT content on the shear strength of welded samples was 

performed. As a result, a 13 per cent fall in the shear strength was reported when increasing 

the CNT-web layers from 5 to 20 for CF/PPS laminates. 

The effect of temperature on the electrical properties of the heating element was also 

investigated. As the electrical properties change linearly with temperature, the temperature 

increase, melting phase and consolidation can be monitored by plotting the electrical response 

during welding.  Thermal analysis showed not only that low electrical contact resistance is 
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achieved at the interface between the web and the copper electrodes thus indicating a good 

electrical connection, but also that a uniform temperature is achieved at the body of the heating 

element thus ensuring uniform temperature at the welding interface. 

Initial work employing neat PEEK specimens showed that a  joint efficiency of 96 per cent can 

be reached. 

Carbon fibre-reinforced thermoplastics were also studied. Single-lap shear specimens of CF-

PEKKG (composite with glass fibre ply insulating layer)  exhibited a shear strength of 29 MPa. 

This was obtained by applying a consolidation pressure of 0.05 MPa and an initial specific 

power of 80-90 kW/m2 for a period of time of 150 s. Using the same processing settings, single 

lap shear specimens CF-PEKK with the glass ply as part of the element have shown a slightly 

lower shear strength of 25 MPa. Post-failure investigations showed that optimal specimens had 

a fibre-tear failure with a crack propagating through the substrate. 

A detailed investigation was undertaken to explore the Resistance Welding of aerospace-grade 

CF/PPS under a consolidation pressure of 0.05 MPa and at varying levels of initial specific 

power and weld time. The best result corresponds to a shear strength of 24 MPa attained with 

a weld time of 60 seconds and a specific power of 100 kW/m2. It was determined also that a 

pressure of 0.05 MPa is sufficient to assure the success of the welding operation.  

To conclude, the web is highly conformable and can potentially be used to weld complex-

shaped components. Compared to the metal mesh, it does not corrode and is lightweight. A 

limiting factor in using the web is the fragile nature of the same under higher pressures. It was 

shown that the web, under excessive pressure, can be permanently damaged thus causing 

welding failure. A way to mitigate this problem is the use of a higher number of layers, 

however, even if moderately, mechanical performance can be affected.  

Additionally, compared to the metal mesh and especially in the case of low number of layers, 

a higher sheet resistivity is detected. Consequently, a higher voltage is necessary to push the 
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amount of current necessary to increase the temperature. This not only entails the use of higher 

voltage power supplies but lifts safety issues.
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Chapter 8 

8. Conclusion and future work 

The main aim of this project, consisting of the examination of alternative methods to better 

meet higher industry expectations in the manufacturing of thermoplastic parts and to promote 

quicker processing procedures, higher process and in-use performance, and higher process 

flexibility, was achieved.  

Through literature examination, it was found that Transmission Laser Welding offers great 

opportunities to weld neat thermoplastics, however, it suffers from some drawbacks such as 

slow preparation time, in some cases low process performance and low process flexibility. It 

was found that the main limitation for TLW is the absorber which needs to be compounded 

with the polymer or carefully applied as a dye at the surface to weld and later cured or dried. 

These treatments not only are time-consuming, but they darken the volume or the surface of 

the part to be welded. If transparency is a requirement, special absorbers can be used, however, 

the latter is expensive and they work only for specific laser wavelengths. For all these reasons, 

the use of CNT-web was proposed and discussed as an alternative solution to overcome some 

of the current limitations.  

Through a rapid extraction process, the web, drawn from the CNT forest, was directly laid onto 

the surface of the welding parts. This means that no compounding, spraying or curing was 

necessary, thus fully eliminating a processing step. Mechanical tests, performed after welding 

at different welding conditions, showed that the web can be used to bond thermoplastic 

materials with performance in line with other studies. Additionally, the optical characterization, 

not only showed that about 80% transparency can be achieved after welding, but also that the 
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web absorbs laser energy into a wide range of wavelengths without degrading under common 

polymer melting temperatures.   

