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Chapter 1. Introduction.                                                                  
 

 
Fibre reinforced polymeric composites have attracted a lot of attention from 

aerospace, automotive, and marine industry over the past decades. As a result of their 

main advantages over the traditional materials such as metals and wood, continuous fibre 

reinforced polymeric composites are being developed due to their attractive qualities, 

especially in aeronautic applications. The low density of the polymeric composites and 

their high strength allows weight reduction in structures without a decrease in mechanical 

properties, a key factor in aeronautic industry. Furthermore, the possibility to choose the 

orientation of the fibres in the load direction allows the optimization of the design of the 

structure and, thus, further weight reduction. 

 

Two types of polymeric composite materials are being used to design structural 

applications: thermosetting matrix composites (TSCs) and thermoplastic matrix 

composites (TPCs). The thermosetting polymers have their chains cross-linked by 

covalent bonds as a result of a polymerization reaction. Since the movement between the 

molecules in a thermosetting polymer is impeded, they will not become plastic when 

heated. In opposition to them, the molecular structure of the thermoplastic polymers 

consists of linear chains not cross-linked. The bound forces are the result of Van der 

Waals forces between molecules and, thus, when thermoplastics are heated, the bonds 

between molecules can be easily broken.  

 

Most of the applications use thermosetting matrix composites. However, 

nowadays thermoplastic matrix composites are being object of great interest mainly due 

to their main advantages over the former, some of which are improved toughness, 

increased impact resistance and better environmental resistance (due to their good 

chemical resistance, low moisture absorption and high temperature resistance). In 

addition to that, the possibility of being recycled and reprocessed is also an attractive 

specific quality for future greener structures. Last but not least, the short processing times 

compared to the long polymerization cycles for thermosetting based composites, the 
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possibility of assembling parts via fusion bonding or welding and the possibility of 

indefinitely storing the material at room temperature result in a significant reduction in 

the processing costs. The main disadvantages of thermoplastic composites are their 

relatively high processing temperatures, due to their relatively high glass transition and/or 

melting temperatures, and the current high price of the raw materials. 

 

Engineering, and in particular aeronautic, structures are most generally complex 

and large, which means that assembling is an important step in the overall manufacturing 

process. Since the joining process can initiate a number of irregularities in the structure, 

which can result in weakening of the properties [1], a big attention is paid to it.  

 

The traditional joining techniques for assembling polymeric composites are 

mechanical fastening and adhesive bonding. Some of the possible disadvantages of the 

mechanical fastening methods are the stress concentrations that are introduced in the 

material, delamination during drilling, different thermal expansion between the fasteners 

and the composite, water intrusion into the joint, galvanic corrosion and weight increase 

(due to the extra weight of the fasteners). On the other hand, adhesive bonding requires 

long curing times and is very sensitive to the quality of the surfaces to be bonded, which 

is very difficult to asses in an industrial environment.  

 

One of the reasons that justify the increasing interest in thermoplastic composites 

is the possibility to assembly parts of these materials using welding, also known as fusion 

bonding. This joining technique makes use of the capacity of thermoplastic polymers to 

flow when they are heated above their glass-transition or their melting temperature 

(amorphous or semicrystalline polymers, respectively) and to regain their initial 

properties when cooled down.  

 

Therefore, fusion bonding basically involves heating the thermoplastic matrix at 

the welding interface up to the required processing temperature while applying pressure 

to the parts to be welded. This causes wetting of the surfaces with the flowing polymer 

and the inter-diffusion of the polymeric chains from both parts to weld. The joint is then 
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consolidated by cooling down under pressure. Fusion bonding avoids the problems 

related with the stress concentration in the case of mechanical fastening and the long 

times required to performing the adhesive joints.  

 

Fusion bonding techniques can be classified based on the type of heat generation 

mechanisms at the welding interface, namely thermal welding, friction welding and 

electromagnetic welding [2]. Thermal welding uses an external heat source that applies 

heat directly to the individual bonding surfaces, in friction welding the heat is generated 

from friction between the surfaces to be welded and/or intermolecular friction and 

electromagnetic welding uses an electric or magnetic field to heat up the interface. 

 

There is a vast amount of fusion bonding techniques available to join neat 

thermoplastic resins, among which three are of great relevance for welding thermoplastic 

composites: ultrasonic, induction and resistance welding. It follows a brief description of 

ultrasonic and induction welding. The resistance welding process, which is the focus of 

this study, will be described in detail later. 

 

Ultrasonic welding is a friction welding technique that uses a high frequency 

mechanical vibration to generate heat at the welding interface. The ultrasonic vibrations 

occur in the perpendicular plane to the contact surfaces from the parts to weld. The heat 

is generated by a combination of surface and intermolecular friction in the material. 

Energy directors, i.e. man-made resin asperities usually of triangular shape, are placed 

between the two parts to weld to concentrate the heating at the welding interface and to 

decrease the size of the heat affected zone. Ultrasonic welding is a fast and clean process 

(processing times of a few seconds) with great potential for spot welding of thermoplastic 

composite parts [2]. 

 

Induction welding is an electromagnetic welding technique in which heat is 

generated either by hysteresis loses or by eddy currents (Joule effect) caused by a high 

frequency alternate magnetic field. Hysteresis losses occur when a ferromagnetic material 

(generally ferromagnetic particles embedded in a ply of the parent resin) is placed at the 
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interface. Eddy currents are generated in conductive implants, generally a metallic mesh, 

or the composite itself when it is reinforced with carbon fibres. This process can be 

applied to complex geometries. Two drawbacks of this technique are high cost of the 

insert materials and high dependence of the temperature distribution in the bond area on 

the design of the coil and the implant configuration [2]. 
 
 
1.1. Resistance welding. 
 
 

As mentioned before, resistance welding is one of the most promising joining 

methods for thermoplastic composite components. This fusion bonding technique uses an 

electrical current to heat an electrical resistive implant, known as heating element, placed 

between the elements to weld. Due to the Joule’s effect, the temperature at the interface 

increases, melts the polymer surrounding the resistive element and creates the joint. 

During the welding process, pressure is applied to consolidate the bond (see Figure 1.1). 

This joining technique requires very simple tooling, relatively short processing times and 

very simple surface treatment, resulting in a low cost process. Furthermore, as the heating 

element remains embedded in the joint, it is possible to reprocess incomplete bonds. 

 
Figure 1.1. Typical schematic of the resistance welding process. 
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In this study the heating element and the method for applying the electrical 

current are especially relevant among all the welding parameters/boundary conditions. 

Both of them are directly related with the focus of this study and are commented in what 

follows. Since the welding pressure will be mentioned several times in following chapters, 

a brief description of its functions in the resistance welding process is presented later.    

 

 

1.2. The heating element. 

 

The heating element is the soul of the process of resistance welding. It provides 

the heat necessary to perform the weld and it remains as a part of the joint, thus the 

implant determines in great measure the quality of the joint [1]. For this reason, material 

compatibility between the implant and the joint elements is important [2] and an adequate 

corrosion resistance of the heating element is necessary to ensure a good environmental 

behaviour. To sum up, the heating element has to meet the following requirements: 

electrical conductivity, corrosion resistance and material compatibility. 

 

Two kinds of heating elements are used in the reference literature, carbon fibres 

and metallic meshes. Carbon fibres have the advantage of a high material compatibility 

when inserted in carbon fibre reinforced laminates. Nevertheless, the quality of the joints 

is very sensitive to the electrical connections of the heating element and shows low 

repeatability.  

 

Alternatively, metallic meshes, mainly made of stainless steel due to its corrosion 

resistance, are a more reliable option and generally, resistance welding with these meshes 

is easier to perform (easier to ensure high repeatability of the electrical connections). The 

disadvantages of using a metallic mesh as the heating element are basically the weight 

penalty and the fact that the metal implant acts as a contaminant in the weld [1]. However, 

metallic meshes can increase the mechanical properties of the weld as it is reported in [3], 

in which the influence of the geometry of the metal mesh on the quality of the weld was 

investigated. The results showed an inverse proportional relation between the diameter of 
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the wire and the weld strength. For mesh diameters of the same order of magnitude as the 

reinforcing fibres, the lap shear strength of the welded specimens was found to exceed 

that of the reference specimens (consolidated joint without metal mesh). 

 

 
1.3. Methods for applying the electrical current. 
 

The current profile applied to the heating element during the welding process 

determines the temperature evolution at the welding interface [4]. Basically, heat at the 

interface can be generated in the two following ways (see Figure 1.2): 

 

- Application of constant current, constant voltage or constant power during a 

predetermined time, which results in an increasing temperature profile until 

the beginning of the cooling stage, generally carried out by switching off the 

power source.  

- Gradual modification of the applied current/voltage/power to achieve a 

constant temperature region. 

 
Figure 1.2. Temperature evolution at the welding interface during a constant power and constant 

temperature welding processes [5]. 
 
 

Most of the studies on the resistance welding process have been performed 

following the constant current/voltage/power method, which proves to be easily 
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implemented since no temperature feedback is required once the process parameters have 

been defined. The input current/voltage/power and the time during which it is applied to 

produce welds of a certain quality level (process window) must be defined for each 

welding set-up. 

 

The constant temperature welding process is the most adequate welding procedure 

to prevent overheating at the welding interface. It also introduces a new parameter which 

is the holding time at the welding temperature that can be tuned to further improve the 

quality of the welds. Moreover, a controlled cooling can be also performed, especially 

important for semicrystalline thermoplastic materials since the cooling rate at the re-

crystallization temperature defines the crystallinity degree of the polymer. However, the 

implementation of such a welding process requires temperature feedback and a closed-

loop control system. Very scarce information about this type of process can be found in 

the literature. 

 

 

1.4. Welding pressure. 
 

The welding pressure is the pressure applied to the adherents during the welding 

process. This pressure has the function of ensuring a proper contact between the 

adherents, deforming the composites and promoting molecular diffusion. It also 

facilitates the expulsion of air trapped in the interface of the weld. The pressure is applied 

at the beginning of the heating and it is important to maintain it during the consolidation 

phase to prevent the material from delaminations due to polymer flow. It is necessary to 

maintain the pressure as well during the cooling until the glass transition temperature of 

the polymer is reached.  

 

There are two ways described in the literature for the application of the welding 

pressure. Resistance welding can be performed under constant pressure or employing the 

constant displacement method to apply the pressure. The constant displacement method 

consists of applying an initial pressure to the laminates and later maintaining a constant 

thickness of the weld. The thermal expansion during the heating results in an increase of 
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the pressure. The contraction of the laminates during the cooling results in a decrease of 

the pressure. Consequently, the pressure during the welding is not constant. This method 

gives full control of the final joint thickness. The drawback is that the pressure in the 

bond during the process is not controlled [1].  On the other hand, constant pressure 

method provides full pressure control during the process; however the final thickness of 

the joint is difficult to predict [1]. 

 

Too low levels of pressure results in air trapped at the interface of the weld. On 

the other hand, too high levels of pressure are translated into dry bonds because of the 

polymer squeeze-out that occurs during the consolidation.  

 

 

1.5. Controllability of the process.  

 

The influence of the welding parameters in the quality of the weld has been 

widely investigated for different materials and heating elements. However, as explained 

before, temperature-controlled resistance welding processes are not sufficiently 

developed yet. Since the temperature is a magnitude that determines the physical stage of 

the polymeric matrix, it would be of great interest to know the temperature evolution at 

the welding interface. Given that the cooling rate applied to the laminates is directly 

related to the amount of crystallinity in semicrystalline polymers, controlling the cooling 

rate during the solidification of the matrix in semicrystalline thermoplastic composites 

would also be desirable.  

 

With a complete control of the temperature, it would be possible to prevent 

overheating in the laminates, to ensure that the desired temperature is reached during the 

heating in order to avoid incomplete bonds and to program different temperature cycles 

depending on the material including constant temperature processes. In addition, an 

improved controllability would result in shorter time periods in the definition of the 

welding parameters, i.e. power input among others, for different configurations of 

material, insulation and heating element size.  
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Basically there are two possibilities for controlling the process, by direct and 

indirect methods. The direct method is based on measuring the temperature developed at 

the welding interface, which can be done using thermocouples. The use of thermocouples 

has the following disadvantages:  

 

- The thermocouples remain at the interface of the bond after the welding 

process finishes, thus they become an external agent in the bond and 

consequently, they influence the performance of the joint. 

