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Abstract 

The constant advancements in joining processes, in sectors such as the automotive, medical and 

aeronautical industries, has given rise to products with excellent mechanical performance, good 

durability and high production rates. Numerous joining processes exist, which can be classified 

into several main categories. These include purely mechanical methods, such as mechanical 

joining; intrinsic methods that involve the addition or fusion of a material, such as adhesive 

bonding and welding joining. Additionally, there are hybrid processes that integrate two or 

more of these techniques.  

The analysis presented in this thesis focuses on the automotive industry, with a specific 

emphasis on the joining of housings for electronic protection, made from PBT-GF30. To 

optimize productivity, the proposed method of study is autogenous laser welding, as the 

material to be utilized is a glass fibre-reinforced thermoplastic polymer. This process has been 

selected due to its increasing adoption in the industrial market, which facilitates productivity in 

terms of time and automation. It enables the formation of monolithic joints with superior sealing 

properties and visual quality, while also being applicable to complex joint configurations. 
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Resumo 

 
 Os constantes avanços nos processos de ligação, em setores como a indústria 

automóvel, médica e aeronáutica, têm dado origem a produtos com excelente desempenho 

mecânico, boa durabilidade e altas taxas de produção. Existem numerosos processos de ligação, 

que podem ser classificados em várias categorias. Estas incluem métodos puramente 

mecânicos, como a ligação mecânica por conformação e outros métodos que envolvem a adição 

ou fusão de um material, como a ligação adesiva e a soldagem. Além disso, existem processos 

híbridos que integram duas ou mais dessas técnicas. 

 

A análise apresentada neste estudo foca-se na indústria automóvel, com uma ênfase específica 

na união de caixas de proteção eletrónica produzidas a partir de PBT-GF30. O método proposto 

para o estudo é a soldadura a laser autógena, uma vez que o material a ser utilizado é um 

polímero termoplástico reforçado com fibra de vidro. Este processo foi selecionado devido à 

sua crescente implementação no mercado industrial, sendo compatível com a alta produtividade 

em termos de tempo e automação. Permite a formação de juntas monolíticas com propriedades 

de vedação e qualidade visual superiores, sendo também aplicável a configurações de juntas 

complexas. 
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1  INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION 

In the wide range of technological processes employed in manufacturing activities, 

joining processes are among the most important and indispensable, since they significantly 

contribute to the aesthetics, the ease of assembly and the mechanical performance of the final 

product. Joining processes are thus encountered in practically all industrial fields, ranging from 

the automotive industry to aircraft construction, while also including applications such as the 

manufacture of renewable energy systems, packaging and even the manufacture of biomedical 

components.   

Industrial entities currently have wide range of joining processes at their disposal, each 

with its own advantages and disadvantages. Given this large variety of joining solutions and its 

vastly different characteristics, it is evident that each specific application or product can benefit 

from a specific and well optimized process. One important application is the case of products 

composed of fibre reinforced, thermoplastic polymer matrixes, materials which are gaining 

importance in applications that demand high stiffness, low weight and good thermal properties 

but also require easy moldability of complex parts. In this application, the most commonly used 

joining processes include adhesive bonding, laser welding and friction stir welding. These 

processes are all compatible with thermoplastic composites and provide sufficient mechanical 

strength to the joint, but also enable the automation of the processes. If properly optimized, the 

resulting joints can also redistribute the stresses acting on the joint. Still, although these 

processes are already industrially implemented, there is still much to be learned regarding their 

mechanics and their key process parameters, knowledge which is essential for optimizing the 

joint performance, durability and the manufacture process. Thus, a clear research opportunity 

was identified in this field, focusing on the development of suitable joining methods for 

application on thermoplastic polymers reinforced with fibre. 

1.2 OBJECTIVES 

This project has four main objectives. The first is to characterize PBT GF30 

(Polybutylene Terephthalate reinforced with 30% glass fibre) in terms of its mechanical 

properties (such as thermal, optical, and morphological properties). This characterization aims 

to assess the material's applicability in the laser welding process of single-fillet lap joints, 
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alongside the characterization of the properties and parameters necessary for the development 

of numerical models for the simulation of these joints. 

The second objective is to investigate the optimal parameters for laser welding, such as 

power, pulse duration, and beam diameter, with the goal of optimizing the joint strength of 

laser-welded joints using PBT GF30, targeting their employment in electronic components 

within the automotive industry. This will be conducted in parallel with a numerical analysis to 

evaluate the behaviour of the joint in terms of strength and fracture performance. 

The third objective is to conduct a comparative study of joining processes by optimizing 

an adhesive joint to achieve joint strength comparable to that of the single-lap joint used in laser 

welding. Specifically, the study will determine the required adhesive length to achieve 

equivalent strength to that of the laser-welded joint. Additionally, a computational numerical 

model will be developed to full analyse the behaviour of adhesive joints. 

Finally, the fourth objective focuses on exploring the performance of laser welding in 

an industrial automotive case study, specifically the joining of an electrical component 

enclosure that requires sealing. This includes analysing the joint strength through experimental 

testing and developing a computational numerical model to assess the joint strength response 

of the component. 

1.3 RESEARCH METHODOLOGY 

This section details the main research activities of this thesis, divided into five main 

tasks. In this work, a reference joint will be manufactured by laser beam welding. This joint is 

proposed to join a two-part housing for electronic components. Afterward, a new joint with the 

same geometric parameters will be manufactured using adhesive bonding. The performance of 

the two joints will be compared based on various parameters. In parallel, a numerical model 

will be developed to simulate both joints. Subsequently, the research will continue onwards to 

test the optimized laser welding process in a real-world case, developing a supporting numerical 

model to validate the specific joint. An overview of the tasks can be found in Figure  1. 
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Figure  1 - Scheme of tasks of this PhD thesis. 

TASK 1: WELDING OF POLYMERS: STATE-OF-ART REVIEW 

This task consists of a comprehensive review of the published results to illuminate the 

road of the research. In this part, numerical and experimental results available in literature will 

be reviewed. This task will cover the main engineering polymers applied in joining process, a 

general analysis of joining processes specifying the most researched areas used like automotive, 

aerospace, biomedical and other. And lastly, a more detailed study of the joining processes, 

experimental and numerical, approaching the mechanical joining, adhesive joint, friction stir 

welding, laser welding and hybrid joining process. 

TASK 2: CHARACTERIZATION OF A LASER WELDABLE FIBRE REINFORCED POLYMER 

The second task involves characterizing the substrate material used in the joint. The 

chosen material, a polybutylene terephthalate reinforced with 30% glass fibre by weight (PBT 

GF30), was provided by the automotive industry as part of an external research demand. Given 

the plan to use laser welding and adhesive bonding processes, this task focuses on 

characterizing the substrate material in its as-received state, as well as after being treated at 

various temperatures, including near its melting point. The characterization approach 

encompasses mechanical, thermal, optical, and morphological properties. Finally, mechanical 

characterization is also performed using numerical modelling and validated to propose a 

numerical joint model.   
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TASK 3: EXPERIMENTAL COMPARISON OF THE PERFORMANCE OF LASER WELDING AND 

ADHESIVE BONDING IN THE JOINING OF FIBRE REINFORCED POLYMER 

Task 3 is divided into two parts. First, a study was conducted on the parameterization 

of laser welding for PBT GF30, aimed at identifying parameters that yield improved joint 

efficiency through fillet welding, including optimal positioning and incidence angle. The 

analysis will focus on several factors: laser power, pulse duration, pulse frequency, laser beam 

diameter, and the movement rate of the specimen. With the optimization of these parameters, 

an adhesive joint will be created using a silicone adhesive, selected for its high sealing 

capabilities, vibration absorption properties, and market accessibility. In this adhesive joint, the 

geometric parameters were studied to closely match the joints produced by laser welding, 

enabling a comparative analysis of the results. Additionally, the study was assessed the adhesive 

thickness of the joint to propose a hybrid joint combining both joining techniques to achieve 

the joint with highest performance. 

TASK 4: NUMERICAL COMPARISON OF LASER BEAM WELDING AND ADHESIVE BONDING IN 

THE JOINING OF FIBRE REINFORCED POLYMERS  

A numerical study was conducted to validate the laser welding and adhesive bonding 

processes through the development of individual models based on experimental data. 

Subsequently, the numerical model of laser-welded joints in a simple overlap fillet 

configuration was enhanced by incorporating information obtained through morphological 

characterization using Raman Spectroscopy, which optimized the joint validation. This 

enhanced model with Raman spectroscopy technique will be suitable for application in a real 

automotive component, ensuring compliance with specific requirements. 

TASK 5: APPLICATION OF LASER BEAM WELDING IN REAL AUTOMOTIVE COMPONENT 

COMPOSED OF A FIBRE REINFORCED POLYMER  

After a comprehensive analysis and comparison of the individual laser welding and 

adhesive bonding processes, both experimentally and numerically, it was determined that the 

application of the laser welding process is more advantageous for the joint performance. 

Therefore, the final task is to propose the most suitable contact and fit positions for the real 

joint, applying the optimized welding process parameters and the adjusted numerical model, 

along with the Raman spectroscopy technique, aiming to revalidate the joint's complexity. 
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1.4 OUTLINE OF THE THESIS 

This thesis consists of six peer reviewed papers and a summary. The correspondence 

between these papers and the general project tasks is presented in Figure  2. 

 

Figure  2 – Scheme depicting the planning of the tasks and papers associated to this thesis. 

The thesis is comprised of a summary, 5 main papers and 1 additional paper. The 

summary is divided into seven main parts. This introductory chapter contains a brief description 

of the problem under study, as well as the background and motivation of this work and its 

objectives. Additionally, it contains a brief summary of each paper presented. Chapter 2 

provides an overview of the application of polymers in industrial sectors, with a specific focus 

on the use of polymeric materials in electronic enclosures for automobiles. Chapter 3 discusses 

the joining processes for polymers, emphasizing laser welding and adhesive bonding, which 

were both used in this work. For both processes, the materials used in electronic enclosures 

within the automotive industry are specified. Contextually, Chapters 2 and 3 serve as a brief 

literature review of the thesis, highlighting laser welding and adhesive bonding. Chapter 4 

details the experimental procedures used to characterize PBT GF30 and the material under 

study. It also outlines the analysis and procedure for laser welding of this specific material, 

compares the application of adhesive joints with laser welding, and ultimately discusses the 

application of laser welding in a real joint. Chapter 5 presents a concise description of the 

numerical models used in this thesis. Chapter 6 summarizes the main conclusions drawn from 

the research topics, while Chapter 7 offers suggestions for future work in these areas. The 
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appendices include the 5 main papers produced in the context of this thesis and one additional 

paper, representing the research conducted in detail and providing the most relevant results.  

 
 
Paper 1: Polymer Joining Techniques State of the Art Review 
 

Task 1 
 
 

L. R. R. Silva, E. A. S. Marques, L. F. M da Silva. 

Published in “Welding in the World” 

 

Abstract: Modern products and structures require efficient material joining processes for their 

construction, able to combine similar or dissimilar materials, which almost always includes 

high-performance polymers. To design such joints, it is necessary to first understand the 

techniques currently used in this technological field and how they can be improved using 

advanced technological joining processes. In this manuscript, a review of several polymer-

joining techniques is made, highlighting the recent technological advances in this field. The 

search for improved mechanical performance and lower costs has led to the development of 

new, high-performance engineering polymers, which require highly specific joining processes. 

These can include adhesive bonding, mechanical joining, welding or a combination of different 

processes, a technique known as hybrid joining. Several experimental works available in the 

literature have proven the validity of these techniques, although optimization processes are 

necessary to attain maximum performance. Additionally, extensive numerical with different 

methods and models has been carried out to better understand the processes and support 

parametric analysis. The intent of this work is to review studies on the most important polymer 

bonding techniques, the numerical models applied to simulate these techniques, the use of 

hybrid joints and describe promising techniques that are being developed and proposed for 

future use. 
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Paper 2: Study of the optical, thermal, morphological and mechanical characteristics of a 

laser weldable fiber reinforced polymer 

Task 2 

 

L. R. R. Silva, E. A. S. Marques, R. J. C. Carbas, A. Akhavan-Safar, L. F. M. da Silva.  

Published in “Polymer composites” 

 

Abstract: In recent years, varied industrial users such as the automotive and electronic 

manufacturers, have greatly expanded the application of technical polymers, exploring the 

lower weight, improved moldability of complex parts and good mechanical performance that 

these materials can provide, especially when reinforced with fibres. Among these materials, 

polybutylene terephthalate reinforced with 30% glass fibre, designated as PBT GF30, is highly 

interesting, since it combines excellent mechanical properties with watertightness, allowing 

PBT GF30 to be used in the encapsulation of sensitive electronic elements. However, to 

maintain access, PBT GF30 products always require the use of joints, which are often created 

using laser welding. This work presents a detailed characterization of the thermal, optical, 

mechanical, and morphological characteristics of PBT-GF30 suitable for laser welding, 

supported by a numerical analysis. This process allowed to determine the influence of thermal 

energy on the behaviour of the material and thus fully understand the mechanical response of 

the material after laser welding. Testing of the PBT GF30 in the as received state confirmed a 

fusion temperature of 225°C and large energy absorption for wavelengths around 1000 nm. 

Exposure to large temperatures leads to increased fibre exposure and matrix degradation, with 

a deleterious effect on the mechanical properties. When treated at the highest temperature under 

consideration, the material exhibited a reduction of 66% in its ultimate tensile stress, 67% in 

the yield at failure, 45% in the Young's modulus and 44% in the stress intensity factor. Hardness 

was less affected by the temperature increase. From the numerical model for the tensile and the 

compact tension tests, it was possible to find a good degree of convergence. This material was 

generally found suitable for laser welding processes and the determined useful to support the 

modelling the behaviour of laser welded joints. 
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Paper 3: Numerical study of double fillet lap joint by spot laser welding in overlap joint of 

PBT-GF30 

Task 3 

 

L. R. R. Silva, E A. S. Marques, R. J. C. Carbas, L. F. M. da Silva.  

Submitted to “ Journal of Applied and Computational Mechanics” 

 

Abstract: This study presents a numerical investigation of elastoplastic damage in laser-welded 

double fillet lap joints fabricated from PBT GF30. Experimental testing was conducted on joints 

with varying laser beam diameters and incidence positions to determine the optimal welding 

parameters. The results revealed that a 1.5 mm diameter beam incident on the upper surface 

(US) of the joint yielded the highest joint strength of 51.8 ± 1.6 N. To accurately simulate the 

mechanical behaviour of these joints, a numerical model incorporating elastoplastic and ductile 

damage models was developed. The model demonstrated good agreement with the 

experimental force-displacement curves, especially for the US position, where the error was 

just 1.08%. This level of precision highlights the model's ability to capture the complex 

deformation and failure mechanisms inherent to laser-welded joints. The successful validation 

of this numerical model provides a powerful tool for future design and optimization of laser-

welded joints in PBT GF30. By accurately predicting joint strength and failure modes, 

engineers can tailor welding parameters to achieve desired mechanical performance and 

minimize the risk of premature failure. 