To summarize, TLW combined with the use of a uniform and thin CNT-web absorber that can 

be promptly extracted and deposited onto the welding surface, contributed to the elimination 

of a long preparation process and the reduction of the consumed time. Furthermore, the intrinsic 

optical properties of the web combined with the high degradation temperature of the same, 

allow not only for a better process and in-use performance but for a highly flexible process 

which can theoretically be adapted to any polymer and any laser source. Limitations of the 

method have also been discussed.  

 

For composite materials, the literature analysis showed that the heating elements traditionally 

used in RW lead to poor in-use and process performance. Metal mesh, apart from suffering 

from corrosion sensitivity and adding weight to the joint, was shown to reduce mechanical 

performance which, in turn, makes this material hard to be certified at the aeronautic level. 

Carbon fibre, for its electrically conductive nature and resistance to corrosion, has been also 

investigated as a replacement heating element, however, it was shown that it suffers from poor 

thermal distribution, and complex electrical connections and it is stiff at the interface of 

complex shaped components. On the contrary, CNT-web, never investigated in literature as a 

replacing material, add relatively no weight at the interface, is also corrosion resistant and can 

theoretically be applied on any polymer and shape.  

Process and in-use performances were assessed through electro-thermal characterization and 

mechanical testing. Thermal images showed that the CNT-web heating element does not suffer 

from high electrical resistance at the contacts while still maintaining uniform temperature over 

the longitudinal surface. It means that heat is not dissipated at the connections and energy 

efficiency is maximized. As the CNT-web electrical resistivity is sensitive to temperature, the 
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ability to self-monitor the process temperature was also examined. It was seen that a calibrated 

electrical signal can be used to differentiate the process phases during welding.  As Resistance 

Welding has the potential to replace metal mesh and carbon fibre, to weld high-performance 

materials, a thorough investigation was implemented to fully understand its advantages, 

disadvantages and differences from conventional heating elements. To demonstrate the 

feasibility of the process for different thermoplastics, welding was performed on three different 

high-performance polymers, namely PEEK, PEKK and PPS. Mechanical performance of 

PEEK tensile test specimens showed a welding efficiency of about 95%. This means that, 

compared to pristine material, the web barely affects the mechanical performance under tensile 

stress. For composite materials, shear strength was inspected, and it was found that the results 

are in line with other studies. It was also demonstrated that the load content of the CNT-web 

has a minimal impact on the shear strength of welded specimens. A 4-fold increase in CNT 

loading led to a reduction in the mechanical performance of only 13 per cent. It is worth 

noticing that the limiting factor of the approach is the high electrical resistance and fragile 

nature of the web. It was understood that the web, not only required higher voltage power 

supplies compared to the one used for metal mesh but also a careful application of consolidation 

pressure to avoid web breakage and welding failure.  

 

8.1. Outlook on future work 

As shown in the previous sections of this thesis, the CNT-web offers great potential to improve 

the performances and efficiency of current Transmission Laser and Resistance Welding. The 

conceptual use of the web, its manufacturing and its use was investigated in this work, however, 

many limitations of the methods have been found. It means that additional work needs to be 

done.  
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The investigation to weld neat thermoplastics using TLW was examined only using PETG. 

This means that additional experimental work would be required to understand how other 

polymers interact with the CNT-web. 

The web properties are highly dependent on the fabrication process of the forest and their 

variability represents, at the current state-of-the-art, a limiting factor as CNT-web would have 

different absorbing properties.   While the use of the CNT-web has demonstrated many 

potential advantages, its use can be implemented in other welding tchnologies. As an 

example, induction welding use a induction susceptor at the interface between the parts to 

convert a generated magnetic field into heat. Since, in many cases, a metal susceptor is used, 

an alternaticve CNT-web susceptor can be investigated. 
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