- Electrical insulation of the thermocouples from the resistive implant is 

essential in order to prevent induced currents that can cause invalid 

measurements. This insulation can be done by covering the thermocouples 

with an insulating film, which it is another extern agent that remains in the 

bond. 

 

These disadvantages suggest controlling the process by indirect methods. 

Modelling the process of resistance welding is of essential importance for the rapid 

development and optimization of the process. Modelling offers the possibility of 

determining the optimal values of the process parameters reducing the high costs of 

experimental testing procedures.  Heat transfer models predict the temperature profiles in 

the welding stack and thus help correlate the temperatures that can be measured outside 

the welding interface with the ones actually developed at the joint.   

 

The indirect method proposed in this study is based on the dependence of the 

electrical resistance of a resistive element on its temperature. Therefore, the intention is 

to measure the resistance of the heating element and to calculate its temperature, for 

which it is necessary to characterize the heating elements. For most materials, the 

electrical resistivity changes with temperature. In a typical conductor, the resistivity 

increases proportionally to the temperature with a linear relationship. The proportionality 

factor is the resistance-temperature coefficient, which is positive in the case of pure 

metals and alloys. As a first approximation, the resistance evolution with the temperature 

in, for instance, a stainless steel mesh heating element could be expected to be linear. 
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 The main focus of this study is to describe the temperature profile developed at 

the welding interface during the fusion bonding process measuring the electrical 

resistance of a metal mesh heating element. The objective is to determine the relationship 

between the resistance and the temperature in order to be able to control the temperature 

during the process without the necessity to use thermocouples, i.e. using indirect 

measures. With this purpose, it is necessary to characterize the metallic meshes and to 

study their electrical and thermal behaviour. 
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Chapter 2.  Experimental procedure.                                               
 
 

 

Two types of metal mesh heating elements with different geometries (reference 

names M24 and M200) were used in this study. Both of them were made of plain woven 

stainless steel (AISI 304L) wires. The metallic mesh M24, was obtained from Dinxperlo, 

The Netherlands. It had a wire diameter of 0.20mm, opening of 0.858mm and thickness 

of 0.40mm, with an open area of 66%. The metallic mesh M200 was provided by the 

National Research Council (NRC), Canada. It had a wire diameter of 0.04mm, opening of 

0.09 mm and thickness of 0.08mm, with an open area of 48%. A schematic of the 

geometry of the metallic meshes is shown in Figure 2.1. The geometry specifications of 

the heating elements were taken from [3]. The mesh M24 was chosen because it has been 

traditionally used in the composites department of Aerospace faculty of the TU Delft 

University and the mesh M200 because it was used in several studies of the NRC.  

 

 
Figure 2.1. Schematic of geometry of M24 and M200 metal meshes. 

  

Several experiments were carried out with the main aim of finding the 

relationship between the temperatures at the welding interface and the resistance of the 

heating element. In this chapter, the experimental procedure is described in general terms 

for each group of tests performed. Particular details will be specified in the next chapter 

for those experiments done under special conditions. Basically, the experiments can be 

grouped in two different categories: 
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a)  Experiments with the bare mesh in air. 

b) Experiments with the welding set-up. 

 

 

2.1. Experiments with the bare mesh in air. 
 

In this group of experiments, the relationship between the electrical resistance and 

the temperature of both types of meshes in air was studied. The aim was to characterize 

the meshes without any possible influences of external factors (apart from that of the air). 

The tests were performed “holding” the heating element in the air with a specially 

designed tool, preventing the mesh from any contact with the surroundings, excepting for 

the air and the cables used to carry out the measurements. 

 

2.1.1. Materials. 

 

Three types of specimens were studied: Mesh M24 with 12 longitudinal wires, 

mesh M24 with 24 longitudinal wires and  mesh M200. The heating elements were 

290mm long and 12.7, 25.4 and 13mm wide, respectively. Special care was taken that 

mesh M24 heating elements had the same number of wires in the longitudinal direction in 

order to have the same resistance in every sample of that mesh. Due to the small diameter 

of the wires and to the small free distance between them, it was not possible to cut 

heating elements from mesh M200 keeping a constant number of wires in the 

longitudinal direction. Therefore the heating elements were cut with a width of 13mm, 

similar to that of a mesh M24 heating element with 12 longitudinal wires. 

 

2.1.2. Set-up. 

 

The welding energy is provided by a power supply unit with maximum DC output 

of 45 A and 70 V (Delta Elektronika) in which it is possible to choose a constant current. 

According to the Ohm’s Law, to calculate the electrical resistance of the heating element, 
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it is necessary to measure the current passing through the metal mesh and the voltage 

difference at the edges of the resistive element.  

 

With the purpose of measuring and registering the electrical current passing 

through the mesh, a currentmeter was incorporated in the circuit. It consisted of one 

voltmeter, named V1, connected to the ends of an auxiliary electrical resistance, as shown 

in Figure 2.2 (the cables of the voltmeter were welded to that resistance). The auxiliary 

resistance used for the first tests (mesh M200 and M24 with 12 wires in air) was of 0.1Ω. 

However a much smaller auxiliary resistance of 6,67·10-04 Ω, which allowed higher 

current values, was selected for the rest of the tests. In order to measure the voltage 

difference at the ends of the mesh, a second voltmeter named V2 was connected to both 

ends of the mesh as it is shown in Figure 2.2. The length of the mesh considered to 

measure the voltage V2 corresponds with the weld length used in the experiments 

performed with the heating element sandwiched between laminates in the welding set up, 

192mm (section 2.2). Crocodile clips were used to connect the cables corresponding to 

voltmeter V2 as well as to connect the metallic mesh to the power supply unit. The 

voltmeters were connected to a data acquisition system (provided by Kithley Instruments, 

multimeter model 2701).  

 
Figure 2.2.  Set-up used in experiments with the bare mesh in air. 
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The resistance of the heating element , is calculated according to equation (1), 

where  is the auxiliary resistance used to measuring the current. 

 

 
 

Temperature measurements were performed using type-K thermocouples with a 

wire diameter of 0.1mm. The wires of the thermocouples were twisted instead of welded 

in order to acquire information from most of the width of the heating element (averaged 

measurement) with exception of the edges. To avoid any edge effect, the sensitive region 

of the thermocouples was placed in the middle of the width of the heating element as 

shown in Figure 2.3. 

            
Figure 2.3. Detail of the position of the thermocouple in mesh M24 heating element. 

 

  Three thermocouples, distributed evenly along the monitored length of the heating 

element and connected to the data acquisition system (see Figure 2.2), were used to 

measure the temperature of the mesh. To prevent invalid measurements of temperature 

due to the current applied to the mesh, the thermocouples were insulated with a high 

temperature (polyimide) tape. However, in some tests the thermocouples recorded values 

of infinite what could probably mean that the insulation was not successful. The location 

of the thermocouples was defined so that they were sufficiently far from the edges of the 

monitored part of the heating element. This was especially important for the experiments 

carried out with the actual welding set up (section 2.2) to avoid spurious measurements 

caused by the preferential heating at the edges of the laminate [1]. 
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2.1.3 Procedure and tests. 

 

Different constant currents were applied in order to heat the metal mesh until the 

temperature reaches a plateau. Then the current and the voltage were measured to 

calculate the resistance value corresponding to the plateau temperature (quasi-isothermal 

resistance measurements). After the stationary state was reached and all the 

measurements taken, the power supply unit was switched off in order to wait for the mesh 

to cool down to room temperature before applying the next value of current. Each heating 

provides one experimental point, which corresponds to a resistance and to a temperature 

value. The temperature is calculated averaging the temperature measured by the three 

thermocouples in the stationary stage.  

 

From each heating cycle, consisting in several heatings at different current values 

and thus different temperatures, one curve was obtained. Three different tests were 

performed (meshes M24 with 12 and 24 wires and M200), the details of which are 

described in detail in the next chapter. For each type of test, the heating cycle was 

repeated several times using the same mesh to check the consistency of the results.  

 

 

2.2.   Experiments with the welding set-up. 

 
In order to obtain more realistic information about the electrical and thermal 

behaviour of the heating element during the welding process, the relationship between the 

resistance and the temperature of the metallic mesh during the actual welding process 

was studied. In addition, the bare mesh was also tested in the welding set-up subjected to 

different welding pressures. 

 

2.2.1 Materials. 

 

The same procedure as explained in section 2.1.1. was used to prepare the heating 

elements. The manufacturing of the composite laminates as well as the amount of extra 
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resin layers at the welding interface and the procedure to apply them are explained in 

what follows. 

 

      2.2.1.1.  Laminates. 

 

Two thermoplastic-matrix composite materials were used in this study, namely 

continuous glass-fibre-reinforced polyetherimide (GF/PEI) and continuous glass-fibre-

reinforced poly(phenylene sulfide) (GF/PPS). Polyetherimide is an amorphous 

thermoplastic polymer with a glass transition temperature of 215°C. Poly(pheylene 

sulfide) is a semicrystalline thermoplastic polymer with a glass transition temperature 

around 90°C, a melting point at 285°C and a relatively low degree of crystallinity (below 

40%)[6]. 

 

The pre-impregnated materials from which the laminates were manufactured were 

supplied by Ten Cate Advanced Composites, the Netherlands. They had a 8-harness satin 

weave configuration and 50% wt. volume resin content. Eight-ply GF/PEI and GF/PPS 

laminates with a layup sequence of [0°/90°]4S and an area of 580x580mm2, were 

consolidated in a hot platen press. The stacks of material were placed between two 

stainless steel plates treated with a release agent to prevent the adhesion of the polymer to 

their surfaces. In addition, to prevent the oxidation of the material, the edges of the 

laminates were covered with aluminium tape as it is shown in Figure 2.4.  

 
Figure 2.4. GF/PPS plate with aluminium tape applied to the edges in order to prevent the material 

from oxidizing during the manufacturing process. 
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The laminates were compression molded at a temperature of 320°C and a 

consolidation pressure of 8bar and 20bar for PPS and PEI, respectively, following the 

recommendations of the supplier. In both cases air cooling was used to minimize the 

thermal stresses in the resulting laminates. The final thickness of the laminates was 

approximately 2mm. Table 2.1 shows the parameters of the thermo-pressing cycle used 

for each material. Figure 2.5 represents the cycle used for the glass reinforced PEI 

laminates. 
Table 2.1. Parameters of the thermo-pressing cycles 

Thermo-pressing parameters PPS PEI 

Heating rate 7°C/min 7°C/min

Initial pressure 2 bar 2 bar 

Consolidation temperature 320°C 320°C 

Waiting time 10 min 10 min 

Consolidation pressure 8 bar 20 bar 

Consolidation time 20 min 20 min 

Cooling Air Air 

 

 

 
Figure 2.5. Thermo-pressing cycle for glass reinforced PEI laminates. 
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2.2.1.2.  Extra resin layers. 

 
In order to avoid a “dry bond” and to fill the gaps within the metallic wires of the 

mesh, extra resin layers were added to the interface. There are two ways to add resin 

layers as described in the literature, by impregnating the heating element with the resin in 

a hot platen press [7] or by placing the polymeric layers on both sides of the mesh 

without a previous impregnation [8]. In this study the second procedure was chosen in 

order to be able to place the thermocouples directly in contact with the heating element 

(see Figure 2.6), with the purpose of obtaining temperature information directly from the 

metal mesh. 

 

 
Figure 2.6. Schematic of the position of the thermocouples between the heating element and the extra 

resin layers. 

 

For calculating the thickness of resin necessary to fill the gaps of the mesh, tR, 

equation (2) was used, as reported in [4].  

 

 
Where θm is the diameter of the wires and dm is the distance between two 

consecutive wires, i.e. the opening (see Figure 2.1). 

 

The thicknesses of resin calculated for the meshes M24 and M200 were 0.34mm 

and 0.06mm respectively. The thickness of the available layers of neat resin were 

0.09mm for PEI and 0.06mm PPS. Therefore, the M24 mesh was sandwiched between 

six extra PEI layers or four extra PPS layers, whilst the M200 mesh was sandwiched 

between only two layers of either PEI or PPS resin. An ever number of layers was chosen 
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to keep the symmetry of the configuration, since half of the extra resin layers were placed 

on top and half on the bottom of the heating element. It must be noted that, in some cases, 

this implied some excess of polymer at the interface according to equation (2). The 

polymer layers were cut a bit wider than the heating element so that they could provide 

enough extra resin along the total length of the overlap.  