 

Paper 4: Experimental and numerical study for the optimization of process parameters in 

laser welded and adhesively bonded PBT GF30 fillet joints 

Task 4 

 

L. R. R. Silva, C. S. P. Borges, E. A. S. Marques, R. J. C. Carbas, A. Akhavan-Safar, L. F. M. 

da Silva.  

Published in “Proceedings in Engineering Mechanics” 

 

Abstract: With the advancement of technological processes and the application of fibre-

reinforced polymer matrices in elements of vehicles, there has been a demand for the 

optimization of productivity, enhancing automation, reduction in process time and increasing 



9 
 

the quality of part joining, allowing to manufacture high performance protective enclosures for 

electrical circuits. In this context, the laser welding process has gained importance especially 

when the polymer matrix is thermoplastic. On the other hand, adhesive bonding also has a wide 

application in this market, although it often harder to automate and requires a longer time for 

the curing of the process, which can reduce productivity. This work aims to study and optimize 

the laser welding parameters in overlapped joints of PBT GF30, joined by fillets at the ends 

performed through manual laser spot welding, to experimentally compare with joints with 

similar geometries joined by adhesive joints, validated by numerical models for the 

experimental conditions. The model identified the most effective parameters and was found to 

replicate the experimental results with a high degree of accuracy. 

 

Paper 5: Experimental and numerical study of laser beam welding of PBT-G30 for 

electronic housings in automotive applications 

Task 5 

L. R. R. Silva, E. A. S. Marques, R. J. C. Carbas, L. F. M. da Silva. Experimental and numerical 

study of laser beam welding of PBT-G30 for electronic housings in automotive applications.  

 

Abstract: This study investigates the application of laser spot welding to join protective 

housing components in the automotive electronics industry. The PBT GF 30 components were 

joined using two primary configurations: a purely overlapping joint and a top-overlap joint, 

both autogenous (i.e., without filler material). To complement the experimental analysis, a 

numerical model, previously validated for a simpler joint configuration, was adapted and 

applied to these more complex joint configurations. The results demonstrated that butt-overlap 

joints exhibited significantly higher strength (85% increase) than purely overlapping joints. 

This enhancement is attributed to the combined effect of normal and shear stresses in the top-

overlap configuration, whereas purely overlapping joints rely solely on shear stress. The 

validated numerical model accurately predicted the experimental results, including 

displacement and force values. While minor deviations were observed, the numerical model's 

predictions converged within the average experimental values and standard deviation, 

demonstrating that such model can be used to precisely design laser welded joints for similar 

applications.  
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Additional Paper 1: Raman microspectroscopy applied in the characterization of the 

properties of laser welded PBT GF 30 with numerical validation 

Extra task 

L. R. R. Silva, E. A. S. Marques, Ricardo J. C. Carbas, A. Q. Barbosa, Alexandra G., L. F. M. 

da Silva  

 

Abstract: Automotive electronics demand compact, robust sealing solutions. Laser welding of 

fiber-reinforced polymer matrixes offers a promising approach to solve this challenge. This 

research aims to optimize a numerical model of a laser-welded joint, based on the Raman 

microspectroscopy characterisation of the properties of a glass fibre reinforced polymer. The 

study was developed considering autogenous overlapped joints, of the fillet type at the ends, 

with Polybutyleneterephthalate with a 30% glass fibre reinforced (PBT GF30) as the substrate 

material, welded by the laser welding process. The spectra of melted and solidified PBT GF30 

material at three different temperatures was compared. This data was used to construct a 

numerical model with variable mechanical properties along the transverse region, using optical 

microscopy for geometry. The performance was compared with the results of the tensile test of 

the joints showing good convergence with the failure process of the joint.  
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2  ENGINEERING POLYMERS 

The number of commercially available high-performance polymer formulations is quite 

large, encompassing a wide range of mechanical, physical and chemical properties. However, 

such variety in requirements can create significant difficulties in the material selection 

processes [1]. The main features of polymers are: 

 

 High strength to weight ratio; 
 High moldability; 
 Low transformation energy; 
 Good optical properties; 
 High durability; 
 Bio-degradable and recyclable; 

 

Polymer-joining techniques now find extensive use in both structural and non-structural 

applications, for example thermal systems and coatings [2, 3]. Special polymeric-joining 

techniques are also available for applications where low chemical reactivity is required, as is 

the case of biomedical components manufactured with biocompatible materials [4]. 

Engineering polymers are now used in a wide range of industries, including 

bioengineering applications, the aerospace and automotive sectors, packaging of consumer 

products and electronics, among others. In all these cases, effective joining processes are 

essential to create a complete final product. Table 1 summarises the common applications of 

engineering polymers and provides references on joining materials for each specific 

application. 

 

Table  1 – Main applications of engineering polymers. 

Main areas Specific application References 

Aerospace Airframe structures 
[5-11] 

Automotive Headlights, panels, chassis [5-7, 9, 10, 12-18] 

Biomedicine Prosthetics [4, 7, 8, 10, 19-25] 
Packaging and food 

sustainability Food and drug packaging [5-10, 26] 

Clothing and protection Clothing coating, ballistic protection   [2, 5, 8-10, 27] 

Others 
Electronics, Concrete reinforcement, 

Marine  [6-8, 10, 28-34] 
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Due to the wide diversity chemical formulations of polymers, there is a large number of 

engineering polymers currently available in the market and which find extensive use. Before 

the discussion of the most important polymer joining techniques is made, it is important to 

understand the key engineering polymers that are the target of research on joining methods, 

their uses and main characteristics. Table 2 lists some of the main engineering polymers and 

some of their composites and provides examples of research works on joining these materials. 

 

Table  2 - Main polymers and polymer-based composites used for engineering purposes and their main 

characteristics 

Polymers and 
polymeric composites Key characteristics References 

Epoxy 
Resin used as a cohesive material in adhesive, great 

impact resistance, stiffness and durability 
[5, 7, 9, 10, 19, 

25, 28, 30, 34-41] 
Carbon reinforced 

epoxy 
Material used to ensure cohesion of fibre reinforced 

composite 
[5, 7, 9, 10, 16-

18, 32, 42] 

Polyurethane 
Material used as thermal insulator and flexible 

sealant 
[5, 7, 9, 10, 39, 

42] 

Polyethylene 
Material used as component of artificial mobile 

protheses and other biomedical application [4, 7, 43] 

Acrylic 
Provides excellent fatigue endurance, impact 

resistance, and superior toughness when compared 
to other systems polymers. [9, 10, 30] 

Polyamide 6 
Typical material used in the automotive sector for 

moulded components [2-5, 7, 9, 10, 44] 
Polyamide 6 Glass 

Reinforced – PA6 GF 
Typical material used in the automotive sector for 
high strength and durable moulded components 

[2, 5, 8-10, 27, 
45] 

Others Electronics, concrete reinforcement [6-8, 10, 28-34] 
 

To join polymers, the most cited processes are mechanical and chemical joining 

methods. For example, polymers are connected using fasteners, relying on a physical load 

transfer, while welding joins the material efficiently at the chemical level. In addition, it is also 

possible to achieve a strong joint with a combination of physical and chemical connections. 

Another example is the case of adhesive bonding, where chemical forces and mechanical 

interlocking processes are responsible for transferring the load [38, 46, 47]. There are, of course, 

many other processes suitable for joining polymers and polymeric matrix composites. However, 

this short review focuses mostly on adhesive bonding, mechanical joining, laser welding, and 

friction stir welding, correlating experimental and numerical work to explore the advantages 

and disadvantages of these four joining processes. 
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2.1  MATERIALS USED IN ELETRONIC HOUSINGS 

The automotive sector employs a diverse range of materials, encompassing metals for 

transmission components, plastics for bodywork, and ceramics for brake pads, ignition valves, 

and sensors [48, 49]. However, the industry's landscape is rapidly evolving due to technological 

advancements, with polymers and composites steadily gaining market share for the automotive 

industry [50, 51]. Polymeric composites are increasingly favoured for electronic circuit 

enclosures due to their advantageous combination of mechanical strength, low density, thermal 

and electrical insulation, and high conformability. As highlighted by Zimmermann et al. [52], 

reinforced polymers are becoming the material of choice for cases and enclosures designed to 

protect electronic circuits, as they meet the essential requirements of this application. One key 

material for this application is polybutylene terephthalate (PBT). Borges et al. [53]characterized 

PBT-G30, which is reinforced with glass fibres and thus exhibits elevated mechanical strength, 

favourable thermal and electrical properties, high moldability, and compatibility with water 

absorption. These properties make PBT a strong contender for manufacturing electronic circuit 

protection enclosures. Furthermore, a study by Cousins et al. [54] underscores PBT's superior 

chemical resistance to solvents, fuels, lubricants, and brake fluids, as well as its enhanced 

tribological characteristics against abrasion. These findings, coupled with PBT's suitability for 

electrical and electronic components, further solidify its position as a preferred material for 

electronic circuit enclosures. 
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3  POLYMER JOINING PROCESSES 

Modern society is highly reliant on diverse tools, components and equipment that are 

only possible due to use of advanced engineering polymers and composites with polymeric 

matrices. Automobiles, cell phones computers and medical devices are all prime examples of 

these objects, which must be manufactured in economically in large scale. Due to complex 

design of these products, joining technologies play a key role in their construction and the 

importance of joining polymeric materials has thus increased significantly [2, 3].  

Technical, or engineering polymers have evolved greatly since they were first 

synthesised in the early twentieth century and, following many decades of evolution, they now 

present greatly improved properties, achieved with new chemical synthesis and doping 

methods, forming novel copolymers or composites that meet rigorous industrial technological 

demands. Such advances have led to drastically improved mechanical, thermal, optical and 

chemical properties, as well as important manufacturing cost reductions [55-58]. 

A general analysis, shows that the number of joining processes suitable for use with 

polymers is very large and is in constant evolution, providing new alternatives that overcome 

the limitations of classical joining methods [46, 59-61]. Although the number of techniques 

available is extensive, methods for joining polymers can all be classified into three main groups. 

These are adhesive bonding, mechanical joining and welding, as shown in Figure  3.  

 

Figure  3 - Main polymer joining processes 
 

In addition, hybrid joining methods, combining these different techniques in a single 

joint are also a valid solution. One other important consideration to be made when analysing 

polymer-joining techniques is making the distinction between their suitability for use with 

thermoplastic or thermoset polymers and the strict limitations in the applicability to complex 

geometries, restricting the joint configurations and contours [62-64]. 
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3.1  LASER WELDING 

Laser welding techniques, although relatively recent, have grown in their capabilities in 

the last few decades [8, 65-68]. For example, extensive research has enabled this technique to 

effectively join dissimilar metals, metals with low weldability [69-72] and polymers to metals 

[73-78]. Technological advances in this technique have even enabled to weld ceramic materials 

[79-81] mainly because it allows for a large thermal input to be applied in a small region. This 

technique has also greatly increased in importance for the joining of thermoplastic materials 

[82-88] and still possesses a good future growth potential. This opens applications such in the 

biomedical sector as well as the automotive and aerospace industries, allowing to create high 

performing, defect free joints with good aesthetic qualities. 

 

The laser joining technique consists in joining two materials using a laser beam that, 

when aimed at the welded area, releases a large amount of energy. The laser energy is 

transformed into a wave of thermal energy, fusing the heated region in a localized manner. 

After cooling, the material solidifies, establishing a strong joint. The technique can be carried 

out in three different ways, Figure  4-a represents the optimal technique for materials that have 

high light absorption. The joint is created in the surface of the material with small thickness, 

since the laser energy transformed into thermal energy only on the surface of the material. Figure  

4-b shows a case where one of the materials to be joined has high light transmittance 

(transparent) and the other material has high absorbance characteristics. The laser beam passes 

through the first material and is stopped in the second material, in which the beam is converted 

into thermal energy, heating the interface of the materials and uniting them. For the third case, 

a pair of materials that have low absorbance is used. For this case, the absorbance of the light 

is attained by introducing a third material that is placed at the interface of the two transparent 

materials. This usually takes the form of an absorbing coating, in which the transformation from 

wave energy to thermal energy takes place, Figure  4-c.   
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Figure  4 - Different polymer laser welding techniques. a) Laser welding in pair of absorbent 
materials, b) laser welding in different materials, absorbing with transparent material and c) laser 

welding in pair of transparent materials with absorption coating. 

 

The laser welding technique is governed by many different parameters, all of which 

have great importance on the results. These parameters include the wavelength of the laser 

radiation, the incident power, the pulse length and shape and the pulse frequency and the 

welding speed, among many others. Thus, a few authors have produced studies devoted to 

studying the effect of some of these parameters on joint performance. Hubeatir et al. [89] have 

carried out a study to analyse the influence of the advance speed in a PMMA polymer, analysing 

the width and depth of the weld bead. It was found that the width and depth of the weld is 

inversely proportional to the advance speed, as illustrated in the graph adapted in Figure 5-a and 

Figure 5-b. 
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Figure 5 - Correlation between a) welding depth and welding width with b) welding speed adapted 
from [89]. 

Taha et al. [90] performed a study based on mathematical modelling, using heat transfer 

equations, aiming to quantify the width and depth of the laser weld bead in a polyethylene. It is 

concluded that a higher advance speed corresponds to a smaller width and depth of the bead, 

although it is noted that the discrepancy between the numerical prediction and the experimental 

data is greater for low speeds. 

Acherjee et al. and Casalino et al. have used FEM, [91, 92] to reach similar conclusion. 

Through the results obtained, it is seen that the greater the energy applied during the welding 

process, the greater the width of the weld bead. The results of Acherjee et al. [91] also 

corroborate the fact that the greater the amount of black carbon added on the surface of the 

materials, the greater the energy absorption in the material, conferring a greater width and depth 

to the weld bead. By comparing the laser power instead of the advance speed, Ruotsalainen [93] 

a)
) 

b)
) 
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studied the welding process of a polyamide, using a 1940 nm wavelength laser. The results 

show that greater laser power leads to a greater width and depth of the weld bead.  

An important consideration in the laser welding process is the effect of the strong energy 

pulse on the properties of the welded material. Infrared thermography is a well-used method to 

indirectly characterize and quantify the properties of materials through a temperature gradient. 

In order to validate studies of the melt pool irradiation process and temperature gradient, several 

studies [94-97] show experimental and numerical convergence of these results.  To quantify 

and qualify the thermally affected zone of a semi-transparent polyamide 6, using computational 

methods, Schmailz et al. [98] used a pyrometer integrated with a laser welding process, in which 

the temperature gradient is correlated with the thermally affected zone. This study confirms that 

the higher the laser power, the higher the localized temperature. It is also observed that the 

greater the amount of black carbon resin applied at the polymer interface to increase light 

absorption, the higher the temperature. These higher temperatures lead to larger heat affected 

zones. Using the same infrared thermography technology implemented in previous works [96-

98] as well as the analysis of the width of the weld bead and the welding power performed by 

Hubeatir et al. [89], Schmitt et al. [99] have shown that it is possible to combine these 

techniques to characterize dimensional defects of the weld bead such as residual gap, weld 

geometry, internal pores and leaks. 

Another key area of research associated with laser welding of polymers is the addition 

of particles and materials that can change how the materials to be joined react to the laser light  

[91, 98], Chen et al. [100] carried out an experimental study demonstrating and effect of the 

addition of carbon black to thermoplastics, for cases of welding in transparent materials. The 

results of this work are summarized in Figure  6-a, Figure  6-b and Figure  6-c. It is observed that 

the larger the content of carbon black added, the greater is the absorption of the laser energy, 

optimizing the bonding process at the polymer interface. This was found to be true for welding 

Polyamide 6 to PA 6, glass fibre reinforced polyamide 6 to PA 6 GF and polycarbonate. 
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Figure  6 - Laser absorption coefficient vx wt. % Black carbon level. a) PA6, b) PA6GF c) and PC 
adapted from [100]. 

Rodríguez-Vidal et al. [101] shows that, due to the low energy absorption in ABS for a 

880 nm wavelength diode laser energy absorption in the material can be increased with the 

application of carbon nanotubes (CNT) in the matrix, which is in agreement with some of the 

conclusions reached by Chen et al. [100]. This work compares the resistance voltage in relation 

to the percentage of nanotubes added. It is shown that with 0.01 wt.% CNT added, the joining 

process takes place at 880 nm, however, when placed 0.05 wt.% CNT in addition to the joining 

c)
) 

b)
) 

a)
) 
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process, the weld is more resistant because it has better energy absorption to melt the material. 

Gisario et al. [102] further studied the addition of black carbon at the interface of materials to 

be laser welded with high transparency. This work considers polyethylene terephthalate (PET) 

materials in neat state and with 5 wt.%, 10 wt.% and 15 wt.% of carbon black. Through these 

fractions, using a 940 nm wavelength laser, it was found that the greater the addition of black 

carbon, for a weldability map varying the power and the advance speed, the greater the effective 

welding area, the smaller the area of degradation was obtained. 

As the literature shows, laser welding of polymers is seen as a very powerful and 

advantageous technology which is rapidly becoming ubiquitous as laser welding equipment 

gradually reduce in price. Research wise, it seen that most of the research is devoted to 

optimizing the wide range of welding parameters that govern this technique, as well as 

understanding how the highly concentrated incident energy affects the mechanical performance 

of the base polymeric materials. It is also seen that many of the research works study 

methodologies to control the transmission and absorption of the laser light, using transparent 

polymers or introducing additives that allow to precisely control the location of maximum 

energy transfer and thus, the location of the weld itself.  

3.2  ADHESIVE BONDING 

Even though its use for engineering purposes is relatively recent, adhesive bonding is 

an ancient technique, first used when the early civilizations started to explore the adhesive 

properties of several natural materials, such as lignin, a natural adhesive extracted from wood 

fibres, which was used to produce tools and other primitive instruments. Although the 

mechanical performance of these early adhesives is very limited, subsequent technological 

advances gradually led to more powerful adhesives. Obtained through chemical synthesis these 

structural adhesives can support much larger, structural mechanical loads. The industrial sectors 

that spearheaded the application of this technique were the automotive and aerospace industries 

[6, 7, 103], which have mastered this technique to produce highly complex multi-material 

vehicle structures where adhesives join metals, polymers and composites. 

If used properly, adhesive bonding can enable the design of high-performance structures 

and research in this field has significantly increased, with many works devoted to experimental 

and numerical methodologies to predict joint performance and validate its application in 

industrial applications. Many key works [5, 6, 9, 10, 42-44, 104] analyse variables such as stress 

field and its geometrical dependence, the stress intensity factor for the fracture process and the 
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correlation between adhesive joint performance and the adhesive and substrate behaviour, 

encompassing thermal, mechanical and chemical parameters. 

This technique is suitable for bonding many different materials [19, 21, 22, 28, 32, 34, 

36, 40, 41, 105], but its true power lies in its unrivalled capability to join dissimilar materials. 

In many of these applications, one of the two materials to be bonded is often a polymer or a 

fibre-reinforced polymer composite. 

At its most basic form, the adhesive bonding technique consists in joining two materials 

(the substrates) to form the joint, using a fixing material called the adhesive. The adhesive is 

usually applied between the two substrates in an uncured liquid form or paste form and is later 

polymerised into a solid final product. It can also be applied in solid form, melted to create the 

joint and then cooled down to create a solid connection. Both methods may use pressure to 

create a better quality, defect-free connection. There are many different types of joint 

geometries available to assess the strength of an adhesive connection or the strength of the 

adhesive itself. Figure  7 illustrates examples of some of the most commonly used geometries. 

Although highly advantageous for many applications, adhesive bonding of polymeric 

substrates is notoriously complex, as the surface energy of polymers is quite low. As modern 

adhesives are also mostly polymeric in nature, they exhibit a low level of surface energy and 

this almost inevitably leads to low adhesion at the adhesive-polymer interface [7]. It is  thus 

necessary to avoid this issue with the application of suitable surface treatments. These 

treatments can be passive or active in nature. While the first just modify the morphology of the 

substrate’s surface, active treatments effectively change the chemistry of the substrate, greatly 

enhancing its surface energy. The work of Ebnesejad et al. [106] details types of surface 

preparation techniques for polymer adhesive joints. 
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Figure  7 - Examples of specimens used for testing the performance of adhesive joints: single lap shear 

joint (SLJ), tube butt joint and tube lap shear joint adapted from [107]. 

 

Molitor et al. [108]  and Sabreen et al. [109]  studied the effect of different types of 

surface treatments for bonding titanium and polymers. The prevalence of treatments that 

oxidize the surface of the material is observed, with most effective using corona discharge, 

plasma, flames and laser energy. Zhang et al. [110] report that the effectiveness of the surface 

treatment for bonding polymers based on corona discharge is proportional to the exposure time. 

It is also specified that the resting time after the discharge is made on the corona surface is 

inversely proportional to the effectiveness of the joint strength. Necasova et al. [111] studied 

the joining of polyurethane with wood for different types of surface treatments. This included 

plasma, chemical etching (NaOH based) and sandblasting as well as the addition of a of the 

primer coating to support these treatments. In this work it is reported that regardless of the 

treatments, the addition of the primer coating enhances the joint resistance. It is also observed 

that the physical based treatment provides better results than the chemical treatments. Bukhari 

et al. [112] pointed out that physical-chemical interactions directly interfere in the effectiveness 

of adhesive joints, specifying the mechanical locking models and their failure modes, the theory 

of adhesion explaining the theories of adsorption, diffusion, electronic and electrostatic force, 

chemical bonding and weak forces, wettability, and surface energy. For cases where even after 

the surface treatment the surface energy of polymeric substrates is still too low to allow bonding 

with adhesives, Jin et al [113] propose the use of "tetrapodal ZnO linkers". This technique 

introduces fixing particles on the surfaces of the two materials, generating an interlock between 
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the two surfaces. The working principle of this technique is illustrated in Figure  8-a. 

Experimental testing has shown this to be a very effective solution to increase the peel strength 

of bonded joints with polymeric substrates (Figure  8-b). 

 

Figure  8 - a) Application diagram of T-ZnO at the substrate-adhesive interface. b) Comparison of the 

joint peeling strength without and with the T-ZnO filling. Adapted from [113]. 

Irrespective of the type of substrate being bonded, be it metallic, composite or polymeric 

in nature, proper adhesive joint design is crucial to ensure maximum adhesive joint 

performance. To aid in this design phase, modelling is often employed, allowing to precisely 

determine the geometry and the materials which can most efficiently withstand the service loads 

and conditions. The first approaches for predicting adhesive joint behaviour were based on 

analytical models, which although limited in scope are quite powerful and fast to use as 

described by da Silva et al. in a detailed review of these methods [114]. Presently, numerical 

modelling has become the favoured design methodology for predicting the performance of 

bonded joints, as it allows for the analysis of highly complex models. Numerical modelling can 

employ continuum mechanics and simpler stress analysis or it can make use of cohesive zone 

modelling, which combine continuum mechanics with fracture mechanics, reproducing the 

onset of damage and its propagation through the adhesive joint [115]. 

Many research works generate models for the mechanical response of simple specimens 

used to characterize an adhesive, with the objective of using this data for more complex joint 

models at a later stage. For example, Braga et al.[116] characterized the behaviour of double 

cantilever beam (DCB) specimens bonded with an epoxy adhesive using cohesive zone 

modelling. The results were found to agree with those experimentally obtained, employing a 

2D model constructed with a combination in stress plane and cohesive elements, as shown in 

Figure  9. 
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Figure  9 - Load vs. displacement of experimental DCB testing and FEM model. Adapted from [116]. 

Numerical modelling is also suitable for precisely determining the influence of 

geometrical parameters on the behaviour of bonded joints. The work of Adams et al. pioneered 

this approach by studying different effects such as the influence of the spew fillet in the ends 

of the adhesive layer and the adhesive layer thickness [117, 118]. da Silva et al followed with 

a detailed experimental study devoted solely to the analysis of the adhesive layer thickness in 

SLJs [119], stating that the lap shear strength increases as the bond line gets thinner and the 

adhesive gets tougher. More recently, the work of Silva et al. [16], numerically modelled the 

behaviour of scarf joints, using three different adhesives formulations and varying the scarf 

angle. These models employ the cohesive zone model formulation, using three different 

cohesive zone law shapes. The triangular, trapezoidal and linear-exponential formulation are 

used, and it is found that for each adhesive formulation there is a specific cohesive law shape 

that better fits the experimental results. Oliveira et al. [120] carried out several experiments in 

SLJs, bonded with five different adhesive layer thickness and also determined the 

corresponding fracture toughness in mode I or mode II using DCB and ENF testing of the 

adhesive. The results of this work are summarized in Figure  10-a and Figure  10-b. 
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Figure  10 - a) Average of Load - Pm for each adhesive thickness - tA, b) Energy release rate for mode 
I - GI, and mode II - GII  to each tA by the compliance-based beam method (CBBM) adapted from 

[120] 

The results show that for this specific joint configuration, a greater load capacity is 

obtained for larger adhesive thicknesses. As for the GI and GII, a linear increase was found with 

the increase of the studied thicknesses up to the value of 1 mm. In search for a deeper 

understanding of the influence of the thickness of the adhesive in the performance of a bonded 

joint, Sadeghi et al. [121] proposed different numerical methods to characterize the behaviour 

of bonded joints with adhesive layer thicknesses of 0.2 and 0.9. The analysis is performed in a 

SLJs, using an epoxy adhesive and steel as an adherent material. The models under comparison 

are cohesive zone modelling, surface-based cohesive model (SBCM), the virtual crack closure 

technique (VCCT) and the extended finite element method (XFEM). In general, the results 

show that all techniques can obtain reasonable correlation between the experimental and the 

numerical results and can capture well the effect of adhesive layer thickness. However, there 
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are varied specificities for each of these methods which requires a critical analysis of their 

capabilities and limitations in the selection of the most suitable method for each case. 

One of the main factors influencing the performance of bonded joints is the interaction 

between the mechanical behaviour of the substrate and the adhesive and this especially true 

when polymeric substrates are used. Pérez et al. [122]carried out a study on two pairs of 

polymeric substrates (PTFE and PVT), bonded with five different types of adhesives. One of 

the adhesives is biomimetic, based on 3,4-dihydroxyphenylalanine (DOPA) found in shellfish, 

the second is based on the same biomimetic adhesive but with the addition of a periodate (IO4), 

used to increase the adhesion of the adhesive (DOPA + IO4). Finally, three other synthetic 

artificial adhesives were considered, and these are polyvinyl acetate (PVA), cyanoacrylate 

(CNA) and epoxy. The results are shown in Figure  11. 

 

Figure  11 - Maximum shear stress sustained by PTFE-PTFE and PVT-PVT joined with different 

adhesives adapted from [122] 

For the DOPA-IO4 and CNA adhesives applied to the PVT substrate maximum load 

was of 5.7 MPa because the failure was always cohesive in the substrate. For the PTFE 

substrate, the best performing adhesive is the CNA, due to the higher number of cross-links it 

creates. When bonding PVT, besides the crosslinking relationship of the NAC, there is also a 

higher interrelation between the forces of the molecules at the interface, simultaneously 

increasing the adhesion and cohesion. This adhesive and cohesive effect is also pronounced for 

the other adhesives in PVT. In conclusion, the interface strength is highly dependent on the 

adhesion and cohesion levels. In another configuration, Hsiao et al [123] studied the application 

of multiwalled carbon nanotubes - MCNT in the adhesive. This was carried out to reinforce an 
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epoxy adhesive shear strength in SLJs using graphite composite substrates. The study was done 

with the addition of 1 and 5% of MCNT, compared with the performance of neat epoxies. The 

increase in shear stress in response to the addition of 1 and 5%, when compared to the adhesive 

without MCNT, is 31.2 and 45.6% respectively, showing this to be an effective method to 

increase joint strength. 

In the automotive industry, adhesives are finding greater and greater use for the 

construction of vehicle bodies. In this specific application, the impact behaviour of the adhesive 

and the joints it forms is crucial to ensure occupant safety in the event of a collision[16, 18, 

124] An example of a work in field is the study made by Machado et al [17] which models the 

quasi-static and impact behaviour of single lap joints with composite and aluminium substrates, 

bonded with a high performance crash resistant adhesive. The proposed cohesive zone model 

for impact uses material data which has been determined at high strain rates and good agreement 

is reached between experimental and numerical results.  

The behaviour of adhesively bonded joints under harsh environmental conditions has 

been the target of several studies. [125, 126]. As stated by Borges et al. [127] this is a critical 

subject for the design of bonded polymeric components, as these materials absorb water which 

can migrate into the adhesive-substrate interface and dimmish joint strength and cause adhesive 

failure. Banea el al.[125] conducted a study to characterize mechanical properties such as the 

Young's modulus and failure stress in adhesives subjected to ageing by moisture uptake and 

reinforced with thermally expandable particles (TEPs). The results are summarized in Figure  

12. 

 

Figure  12 - Representative stress–strain curves of the TEPs-modified adhesive as a function of 

moisture adapted [125]. 
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It is observed that the modulus of elasticity is affected by the increased TEP content 

only in aged materials. Fatigue testing was also carried, and reduction of the fatigue life was 

also found with an increase in TEP content.  Sugiman et al, [128] has used numerical modelling 

to analyse the behaviour of monolithic single lap joint (MSLJ) and laminated double in bending 

(LDB) joints, bonded with a film adhesive and tested under natural and aged conditions (one 

year and two years). Their methodology allows the models to consider the degradation of the 

material properties due to ageing. Figure 13 illustrate the relationship of the maximum error 

between the experimental and the FEM study. 