 

 

 

2.2.2.  Welding set-up. 

 

A picture of the welding set-up used to perform the experiments is shown in 

Figure 2.7. The equipment consists basically of the power supply unit previously 

described (section 2.1.2), that can be either manually or computer controlled, a pneumatic 

system for the application of pressure and the data acquisition system already mentioned 

in section 2.1.2. Two blocks of high-density fibre wood covered with a 0.14 mm thick 

layer of polyimide film were used as heat insulators. 

 

 
Figure 2.7. Picture of the resistance welding set-up. 
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2.2.2.1.  Specimen dimensions 

 

Figure 2.8 shows the dimensions of the laminates used to produce single lap joints 

with this welding set up. As it can be observed in this figure, the lower substrate is made 

wider than the upper one so that the copper connectors can rest on it. The separation 

between the connectors and the upper substrate is kept small (1mm) in order to reduce the 

surface of the heating element exposed to the air and thus to prevent overheating at the 

edges of the weld [8]. 

 
Figure 2.8. Schematic of the specimen dimensions. 

 
There was practically no treatment of the laminates, extra resin layers and heating 

elements prior to welding, except for a standard degreasing procedure. 

 

2.2.2.2. Pressure system. 

 

Pressure was applied using a pneumatic system composed of four cylinders, each 

of them with a diameter of 63mm. The system provides the possibility of controlling 

separately the welding pressure (Pweld) and the clamping pressure (Pclamp), i.e. the pressure 

between the electrical connectors and the heating element. The welding pressure is 

applied by the two inner cylinders, while the clamping pressure is provided by the two 

outer cylinders. 
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The pressure inside the inner and outer cylinders can be regulated separately and 

can be monitored via two manometers on which Pinner-dial and Pouter-dial, for the inner 

and outer cylinders, respectively, can be read. The actual welding pressure and clamping 

pressure are calculated as shown in equations (3) and (4). 

 

 

 
 

Where Acylinder = 3117.24 mm2 is the cross-section area of each cylinder, Aweld = 

192 x 28 = 5376 mm2 is the effective area on which the welding force is applied and 

Aconnectors = 2 x 13 x 30 = 780 mm2 is the total area of the connectors (see Figure 2.9). The 

clamping pressure applied in every experiment was 48 bar, the welding pressure was 

varied between 1 bar and 6 bar. 

 
Figure 2.9. Schematic of the pressure system in the welding set-up. 

 
2.2.2.3. Monitoring 

 

The circuit used for measuring the resistance of the mesh was similar to the one 

used for the experiments with the bare mesh (section 2.1), depicted in Figure 2.2. The 
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main difference is the fact that in this case the current was introduced into the heating 

element via the copper connectors pressed onto the mesh and that the voltmeter V2 was 

placed 20mm outside the cooper connectors (see Figure 2.9). Likewise, to improve the 

connection of the cables of voltmeter V2 to the mesh and to prevent their movement 

during the tests, the bare cables were directly placed and fixed to the mesh in each 

experiment using adhesive tape and paper clips. Figure 2.10 shows a detail of these 

connections.  

 
Figure 2.10. Detail of the connection of the voltmeter V2 in M24 heating element. 

 

 As for the temperature measurements, the thermocouples were also prepared 

following the procedure described in section 2.1.2. and positioned as indicated in Figure 

2.2. Care was taken to minimize the impact of the thermocouples and their insulation at 

the welding interface by cutting the insulating tape as small as possible. Since the 

insulation material is high temperature resistant, the areas in contact with that tape would 

be unwelded because the polymer cannot flow through the tape to cross the metal mesh. 

 

In order to prevent the movement of the thermocouples during the welding 

process due to the resin flow, the thermocouples were fixed to the mesh with the same 

high temperature tape as the one used as electrical insulator. However, it is believed that 

this fixation method was not 100% effective, which caused dispersion in the data. 

 

 2.2.3. Procedure and tests. 

 

A different test procedure from the one described in section 2.1.3 was used for the 

experiments with the actual welding set up. It consisted of heating the mesh up to 
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approximately 380°C using a constant current value and recording the evolution of the 

resistance of the mesh. This new procedure was chosen for being closer to the actual 

welding process. Moreover, since heat transfer from the mesh to the laminates is much 

more efficient than to the surrounding air [1], the time required to take quasi-isothermal 

resistance measurements was considerably long. 

 

With the purpose of enlarging the information obtained from each specimen, in 

most of the tests three consecutive heatings were carried out. All the tests were 

commenced from room temperature, which means that between consecutive heatings the 

laminates were allowed to cool down.  

 

2.2.3.1. Processing of the data. 

 

Three temperature measurements corresponding to the three thermocouples 

located on top of the mesh (Figure 2.6) were recorded. Two voltage measurements, 

corresponding to the one used to calculate the current (V1) and to the one used to 

calculate the resistance of the mesh (V2), were also recorded. A data acquisition system 

(aforementioned in section 2.1.2) that automatically acquired and recorded measurements 

was used for this purpose. The acquisition rate was set to one data point per second, 

which was the highest rate allowed by the equipment. Data was not acquired 

simultaneously, which means that each one of the five channels used was interrogated 

with a difference of 0.2 seconds in the time. An example of how measurements were 

recorded is given in Table 2.2. 

 
Table 2.2.  Example of the recorded values of temperature and voltage in the data acquisition device. 

 Chn 1(°C) Time (sec) Chn 2 (°C) Time (sec) Chn 3(°C) Time (sec) Chn 4 (V) Time (sec) Chn 5 (V) Time (sec)
32,96303 4,760996 37,58 4,979999 44,07813 5,198998 7,741005 5,417996 0,009676 5,534997
56,95311 5,651995 61,96 5,870999 67,11938 6,191989 8,196821 6,410999 0,009678 6,527999  

  

To represent the evolution of the resistance of the mesh versus the temperature, 

one value of resistance and one value of temperature were extracted from each line of 

data.  
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The temperature value was calculated by linearly interpolating the measurements 

of each thermocouple between two consecutive data lines to calculate the temperature 

corresponding to the time for each V2 value (channel 4). Then the interpolated values of 

temperature from each data line were averaged. Since the current is approximately 

constant during the process, interpolating the values of V1 (channel 5) was not found 

necessary. The resistance was calculated using equation (1).  

 
It is important to note that in the first seconds, just after switching on the power 

supply unit to apply the current, the temperature of the mesh rapidly reaches more than 

100°C. Due to this rapid increment of the temperature and to the limited available 

acquisition rate, only a few resistance-versus-temperature points could be obtained at the 

beginning of the process. More data would be desirable to have detailed information on 

the evolution of the variables under study at lower temperatures.  

 

 

2.2.3.2. Tests. 
. 

Several tests done under diverse conditions were performed. The results from the 

experiments allowed us to discuss the influence of the welding parameters especially the 

welding pressure and the boundary conditions of the heating element. Special stress will 

be laid on the study of the resistance versus temperature profile during the first heating. 

 

In the majority of the experiments extra resin layers we applied to the welding 

interface as it is explained in 2.2.1.2. The current applied to the heating element was 10, 

15 and 20A for the meshes M200, 12 wire M24 and 24 wire M24 respectively. The 

heatings were done under a welding pressure of 3bar. Experiments done under conditions 

different from the explained previously will be specified in the next chapter. 
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Chapter 3. Results and discussion.                                                 
 
 

In this chapter the experimental data obtained from the tests performed following 

the procedure described in the previous chapter are presented. The discussion will be 

based on the resistance versus temperature profiles shown by the meshes during the 

heatings.  

 

3.1. Experiments with the bare mesh in air (quasi-isothermal measurements). 
 

Figure 3.1 shows the resistance-temperature profiles (quasi-isothermal 

measurements) obtained from the heating cycles (0,1A to 5A increasing in 0,5A) applied 

to the bare mesh M200 in air. The procedure was repeated ten times. 
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Figure 3.1.  Resistance versus temperature evolution of the bare mesh M200 in air. 

 

It can be seen a quite linear relationship between the resistance of the mesh and 

the temperature reached in each heating. However, the first experimental point of each 

heating cycle does not follow the tendency of the curves. The mesh shows a higher 
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resistance at room temperature than expected according to the linear dependency of the 

resistance on the temperature. These points are corresponding to a current of 0.1A. This 

discrepancy could be caused by the device used to carry out the measurements, which 

seems not be accurate enough to measure low values of voltage due to the higher 

dispersion of the data at the beginning of the curves. This dispersion decreases for higher 

values of current. 

 
Trend lines were fitted to the experimental data which are presented in Table 3.1, 

where R2 is R-squared of the linear regression. The first point of each curve was not 

included in the calculation of the linear regression in order to prevent the equations from 

being influenced by the atypical points. 

 
Table 3.1. Equations used for curve fitting the resistance versus temperature evolution in the bare 

mesh M200 in air. 
Equation R2

y = 1,008E-03x + 1,497  9,96E-01 
y = 1,016E-03x + 1,490  9,99E-01 
y = 1,130E-03x + 1,479  9,98E-01 
y = 1,174E-03x + 1,461  9,99E-01 
y = 1,163E-03x + 1,460  9,99E-01 
y = 1,146E-03x + 1,459  9,97E-01 
y = 1,174E-03x + 1,446  9,96E-01 
y = 1,192E-03x + 1,439  9,97E-01 
y = 1,209E-03x + 1,437  9,97E-01 
y = 1,216E-03x + 1,437  9,96E-01 

 
 

The values of R2 are close to the unit for every equation, what means that the 

resistance-temperature evolution observed in the mesh M200 can be described 

reasonability well with a linear equation. The averaged slope of these straight lines is 

1,143 E-03 Ω/°C with a standard deviation of 0,07 E-04 Ω/°C. (0,61% of the average 

value).  

 

The data obtained from the experiment in which a mesh M24 with 12 wires was 

heated in air is shown in Figure 3.2.  The heating cycle used was 1A-11,5A increasing in 

0,5A. In this case, five heating cycles were applied to the mesh. A quite linear 

relationship can be also observed between the resistance and the temperature of the mesh. 
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Figure 3.2. Resistance versus temperature evolution of the bare mesh M24 with 12 wires in air. 

 
In opposition to the test performed with the mesh M200, no dispersion in the data 

at the beginning of the curves is observed. A probable reason to explain this observation 

is that the first points were obtained with a current of 1A, which is notably higher than 

the initial current used in the previous test.  

 

The equations from the linear regression calculated for each curve are presented 

in Table 3.2. The averaged slope of the curves is: 4,66 E-04 Ω/°C with a standard 

deviation of 0,08 E-04 Ω/°C (1,72% of the average value). In spite of the fact that the R2 

values are higher than in the case of the mesh M200, the values are still quite close to the 

unit, which means that the evolution of the experimental points can be pretty accurately 

described with these linear equations.   
Table 3.2. Equations used for curve fitting the resistance versus temperature evolution in the bare 

mesh M24 with 12 wires in air. 
Equation R2 

y = 4,51E-04x + 4,27E-01 9,96E-01 
y = 4,70E-04x + 4,28E-01 9,94E-01 
y = 4,71E-04x + 4,28E-01 9,92E-01 
y = 4,64E-04x + 4,33E-01 9,90E-01 
y = 4,73E-04x + 4,29E-01 9,91E-01 
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With the purpose of studying the reliability of the previous results, a mesh M24 

with double number of wires was tested. In this test, five heating cycles with currents 

from 0,3A to 21A increasing in 1A were applied to the mesh. The experimental data 

obtained in the experiment is shown in Figure 3.3, in which big scatter in the first point of 

each curve can be seen. The low value of current (0,3A) and the smaller resistance of the 

24 wires mesh made voltage measurements more difficult.  
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Figure 3.3.  Resistance versus temperature evolution of the bare mesh M24 with 24 wires in air. 

 

The behaviour of the mesh with 24 wires shows a non linear decreasing resistance 

region for values of current until 7A approximately, after which the resistance evolves 

linearly with the temperature. This behaviour is contradictory to the general evolution of 

the resistance with the temperature of a typical conductor, in which the resistance 

increases with the temperature. This fact can be associated to the accuracy problems 

aforementioned.  

 

To fit the trend lines to the curves, only the experimental points corresponding to 

the increasing region of the resistance-temperature profiles were used (values from 100°C 

to 410°C). The equations obtained from the linear regression calculated for the curves are 
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presented in Table 3.3. The averaged slope of the curves is 1,71 E-04 Ω/°C, with a 

standard deviation of 0,05 E-04 Ω/°C (2,92% of the average value). The values of R2 are 

acceptably close to one. 
 

Table 3.3.  Equations used for curve fitting the resistance versus temperature evolution in the bare 
mesh M24 with 24 wires in air. 

Equation R2

y = 1,67E-04x + 2,35E-01 9,77E-01 
y = 1,80E-04x + 2,32E-01 9,91E-01 
y = 1,66E-04x + 2,37E-01 9,84E-01 
y = 1,69E-04x + 2,36E-01 9,91E-01 
y = 1,75E-04x + 2,34E-01 9,79E-01 

 
In order to be able to compare the resistance-temperature profiles generated by the 

heating cycles applied to the 24 wires mesh M24 with the profiles obtained in the 

previous test (12 wires mesh M24), the resistance of the wider mesh was normalized by 

multiplying the measured values by two. The curves from both tests are shown in the 

same graph in Figure 3.4., in which the red and blue curves correspond to the 12 and 24 

wires, respectively. 
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Figure 3.4.  Resistance versus temperature evolution of the bare 12 wire M24 and 24 wire M24 
meshes in air. 
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Due to the problems of accuracy previously commented, it is not possible to 

extract conclusions about the behaviour of the mesh with 24 wires during the first part of 

the heating cycle. However, the resistance-temperature profiles of the meshes show a 

similar tendency after 200°C. The averaged slope of the trend lines adjusted to the 

experimental data in the temperature region from 200°C onwards for the 12 and 24 wire 

meshes are 4,08 E-04 Ω/°C, with a standard deviation of 0,31 E-04 Ω/°C (7,60% of the 

average value) and 3,62 E-04 Ω/°C, with a standard deviation of 0,16 E-04 Ω/°C (4,42% 

of the average value) respectively. 

 

  Before doing a brief compilation with the phenomenon observed in the previous 

tests, an example of the evolution of the temperature generated during one of the heatings 

carried out is given in Figure 3.5. The graph shows temperature measurements in the 

mesh M24 with 12 wires for a current applied of 7.5A.The thermal uniformity along the 

length of the heating element is observed. 
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Figure 3.5. Temperature evolution in mesh M24 with 12 wires in air. Applied current of 7.5A. 
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To sum up, the conclusions that can be extracted from the tests presented in this 

section are the following: 

 

- The meshes M200 and M24 with 12 wires show a linear relationship between 

the resistance and the temperature with a proportionally factor higher in the mesh M200. 

- No reliable information to describe the behaviour of the mesh M24 with 24 

wires at low temperatures was obtained. However, a similar behaviour of 12 and 24 wires 

meshes after 200°C was observed.  

- Accuracy problems were found measuring the resistance of the meshes. Low 

values of current generated large dispersion in the data. Values of resistance measured at 

room temperature were higher than the values measured at higher temperatures. For low 

values of current the repeatability of the measurements is thus low.  

- Since the resistance of the mesh M24 is smaller than the resistance of the mesh 

M200, it is necessary to apply a higher current to reach the desired temperature due to the 

Joule’s effect.  

 

 

 

3.2. Experiments with the welding set-up. 

 

The results from the tests performed with meshes M200 and M24 sandwiched 

between laminates are commented in detail in what follows. These experiments (in which 

type of mesh and material of the substrates are combined) will be used as a reference to 

describe the evolution of the resistance versus temperature at the welding interface. 

 

The order in which the heatings were applied was found to be of great relevance, 

especially in the experiments performed with the mesh sandwiched between laminates. In 

order to emphasize this fact, in the graphs presented in this section the curves 

corresponding to the first and subsequent heatings of each tested specimen are drawn in 

red and in blue respectively.  
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3.2.1 Mesh M200 sandwiched between laminates. 

 

The data from the test in which a mesh M200 sandwiched between PEI laminates 

was used is shown in Figure 3.6. This test (from now onwards test 001) was performed 

under a pressure of 3 bar. 
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Figure 3.6.  Resistance versus temperature evolution in test 001 (M200/PEI/3bar).  

 
As it can be observed in the previous graph, the heating element M200 shows a 

behaviour during the first heating that differs from the subsequent ones. On the other 

hand, the resistance-temperature profiles generated in the second and third heating fit 

reasonably well to each other. The curves from the subsequent heatings approach to the 

curves corresponding to first heating at temperatures above 350°C. 

  

From the graph (Figure 3.6) it seems that the evolution of the resistance during 

the first heating can fit a linear evolution reasonably well. A linear relationship between 

the resistance and the temperature of the mesh M200 can be as well observed in the 

      Sample 001.3 

Sample 001.1 

Sample 001.2 
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second and third heatings, but with a different slope and initial value. The equations of 

the linear regression calculated for these curves are compiled in Table 3.4. The 

nomenclature chosen to referring to the curves is 001.Y.Z; where Y is corresponding to 

the specimen tested and Z is the number of the heating applied. 

 
Table 3.4. Adjusted lines equations in test 001 (M200/PEI/3bar).  

a) First heating. 
Test Equation R2 

001.1.1 y = 6,33E-04x + 1,59  9,96E-01 
001.2.1 y = 6,54E-04x + 1,54  9,94E-01 
001.3.1 y = 6,37E-04x + 1,63  9,95E-01 

 
b)Subsequent heatings. 

Test Equation R2 
001.1.2 y = 9,47E-04x + 1,47  9,97E-01 
001.1.3 y = 9,44E-04x + 1,47  9,96E-01 
001.2.2 y = 9,62E-04x + 1,43  9,98E-01 
001.2.3 y = 9,41E-04x + 1,44  9,94E-01 
001.3.2 y = 9,64E-04x + 1,50  9,97E-01 
001.3.3 y = 9,48E-04x + 1,51  9,98E-01 

 

The average slope for the first heating is 6,41 E-04 Ω/°C with a standard deviation 

of 0,09 E-04 Ω/°C (1,40% of the average value) and the slope averaged for the second 

and third heating is 9,51 E-04 Ω/°C with a standard deviation of 0,09 E-04 Ω/°C (0,95 % 

of the average value).  

 

The three samples studied follow the same pattern. However, as it is shown in the 

previous graph (Figure 3.6), the values of the resistance are not the same for each sample 

(a difference of 0,04Ω between the profiles approximately was obtained). Since the 

diameter of the wires of the mesh M200 is too small, it is not possible to cut the heating 

elements with the same number of wires in the longitudinal direction. Perhaps the 

dimensions of the heating element in the three samples are significantly different to have 

an influence in the values of resistance. 

 

The next experiment (test 002) was performed with the same conditions as the 

previous one, with exception of the materials of the substrates, in this case glass 

reinforced PPS laminates. Figure 3.7 shows the resistance versus temperature profiles 
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obtained during the three consecutive heatings for the first and second sample tested. 

From the graph (Figure 3.7) it can be seen, again, that the first heating differs from  the 

subsequent ones. 
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Figure 3.7.  Resistance versus temperature evolution in test 002 (M200/PPS/3bar).  
 

The behaviour of the mesh in the first heating, at least in the middle part of the 

graph, can be considered to be linear. The curves from the subsequent heatings present a 

clearer linear evolution of the resistance with the temperature. These profiles approach to 

the profile from the first heatings at 360ºC and 290ºC approximately in the first and 

second samples tested. The third sample tested showed a similar behaviour to the first 

one and is not depicted in Figure 3.7 for the sake of the clarity of the results presentation.  

 

The equations from the linear regression calculated for the curves are compiled in 

Table 3.5. The slope averaged for the subsequent heatings is 9,45 E-04 Ω/°C  with a 

standard deviation of 0,46 E-04 Ω/°C (4,87% of the averaged value). 

 

                 Sample 002.1 

          Sample 002.2 
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Table 3.5. Adjusted lines equations for the subsequent heatings in test 002 (M200/PPS/3bar). 

Test Equation R2 
002.1.2 y = 9,97E-04x + 1,42  9,96E-01 
002.1.3 y = 9,45E-04x + 1,43  9,90E-01 
002.2.2 y = 9,62E-04x + 1,39  9,93E-01 
002.2.3 y = 8,98E-04x + 1,41  9,91E-01 
002.3.2 y = 9,94E-04x + 1,42  9,95E-01 
002.3.3 y = 8,72E-04x + 1,47  9,92E-01 

 

3.2.2. Mesh M24 sandwiched between laminates. 

 

The results obtained from the next tests in which a mesh M24 with 12 wires 

sandwiched between laminates and welded under a pressure of 3bar are commented 

below. Figure 3.8 shows the resistance-temperature profiles produced by the first and 

subsequent heatings for each specimen in which the mesh was sandwiched between glass 

reinforced PEI laminates (test 003) while Figure 3.9 shows the curves from the mesh 

sandwiched between glass reinforced PPS laminates (test 004).  
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Figure 3.8.  Resistance versus temperature evolution in test 003 (M24/PEI/3bar).  
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    Sample 003.2 

Sample 003.3
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Figure 3.9.  Resistance-temperature evolution in test 004 (M24/PEI/3bar). 

 

As it was already observed in the mesh M200, it stands clear that the first heating 

applied to the mesh M24 sandwiched between PEI laminates produces a temperature-

resistance profile different to that generated in the subsequent heatings (Figure 3.8). A 

patent non linear relationship between the resistance and the temperature at the welding 

interface can be observed during the first heating of the M24 type of mesh.  

 

On the other hand, consecutive heatings in each specimen produce a similar 

response of the heating element and show a linear relationship between both variables 

(Figure 3.8). Since the second and third heating have a linear behaviour, trend lines were 

adjusted to the experimental data. The equations of the linear regression are compiled in 

Table 3.6. 

 

 

 



 
 

44 
 

 
Table 3.6.  Adjusted lines equations of second and third heating in test 003 (M24/PEI/3bar). 

Test Equation R-square 
003.1.2 y = 3,04E-04x + 4,78E-01  9,97E-01 
003.1.3 y = 3,16E-04x + 4,73E-01  9,96E-01 
003.2.2 y = 3,45E-04x + 4,85E-01 9,96E-01 
003.2.3 y = 3,24E-04x + 4,91E-01  9,94E-01 
003.3.2 y = 3,11E-04x + 4,88E-01  9,94E-01 
003.3.3 y = 3,30E-04x + 4,86E-01  9,97E-01 

 

The averaged slope of these straight lines is 3,22 E-04 Ω/°C, with a standard 

deviation of 0,13 E-04 Ω/°C (4,04% of the average value).  

 

As it can be seen in Figure 3.8, the resistance versus temperature evolution of the 

three specimens tested is similar in shape. However, the resistance-temperature profiles 

from one of the specimens tested do not fit with the other profiles. Lower values of 

resistance (0,02Ω approximately) were measured in that test, which raises doubts about  

the repeatability of the resistance measurements. 

 

A significantly different behaviour of the metal mesh during the first heating can 

also be noticed in the test performed with PPS laminates (see Figure 3.9). The 

relationship between the resistance and the temperature during the first heating is clearly 

non linear. The profiles generated in the second and third heating are close to each other 

and follow a quite linear behaviour. The equations from the linear regression calculated 

for the curves corresponding to the second and third heating of the three specimens tested 

in this test are presented in Table 3.7. 

 
Table 3.7. Adjusted lines equations of second and third heating in test 004 (M24/PPS/3bar). 

Test Equation R-square 
004.1.2 y = 3,50E-04x + 4,75E-01 9,97E-01 
004.1.3 y = 3,52E-04x + 4,70E-01  9,98E-01 
004.2.2 y = 3,40E-04x + 4,81E-01  9,92E-01 
004.2.3 y = 3,42E-04x + 4,79E-01  9,97E-01 
004.3.2 y = 3,38E-04x + 4,75E-01  9,94E-01 
004.3.3 y = 3,42E-04x + 4,68E-01  9,99E-01 
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The averaged slope is 3,44 E-04 Ω/°C with an standard deviation of 0,05 E-04 

Ω/°C (1,45% of the average value), which is similar to the slope calculated from the 

previous test (same mesh sandwiched between PEI laminates).  