 

Figure 13 - Comparison of the error between the experimental and numerical results, adapted from 

[128]. 

The numerical model can precisely reproduce the experimental fracture process for the 

LDB test. Showing that it occurs in in the adhesive fillet formed at the ends of the overlap and 

at an of 45º relative to the load direction, as shown in Figure  14.  

 

Figure  14 - The static failure characteristic of fillets in SLJ adapted from [128]. 

Although adhesively bonded structures perform better under fatigue loads than other 

joining methods, such as fastening and welding, adhesive joints are still susceptible to fatigue 
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failure and this has been the target of many studies, both experimental and numerical. The work 

of Rocha et al. [129] is an example of how numerical modelling can be employed to predict the 

fatigue behaviour of and adhesively bonded joints. In this case, a fatigue crack growth analysis 

is carried out with a model based on cohesive zone mode (CZM), with triangular cohesive laws. 

DCB and ENF joints (mode I and mode II) were simulated with Abaqus using a User material 

subroutine (UMAT) to reproduce the fatigue behaviour of the adhesive. A Paris law-based 

approach was employed using experimentally obtained adhesive fatigue crack data growth data. 

The accuracy of the model can be assessed by comparing the predicted number of cycles to 

failure and by comparing experimental and numerical compliance curves as shown in Figure  

15. 

 

Figure  15 - Compliance as a function of load cycles: Comparison between the numerical data and the 

experimental results adapted from [129]. 

Other works [30, 130, 131] have studied the fatigue crack growth in adhesives in order 

to generate a Paris law. These works have included several different structural adhesives and 

indicate that greater load amplitudes lead to a faster crack propagation, shortening the service 

life. 

As a summary of this section, it can be stated that adhesive joining is a very powerful 

technique, suitable to join a wide range of materials, including polymers. However, the specific 

case of polymer joining requires special attention to be devoted to the surface preparation and 

many researchers have demonstrated the effectiveness of several surface treatment techniques. 

It has also been shown that proper geometrical design of a joint can be supported with finite 

element modelling. Lastly, the degradation of the performance of adhesives under service 
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conditions, such as high humidity environments and fatigue loads, must also be taken into 

account in the design phase. 

  



31 
 

4  EXPERIMENTAL METHODS 

In the initial phase of the work, experimental testing was carried out with the objective 

to characterise the materials to be used throughout the project and determine the base-line 

mechanical performance of joints made by laser welding and adhesive bonding. In this phase, 

the characterization of the ‘as supplied’ properties of PBT-GF30 as substrate were completed 

as well as those resulting from exposure to the heat generated during laser welding (thermal 

treatments were performed at three high temperatures). Mechanical, thermal, optical and 

morphological properties were the target of this study. An analysis of specific process 

parameters was also carried out for the laser welding method. This study was carried out 

manually, through a spot-welding procedure using individual laser pulses. This enabled a more 

precise control of parameters such as power, pulse time (in a rectangular pulse shape), diameter 

of the laser pulse, region of incidence of the laser in the joint and inclination of the laser in the 

joint.  

Once the spot laser welding process was deemed as optimized, a reference adhesively 

bonded joint was made, with dimensions and performance close to that of the joint achieved 

using a laser process, allowing to compare processes. The adhesive used to create the adhesive 

joint is silicone-based and most of its mechanical properties were already determined in 

previous works of the research group. 

4.1  CHARACTERIZATION OF THE BASE MATERIAL 

The PBT-GF30 thermoplastic used in this work is a commercial product, supplied by 

BASF (Ludwigshafen, Germany), also characterized as BASF ULTRADUR B4520. It is an 

injection moulding grade material, reinforced with 30% of glass fibres in weight [132]. Its 

Poisson coefficient is 0.45, its expansion coefficient is 2.4x10-5 K-1. It has a thermal 

conductivity of 0.288 W/m.K, thermal capacity of 1600 J/kg.K and its melting temperature is 

of 225°C, according to Jasen [133]. According to Koppl [134] the energy absorption capability 

under impact is 65 kJ/m2. The density has been determined to be 1525 kg/m3 by several authors 

[132, 133, 135-137]. 

4.1.1  THERMAL TREATMENT OF PBT-GF30 

To accurately determine the mechanical properties of the PBT-GF30 material that is 

located in the weld bead and the heat affected zone during a laser welding process, an 

experimental procedure was devised where the material is submitted to precisely controlled 
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heat treatments in a closed chamber. The PBT-GF30 material was supplied in pre-cut sheets of 

80 x 80 x 2 mm. To ensure that the PBT-GF30 sheets do not deform during the heat treatment, 

these were placed inside a steel mould, pressed with a load of 8 kg. A 2 mm thick nylon plate 

was used to control both the shape and the thickness of the samples, as shown in Figure  16. 

Three different heat treatment temperatures were considered, as shown in Table 3, with 

the oven being controlled to ensure that that material is staged at its target temperature for a 

period of 10 minutes. The staging temperature was directly controlled with a K-type 

thermocouple inserted into the mould and in contact with the PBT-GF30 material. After the 

heat treatment stage was completed, the material was naturally cooled down to room 

temperature. 

 

Figure  16 - Detail of the mould used for heat treatment. 

The heat treatment temperatures under analysis include the melting temperature of the 

material (225°C) [133], the end point of melting transition of the DSC curve, (237°C) and 

finally a temperature of 257°C, slightly before the expected temperature of thermal degradation 

of the material. 

Table  3 - Staging temperatures and stage durations used for heat treatment. 

Staging temperature Stage duration 

225°C 60 min 

237°C 70 min 

257°C 95 min 

4.1.2  OPTICAL PROPERTIES 

To characterize the response of PBT-GF30 to laser radiation, FTIR spectroscopy was 

performed, allowing to determine the material’s transmissivity and absorbance, in a range of 

500 nm to 1100 nm, which includes wavelengths typical of laser equipment suitable for joining 
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thermoplastics such as PBT-GF30. The analysed specimen has the dimensions of 10 x 20 x 1 

mm and is of a dark, almost black colour, a characteristic favourable to the absorption of light 

in these wavelengths. With reference to the work performed by Frick [138], after performing 

the test for characterization of transmittance, the Beer-Lambert's law was used to calculate the 

absorbance of the material at a wavelength of 1064 nm. 

4.1.3  THERMAL PROPERTIES 

Based on the work performed by Khosravi [139] to characterize the thermal properties 

of the adhesive, such as the level of polymerization in the material, the melting point and 

temperature of degradation, DSC testing of PBT-GF30 was performed. The test was carried out 

in a NETZSCH DSC 214 Polyma DSC21400-0655-L device in the range of -20°C to 300°C, 

with a heating ramp of 10K/min, in an N2 medium. 

4.1.4  MORPHOLOGICAL ANALYSIS 

Based on work described in the literature [134, 136, 140], the morphology of PBT-GF30 

was generally characterized by the matrix of polybutylene terephthalate with undirected glass 

fibres, with diameters of 10-12 µm. The PBT-GF30 used in this work (both in the supplied state 

and the heat-treated state) was morphologically characterized via optical microscopy. 

Concurrently, a macro analysis of the surface of the materials under study was also carried out, 

comparing their key characteristics. 

4.1.5  TENSILE TEST 

The mechanical properties of PBT GF 30PBT-GF30 were characterized using three 

different methodologies, allowing to determine the tensile strength, hardness and fracture 

toughness of the material in the received and the heat-treated states. Tensile testing was carried 

out in an INSTRON® (Norwood, Massachusetts, EUA) 3367 universal testing machine, using 

an extensometer for the strain measurement. The properties directly obtained in this test were 

the maximum stress and the maximum deformation of the material. The modulus of elasticity 

was calculated from the stress-strain curves, following the ASTM D638 -14 [141] standard. 

The tensile specimen dimensions were based on the BS 2782 [142] standard. The 

specimens for PBT-GF30 in the as received state had different dimensions from those subjected 

to a heat treatment process. This was mainly due to the dimensional constraints of the mould 

and the ovens used for heat treatment, which forced a reduction in size. Figure  17-a shows the 
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dimensions of the tensile specimens of PBT-GF30 in the as received state and Figure  17-b 

shows the dimensions of the tensile test specimens that were subjected to heat-treatment. 

 

Figure  17 - Geometry of the dog-bone tensile test specimens. (A) PBTGF30 in as supplied state. (B) 
PBT GF 30 heat treated state. 

The PBT-GF30 samples in the as received condition were supplied as pre-moulded 

plates which, after machining, led to a tensile test specimen length that was below the 

recommendation of the BS 2782 standards, as shown in Figure  18-a and Figure  18-b. However, 

no interference was expected to occur with the results, since the specimens were clamped in the 

universal testing in the same position and the strain was measured in the central region of the 

specimen using a 25 mm extensometer. Three specimens were tested for each condition of PBT-

GF30. 

 

Figure  18 - Machined tensile testing specimens. a) PBT-GF30 in as supplied state. b) PBT-GF30 heat 
treated state at 257°C. 

4.1.6  HARDNESS TESTING 

The second test characterized the hardness of the PBT-GF30 using a Shore D type 

durometer, model SAUTER (Balingen, Germany) HBO 100-0. The hardness was measured for 

material in the as supplied state and following the three different heat-treatment temperatures. 

A total of 10 indentations were made for each of these four states. 

4.1.7  FRACTURE TOUGHNESS TESTING 
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The compact test (CT) configuration, as described on ASTM D5045 – 14 [143] was 

considered for the determination of the fracture toughness of the PBT-GF30 material. However, 

considering that the sample thicknesses of 2 mm used were not within the requirement of the 

standard for characterization in the plane state of deformation, the standard was used to 

determine the stress intensity factor for the PBT-GF30 material in the supplied and the heat-

treated state. Figure  19-a shows the dimensions of the CT specimen used, while Figure  19-b 

presents an image of a representative specimen after the notch was machined by a 2 mm cutting 

disc, with a 60° tip angle and a radius of 0.1 mm. A paper scale was bonded to the specimen to 

serve as a reference of the measurement of crack propagation. 

 

Figure  19 a) Compact tension sample dimensions (in mm). b) Manufactured sample of compact test. 

For crack nucleation, the tapping method was used, using a shaving blade, as cited in 

[144]. Figure  20-a illustrates the notch in the CT specimen caused by the shaving blade and 

Figure  20-b shows the notch with the nucleated crack. 

 

Figure  20 - Representation of the a) pre and b) post crack specimen. 

Figure 20 shows the initial notch sizes, the crack nucleation length resulting from the 

tapping method, the effective length and the thickness of the specimens and the results of the 
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function f(x) used for calibration by the standard, considering the sum of the notch and the 

nucleated crack size and the effective length of the specimens. 

 

Table  4 Parameters of the compact test specimens for all PBT-GF30 conditions tested. 

Specimens  
Load 
(N) 

Total 
crack 
(mm) 

Notch 
size 

(mm) 

Nucleated 
crack 
(mm) 

Width 
(mm) 

Thickness 
(mm) 

T/W f(x) 

As 
received 

260.00 24.85 23.3 1.55 52.6 2 0.47 8.8933 

265.65 24.5 23.4 1.1 52.6 2 0.47 8.7231 

298.86 25.7 24 1.7 52.5 2 0.49 9.3557 

Treated at 
225°C 

206.00 26 24 2 51.9 2.2 0.50 9.6878 

179.65 26.19 24.8 1.39 51.9 2.2 0.50 9.7982 

194.00 28.72 24.5 4.22 52.2 2.15 0.55 11.3718 

Treated at 
237°C 

162.00 25.78 24 1.78 51 2 0.51 9.8246 

156.30 26.6 23.3 3.3 52.2 2.1 0.51 9.9510 

178.62 24.2 23 1.2 51.5 2.1 0.47 8.8279 

Treated at 
257°C 

122.86 28.9 23.4 5.5 52.7 1.9 0.55 11.3015 

100.80 28.3 23.3 5 52.1 2 0.54 11.1029 

137.00 28.15 23.5 4.65 52 2 0.54 11.0341 

In order to measure crack propagation, a digital camera was used to capture images 

every 5 seconds during the CT test. These images were synchronized with the universal testing 

machine data, allowing them to be correlated with the force and displacement curves. 

4.2  CHARACTERIZATION OF THE ADHESIVE 

The adhesive used in the adhesive joints for the purpose of comparing the joining 

processes was a silicone adhesive, supplied as a flowable two-part addition curing silicone 

rubber, which is commercially available. The main characteristics of this adhesive after curing 

are medium hardness, ability to bond a wide variety of substrates, heat resistance and long-term 

stability.  The manufacturer suggests an adhesive/catalyst ratio of 10:1 and a cure at room 

temperature for two weeks.  In this work, these values were adjusted to match those used in the 

productive process at the company of interest. The adhesive/catalyst ratio used was 1:1, the 

mixture was achieved using a centrifugal mixer and curing took place at 120 ◦C for 25 minutes. 

 

4.2.1 THICK ADHEREND SHEAR TEST  
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The thick adherend shear test (TAST) was used in order to measure the shear properties 

of the adhesives according to standard ISO 11003-2:1993 [145]. The machine used to test was 

the same machine used to tensile test and fracture toughness test of the PBT-GF30. 
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4.2.2 TENSILE TESTING 

 

The tensile test used to characterize the silicone adhesive followed the BS 5214 

standard[146]. The universal tensile testing machine was also used to carry out this test. 

4.3  JOINT LEVEL TESTING 

Following the completion of the of the PBT-GF30 and the adhesive characterization, an 

experimental study of the laser welding process was started, using laser welding equipment 

available in the laboratories of the Advanced Joining Processes Unit. The initial part of this 

study focused on the process of joining overlapped joints with a fillet, created using a manually 

controlled laser spot-welding process. This activity aimed to characterize the process and define 

the static parameters of the laser welding equipment. Concurrently, the design of a special feed 

table was also initiated, in order to allow for a more detailed parameterization of the pulse 

frequency and advance rate.  

The comparison process between laser-welded joints and adhesively bonded joints was 

also started at this stage, using a commercially available two-part silicone elastomer adhesive 

cured by addition. Parameters such as the overlap length and the adhesive layer thickness were 

studied and adjusted in order to achieve a comparable performance to laser welding. 

4.3.1  WELDED FILLET LAP JOINTS 

For the initial characterisation and parameterisation of the laser welding procedure, a 

study of the machine's static parameters was initiated, determining input settings such as a pick 

power, pulse time and laser beam diameter. The inclination of the sample and the influence of 

the laser incidence position were also studied. 

The machine used in the process to make the welded joint was a SISMA LM-D 180, 

with a Nd:Yag 1064 nm laser, and a maximum laser power of 80 W, shown in Figure  21. 