 

Figure 3.10 shows the curves corresponding to the first heating of each specimen. 

A superposition of the curves can be observed. From this figure, it seems that the 

repeatability of the process is higher than in the case of the PEI substrates (test 003). 

However, this result is not conclusive since the available data was obtained from only 

three samples. This is considered not to be enough for drawing conclusions about the 

repeatability of the values, only about the shape of the curves and about the general 

behaviuor of the meshes. 
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Figure 3.10.  Resistance versus temperature evolution in the first heating of the samples in test 004. 

 
 

Figure 3.11 depicts the slopes obtained in the previous test. Both meshes show a 

higher proportionally factor of the resistance with the temperature in the quasi-isothermal 
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measurements of the bare mesh in air than when sandwiched between the adherents (20% 

higher in the case of M200 and 35-45% in the case of M24 than the slopes corresponding 

to the subsequent heatings). For the mesh M200 (Figure 3.11a), the slope of the 

subsequent heatings is 50% higher than the slope of the first heating approximately in the 

case of GF/PEI laminates. On the other hand, subsequent heatings applied to the mesh 

M24 result in similar slopes for the different adherends tested (Figure 3.11b).  
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a)M200 in air and embedded in laminates.               b) M24 in air and embedded in laminates. 

Figure 3.11. Comparison of the slopes in M200 and M24 heating elements. 
 
 
 

An example of the evolution of the temperature generated at the welding interface 

during the first and second heating applied to a mesh M24 sandwiched between GF/PEI 

laminates is given in Figure 3.12.  
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a) First heating.                                                         b) Second heating. 

Figure 3.12. Temperature evolution in mesh M24 sandwiched between GF/PEI laminates.  
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 A homogeneous evolution of the temperature along the length of the weld can be 

observed. However, the data registered by the thermocouples during the first heating 

shows higher dispersion (Figure 3.12a) than the values measured by the thermocouples 

during the second heating (Figure 3.12b). These graphs illustrate the fact that the 

thermocouples can move during the first heating due to the polymer flow. Once the 

laminates are welded, the thermocouples remain in their position during the whole 

process. 

 

To finalize the exposition of the experiments explained in this section in Figure 

3.13 are shown two samples corresponding to tests 001 and 002 respectively.  

 

    
Figure 3.13. Mesh M200 sandwiched between laminates.  

 

 

3.2.3. Discussion about the behaviour of the heating elements sandwiched 

between laminates. 

 

The interest of this study is focused on describing the behaviour of the heating 

element during the resistance welding process in order to use this knowledge to control 

the welding process. Since the resistance welding process is oriented to joint two parts, 

GF/PEI 

GF/PPS 
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the behaviour of the heating element during the first heating is the most important. 

Consequently, most part of the discussion and the experiments explained in next sections 

will be focused on the resistance and temperature evolution originated in the first heating. 

Nevertheless, the information about the behaviour of the mesh in the subsequent heatings 

is interesting as well to understand the behaviour during the first heating. In addition, that 

information could be useful for reprocessing the joints.  

 

M24/PEI. In the first heating of each specimen of the test 003 (Figure 3.8) 

changes can be seen in the slope of the curve. This fact allows us to distinguish among 

three different stages in the behaviour of the metal mesh during the first heating that are 

commented in what follows. In the first stage of the curve (see Figure 3.8), the resistance 

is higher than that in the consecutive heatings and it increases with increasing 

temperature. The behaviour in this region shows a clear non linear evolution for low 

resistance values followed by a quite linear area. The first experimental points of each 

first heating are close to the profiles corresponding to their subsequent heatings. However, 

due to the limited data acquisition rate there is not enough experimental information to 

describe this region during the first heating. After the first stage, a plateau in the curve 

can be observed. This plateau appears in the range of temperatures of 220ºC-260ºC, 

which can be associated with the change in the properties of the material from the 

welding parts after the glass transition temperature is reached, in this case, 215ºC for the 

PEI. Finally, the third stage of the curve, after the mentioned plateau, seems to be linear. 

This region of the curve is overlapped with the curves corresponding to the following 

heatings. After the glass transition temperature is reached, the polymer from both welding 

parts starts to diffuse through the metal mesh. The polymer fills the voids of the mesh 

which is inserted into the matrix. Once the heating element is completely embedded in 

the polymer, the behavior during the first and subsequent heatings is similar. 

 

M24/PPS. In the graph corresponding to the test 004 (see Figure 3.10), the curve 

corresponding to the first heating has a region between 80°C-120°C during which a 

resistance plateau can be observed. This can be again associated with the glass transition 

temperature of PPS (85°C). Likewise, the graph shows a second alteration in the 
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tendency of the curve. There appears a region in which the resistance goes through an 

inflexion point 300°C-320°C, what can be associated with the melting point of the 

polymer (285°C). In this case, the curves corresponding to the subsequent heatings 

approach (even overlap) the curve generated from the first heating after the inflexion 

point related to the melting point (Figure 3.9) 

 

M200/PEI. In opposition to the analogous test performed with M24 as heating 

element, in test 001 performed with the M200 it is difficult to appreciate changes in the 

slope related with the material from the substrates. In this case, the resistance-temperature 

profile at the weld interface generated in the first heating does not show a superposition 

with the subsequent curves at temperatures above the glass transition temperature of PEI. 

The curves corresponding to the first and subsequent heatings start to get closer each 

other at temperatures around 340ºC (see Figure 3.6). This suggests that the polymer flow 

across the weld interface occurs at higher temperatures. This fact can be explained by the 

geometry of the mesh M200. The opening area of the mesh is significantly smaller than 

that of the mesh M24, which makes it more difficult for the polymer to flow across the 

weld interface. Consequently, it is necessary to reach a higher temperature to decrease the 

viscosity of the polymer in order to diffuse the matrix across the heating element. 

 

M200/PPS. No significant changes that could be attributed to the glass transition 

and melting point of the PPS can be appreciated in the curve corresponding to the first 

specimen tested (Figure 3.7). In opposition to that, in the second sample a clear inflexion 

point in the curve from the first heating can be observed in the region close to the melting 

point of the PPS (285 ºC), from which on the three curves converge.  

 

The general behaviour of the heating element observed in tests 001-004 can be 

summarized as follows: 

 

- The behaviour of the resistive element during the first heating differs from that 

observed in subsequent heatings in both types of mesh. The subsequent heatings 

show a linear relationship between the resistance and the temperature in both meshes. 
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- The mesh M24 shows a non linear resistance versus temperature profile during the 

first heating. A plateau in the curves close to the glass transition temperature of the 

material of the substrates can be observed. In addition, in tests performed with PPS 

laminates there appears an inflexion point close to the melting point of the polymer. 

The curve from the first heating fits with the curves corresponding to the subsequent 

heatings after the plateau in the case of PEI laminates and after the inflexion point in 

the case of PPS laminates. 

- The behaviour of the mesh M200 during the first heating seems to be linear when it 

is sandwiched between PEI laminates. The curves corresponding to the first heating 

fit with the ones corresponding to the subsequent heatings at temperatures higher 

than in the case of the mesh M24. That can be related with the much smaller opening 

of the mesh M200. In opposition to that, the same mesh does not show a clear 

evolution of the resistance with the temperature during the first heating when the 

adherents are GF/PPS. 

The conclusion extracted from the discussion is that the thermal and electrical 

behaviour of the heating element is clearly influenced by the nature of the material of the 

substrates, what can be proved with the results of the following experiment. Two glass 

reinforced PEI laminates were welded with a mesh M24 with 12 wires as heating 

element. With the purpose of preventing the contact between the metal mesh and the 

polymer, two layers of Kapton film with a thickness of 0,14mm were added, one on the 

top and one on the bottom of the mesh, so that the flow of resin through the mesh was 

impeded. No additional resin layers were placed at the interface. The laminates were 

heated three times with a current of 15A under a pressure of 3bar. The graph in Figure 

3.14 shows the resistance versus temperature profiles obtained in this test. 

 



 
 

51 
 

Mesh M24 GF/PEI Kapton film

0.46

0.48

0.5

0.52

0.54

0.56

0.58

0.6

0.62

30 70 110 150 190 230 270 310 350

Temperature (°C)

R
es

ist
an

ce
 (Ω

)

First heating Subsequent heatings
 

Figure 3.14. Resistance versus temperature evolution in mesh M24 covered with Kapton film. 
 

The three curves shown in Figure 3.14 follow the same tendency and show a quite 

linear relationship between the resistance and the temperature. Although the first heating 

is moved over the subsequent ones from 300°C approximately, there are not significantly 

differences in the values of the resistance. The slope calculated for the first heating (using 

the data from room temperature to 300°C) is 2,48 E-04 Ω/°C. The slopes obtained for the 

second and third heatings are 2,53 E-04 Ω/°C and 2,33 E-04 Ω/°C respectively (lower 

than the slope calculated for the subsequent heatings in test 003).  

 

Finally, in order to assess the hypothetical relationship between the plateaus in the 

curves corresponding to the fist heating and the Tg of the surrounding resin, the following 

experiment was carried out. Two laminates of glass reinforced PPS were welded with a 

M24 heating element with 12 wires. Four extra resin layers of PPS were added on both 

sides of the mesh. The particularity of this experiment lies in the extra resin applied to the 

welding interface. Instead of using the regular PPS layers available in the laboratory, 

which are in amorphous state, the extra resin layers used in this test were preheated in the 
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hot platen press. The processing temperature was 120°C (high enough to exceed the glass 

transition and the crystallization temperature of the PPS), the pressure 8bar, the 

consolidation time 2 min and the cooling rate 15°C/min. Consequently the PPS layers 

became semicrystalline. The laminates were heated three times with a current of 15A 

under a pressure of 3bar. Figure 3.15 shows the experimental data obtained in this test.  
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Figure 3.15.  Resistance versus temperature evolution in mesh M24 with preheated extra resin layers 
of PPS. 

 
Once more, a clear difference between the first heating and the subsequent ones 

can be seen in the graph. The mesh shows a linear relationship between the resistance and 

the temperature during the second and third heating. However, a plateau related to the Tg 

of the material showed in test 004 (see Figure 3.10) does not appear in the first heating 

since the semicrystalline resin films in which the mesh is sandwiched do not undergo 

very noticeable physical changes at the Tg. 

 

The calculated slopes of the trend lines adjusted for the second and third heating 

are 3,27 E-04 Ω/°C and 3,35 E-04 Ω/°C respectively, which are quite close to the slope 
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calculated for the test 004 done with the same kind of mesh, materials of the substrates 

and pressure: 3,44 E-04 Ω/°C. 

 

 Since the behaviour of the mesh during the first heating shows clear variations 

directly related to the nature and changes in the surrounding polymer in the M24 heating 

element, most of the subsequent experiments will be done with this kind of mesh. 

 
 

3.2.4. Experiments with the heating element M24 modified. 

 

3.2.4.1. Double width of the mesh. With the aim of checking the reliability of the 

results obtained with the mesh M24 with 12 wires, two experiments were done under the 

same conditions but using a mesh with double number of wires. The test 005 (mesh M24-

24wires-GF/PEI-3bar) and the test 006 (mesh M24-24wires-GF/PPS-3bar) showed that 

the double width heating element revealed the same behaviour observed in the 

aforementioned tests done with a mesh M24 with 12 wires. 

 

In order to compare the curves from the double width mesh M24 with the 

reference profiles taken from the 12 wires mesh M24, the resistance of the wider mesh 

was normalized by multiplying the measured values by two in the following graphs. The 

curves corresponding to the first heatings in the mesh with 12 wires are presented in red, 

and those from the 24 wires mesh in blue. Figure 3.16 shows the resistance versus 

temperature evolution during the first heating of each sample in tests 003 and 005 

performed with GF/PEI laminates, while Figure 3.17 presents the data from the tests 004 

and 006 carried out with GF/PPS laminates. 
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Figure 3.16.  Same material (PEI), mesh (M24) and pressure (3bar), different width: 12 and 24 wires. 
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Figure 3.17. Same material (PPS), mesh (M24) and pressure (3bar), different width: 12 and 24 wires. 
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The 24 wire curves show a similar shape to the curves from the 12 wire mesh. In 

spite of the fact that the curves are not overlapped, it can be seen a plateau associated to 

the glass transition temperature of the PEI. Besides, a non linear behaviour at the 

beginning of the first stage of the 24 wire mesh curves is also evident (Figure 3.16). 

 

In the case of the mesh M24 with 24 wires sandwiched between PPS laminates 

the same pattern shown by the mesh M24 with 12 wires is repeated (Figure 3.17). The 

shape of the curves corresponding to both tests follows the same pattern. The resistance 

versus temperature profiles are close to each other. However it cannot be easily 

appreciated the inflexion point related to the melting point of the polymer in the 24 wire 

mesh. 

 

 The equations from the linear regression calculated for the curves corresponding 

to the second and third heating of the three specimens tested in each experiment done 

with the 24 wire mesh show a similar slope calculated for the 12 wire mesh.  

 
Table 3.8.  Adjusted lines equations of second and third heating in mesh M24 with 24 wires 

sandwiched between laminates. 
a) Test 005 (GF/PEI laminates, 3bar) 

Test Equation R2 
005.1.2 y = 3,40E-04x + 4,78E-01  9,95E-01 
005.1.3 y = 3,30E-04x + 4,83E-01  9,96E-01 
005.2.2 y = 3,22E-04x + 4,76E-01 9,99E-01 
005.2.3 y = 3,37E-04x + 4,67E-01  9,95E-01 
005.3.2 y = 3,32E-04x + 4,82E-01  9,99E-01 
005.3.3 y = 3,02E-04x + 4,92E-01  9,99E-01 

 
b)Test 006 (GF/PPS laminates, 3bar) 

Test Equation R2 
006.1.2 y = 3,24E-04x + 4,77E-01  9,88E-01 
006.1.3 y = 3,34E-04x + 4,71E-01  9,93E-01 
006.2.2 y = 3,21E-04x + 4,77E-01  9,98E-01 
006.2.3 y = 3,15E-04x + 4,79E-01  9,95E-01 
006.3.2 y = 3,36E-04x + 4,74E-01  9,98E-01 
006.3.3 y = 3,40E-04x + 4,75E-01  9,92E-01 

 

The averaged slope for the mesh sandwiched between GF/PEI laminates is 3,27 

E-04 Ω/°C with an standard deviation of 0,13 E-04 Ω/°C (3,97% of the average value), 
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and the averaged slope for the mesh sandwiched between GF/PPS laminates is 3,28 E-04 

Ω/°C with an standard deviation of 0,09 E-04 Ω/°C (2,74% of the average value). 

 

To sum up, the experiments explained above, confirm that the width of the mesh 

does not change in great measure the electrical and thermal behaviour of the heating 

element, at least in the magnitude order tested (double width). The 24 wire mesh shows a 

similar behaviour to the 12 wire mesh. However, the characteristic plateau related to the 

Tg of the PEI and the inflexion point related to the Tm of the PPS in the double width 

mesh are not as defined as in the 12 wire mesh. 

 

3.2.4.2. Paint insulated mesh. In this study, the composite laminates used were 

glass fibre reinforced. However, several research works have been focused in the 

resistance welding of carbon fibre reinforced laminates. The main difficulty that this 

joining technique presents when the parts to weld are carbon fibre reinforced is the 

electrical conductivity of the carbon fibres. When the polymer at the weld interface melts 

and flows, the heating element can get in contact with the carbon fibres of the adherents 

and as a result, new electrical paths are created in the adherents. Current leakage is an 

uncontrollable variable that results in long welding times, due to power losses in the 

adherents, and non-homogenous temperature distribution over the weld area [9]. To avoid 

the current leakage in the laminate one solution is to insulate electrically the heating 

element to prevent the parts from any contact with the electricity. With this purpose, the 

heating element can be insulated with high temperature paint as it is reported in [7].  

 

With the aim of being able to describe the behaviour of the heating element when 

it is sandwiched between carbon fibre reinforced laminates, and thus, covered with 

insulating paint, the next experiment was performed. With the purpose of insulating the 

welding parts from the electricity, the heating element was electrically insulated with 

insulating high temperature paint (electrically resistive and thermally stabile up to 600°C). 

Several layers of spray paint were applied to a mesh M24 with 12 wires with the purpose 

of covering completely every wire. Then, the insulated mesh was dried in the oven during 

one hour at 400°C. Special care was taken that only the overlap length of the mesh 
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(192mm) was covered with the paint. Therefore, the areas of the metallic mesh below the 

cooper connectors were not insulated in order to ensure a proper electrical contact. The 

mesh was placed between glass reinforced PEI laminates and heated three times with a 

current of 15A under a pressure of 3bar. Six extra resin layers of PEI were added to the 

interface. The experimental data obtained from this test is shown in Figure 3.18.   
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Figure 3.18. Resistance versus temperature profile in mesh M24 insulated with high temperature 

paint and sandwiched between PEI laminates. 
 

From the graph, a similar pattern to the one shown in test 003 (Figure 3.8) can be 

observed. There appears a change in the tendency of the curve from the first heating, 

although the plateau reached during the heating is not clearly defined. The curves 

corresponding to the subsequent heatings show a linear relationship between the 

resistance and the temperature. These curves are overlapped and start approaching to the 

red curve (corresponding to the first heating) at 340°C approximately. 
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Due to the treatment with paint of the mesh, the effective opening of the mesh is 

smaller. Therefore it was necessary to reach a higher temperature than in the case of the 

standard mesh M24 (260°C) to decrease the viscosity of the resin in order to fill the gaps 

of the heating element. The calculated slopes of the trend lines adjusted for the second 

and third heating are 3,15 E-04 Ω/°C and 3,10 E-04 Ω/°C respectively, which are similar 

to the value obtained for the test 003 done with the same kind of mesh, materials of the 

substrates and pressure: 3,22 E-04 Ω/°C. 

 

 3.2.4.3. Preimpregnated mesh. The two following experiments were performed 

using an impregnated mesh instead of applying single layers of polymer as extra resin. 

The impregnation process was performed in the hot platen press, where the heating 

element was cut in size from a mesh M24 and was co-moulded with six 0,09 mm thick 

PEI foils, three on the top and three on the bottom of the mesh. The processing pressure 

was 8bar, the holding time was 2 minutes and the cooling rate was 15 ºC/min. Two 

different processing temperatures, 240 and 320°C were investigated. Figures 3.19 and 

3.20 show the evolution at the welding interface for the two types of preimpregnated 

mesh obtained.  
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Figure 3.19. Resistance versus temperature profile in Mesh M24 impregnated with PEI at a 
consolidation temperature of 240°C. 
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Figure 3.20. Resistance versus temperature profile in mesh M24 impregnated with PEI at a 
consolidation temperature of 320°C. 

 
It can be seen once again that the first heating produces an evolution of the 

resistance with the temperature different to the evolutions from the subsequent heatings 

in both graphs. As it was previously observed, the profiles from the second and third 

heating showed a linear relationship between the resistance and the temperature in both 

tests as well. In the red curves it cannot be noticed a defined plateau, only a slight 

variation in the tendency of the curve in the 200°C -240°C area in Figure 3.19. From the 

data in Figure 3.20, it seems that instrumental errors occurred during the measurement of 

the voltage. 

  

 From the results of these tests no clear difference between the mesh 

preimpregnated at 240°C and that preimpregnated at 320°C (for which a better 

impregnation level was expected) can be concluded (see Figure 3.8). Therefore, it seems 

that the grade of previous impregnation of the mesh, i.e. the different grade of contact of 

the polymer with the mesh before the welding process, does not influence significantly 

the behaviour of the heating element in terms of differences between the first heating and 

the subsequent ones, at least for the PEI resin. However, in the experiments performed 
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with impregnated meshes a defined plateau in the resistance versus temperature profile of 

the welding interface could not be observed. 

 

 The slopes from the linear regression calculated to describe the experimental data 

of the subsequent heatings in the previous tests are 3,37 E-04 Ω/°C and 3,64 E-04 Ω/°C 

(second and third heating respectively) for the preimpregnated mesh at 240°C. The slopes 

calculated for the preimpregnated mesh at 320°C are 3,41 E-04 Ω/°C and 3,48 E-04 Ω/°C 

(second and third heating respectively). The values are closer to the slope obtained in test 

004 (GF/PPS laminates) than in test 003 (GF/PPS laminates). 

 

 

3.2.5. Study of the possible reasons behind the different behavior during the 

first and subsequent heatings of the meshes.  

 

Once seen that the polymer from the substrates is influencing the resistance of the 

heating element, several arguments were proposed to explain the resistance versus 

temperature evolution at the welding interface. In order to find out reasons behind the 

behaviour of the heating element, especially behind the non linear profile shown by the 

mesh M24, the arguments will be based on the fact that once the parts are welded, the 

changes that occur at the welding interface during the subsequent heatings are not as 

significant as in the first heating (the curves from the second and third heating are most of 

the time overlapped).   

 

3.2.5.1. Possible changes in the actual length of the electrical path. 

 

Based on the previous experiments (see Figures 3.8 and 3.9), it was believed that 

the decreasing of the resistance that takes place during the first heating, i.e. the plateaus 

aforementioned, is due to changes in the electrical connections between the wires from 

weft and warp direction of the heating element. The electrical connections between the 

wires from both directions decrease because the resin flows through the mesh and 



 
 

61 
 

insulates the wires. That fact occurs after reaching the glass transition temperature of the 

polymer. The hypothesis is following explained. 

During the first heating the temperature, and consequently the resistance, increase 

because of the Joule’s effect. However there appears a plateau in the profile in which the 

resistance increases with a smaller slope. Two effects have an influence in the resistance 

of the mesh: the resistivity and the geometry of the material. The resistivity is governed 

by the mobility of the carrying electrons inside the wires, which decreases within 

increasing the temperature. That means that the resistivity increases within increasing the 

temperature. The real length of the electrical path decreases within decreasing the 

electrical connections between the wires, and that implies a decreasing in the resistance. 

These effects are balanced and result in an inflexion point during the evolution of the 

resistance with the temperature. 

When the metal mesh is inserted into the matrix, the polymer could electrically 

insulate the wires of the mesh avoiding the intimate contact between wires from both 

directions. Then, the number of electrical connections in the warp direction remains 

constant. That could be the reason for the faster increment of the resistance with the 

temperature shown after the plateau, because then, only the temperature makes an 

influence in the resistivity of the material of the heating element. 

In order to check this hypothesis, an additional test in which the heating element 

was modified was performed. The transversal wires from heating element from mesh 

M24 were removed in order to obtain a heating element consisting of 12 longitudinal 

wires. The heating element was sandwiched between glass reinforced PEI laminates and 

welded under 3bar. No extra resin layers were added to the interface. Three successive 

heatings were carried out using a current of 15A. The experimental data obtained from 

this test is shown in Figure 3.21. 
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Figure 3.20. Resistance versus temperature evolution in mesh M24 without transversal wires 
sandwiched between PEI laminates. 

 

From Figure 3.21, an analogous behaviour of the heating element to the one 

shown in test 003 (Mesh M24-GF/PEI-3bar, Figure 3.8) can be observed. The profiles 

produced during the subsequent heatings overlap and show a linear relationship between 

the resistance and the temperature. These heatings approach the first heating once the 

temperature reaches 240°C. The evolution during the first heating shows a plateau as in 

the case of the regular mesh.  The calculated slopes of the trend lines adjusted for the 

second and third heating are 2,93 E-04 Ω/°C and 3,02 E-04 Ω/°C respectively, which are 

a bit lower than the slope resulted in test 003, in which the heating element was not 

modified. 

 

From these results, the hypothesis of changes in the electrical path causing the 

differences between the first and subsequent heatings is nullified. Since the heating 

element has only longitudinal wires, it is impossible to change the electrical connections 

between wires from weft and warp directions.  
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3.2.5.2. Influence of the pressure.  

 

3.2.5.2. a) Constant pressure. 