 
Figure  21 - Spot laser welding machine. 
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In accordance with the recommendations of the laser welding equipment, the baseline 

configuration for laser welding was a lens-to-incidence-point distance of 70 mm, maintaining 

the microscope focus at this distance. A peak power of 36 W, a rectangular pulse time of 1.5 

ms, was also initially applied, manually ensuring that the point-to-point frequency remained 

below 1 Hz, as shown in Figure  22. The forward movement was executed based on the diameter 

measured by the machine's laser microscope itself. 

 

Figure  22 - Step-by-step procedures used for the determining the advance on the spot weld bead. 

Taking as a basis the study made by Berger (2015) [187], the samples were initially 

fixed at 45° relative to the laser direction. Considering that the laser pulse is very short and 

localized and that its action, which can occur through heat conduction across the material, may 

vary significantly depending on the weld location and its melting mode, in other words, 

conduction-limited welding or keyhole—a study was conducted on the position of laser beam 

incidence. Three different laser incidence positions were considered for analysis. The first 

position was on the upper edge of the overlapped plate (US), the second position was in the 

middle of the thickness of the upper plate (MS), and the third position was at the interface 

between the two plates (DS), welding both sides of the joint without adding material, as shown 

in Figure  23. The eyepiece of the laser welding machine has a crosshair which is superimposed 

on the sample and allows for precise aiming of the laser incidence point. 

                                

Figure  23 - Scheme of sample inclination angle, showing the laser beam and the laser incidence 
positions on the samples. 

In this approach, the beam diameter was also varied, changing the way the laser energy 

is distributed over the weld. Four different values were selected 0.5, 1.0, 1.5 and 2.0 mm. 
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4.3.1.1 MACROSCOPIC ANALYSIS OF THE WELDED REGIONS 

An initial macroscopy analysis of the laser welded regions was carried out using a 

NIKON D5300 digital camera adapted to the eyepiece of the laser welding machine. Individual 

pictures were taken of the laser welding points, representative each position of laser incidence 

(US, MS and DS) and each beam diameter under consideration (0.5, 1.0, 1.5 and 2.0 mm). 

A microscopic analysis was carried out to characterize a transverse section of the welded 

region, allowing to determine the depth and penetration of the weld, defects such as underbite, 

the geometric profile of the surface and the actual spacing between the plates.  

For this analysis, laser welding was performed experimentally on 10x15x2 mm samples 

of PBT-GF30 material. Since the welding profile is small and may fracture with the large loads 

encountered during the grinding and polishing process, a notch was made in the surface of each 

rectangle, where on one side of the notch the material would be welded according to the pre-

established parameters and on the other side of the notch the plates were joined with a 

supporting adhesive, increasing the resistance of the joint and allowing for easier sanding of the 

cross section, as shown in Figure  24. The sanding process was carried out was done with emery 

paper of 220, 320, 800, 1200 and 4000 grain sizes and in water. After the grinding process was 

complete, the specimens were dried and analysed with an optical microscope (Carl Zeiss El-

Einsatz HAL 100). 

 

Figure  24 - Scheme of the procedures used for the analysis of the welded region with optical 
microscopy. 

4.3.2  BONDED SINGLE LAP JOINTS 

In order to allow for a comparison between the two different joining processes, two 

configurations of adhesive joints were designed this purpose. The first configuration, as shown 

in Figure  25-a, includes a free space between the plates of the substrate and has an adhesive 
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layer thickness of 0.05 mm, a value which is consistent with the minimal gap introduced during 

compared with the thickness used in the laser welding.  

The second configuration, shown in Figure  25-b, used a thickness of 1 mm, which is 

often reported to be the optimal thickness for obtaining maximum performance with a silicone 

adhesive [147]. For both configurations, the overlap length can be adjusted to ensure 

mechanical performance which is consistent with that of the laser welded joint. 

 

Figure  25 – a) Adhesive joint geometry with low thickness (0.06 mm). b) Adhesive joint geometry 
with reference thickness (1 mm). 

The adhesive joints were manufactured with the assistance of rubber frames which 

included rectangular notches of 10 x 60 mm that allowed to manufacture three joints in each 

desired condition, as shown in Figure  26-a. To maintain parallelism, the rubber frames were 

assembled between thick aluminium plates. The curing process was assisted by a hot plate press, 

set to a pressure of 300 bar and a temperature of 120ºC for 25 minutes. After the curing process 

was completed, the specimens were allowed to cool down naturally until room temperature was 

reached. To control the spacing between the plates, a 0.06 mm Kapton tape was used for the 

first configuration (Figure  26-b), whereas a 1 mm thick rubber tape was used (Figure  26-c) for 

the thicker joints. For both configurations, 1 mm stainless steel tapes were used as spacers to 

compensate for joint thickness. 
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Figure  26 –a) Rubber frame configuration. b) Adhesive joint configuration with low thickness. c) 
Adhesive joint configuration with reference thickness. 

4.3.3 COMPONENT LEVEL JOINT 

In response to the specific requirements of a company that manufactures protective 

enclosures for automotive electrical circuits (Figure 27), tensile tests were performed joints 

consistent with those used in practical applications. This testing was carried out after optimizing 

the production process and conducting comparative tests on parallel joints, constructed from 

the same material as those found in this component. 

 

Figure  27 - Actual component of the electrical circuit protective enclosure, illustrating the section that 
is used for testing 

To optimize the testing process and accurately simulate potential failures in the actual 

component, a pair of test specimens were sectioned, preserving the original joint configuration. 
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This approach enabled the clamping of components during the welding process. Figure 28-a 

depicts the sectioned upper and lower elements of the protective enclosure. Figure 28-b 

illustrates the fixture apparatus utilized for the laser welding process. 

 

 

Figure  28 - a) Representation of the cross-sectional view of the actual joint samples, including both 
the female and male components. b) Mould for fixing parts for joining by spot laser beam welding. 

To conduct the tensile joint testing, one component was bonded to a rectangular ABS 

block using structural adhesive. This allowed for secure clamping in the testing machine. A 

fixture mold was then clamped to the other component, also using structural adhesive. The 

alignment of the block and mold was ensured to be perpendicular, as illustrated in Figure 29. 

 

Figure  29 - Real joint test fixing configuration. 
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For the tensile testing, a universal testing machine, INSTRON® 3367, was used. The 

tensile specimens were tested at a displacement rate of 1 mm/min, consistent with the tensile 

tests mentioned in previous chapters. For displacement measurement, digital image correlation 

(DIC) method was used, following the studies conducted by Borges et al. (2020) [148], using 

the GOM Correlate Pro software the displacement was recorded. 

To gain a deeper understanding of the welded region and to examine how material 

properties vary with thermal gradient - particularly in relation to mechanical properties - an 

analysis was conducted using a micro-Raman spectrometer. This test qualitatively compares 

the region along the autogenous weld performed on the thermally affected PBT-GF30 and 

identifies the phase boundary regions. In addition to demonstrating the differences in material 

properties in the welded region, this analysis provides data to optimize the simulation of the 

actual joint. 
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5  NUMERICAL MODELLING 

The numerical models created in this work rely on material models which are based on 

mechanical characterization test data, including the temperature dependent properties of the 

PBT-GF30 substrate and mechanical properties of the silicone adhesive used in the adhesive 

joints. In general, they are optimized elastoplastic models with damage models, either by ductile 

damage or cohesive damage. Joint models are initially validated against experimental testing 

data and then expanded for more complex joint geometries. 

4.4  PROPERTY VALIDATION 

 To first validate the mechanical properties determined experimentally, a numerical 

model was developed, based on the mechanical characterization of PBT-GF30, utilizing an 

elastoplastic behaviour with ductile damage. For the silicone adhesive, the numerical model 

employed a hyperplastic behaviour with cohesive damage. Given that the models demonstrated 

compatibility with the experimental results, the necessary properties and parameters were 

extracted to simulate hybrid joints (both welded and adhesive joints). 

4.1.8  MODEL FOR THE TENSILE BEHAVIOUR OF PBT-GF30  

For the tensile test, a ductile damage model was used [149, 150], since it enables a better 

reproduction of the crack path that occurs in this sort of material. In such case, the polymeric 

matrix (a ductile material) interacts with the high stiffness glass fibre. Taking into consideration 

that the bond between the surface of the two materials is often of a low energy nature [151], 

many authors in the literature [150, 152, 153] cite that the application of the ductile damage 

model is effective, more closely reproducing the fracture process. 

In this model, the damage, D, occurs once the maximum stress 𝜎௬଴ is attained. This 

value is determined using experimental data, based on the peak stress of the elastoplastic 

behaviour. Once damage is triggered, the material degradation is progressive, based on the 

relationship (1-D)E from the equivalent plastic strain 𝜀଴̅
௣௟ [153-155]. The damage calculation is 

based on the dissipation of fracture energy 𝐺௙ (Equation 1), calculated by the integral of the 

product of the effective stress by the effective element length L within the range from plastic 

deformation to the maximum deformation 𝜀௙̅
௣௟. Considering that even at the maximum stress 

the damage is null, and that the maximum deformation is the required variable, the base change 

is made for the displacement of the element until failure occurs. 



46 
 

𝐺௙ = න 𝐿𝜎௬𝑑𝜀̅௣௟
ఌത೑

೛೗

ఌതబ
೛೗

= න 𝜎௬𝑑𝑢ത௣௟
௅ఌത೑

೛೗

଴

 (1) 

With the change of basis, simplifying the curve by the linear decrease model, without 

strain hardening rate, the displacement to failure 𝑢௙
௣௟ is calculated by correlating the maximum 

strain imposed on the unit length of the characteristic element, according to Equation 2. 

𝑢௙
௣௟

= 𝐿𝜀௙̅
௣௟  (2) 

The material behaviour was established as elastoplastic. The mechanical properties used 

in the model were based on the properties determined in the experimental tests and on literature 

references. The Poisson’s coefficient was set at 0.42 for the conditions of the treated PBT-

GF30, reflecting the degradation of the material. Based on the tensile test, carried out at a single 

test speed, the triaxiality was assumed to be 0.33 and the strain rate as null. The damage 

evolution was based on displacement type, linear smoothing, with maximum degradation. The 

simulation conditions used to validate the model are represented in Table 5 

Table  5 - Simulation parameters applied in ductile damage to validate the model in tensile test of PBT-
GF30. 

Ductile damage model 

Elastic plastic isotropic 

Material Young's modulus (MPa) Poisson ratio Displacement at failure  

As received 8885 0.45 0.1 

Treated at 225°C 5317 0.42 0.1 

Treated at 237°C 5183 0.42 0.07 

Treated at 257°C 4826 0.42 0.07 

The boundary conditions correspond to a clamped condition on one side of the specimen 

and the application of a displacement to the other side, as shown in Figure  30 for both tensile 

test specimens. The mesh size was set to 1 mm for both conditions. Aiming to reach complete 

failure, the maximum degradation was set as 0.99 and element exclusion was triggered. 
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Figure  30 - Representative configuration of the boundary conditions for the tensile simulation (both as 
supplied and heat-treated conditions). 

5.1.1 Model for the fracture behaviour of PBT-GF30  

For the validation of the compact test a 2D model was used, employing cohesive 

elements based on a traction separation law. According to the literature [156], this methodology 

allows for accurate simulation of the fracture propagation in reinforced polymers. Furthermore, 

the thickness of the specimen under study is very small, leading to the application of max plane 

stress damage (Maxps). The cohesive model is also characterized by a penalty in the material 

stiffness, with reference to the maximum stress and displacement at damage initiation.  

For the simulation of the nucleated crack, the extended finite element method (XFEM) 

was used. Martínez (2017) [40] cites that such procedure dispenses with mesh refinement, even 

for complex geometries, promoting crack propagation instead of momentary stress 

concentration. Another advantageous factor for the use of this model, besides the damage 

evolution parameters, is the need to consider only the maximum principal stress. 

The material behaviour was established as purely elastic. The mechanical properties 

such as modulus of elasticity and Poisson’s ratio were the same used in the numerical model 

for the tensile test simulation. The damage evolution was based on displacement type, linear 

smoothing, with maximum degradation. The simulation conditions necessary to validate the 

model are shown in Table 6. 
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Table  6 - Simulation parameters applied in traction separation Law with Maxps and XFEM, to be 
validated against the experimental compact test results. 

  
Material - PBT-GF30  

As 
received 

Treated at 
225°C 

Treated at 
237°C 

Treated at 
257°C 

Max principal stress (MPa) 67 40 39 37.7 

Displacement at failure 0.33 0.33 0.33 0.12 

XFEM - crack size (mm) 1 1 1 1 

Specimen measurements are based on those shown in Figure 31. Boundary conditions 

have the model pinned by one of its holes, while the other hole is forced to displace vertically, 

as per Figure  31-a. The mesh was refined in the crack zone to a 0.5 mm size, with a maximum 

size of 2 mm away from the crack. The elements used a quad-dominated (free - medial axis) 

mesh control as per Figure  31-b. 

 

Figure  31 - Compact test model configuration. a) Boundary conditions and b) Mesh details. 

5.1  LAP JOINTS 

Numerical models were developed to simulate laser-welded and adhesive joints using 

different methodologies. The aim was to enhance the accuracy and reliability of validation 

results by carefully considering the specific material properties and process parameters 

involved in each joint type. 

5.2.1  WELDED FILLET LAP JOINTS 

A detailed two-dimensional model was created using a dynamic explicit analysis, 

considering elastoplastic behaviour with ductile damage. The analysis step was configured with 

a time period of 0.2 seconds, with the aid of non-linear geometrical considerations. The 



49 
 

integration was based on a scaling time factor of 1 s, a mass scaling factor of 10000 and target 

time increment of 10-10 s. 

5.2.1.1 Geometry model 

The geometry was based on the measurements of the length, width and height of 40 mm, 

10 mm and 1 mm respectively. The plates were overlapped by 20 mm. The separation between 

the samples was given 5.35 µm. For the interaction between the plates, a friction coefficient of 

0.2 was set [157].  

Figure  32 illustrates representatively the configuration of the model, showing the 

overlapped region and the boundary conditions. These include an encastre on the left side of 

the joint and a 0.2 mm displacement on the left side, with only a single degree of freedom in 

the x direction. 

 

Figure  32 - Configuration of the model, showing the overlapped region and the boundary conditions 
(US joint configuration shown) 

In Figure  33-a, Figure  33-b and Figure  33-c the partitions for the fillet region (weld) and 

the base material for the US, MS and DS positions, respectively, are illustrated. 

 

Figure  33 - Material partitions showing weld and base material in the a) US model, b) MS model and 
c) DS model. 

A mesh size of 0.01 mm was used in the weld region and 0.1 mm in the base material. 

Reduced integration plane stress elements were used, of the CPS4R type. 

5.2.1.2 Material properties 

The physical and mechanical properties of the PBT-GF30 material used in the 

simulation were based on those presented in section 4.2.1 and summarised in Table 7, where 

basic properties of the material such as density, modulus of elasticity and Poisson's ratio are 
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presented. For the elastoplastic simulation, along with damage parameters, Table 8 indicates 

the failure strains, triaxialities, strain rates and displacements until failure necessary for 

implementing ductile damage. Finally, Figure  34 illustrating the stress-strain curves in the 

plastic regions of the materials, detailing the characteristics of PBT-GF30 in the as received 

state and the treated at 225ºC, 237ºC and 257ºC states. 

Table  7 – Basic properties of PBT-GF30. 

Material 
Density 
[g/cm3] 

Young's 
Modulus [MPa] 

Poisson 
Ratio 

 
As Received 1.31 8398 0.45  

Treated at 225°C 1.31 5317 0.42  

Treated at 237°C 1.31 5183 0.42  

Treated at 257°C 1.31 4826 0.42  

Table  8 – Mechanical properties of PBT-GF30 necessary for the implementation of a ductile 
damage model. 

Material 
Fracture Strain 

[mm/mm] 
Stress 

Triaxiality  
Strain 

rate [s-1] 

Displacement 
at Failure 

[mm]  
As Received 0.011492123 -0.33 0 0.001  

Treated at 225°C 0.006559261 -0.33 0 0.001  

Treated at 237°C 0.003570756 -0.33 0 0.0007  

Treated at 257°C 0.000821712 -0.33 0 0.0007  

 

Figure  34 – Stress-strain curves of PBT-GF30 treated at different temperatures, showing plastic behaviour. 

5.2.2  ADHESIVELY BONDED LAP JOINTS 

The numerical simulation of the adhesive joints aims to validate the model from the 

determined mechanical properties of the adhesive and substrate. The simulation was 
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development in two-dimensional but was created using a hyperlelastic behaviour with cohesive 

damage.  

5.2.2.1 Hyperelastic model 

To simulate the silicone, hyperelastic behavior was used as a base, and this requires the 

analysis and validation of the constitutive laws applied to the finite element analysis (FEA) 

conducted in Abaqus. The constitutive laws available, as presented by Simon et al. (2022) [158], 

Dias et al. (2014) [159] and proposed by Abaqus, are represented in Figure  35. 

 

Figure  35 - Hyperelastic constitutive laws maps. 

As stated by Mavrodontis (2017) [160], the general equation of a hyperelastic element 

is based in equation (5), which defined the strain potential energy (U). The first term is 

dependent on the invariant (I), which is defined according to equation (6). The second is a 

volumetric term. 

𝑈 = ෍ 𝐶௜௝

ே

௜ା௝ୀଵ

(𝐼ଵ̅ − 3)௜(𝐼ଶ̅ − 3)௝ + ෍
1

𝐷௜

ே

௜ୀଵ

(𝐽௘௟ − 1)ଶ௜ (5) 

                      𝐼ଵ̅ = λଵ
ଶ

+ λଶ
ଶ

+ λଷ
ଶ
              and        𝐼ଶ̅ = λଵ

ିଶ
+ λଶ

ିଶ
+ λଷ

ିଶ
    (6) 

 

In each constitutive law presented in Figure  35, depending on the type of experiment 

chosen - uniaxial, planar, equiaxial, or volumetric - there is a corresponding modelling for the 

invariant term, as indicated in Equation 4. However, having the bulk tensile test as a reference, 

the principal strains can be given by equation (7). 

                              λଵ = 𝜀௨ + 1             and        λଶ = λଷ =
ଵ

ඥఌೠାଵ
                 (7) 

where 𝜀௨ is the principal nominal strain. 
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5.2.2.2 Cohesive zone modelling (CZM) 

Cohesive zone models (CZM) are often used to simulate adhesive joints, since it can 

predict the adhesive damage and failure of joints. The CZM used has a triangular shape, i.e., 

the traction increases its value until a maximum is reached, this maximum corresponds to the 

strength of the material. Afterwards, the material starts exhibiting damage, until the traction 

reaches zero and the adhesive fails, as shown in Figure  36. 

 

 

Figure  36 - Damage scheme of the triangular cohesive zone model in single lap joint. 

 

As presented in Figure 36, the damage occurring after the elastic domain was modelled 

using a quadratic normal stress model, effectively addressing the two proposed experimental 

approaches. This model encompasses the two principal directions: normal and shear, as 

illustrated in Figure 37.  

 

Figure  37 - Traction separation law. 
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Based on the normal principal stress, Tூ,௖, and the shear stresses Tூூ,௖ and Tூூூ,௖ the damage can 

be established by equation (6) [161] . 

ቆ
Tூ

Tூ,௖
ቇ

ଶ

= ቆ
Tூூ

Tூூ,௖
ቇ

ଶ

= ቆ
Tூூூ

Tூூூ,௖
ቇ

ଶ

= 1 (8) 

It should be noted that mode II and III are analogous and, therefore Tூூ,௖ = Tூூூ,௖. 

5.2.2.3 Model geometry and construction. 

The geometry of the joints simulated are shown in Figure 38-b and Figure 38-d, where an 

out of plane dimension of 10 mm was considered. The adhesive overlap was divided in three 

sections: the regions in contact with the substrate, modelled using hyperelastic elements, and 

the central region, where the failure occurs, where CZM is used, Figure  38-a and Figure  38-b.  

Regarding the boundary conditions (Figure  38-c and Figure  38-d), one of the edges of the 

SLJ is fixed and a 10 mm displacement is imposed to the opposite edge. 

 

Figure  38 - Representation of joints. a) Division of the joint part and the adhesive layer to 1 mm thickness. b) 
Boundary condition for the 1 mm thickness. c) Division of the joint part and the adhesive layer to 0.05 mm 
thickness. d) Boundary condition for the 0.05 mm thickness. 

5.2.2.4 Material properties 

Table 9 presents the properties used for the numerical simulation of the joint. For the PBT 

GF30 substrate, the elastic properties studied by Silva et al. (2022) [162], since there is no 

plastic deformation of the substrate in the test. The properties of the cohesive elements are also 

represented in Table 9, and an energy criterion,  with linear softening was used. For the mode 

mixity, a power law with a power of 1 was considered. 
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Table  9 - Properties of the substrate and adhesive layers. 

 

The mesh of the joint was set to 1 mm in the substrate, however, in the silicone adhesive 

the mesh was refined, until a mesh size of 0.1 mm was reached in the cohesive layer, Figure  39.  

 

Figure  39 - Meshing details of the adhesive joints. 

 

 

5.2  COMPONENT LEVEL JOINT 

To enhance the understanding of the weld profile and optimize the model developed, a 

micrographic analysis of the cross-section of the welded joint was conducted, focusing 

specifically on the welded region, including the geometric characteristics, penetration depth, 

and interlocking. Furthermore, based on the analysis performed through micro-Raman 

spectroscopy in the weld region, coupled with the data for thermally treated PBT-GF30 at 
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temperatures of 225ºC, 237ºC, and 257ºC, the boundaries of the layers in the welded region 

were defined, as shown in Table 10. 

Table  10 - Gradient expressed as a percentage representing the mechanical properties in the weld zone.  

 

External layer Middle layer Internal layer 
Treated at 

225°C 
Treated at 

237°C 
 Treated at 

257°C 
61.60% 15.40% 23% 

 

To represent the welded zone of the actual joint model, geometric measurements obtained 

through optical microscopy were used, as well as the mechanical property gradient based on 

the percentage of the layers of PBT-GF30 components presented in Table 10. Figure 40 

illustrates the actual joint. 

 

Figure  40 - Representation of layer divisions of the property’s gradient – Real joint setting. 

Once the properties determined, the boundary conditions were defined in the models. In 

both configurations, the upper zone was fixed using an encastre, while the lower part was forced 

to move, through an imposed displacement, as illustrated in Figure 41-a. The joint was generally 

meshed with a size of 0.5 mm, and locally refined in the welding zone with a mesh size of 0.005 

mm, as shown in Figure 41-b. 

The numerical model of the real joint was validated based on the model used for the parallel 

joints of laser-welded PBT-GF30. Consequently, the material properties and fracture 
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characteristics introduced into the model are also the same, as presented in Table 7, Table 8, 

and Figure 41. 

 

 

Figure  41 - Schematic representation of the joint model. a) Boundary conditions and b) Mesh size division. 

 

 

 

 

 

 

6  CONCLUSIONS 

A comprehensive review of the literature was carried out as the first step of this work (Paper 

1), showing that a primary research direction in joining is to broaden the spectrum of materials 

suitable for joining, unlocking the potential for novel designs that fully exploit the capabilities 

of different materials. Adhesive bonding, mechanical joining, and welding techniques have all 

been shown to be viable options for these applications, each with varying levels of complexity. 

Furthermore, a significant trend identified is the development of hybrid joint designs for 
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polymer bonding, which combine multiple joining processes to create joints with unique and 

enhanced properties. The literature shows that while these types of joints have historically been 

confined to academic research, their practical application is now gaining traction. 

The initial experimental portion of this work (Paper 2) analysed the thermal, optical, 

mechanical, and morphological properties of PBT-GF30. The optical analysis indicated that 

laser welding should be approached using an absorption-based method, focusing on surface 

welding. Morphological examination revealed that temperatures exceeding the fusion point 

significantly degrade surface quality, leading to void formation and fiber segregation. This 

segregation negatively impacts mechanical properties, particularly at higher temperatures. 

Despite low thermal conductivity, the incident laser energy can still compromise mechanical 

properties in the weld bead and surrounding areas, emphasizing the importance of studying the 

thermally affected zone. Numerical models, incorporating ductile damage behaviour for tensile 

tests, were developed to assess the validity experimentally determined mechanical properties. 

Subsequentially, a joint level study was started (Paper 3), which firstly assessed the 

influence of laser welding parameters on PBT-GF30 joints. Laser diameter was identified as a 

crucial factor, with small diameters causing perforation and large diameters hindering bonding. 

For fillet joints, the laser incidence point was found to significantly impact weld strength, with 

the upper position offering superior performance by reducing undercut and stress concentration. 

The result data was used to develop full joint models, able to predict failure load and failure 

mechanisms. While the elastoplastic model was found to simulate the elastic behaviour of laser 

welded joints, it was found to overestimate maximum forces. Incorporating ductile damage 

improves convergence for all conditions under analysis 

A comparison was then made between joints created with adhesive bonding and laser 

welding (Paper 4), serving as alternatives for joining electronic housings. The experimental 

results determined that laser welding is a faster process, while avoiding extra material usage 

compared to adhesive bonding. A 45-degree laser incidence angle yielded the strongest joints. 

Laser beam properties like diameter, power, and time also significantly affected the joint 

strength. This approach allowed to identify optimal settings for power density and power 

density ratio to avoid burning through the material. For adhesive bonding with silicone, thinner 

layers performed better due to less air bubble formation and crack propagation.  

Finally, it was possible to demonstrate the feasibility of laser welding as a viable joining 

technique for joining full-scale PBT GF30 components (Paper 5), as commonly used in 
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automotive electronics. Overlapped and butt configurations, cut from actual components, were 

found to outperform purely overlapped configurations, likely due to the higher normal stress 

experienced by the material. The previously developed numerical models, incorporating ductile 

damage formulation, accurately predicted failure loads, demonstrating their suitability for real-

world scenarios. 
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7  FUTURE WORKS 

Based on the insights extracted from this research, the following future research 

directions are proposed: 

 Investigate the potential of laser welding to simultaneously cure adhesives and 

enhance joint strength by melting thermoplastic materials. 

 Explore the application of laser preheating to reduce power requirements and 

rotational speed in friction stir welding, as well as the use of post-welding laser 

treatment to consolidate non-joined areas and refine the microstructure. 

 Develop laser-assisted techniques to improve the watertightness of mechanical 

joints. This could involve laser welding at the material interface for transparent 

substrates or at the joint edge for light-absorbing materials. 

 Conduct comprehensive optimization studies to identify optimal process 

parameters, material combinations, and geometric configurations for various 

hybrid joining techniques in polymer applications. 
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Abstract 

 

This study presents a numerical investigation of elastoplastic damage in laser-welded double fillet lap joints 

fabricated from PBT GF30. Experimental testing was conducted on joints with varying laser beam 

diameters and incidence positions to determine the optimal welding parameters. The results revealed that a 

1.5 mm diameter beam incident on the upper surface (US) of the joint yielded the highest joint strength of 

51.8 ± 1.6 N. To accurately simulate the mechanical behaviour of these joints, a numerical model 

incorporating elastoplastic and ductile damage models was developed. The model demonstrated good 

agreement with the experimental force-displacement curves, especially for the US position, where the error 

was just 1.08%. This level of precision highlights the model's ability to capture the complex deformation 

and failure mechanisms inherent to laser-welded joints. The successful validation of this numerical model 

provides a powerful tool for future design and optimization of laser-welded joints in PBT GF30. By 

accurately predicting joint strength and failure modes, engineers can tailor welding parameters to achieve 

desired mechanical performance and minimize the risk of premature failure. 

 

Keywords  

Joining, polymers, processing techniques, numerical model, adhesive bonding, welding, mechanical 

joining. 

1. Introduction 

It is widely known that multiple industries continuously invest in advanced joining equipment and 

processes, aiming to optimize production and increase efficiency in their industrial processes [1]. Among 
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these, the automotive and aeronautical industries stand out, using advanced joining methods to create high 

performance, highly optimized products, combining multiple materials for their mechanical, electronic, 

thermal and structural components. [2-5]. 

Silva (2021) [6] mentions that, among the countless joining processes, laser welding has gained importance 

in multiple uses, as it provides continuous and high performing joints in an efficient and clean manner, with 

less variation in properties. Done properly, it allows to reduce stress concentrators in the joints, doing so 

with a high productivity as well as a high-quality visual finish [7-9]. 

Currently, the laser welding process has been advanced to the point that it can be used to join a wide range 

of material pairs, whether similar or dissimilar in nature [10]. In electronic applications, this process has 

multiple uses. One of this is the joining of polymeric enclosures and panels, as they have the role of storing 

electronic boards and electrical circuits, which distribute the commands to the general equipment, an 

application which demands lightness [11], tightness, electrical insulation [12] and thermal transfer 

capabilities [13]. 

According to Starzhinsky (2020) [14], Irish (2020) [15] and Silva (2021), among the advanced engineering 

polymers, Polybutylene Terephthalate (PBT) appears to be the better suited for this application, especially 

when reinforced with glass fibres, increasing its strength and durability when compared to other polymers. 

Moreover, PBT is a thermoplastic, facilitating the manufacture of complex parts and enabling joining 

through fusion based processes, such as laser welding. 

Furthermore, more detailed numerical study of joining processes has been progressing in parallel with the 

growth of experimental studies. For the laser welding case, the use of numerical modelling to achieve a 

detailed analysis of the variables of the experimental process is a key step to guide the manufacture of 

higher performing and more efficient joints, achieving this by improving the understanding of the process 

and also allowing to reduce the costs by eliminating repetitive tests and waste of raw material associated 

with exhaustive manufacturing and testing in laboratories [16] Silva (2021). 