 
 Different tests were performed in this section in order to study the effect of one of 

the most important welding parameters in the electrical and thermal behaviour of the 

meshes: the welding pressure. Tests 007-010 are analogous to tests 001-004 with the 

difference that they were performed under a constant welding pressure of 6bar instead of 

3bar. The behaviour of the heating elements followed the same pattern shown for 3bar 

and explained in section 3.2.3.  

 

To study the influence of the pressure, curves from different tests have been 

represented in the same graph in order to compare the profiles corresponding to different 

pressures. Figures 3.22 and 3.23 represent the evolution of resistance versus temperature 

of the mesh M200 sandwiched between two GF/PEI and GF/PPS laminates respectively 

while Figures 3.24 and 3.25 are for mesh M24 sandwiched between GF/PEI and GF/PPS 

laminates respectively. Each curve corresponds to the first heating of each test. An extra 

test was done with the mesh M24 sandwiched between GF/PEI laminates and welded 

three times under a pressure of 1 bar. 
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Figure 3.22. Resistance versus temperature evolution during the first heating in mesh M200 
sandwiched between PEI laminates under different pressures. 
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Figure 3.23. Resistance versus temperature evolution during the first heating in mesh M200 
sandwiched between PPS laminates under different pressures. 
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The behaviour of the mesh M200 seems to be similar when it is tested under 

higher pressure (Figures 3.22 and 3.23). Since the relationship between the resistance and 

the temperature showed by this mesh is nearly linear, there is no evidence of the 

influence of the material from the welded parts. It is important to note as well the high 

dispersion obtained in the test performed under 6bar with PEI laminates (Figure 3.22, 

blue curves). That dispersion in the data could be attributed to a movement of the cables 

used to measure V2 during the heating. 

 

The slopes obtained from the trend lines adjusted to the data from the first heating 

are 6,46 E-04 Ω/°C (standard deviation of 0,25 E-04 Ω/°C; 3,87% of the average value) 

and 6,81 E-04 Ω/°C (standard deviation of 0,47 E-04 Ω/°C; 6,90% of the average value)  

for the mesh sandwiched between PEI and PPS laminates respectively. The slopes 

calculated for the subsequent heatings are 50% higher in the case of the mesh embedded 

in PEI and 37% higher for the mesh sandwiched between PPS than the slope of their 

respective first heatings. 
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Figure 3.24. Resistance versus temperature evolution during the first heating in mesh M24 (12 wires) 
sandwiched between PEI laminates under different pressures.  
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Figure 3.25. Resistance versus temperature evolution during the first heating in mesh M24 (12 wires) 

sandwiched between PPS laminates under different pressures. 
 

At first sight (Figure 3.24), it seems that the behaviour of the mesh M24 

sandwiched between GFPEI laminates is similar when the welding process is performed 

under different pressures. However, the plateau showed by the mesh under 3bar is clearer 

than in the case of 6bar. Nevertheless the change in the slope can be easily appreciated in 

the blue curves. From the mesh tested under 1bar, there was some noise reflected in the 

curve, probably due to a bad contact of the voltmeter. Although the curve is not as 

defined as the shown in the other tests, it can be observed an analogous tendency to the 

rest of the curves.  

 

 From Figure 3.25 a similar resistance versus temperature profiles from the tests 

performed under 3 and 6bar can be observed. The curves corresponding to 6bar (blue 

curves) show the plateau related to the glass transition temperature of the PPS. The 

inflexion point associated to the melting point of the polymer cannot be observed as 

clearly as in the case of the test in which the pressure applied was 3bar. 
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The slopes of the equations resulting from the linear regression calculated for the 

subsequent heatings performed under 6bar are 3,64 E-04 Ω/°C (standard deviation of 

0,10 E-04 Ω/°C; 2,75% of the average value) in the case of the mesh M24 sandwiched 

between PEI laminates and 3,47 E-04 Ω/°C (standard deviation of 0,15 E-04 Ω/°C; 

4,32% of the average value) in the case of the PPS substrates. These values are quite 

similar to the slopes calculated for profiles generated at 3bar. 

 
As a general conclusion extracted from the previous graphs (Figures 3.22, 3.23, 

3.24, and 3.25), it seems that the value of the constant pressure applied to the laminates 

does not have a significant effect in the behaviour of the mesh. The curves from the tests 

performed under 6bar are not clearly above the curves corresponding to a pressure of 

3bar and consequently a plastic deformation due to the welding pressure cannot explain 

the differences between the first and subsequent heatings applied to a same welding 

laminates. Therefore, no evidence of a possible influence of the pressure in the value of 

the electrical resistance of both meshes could be found in these tests.    

 

 

3.2.4.2. b) Stepped pressure.  

 

In this section experiments in which the welding pressure applied to the laminates 

was variable instead of constant during the first heating are explained. The reason behind 

this kind of tests was to introduce an extreme variation in the boundary conditions during 

the first heating of the mesh in order to be able to observe changes in the 

electrical/thermal behaviour related to the pressure. 

 

Glass reinforced PEI laminates were welded with a mesh M24. Four heatings with 

different welding pressure conditions were applied to the mesh. During the first heating, 

the pressure was 3bar and removed abruptly in the middle of the process by pulling up 

the inner cylinders (corresponding to the welding pressure, see Figure 2.9 of the 

experimental chapter) until the end of the heating. The second heating was done without 
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pressure and the successive heatings were done with a constant pressure of 3bar. Figure 

3.26 shows the evolution of the resistance during the four heatings applied to the 

laminates.  
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Figure 3.26. Resistance versus temperature evolution in mesh M24 sandwiched between GF/PEI 

laminates. Sequence pressure of the first heating: 3bar-no pressure. 
 

The curve in red corresponds to the first heating and shows an important change 

in the values of resistance at the moment in which the welding pressure was abruptly 

modified from 3bar to atmospheric pressure by pulling up the inner cylinders, therefore 

the upper wood insulation block was not touching the laminates.  

 

The curve corresponding to the second heating follows the shape of the profile 

from the first heating in the region corresponding to a pressure of 3bar. The curves 

corresponding to the third and fourth heating (obtained under 3bar) are similar to the 

“typical” first and subsequent heatings respectively (see Figure 3.8). The plateau shown 

in the curve (3) is longer than the plateaus shown in Figure 3.8. 
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Basically the laminates were poorly welded due to lack of pressure (red and blue 

curves) and satisfactorily welded (linear part of the curve 3 and curve 4).  The slope 

calculated for the last curve 4 is 3,23 E-04 Ω/°C, quite close to the slope from 

subsequent heatings in test 003. 

 The next experiment was performed with the opposite sequence of pressure 

applied in the previous test during the first heating. The same kind of mesh and laminates 

(M24 sandwiched between GF/PEI) were used. Eight heatings with different pressure 

conditions were applied which are specified in what follows.  

1. No pressure-3bar.      5. Pressure of 3bar. 

2. Pressure of 3bar.       6. No pressure. 

3. No pressure.              7. Pressure of 3bar. 

4. Pressure of 3bar.       8. No pressure. 

 

Figure 3.27 shows the experimental data obtained from the test.  The graphs show 

the profiles in pairs of consecutive heatings. In addition, in each graph is represented the 

previous curve as a reference. 
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a) First and second heatings. 
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b) Third and fourth heatings. 

Figure  3.27. Resistance versus temperature evolution in mesh M24 sandwiched between GF/PEI 

laminates. Sequence pressure of the first heating: no pressure-3bar. 
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 c) Fifth and sixth heatings. 
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 d) Seventh and eighth heatings. 

Figure 3.27. Resistance versus temperature evolution in mesh M24 sandwiched between GF/PEI 

laminates. Sequence pressure of the first heating: no pressure-3bar. 
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As it was explained before, the beginning of the first heating was done without 

any welding pressure and once reached 290°C, a welding pressure of 3bar was applied to 

the laminates. This sudden change of the pressure is reflected clearly in curve 1 (Figure 

3.27a), in which a huge decreasing of the resistance can be observed. It can also be 

noticed a significantly decreasing of the temperature. This is directly related with the 

better heat transfer into the laminates by conduction due to the applied pressure, which 

improves the contact between the heating element and the welding parts. In this heating 

the characteristic plateau related with the polymer from the substrates in the curve in the 

(180°C -220°C) area can be seen once again. The profile corresponding to the second 

heating, performed under 3bar, approaches to the curve 1 at 360°C approximately (Figure 

3.27a). It shows a linear relationship between resistance and temperature. The slope of 

the trend line adjusted is 3,24 E-04 Ω/°C.  

 

In Figure 3.27b) a linear evolution of the resistance with the temperature in the 

heating done without pressure can be observed (curve 3). The calculated slope for curve 3 

is 3,60 E-04 Ω/°C. This profile is nearly overlapped to the previous one (curve 2). The 

subsequent heating applied under a pressure of 3bar showed the typical pattern of the first 

heating, in which a plateau can be seen in the profile (curve 4). It is important to note as 

well, that the mentioned plateau appeared in a higher temperature region (270°C-305°C) 

than the one showed in the first heating (curve 1). This behaviour could probably be due 

to the fact that after applying a heating without pressure, a small amount of air come 

inside the interface since there is no impediment for that. This air is squeezed out in the 

next heating under pressure when the polymer is sufficiently fluid to do it. That occurs at 

higher temperatures because since the air is physically entrapped in the polymer such a 

bubbles, it is necessary to decrease more the viscosity of the resin to expulse the air than 

to do that in the first heating, when the air is not entrapped but is in the surroundings of 

the mesh. 

 

Next heating applied under a pressure of 3bar is presented in Figure 3.27c)  and it 

showed a linear relationship between the resistance and the temperature with a slope of 

3,23 E-04 Ω/°C (curve 5). In opposition to the pattern followed by the welding interface 
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in the experiment 003 (same type of mesh and laminates, see Figure 3.8), this profile is 

overlapped to the previous one since the beginning of the heating until the plateau, 

moment in which the curve continues above the previous one. In the same figure, the 

subsequent heating (curve 6) applied without pressure is represented. The profile is 

overlapped to the previous one until 270°C, moment in which the curve continuous above 

the previous one. 

 

Finally, Figure 3.27d) shows the curves corresponding to the two last heatings. 

Curve 7, associated to the heating under a pressure of 3bar, shows again the same shape 

of the curve 4. The plateau appears in the 280°C -300°C area. The resulting profile of the 

last heating done without pressure (curve 8), is overlapped to curve 6 since the 

temperature reached 270°C.   

 

The laminates after the last heating were convex due to an inexistent 

consolidation pressure.  Figure 3.28 illustrates the difference at the welding interface 

resulting from a weld performed without pressure in opposition to a weld under a 

pressure of 3bar.  

        
a) No welding pressure.                                             b) Welding pressure of 3bar. 

Figure  3.28. Transversal section of the heating element M24 sandwiched between GF/PEI laminates.   

 

The micrograph of the sample used in the previous experiment shows a partial 

impregnation of the polymer. The air trapped in the welding interface (Figure 3.28a) can 

be clearly observed. On the other hand in Figure 3.28b), a total impregnation of the 

heating element by the polymer can be observed.  
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The results from the next test are shown in Figure 3.29. The particularity of this 

experiment lies in the fact that the polymer from the substrates were not in contact with 

the heating element. Two glass reinforced PEI laminates were used to do the experiment. 

The heating element was a mesh M24. The mesh was covered on the top with a layer of 

silicone with a thickness of 1mm and a layer of kapton film with a thickness of 0,14mm 

on the bottom. In order to prevent the degradation of the silicone layer, the power was 

switched off after reaching 220°C. No extra resin layers were added to the interface.  

 

In the graph (see Figure 3.29) are presented two curves corresponding to two 

consecutive heatings done under different pressure conditions. At the beginning of the 

first heating (curve in red) the pressure applied to the laminates was 3bar and after 

reached 120°C approximately, the pressure was abruptly removed. The second heating 

(curve in blue) was applied under opposite pressure conditions, i.e. the process started 

without any welding pressure (excepting for the atmospheric pressure) and during the 

heating the pressure was abruptly increased to 3bar. 
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Figure 3.29. Resistance versus temperature profiles in mesh M24 covered with Kapton film and  

silicone during stepped pressure sequences.  
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The red curve shows the great increment of the resistance when the pressure is 

suddenly removed while an important decreasing of the resistance can be observed in the 

blue curve, which corresponds to the abrupt change in the pressure. The curves follow a 

similar tendency in the regions associated to the same pressure. The slopes of the linear 

region corresponding to a pressure of 3bar of the curves 1 and 2 are 4,07 E-04 Ω/°C and 

3,20 E-04 Ω/°C respectively. 