Thus, the current paper supports this development path by presenting a procedure adequate to optimize the 

joining process by laser welding in Polybutylene Terephthalate reinforced with 30% glass fiber (PBT 

GF30), while proposing to develop a model for double fillet welded joints applied in electrical circuit 

enclosure boxes. This work provides a novel numerical model for this type of joint application from 

representative parameters of the pulsed manual Nd:Yag 1064 nm laser. 



3 
 

2. Experimental details 

The experimental component of this study involved the manufacture of laser spot welded double fillet 

welds, conducting strength tests on these joints, and performing micro and macrographic analyses to 

characterize the welded joint morphology. The characterization of the base material, PBT-GF30, necessary 

for subsequent modelling activities was based on the work of Silva (2021). 

2.1. Laser welding procedure 

The equipment used to create the welded joints in this work was a SISMA LM-D 180 (SISMA, Italy), using 

a Nd:YAG 1064 nm laser source, and with a maximum laser power of 80 W, as shown in Figure 1. 

 

Figure 1 - Nd:YAG spot laser welding machine used in this work, SISMA LM-D 180 

The parameters used for the laser welding were a lens-to-incidence-point distance of 70 mm, maintaining 

the microscope focus at this distance, a peak power of 36 W, a rectangular pulse time of 1.5 ms, with a low 

pulse frequency of 1 Hz, configuring the feed as manual spot laser welding, as shown in Figure 2. To 

achieve the laser incidence point, a visible target projected by the microscope lens of the laser was used. 

Knowing that the laser process can be conducted through conduction-limited welding or keyhole, a better 

visual analysis was sought to initiate the experimental study. The variable analyzed was the beam diameter, 

which took values of 0.5, 1.0, 1.5, and 2.0 mm, as measured using the machine's own microscope. 

 

Figure 2 - Step-by-step procedures followed for manufacturing the spot weld bead. 
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2.2. Geometry analysis of the welded double fillet lap joint  

The welded joint was created by joining two 10x40x1 mm (width x length x height) plates with an overlap 

zone (lo) in the longitudinal region of 20 mm in length (Figure 3-a). The laser beam incidence configuration 

on the joint was conducted with an inclination (β) of 45°, as shown in Figure 3-b, based on the study of 

[17] which cites the efficiency of two different absorbent base materials. The laser incidence study was 

carried out in three positions: the first position was made at the upper edge of the overlapping plate (US), 

the second position was performed in the middle of the thickness of the upper plate (MS) and the third 

position was at the interface of the two plates (DS), with welding performed on both sides of the joint, 

without the introduction of additional material, as shown in Figure 3-c. 

 

Figure 3 - Geometrical configuration of the joint. b) Inclination of the sample in relation to the laser beam and c) 

Positions of incidence of the laser on the samples. 

2.3. Macroscopic and microscopic analysis of the spot weld  

To perform the macroscopic analysis, a camera was fixed to the microscope integrated with the laser 

machine's sight, and photos of the laser welding points were taken individually, representing each incidence 

position of the laser (US, MS, and DS), for each defined beam diameter (0.5, 1.0, 1.5, and 2.0 mm). 

For microscopic analysis, used to characterize the transverse zone of the welded region, aspects such as the 

dimension the weld depth, defects such as undercut, the geometric profile of the surface, and the actual 

spacing between the plates were analyzed. For this purpose, a set of welds was made on 10x15x2 mm 

rectangles of PBT-GF30 material. Since the welding profile is small and could easily fracture during the 

sanding and polishing process, a notch was made on the surface of each rectangle, where on one side of the 

notch the edge of the material would be welded according to the pre-established parameter and on the other 

side of the notch the plates were joined with adhesive, increasing the joint strength. This allowed for a more 



5 
 

solid joint, enabling sanding of the cross-section (Figure 4). Sanding was done with water and sandpaper 

with grain sizes of 220, 320, 800, 1200, and 4000 grit. This procedure was followed by air drying of the 

sample. 

 

Figure 4 - Scheme of the procedures adopted to analyse the weld region on the optical microscopy. 

2.4. Double fillet lap joint test 

To ensure perfect load alignment during testing of double fillet lap joint test, rectangular PBT-GF30 plates, 

measuring 10 x 10 mm, were glued with cyanoacrylate to the ends of the joints, where the joint is clamped 

to the testing machine. For all tests, a universal testing machine, INSTRON® 3367, was used (Figure 5). 

This test entails a shear configuration, carried out according to the relevant standard [18]. The test was 

performed at a test speed of 1 mm/min, with three specimens for each condition. 

 

Figure 5 - Universal test machine showing double fillet lap joint under test. 
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3. Experimental results 

The experimental part of this work sought to determine the characteristics and behaviour of the joint to 

serve later as input data for the numerical simulation of double fillet lap joints, modelling their behaviour 

according to different laser incidence positions. These procedures include macroscopic analysis by 

verifying the external quality of the weld, determining the laser beam diameter that provides a consistent 

penetration and defect free joint. It also includes the results of the double fillet lap joint tests for each beam 

position and, finally, an analysis is provided of the configuration and characteristics of the weld's geometry 

section, aided by an optical microscopy analysis. 

3.1. Macroscopic analysis of the spot laser weld 

Considering that many of the laser beam parameters such as focal distance, pick power, and pulse time 

were already pre-established and with manually controlled transverse of the laser beam, a qualitative visual 

control of the weld was carried out first. Following the procedure illustrated in Figure 2, welding points 

were performed by varying the laser beam diameter and the incidence positions of the laser, forming a 3x4 

combination matrix of data points. The images of the weld points captured were taken in the order of US, 

MS, and DS positions, respectively shown in Figure 6, Figure 7 and Figure 8, ordered by the decreasing 

size of beam diameter. 

 

Figure 6 - Macrograph of the welding points for the US position, for beam diameters of 2.0, 1.5, 1.0 and 0.5 mm. 

 

Figure 7 - Macrograph of the welding points for the MS position, for beam diameters of 2.0, 1.5, 1.0 and 0.5 mm. 
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Figure 8 - Macrograph of the welding points for the DS position, for beam diameters of 2.0, 1.5, 1.0 and 0.5 mm. 

Based on the data presented in these figures, it is evident that for smaller diameters of 1 and 0.5 mm, the 

high laser energy flux is observed in the laser incidence region, with material melting through the keyhole 

method, resulting in holes being formed in the plates. In contrast, the larger diameter of 2 mm exhibits 

insufficient energy for adequate penetration, with the melting occurring via the conduction-limited welding 

method. However, the 1.5 mm diameter consistently provides ideal weld quality and appearance, regardless 

of the beam's angle of incidence, and thus appears to be the best-performing condition. 

3.2. Microscopic analysis of the spot laser weld 

For the micrographic analysis of the cross section, a weld bead was produced by applying spot welds with 

diameters of 1.5 mm, aiming to analyze the geometrical parameters and characteristics of the weld bead. 

Figure 9-a, 10-a, and 11-a indicate the weld lengths in the direction parallel and adjacent to the plate 

interfaces. Figures 9-b, 10-b, and 11-b also illustrate the overcut dimensions in the lower plates and the 

geometrical characteristic of the surface which interfaced with the laser beam, shown for the US, MS, and 

DS positions, respectively. 

 

Figure 9 - Microscopic analysis of the sample in the US position. a) Representative measurement of the weld length 

of 220.23 µm at 50x magnification. b) Representation of the final shape of the weld, showing an overcut of 28.61 µm 

at 100x magnification. 
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Figure 10 - Microscopic analysis of the sample in the MS position. a) Representative measurement of the weld length 

of 163.27 µm at 50x magnification. b) Representation of the final shape of the weld, showing an overcut of 203.21 

µm at 100x magnification. 

 

Figure 11 - Microscopic analysis of the sample in the DS position. a) Representative measurement of the weld length 

of 165.56 µm at 50x magnification. b) Representation of the final shape of the weld, showing overcut of 220.68 µm 

at 100x magnification. 

When comparing Figure 9,Figure 10Figure 11, it can be observed that the undercut length increases as the 

laser is directed closer to the interface of the plates. The curvature of the surface geometry is also more 

pronounced for the MS and DS positions. For the US surface, the weld length is greater, with a smaller 

surface curvature, since the melting process occurs more explicitly in the upper plate. 

Looking at the plate spacing, t, is represented by a weld in the US position, as shown in Figure 12. This is 

representative for all cases under analysis, since the welding process was performed with the same 

procedure, maintaining the same level of contact between the plates and the same manual pressure applied 

by the same operator. 
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Figure 12 - Microscopic analysis, showing a measurement of plate spacing. 

Figures 13-a and 13-b represent, respectively and in a quantitative manner, the weld lengths and undercut 

lengths for each welding position." 

 

Figure 13 - a) Fillet penetration length and b) undercut length for the US, MS and DS positions. 

Figure 12-a indicates a trend towards a greater weld penetration in the fillet for the US position. Looking 

at Figure 12-b, which represents the measurement of the undercut, for the US position the size of this 

parameter is smaller, when compared to the MS and DS positions. Figure 13 represents a schematic 

representation of the typical bead shapes of the welds for each welding position 

 

Figure 14 - Qualitative comparison of weld bead characteristics for the US, MS and DS positions. 
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Figure 14 demonstrates that, for the US, MS, and DS positions in the US, a decrease in the radius of 

curvature leads to a geometrically driven increase in the stress concentration factor. This observation aligns 

well with the findings of [19]. 

3.3. Double fillet lap joint test  

Figure 15 provides a representative illustration of the typical load-displacement response of the weld for 

each analyzed configuration. It also provides a summary of the average failure loads obtained for each 

condition. 

 

Figure 15 – Representative load-displacement curves for the different welding positions: US, DS and DS. 

The results show that while all joints exhibit similar stiffness, the US position clearly corresponds to greater 

joint strength and displacement at failure. This can be attributed to the greater level of penetration achieved 

and, consequently, lower stress concentration achieved in this joint.  

4. Numerical details  

To analyse the performance of the different double fillet lap joints configurations, models were developed 

for each of the potential positions of the double fillet lap joint under analysis, including elastoplastic 

material behaviour and damage mechanics from the ductile damage model. Such models can account for 

the effects of different process parameters and variation of geometric parameters to increase the strength of 

the joints.  
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4.1. Elastoplastic and ductile damage model 

Lemaitre and Bouktir et al. [20, 21] proposed an elastoplastic model with ductile damage, based on the 

concept of the continuous damage mechanism (CDM), accounting for the laws of plastic behaviour. 

Damage is introduced through isotropic scalar degradation of elastic properties. With this, the constitutive 

equation of the effective stress of the undamaged 𝝈ഥ derived from the Cauchy stress tensor, 𝝈 , Equation 1, 

is thus formulated by: 

𝝈ഥ =
𝝈

1 − 𝑑
 (1) 

  

The scalar damage variable 𝑑, varying from 0 to 1 (with 𝑑 = 0 for an undamaged material, and 𝑑 = 1 for a 

fully damaged material), and is defined by the following relationship by Equation 2. The variable 𝑆ௗ is the 

surface of defects (cavities and cracks), 𝑆௘௙௙ denotes the effective surface (undamaged surface), and 𝑆 is 

the total surface. 

𝑑 =
𝑆ௗ

𝑆
= 1 −

𝑆௘௙௙

𝑆
 

(2) 

  

As Pirondi (2003) [22] and also Sadhinoch (2017) [23]described the effect of damage on elastic 

deformation is characterized by addressing the fact that potential plastic deformation and damage can be 

separated. In this way, the set of constitutive equations for the damaged material can be written as shown 

in Equations 3, 4, 5, 6 and 7, which represent, respectively, the effective elastic deformation tensor 𝜀௜௝
௘ ,, the 

plastic deformation tensor 𝜀௜௝
௣   where 𝐹௣ and the variables 𝑠௜௝  and 𝑋′௜௝   are deviatoric components of the 

stress and kinematic hardening tensor, 𝑓 ൬
ఙ೘

ఙ೐೜
൰ is the triaxility stress formed by the hydrostatic stress 𝜎௠ 

and equivalent stress 𝜎௘௤ , the accumulated strain rate 𝑟̇, leading to 𝑅 stress due to isotropic hardening and 

the plastic multiplier λ, finally the damage based on the displacement 𝑢̇௣. 

𝜀௜௝
௘ =

1 + ν

𝐸

𝜎௜௝

1 − 𝑑
−

ν

𝐸

𝜎௞௞

1 − 𝑑
𝛿௜௝ 

(3) 

  

𝜀௜௝
௣

= 𝜆̇
𝜕𝐹௣

𝜕𝜎௜௝

=
3

2
𝜆̇

(𝑠௜௝ − 𝑋′௜௝)

𝜎௘௤

 
(4) 

 

𝑓 ቆ
𝜎௠

𝜎௘௤

ቇ  =
2

3
(1 + ν) + 3(1 − 2ν) ቆ

𝜎௠

𝜎௘௤

ቇ

ଶ

 
(5) 
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𝑟̇ = −𝜆̇
𝜕𝐹௣

𝜕𝑅
= 𝜆̇ = 𝑝(1 − 𝑑)̇  

(6) 

 

𝑢̇௣ = 𝐿𝜀௜௝
௣  (7) 

 

4.2. Double fillet lap joint test 

To validate the joint behaviour, a 2D model was created, using the Dynamics Explicit model, in an 

elastoplastic configuration with a ductile damage model. The step was configured with a time period of 0.2 

seconds, allowing for geometric nonlinearity of the system. The integration was based on a time scale factor 

of 1 second, with a scale factor of 10000 and target time increment of 10-10 seconds. 

4.2.1. Model geometry 

The geometry was based on the measurements in Figure 3-a, with length, width and height of 40 mm, 10 

mm and 1 mm respectively. The plates were overlapped by a length of 20 mm. The separation between the 

samples was 5.35 µm. A friction coefficient of 0.2 [24]was used to set the contact interaction between the 

plates. Figure 16 shows a macro representation of the configuration of the plates, illustrating the 

overlapping region in general and the boundary conditions. An encastre was applied on the left side of the 

joint and a displacement was imposed on the left side, of 0.2 mm in the x direction. 

 

Figure 16 – Illustration of a joint model (US), used as a representative joint, showing the boundary conditions. 

Figure 17-a, Figure 17-b and Figure 17-c illustrate the geometry of the fillet region (weld) and the base 

material for the US, MS and DS positions, respectively. 

 

Figure 17 – Material partition, showing weld and base material in the a) US model, b) MS model and c) DS model. 
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The meshing process considers a 0.01 mm element size in the weld region and 0.1 mm in the base material. 

The model employed a plane stress condition, modelled using the CPS4R element. 