 

From the previous graphs (Figures 3.26, 3.27 and 3.29), it is clear that the 

pressure influences in great measure the electrical behaviour of the heating element.  In 

opposition to the heatings applied under a constant pressure, an abrupt change in the 

pressure is translated into a significantly change in the electrical resistance of the mesh. 

In the previous experiments the nature of the materials directly in contact with the mesh 

was different, i.e. layers of PEI and silicone/Kapton film. The only element in common at 

the welding interface, apart from the type of mesh, is the air in contact with the heating 

element. When the pneumatic cylinders are pulled up, the adherents tend to separate and 

consequently, some air comes inside the interface. That is the reason behind the fact that 

less experimental data were registered in heatings performed without pressure. The mesh 

is heated faster due to the worse heating transfer to the air by convection in opposition to 

that by conduction into the material in contact with the mesh. A possible explanation of 

the influence of the air in the resistance of the heating element is given in what follows. 

 

 The variation of the amount of air entrapped at the welding interface is translated 

into a gradual modification of the heat transfer mechanism during the first heating. The 

areas of the heating element in contact with air develop a higher temperature due to the 

poor heat transfer by convection from the mesh to the air in opposition to that by 

conduction into the laminates. These hot spots produce a local increasing of the electrical 

resistivity, and consequently they increase the total resistance of the mesh. On the other 

hand, the regions in contact with the polymer develop lower temperatures and thus, the 

resistance in these regions is lower.  
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Therefore, the heating element can be schematized such as several small electrical 

resistances in series, which change their value during the first heating due to a 

modification of the boundary conditions. After reached the glass transition temperature of 

the polymer, it starts to flow and consequently, it squeezes out the air of the interface.  

The number of hot spots, related with the regions of the mesh directly in contact with the 

air, decreases with the time of the process. This phenomenon is related to the plateau 

observed in the resistance versus temperature profiles corresponding to the first heating 

(see Figure 3.8 and 3.10). The gradual decreasing of the hot spots and the increasing of 

the temperature due to the Joule’s effect result in an almost constant resistance region in 

the electrical and thermal evolution of the mesh during the first heating. 

 

Once the parts are welded, the mesh is completely embedded in the matrix and the 

whole length of the heating element is surrounded by the same material. That is resulting 

in a homogeneous heat transfer by conduction from the mesh into the laminates what 

generates a linear evolution of the electrical resistance of the mesh with the temperature. 

For the same reason, the results from most of the experiments show that the curve 

corresponding to the first heating is overlapped to the curves from the subsequent 

heatings after the plateau, i.e. once there is not air at the welding interface anymore.  

 

In order to be able to compare the effect of the welding pressure when it is 

abruptly changed on the bare and sandwiched mesh, a heating element M24 was tested in 

the welding set-up. Six heatings were applied to the bare mesh under different pressure 

conditions that are specified in what follows: 

 

1. No pressure-3bar.      4. Pressure of 3bar. 

2. Pressure of 3bar.       5. No pressure. 

3. No pressure.              6. 3bar-no pressure. 
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Figure 3.30. Resistance versus temperature profiles of the bare mesh M24 heated under different 
pressure conditions. 

 
 

The experimental data obtained from this test is shown in Figure 3.30. From the 

graph, it seems that the profiles resulting from heatings done under same pressure 

conditions remain close to each other. Curve 1 corresponds to a heating in which the 

pressure was applied after reaching 290°C, when it can be seen a great decreasing of the 

resistance. Likewise, the temperature decreases due to the heat transfer to the wooden 

blocks by conduction. Curve 2, from a heating under 3bar, is overlapped to the previous 

one in the region corresponding to the same pressure.  

 

Curve 3 resulting from a heating performed without pressure shows values of the 

resistance lower than the first region of the curve 1. Curve 4 shows a similar behaviour 

than its homologous heating (curve 2). Curve 5 is almost overlapped to the curve 3, done 

under the same pressure conditions. The opposite sequence of pressure to the one applied 

in the first heating, was used in the heating corresponding to curve 6. The moment in 
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which the pressure was abruptly removed is clearly reflected in that curve by a great 

increment in the resistance.   

  

 The slopes calculated for the linear regions in curves 1, 2 and 4 (corresponding to 

a pressure of 3 bar) are 2,08 E-04 Ω/°C; 2,39 E-04 Ω/°C and 2,48 E-04 Ω/°C  

respectively, which are lower than the slope calculated for the subsequent heatings in the 

reference test 003 (mesh M24, GF/PEI laminates, 3bar). 

 

 When the mesh is heated without pressure (see curve 1) the temperature registered 

by the thermocouples increases 250°C in eight seconds. On the other hand, the 

temperature decreases 70°C in three seconds since the moment in which the wooden 

block is in contact with the mesh. That means that the thermocouples have a thermal 

inertia what produce a delay in the temperature measurements respecting to the real 

temperature. That can explain the non linear behaviour observed at the beginning of most 

of the curves corresponding to first heatings, when the thermocouples are not as in 

contact with the mesh as that during the subsequent heatings. Due to this reason and to 

the fact that the 3 thermocouples registered values of temperature quite different from 

each other during this test (in some cases differences of 100°C were registered) probably 

because the wooden block moved them in the abrupt movement, no conclusions can be 

drawn from the differences observed between the curves. 

 

From the results shown in this section, it can be extracted that the air entrapped in 

the welding interface influences the electrical and thermal behaviour of the heating 

element. The gradual modification of the heat transfer mechanism produces an 

inhomogeneous electrical resistivity along the length of the heating element which results 

in a non linear behaviour of the resistance with the temperature during the first heating. 
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Chapter 4. Conclusions and future works.                                      
 
 

4.1. Conclusions.  

  

 Two metallic meshes used as heating element for resistance welding of 

thermoplastic composites were studied. The relationship between the electrical resistance 

and the temperature of the heating elements was different for the bare and sandwiched 

meshes. The bare meshes quasi-isothermally tested in air showed a linear relationship 

between both variables in every heating applied to them. In opposition to that, the order 

of the heatings was found to be of great relevance in the resistance versus temperature 

evolution for the meshes sandwiched between the adherents. The thermal and electrical 

behaviour of the heating element was found to be clearly influenced by the nature of the 

material of the substrates.  

 

A significant difference in the electrical and thermal behaviour of the heating 

element during the first and subsequent heatings applied to the same specimen (mesh and 

substrates) was found. It was especially important in the case of the mesh M24. On the 

other hand, similar resistance versus temperature profiles were observed in subsequent 

heatings in both meshes.  

 

Mesh M24 shows a non linear evolution of the resistance with the temperature at 

the welding interface resulting from the first heating, while a linear relationship of the 

variables is observed during subsequent heatings. The resistance versus temperature 

profile resulting from the first heating shows variations in the tendency of the curve 

related to changes of the material from the substrates. A plateau in the curve close to the 

glass transition temperature of the polymer was observed. The profiles from the 

subsequent heatings approached the profile from the first heating after the mentioned 

plateau when the mesh is inserted into GF/PEI laminates and after the melting point of 

the resin approximately in the case of GF/PPS substrates. This behaviour was repeated in 
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experiments performed under a double welding pressure. A similar behaviour was also 

observed with the same kind of heating element with twice the number of wires.  

 

Mesh M200 exhibits a linear behaviour during the first heating when it is inserted 

into GF/PEI laminates. Although the mesh M200 did not show a clear linear evolution of 

the resistance with the temperature in experiments done with GF/PPS laminates under a 

pressure of 3bar, in tests performed under 6bar the heating element showed a nearly 

linear evolution of both variables. For the mesh M200, the profiles from the subsequent 

heatings which are linear as well, approach the profile resulting from the first heating at 

higher temperatures than that in the mesh M24. This is directly related to the geometry of 

the mesh. Smaller opening of the mesh implies decreasing the viscosity of the polymer 

more to cross the heating element. Due to increasing temperature, the viscosity of the 

polymer decreases. Therefore, higher temperatures were necessary to completely 

impregnate the heating element.   

 

The different behaviour showed by both meshes during the first heating, can be 

plausible explained by an inhomogeneous electrical resistivity of the wires due to gradual 

modification of the heat transfer mechanism. The two heat transfer mechanisms present 

in the mesh during the first heating were convection into the air and conduction to the 

surrounding resin. During the welding process, the polymer flows through the heating 

element and squeezes out the air from the interface. Therefore, there are regions of the 

metallic mesh in contact with air and regions in contact with the polymer. This different 

boundary conditions result in local gradients of temperature in the mesh, i.e. localised 

increase of the resistivity. Therefore, the metallic mesh can be described during the first 

heating by several resistances in series with different values of electrical resistivity 

depending on the material by which they are surrounded. Once the adherents are welded, 

there is no air at the welding interface and consequently, the boundary conditions and the 

heat transfer mechanism are not varying significantly anymore. Consequently, the 

resistance increases linearly with the temperature.  
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This phenomenon is repeated in every first heating applied to a mesh sandwiched 

between substrates, even when the mesh is preimpregnated with the polymer. In that case 

the local temperature gradients are attributed to the air trapped between the impregnated 

mesh and the laminates. During the welding process the boundary conditions of the 

metallic wires themselves do not experience big changes, but the interfaces between the 

impregnated mesh and the substrates undergo a gradual depletion of air. Therefore, the 

heat transfer scenario for the impregnated mesh as a whole experiences local changes 

during the welding process. As a result, the profile generated during the first heating is 

significantly different from the ones corresponding to the subsequent heatings. However, 

a clear plateau in the resistance versus temperature evolution that could be related to the 

glass transition temperature of the polymer was not observed in the experiments carried 

out with this type of mesh. This could be attributed to the fact that the metallic wires are 

already embedded in resin prior to the welding process, and that makes them less 

sensitive to the changes in the resin. 

 

The mesh M24 insulated with high temperature paint was also found to follow the 

same pattern, i.e. first heating differing from the subsequent ones. Although the heating 

element is not directly in contact with the air, the physical discontinuity of the welding 

interface during the first heating results once more in thermal gradients in the mesh which 

produce an inhomogeneous resistivity along the length of the heating element.  

 

 The abovementioned non linear evolution of the resistance of the mesh with the 

temperature, more pronounced for the mesh M24 than for the mesh M200 and especially 

when working with non pre-impregnated meshes, makes it difficult to monitor and 

control the temperature developed at the interface via resistance measurements. Moreover, 

the significant differences found in the values of resistance corresponding to identical 

meshes indicate possible repeatability issues. The slopes of the linear regression 

equations calculated for describing the experimental data are of the order of 10-04Ω/°C, 

thus low increments of the resistance are translated in great increments of the temperature. 

Therefore, a high accuracy in the measurements of the resistance is needed for a proper 



 
 

82 
 

control of the resistance welding process by indirect measurements. In addition to that, 

the small resistance of the metallic meshes makes the measurements more difficult. 

 

 

4.2. Future works. 

 

It would be of great interest to assess the hypothesis of uneven heat transfer for 

the non linear behaviour of the metallic mesh in contact with resin. A simple experiment 

is proposed as follows: apply heating under a constant pressure of 3bar to a mesh M24 

sandwiched between laminates. After that, apply a second heating without welding 

pressure. Finally, heating up the welding interface under a constant pressure of 3bar 

registering the temperature with a thermographic camera. If the reason behind changes in 

the resistance of the mesh during the first heating is the existence of hot spots that change 

the local resistivity of the heating element, in the third heating applied with pressure it 

should be observed how the hot spots gradually disappear while the squeezing out of air 

from the welding interface is taking place.  

 

In order to try and use the resistance measurements as an indirect way of 

monitoring the temperature at the welding interface to control the welding process, 

further research should be carried out on solutions to reduce the non-linearity in the 

curves, like the use of preimpregnated meshes. As discussed before, it is believed that 

preimpregnating the meshes reduces the sensitivity of the mesh to the physical changes in 

the resin. It would be interesting to check whether a linear approximation to the evolution 

of the resistance with temperature would lead to acceptable results in a closed-loop 

temperature controlled welding process. 
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