4.2.2. Material properties 

The physical and mechanical properties of the PBT GF30 material used in the simulation were based on 

the study carried out by Silva (2021). Table 1 shows the physical and mechanical properties of the material, 

such as densities, moduli of elasticity, Poisson's ratio and stress-strain plastic zone for the purely 

elastoplastic simulation. For the elastoplastic simulation together with the damage, Table 2 shows the 

failure deformations, triaxialities, deformation rates and displacements up to failure for the implementation 

of ductile damage. Finally, Figure 17 illustrates the stress and strain curves in the plastic regions of the 

materials, detailing the characteristics of PBT GF 30 in three different states: “As received”, “Treated at 

225ºC”, “Treated at 237ºC” and “Treated at 257ºC”. 

Table  1 - Physical and mechanical properties of PBT GF30  

Material 
Density 
[g/cm3] 

Young's Modulus 
[MPa] 

Poisson 
Ratio 

 
As received 1.31 8398 0.45  

Treated at 225°C 1.31 5317 0.42  

Treated at 237°C 1.31 5183 0.42  

Treated at 257°C 1.31 4826 0.42  

Table  2 - Properties of the PBT GF30 material for the implementation of ductile damage. 

Material 
Fracture Strain 

[mm/mm] 
Stress 

Triaxiality  
Strain rate 

[s-1] 
Displacemnt at 
Failure [mm] 

 
As Received 0.011492123 -0.33 0 0.001  

Treated at 225°C 0.006559261 -0.33 0 0.001  

Treated at 237°C 0.003570756 -0.33 0 0.0007  

Treated at 257°C 0.000821712 -0.33 0 0.0007  
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Figure 18 – Experimental curves representing the plastic region of PBT GF 30. Adapted from []. 
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5. Numerical results  

For model validation, a simulation was conducted for three positions: US, MS, and DS. Initially, the 

numerical results for the double fillet lap joint model are treated in a purely elastoplastic manner, 

encompassing all combinations of base material and weld pairs. Finally, the model is followed by the 

implementation of ductile damage, represented by the scheme shown in  

Figure 19. 

Figure 19  

Figure 19 – Diagram of the general matrix of simulations describing the position, base material, fillet weld, models 

and reference. 
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5.1. Double fillet lap joint test – Elastoplastic model 

Figure 20 shows the load-displacement curves for the material pairs (base material-weld) in the purely 

elastoplastic model for the US position, comparing this data with experimental results. 

 

Figure 20 – Comparison of elastoplastic model results, for the US position, between different materials joints pairs 

and experimental results. 

Figure 21 shows load-displacement curves for the material pairs (base material-weld) in the purely 

elastoplastic model for the MS position, again comparing it with the experimentally obtained curves. 

 

 

Figure 21 – Comparison of elastoplastic model results, for the MS position, between different materials joints pairs 

and experimental results. 
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Figure 22 shows the stress-strain curves for different combinations of base material and weld metal, 

assuming a perfectly elastoplastic material behaviour at the DS location 

 

Figure 22 – Comparison of elastoplastic model results, to DS position, between different materials joints pairs and 

experimental results. 

In Figure 20, Figure 21 and Figure 22, it is observed that for the elastoplastic model, for all pairs of base 

material and weld, the numerical strength is above the forces measured in the experiments, something which 

is also observed for all positions. However, the slope of the curves, in the initial regions, maintains 

convergence. In general, it is observed that the maximum force recorded in the simulation curves in the pair 

of materials (base material and weld) compared to the experimental curves is about four times greater. 

It can also be analysed that in Figure 20 there is a small difference from the curves shown in Figure 21 and 

Figure 22, especially in the region where maximum load is attained. For Figure 20, there is a convergence 

of softening with the friction of the contact between the plates, characterizing a peak in the maximum force 

zone. However, for the curves of Figure 21 and Figure 22, there is a characteristic plateau accompanied by 

a peak located to the right of the plateau, corresponding maximum stress of the weld material, followed by 

softening of the same. This process also accounts for the contact between the plates, with a slight increase 

in force due to friction, followed with the decrease in force, due to the softening of the material. 

For the comparison of the stress fields in the region adjacent to the weld in the base material and in the 

weld before softening, considering the maximum allowable stress, Figure 23-a, 23-b, and 23-c are presented 

for the positions US, MS, and DS respectively. 
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Figure 23 – Stress field of fillet weld joint in US, MS and DS models. a) Macro stress field – Von Misses US 

position. b) Macro stress field – Von Misses MS position. c) Macro stress field – Von Misses DS position. 

As illustrated in Figure 23, it is evident that there is more extensive plastic development in the US model, 

reaching a maximum stress higher than the MS and DS positions. There is a higher stress concentration in 

the lower region of the weld for the MS and DS positions. To better characterize the weld stress 

concentration, Figure 24 details the Von Mises stress distribution curve in a horizontal path along the weld, 

adjacent to the plate surfaces. 

 

Figure 24 – Von Mises's stress distribution through weld fillet path. 

The results show the contrast between the stress generated within the US model and the MS and DS models, 

illustrating a maximum stress before elastoplastic decay. The MS and DS models show similar 

characteristics, reaching a peak stress which is lower but more concentrated along the path. 

5.2. Double fillet lap joint test – ductile damage model 

Considering that for both pairs of materials, in each position US, MS, and DS, the curves of the elastoplastic 

models attained a higher strength than the forces of the experimental curves, the elastoplastic model is not 
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sufficient for validation. Therefore, ductile damage was added to the elastoplastic model, which was 

simulated only for the pair of base material as PBT-GF30 “As received” and the weld with PBT-GF30 

“Treated at 257ºC”, using the parameters in Table 2. 

To smooth the noise oscillation caused by the dynamic explicit model, as cited by [25], a Butterworth filter 

was used with a cutoff correction frequency of 40 Hz, with the same condition being used for all ductile 

damage simulations. The curves in Figure 25 below show the comparison of the numerical model with 

ductile damage and the experimental curves for the US position. 

 

Figure 25 – Comparison of the performance of the elastoplastic model with ductile damage results for PBT-GF30 

material treated at 257ºC, base material with PBT-GF30 against experimental results, for US position. 

Even though a strain gauge wasn't used to verify displacement, the simulation curve in Figure 25 maintains 

a similar displacement. There's a slight variation in stiffness in the intermediate zone of the curve, slightly 

altered by the Butterworth filter. The average joint strength with the standard deviation of the experimental 

curves is 50.82 ± 2.07 N. The maximum force value from the simulation is 51.37 N, which falls within the 

standard deviation, providing just 1.08% of error above the average. 

In line to what is shown in Figure 25, Figure 26 and Figure 27, respectively, show the comparison of the 

numerical model with ductile damage to the experimental curves for positions MS and DS. 
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Figure 26 – Comparison of the performance of the elastoplastic model with ductile damage results for PBT-GF30 

material treated at 257ºC, base material with PBT-GF30 against experimental results, for MS position. 

 

 

Figure 27 – Comparison of the performance of the elastoplastic model with ductile damage results for PBT-GF30 

material treated at 257ºC, base material with PBT-GF30 against experimental results, for DS position. 

For Figure 26, under identical simulation conditions as used for the US position, the simulated displacement 

representation deviates slightly from the US position's accuracy. Nonetheless, considering the mean and 

standard deviation of the experimental resistance forces (39.94 ± 2.30 N), the model error remains relatively 

low at approximately 6.43%. Figure 27 exhibits a similar convergence between the model curve and 

experimental results, especially at the DS position. Here, the numerical simulation resistance force aligns 

closely with the experimental value of 39.17 ± 7.99 N, resulting in a minimal error of 0.12%.  
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Overall, the numerical model's elastoplastic simulation with ductile damage validation corroborates the 

experimental procedure for all three welding positions. 

6. Conclusions 

This work provides a systematic analysis of the effect of different parameters in laser welded joints of PBT-

GF30 material, supported by the development of damage models able to reproduce the failure processes. 

Within the analysed laser parameters, post-manual welding, laser diameter emerges as a critical factor. A 

small diameter can lead to material perforation, while a large diameter compromises bonding between 

plates due to reduced energy density. For fillet joints, the laser incidence point significantly impacts weld 

strength. The US position, targeting the upper plate's edge, offers multiple advantages. For example, by 

reducing the undercut on the fillet surface and stress concentration, this position promotes increased weld 

strength. The elastoplastic numerical model accurately simulates the elastic region. However, the maximum 

forces predicted for various material combinations (As received and treated at 257°C) exceed experimental 

averages. This discrepancy necessitated the incorporation of damage modelling to refine the simulation. 

The introduction of ductile damage significantly improved convergence for both analysed models. While 

both models converge, the US model exhibits superior convergence in terms of force prediction. Ultimately, 

to optimize welding parameters and further enhance simulation accuracy, future research is essential. A 

promising approach might involves incorporating a gradual variation of weld properties along the fillet 

length, more realistic reflecting the variation in material behaviour stemming from the interaction of the 

material with the laser light.   
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Experimental and numerical study for the optimization of process 
parameters in laser welded and adhesively bonded PBT GF30 fillet 
joints 

Luiz RR Silva, Eduardo AS Marques, Ricardo JC Carbas, Lucas FM da Silva 

 

 

 

 

ABSTRACT   With the advancement of technological processes and the application of fibre-reinforced polymer 
matrices in elements of vehicles, there has been a demand for the optimization of productivity, enhancing automation, 
reduction in process time and increasing the quality of part joining, allowing to manufacture high performance 
protective enclosures for electrical circuits. In this context, the laser welding process has gained importance especially 
when the polymer matrix is thermoplastic. On the other hand, adhesive bonding also has a wide application in this 
market, although it often harder to automate and requires a longer time for the curing of the process, which can reduce 
productivity. This work aims to study and optimize the laser welding parameters in overlapped joints of PBT GF30, 
joined by fillets at the ends performed through manual laser spot welding, to experimentally compare with joints with 
similar geometries joined by adhesive joints, validated by numerical models for the experimental conditions. The 
model identified the most effective parameters and was found to replicate the experimental results with a high degree 
of accuracy. 
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1 Introduction 

 

For decades, the automotive industry has been updating its components and designs, selecting materials with 

high rigidity and weight reduction, while exploring new manufacturing processes, aimed at increased productivity. [1-

3]. This process goes hand in hand with advances in new materials, especially when it comes to thermoplastic 

polymeric matrices, which are often reinforced with fibres. In the automotive industry, these are often applied to 

headlights, panels, protective casings for electronic peripherals, coatings, etc. [4, 5]. There are multiple manufacturing 

processes available for joining these types of components, which can be used by themselves, or in conjunction with 

others, then characterised as hybrids [6]. However, most research shows that, accounting for the automation of 

processes, the homogeneity of properties in the joint without the need for extra elements and the speed with which the 

process is carried out, laser welding is a great option. [7-11]. As it is still a recent manufacturing process compared to 

other processes, it is often costly. However, because it is also being used in applications other than manufacturing, 

this limitation has been reduced in recent years[11], and laser welding is found mainly in applications in the automotive 

and aeronautics industries, as well as in the biomedical and electronics fields. [7, 12]. When it comes to applying the 

laser welding process to polymeric materials, its application is more restricted to thermoplastic matrices, often with 

the addition of reinforcing fibres [13]. For materials with high absorption of light, joints are restricted to the surface 

of laser incidence, while for transmissive materials, since there is the possibility of applying an absorption film at the 

interface of the materials, the range of joints is extended. [14]. Amanat et al (2010) [15] studied the optimisation of 

laser welding parameters on PEEK, pointing out that at lower speeds, i.e. between 4 and 8 mm/s, the joint strength is 

more effective. Jones (2002) [14]. cites that for polyethylene, in a study on thin plates of 0.1 mm, a high speed of 

around 100 m/min is required. However, this parameter depends on the polymer and the thickness to be welded. Kim 

et al (2009) [16], Volpe et al (2015) [17] and Klotzbuecher et al (2006) [18] studied the analysis of the parameters in 

the joint welding of a PMMA pair, optimising the parameters, making the union between pure materials effective. 

Kim et al. (2013) [19] also demonstrated the possibility of welding different polymers together, as in the case of 

joining polypropylene and polycarbonate. Visco et al (2018) [20] and Galtieri et al (2016) [21] also demonstrated the 

optimisation of polyethylene with the addition of carbon particles, increasing weldability, raising resistance to a weight 

of up to 1% of particles. PBT is seen as a high-strength polymer with a low relative cost, as well as thermal and optical 

properties with great performance, according to Antic et al. (2011). [22], mainly with the addition of fibre 

reinforcement, its application has been extensive in the automotive sector [23-27]. Generally speaking, Klein (2012) 

[28] reported on the compatibility of PBT in the laser welding process with other thermoplastics. Furthermore, 

Okuizumi et al. (2011) [29] proved that the weldability of PBT joints applied to electrical housings is efficient. For 

this application, a PBT with high transmissivity and a PBT with high absorption are used in which the joint is made 

at the contact interface. Wang et al. (2016) [30] carried out a study on dissimilar PBT joints with PMMA, in which 

even though small bubbles appeared, the weld was effective. They point out that the study of clamping pressure is 

very important. Laser welding can also be carried out on fibre-reinforced polymers, but due to the high absorption of 

energy, the practical geometry is restricted to a framework of specific joints, where the joining takes place on the 

surface where the laser hits. Berger et al. [31] has shown this effect for the 35% glass fibre-reinforced PA6.6 used in 
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solenoid valve housings. When it comes to adhesive bonding, its application has been widespread in all industrial 

sectors. However, the automation of this process is complex, since each adhesive has its own specific characteristics 

for use, be it curing time, the temperature of the application medium, or the influence of contact pressure. [32]. 

However, it still has features advantages over the laser welding process due to its low cost, low stress concentration 

and high fatigue life [6, 33]. Its characteristics have been studied extensively, using multiple numerical modelling 

approaches, allowing joint performance to be reproduced and costs reduced once it has been validated before it makes 

its way to real joints. [34, 35]. As a result, there has been an increase in the analysis of more complex shapes, even 

studying the implementation of adhesives and their characteristics. The aim of the current work, based on an industrial 

demand, is to experimentally study the application of laser welding to joints made of Polybutylene Terephthalate 

reinforced with 30% glass fibre by weight (PBT GF30), overlapped and joined at the ends by fillet, with a view to 

optimising the static parameters and comparing the process with adhesive joints in similar joints, both numerically 

and experimentally. This work provides a methodology to optimize and fine tune the process parameters of complex 

bonded-welded joints, for thermoplastic composite components. 

2 Experimental procedure 

2.1 Laser welding 

 

In order to study the process variables and optimise its parameters, analyses were started based on two main 

conditions. The first condition was the angle of inclination of the laser in question on the joint, which was taken from 

the study by Berguer et al. (2015) [36] which states that for a fillet joint the optimum angle is 45º. The second condition 

was used to define the location of the laser incidence on the joint, because as studied by the authors, the best position 

is when the laser is incident on the upper edge of the welded joint, as shown in Figure 1. 

 

 

Fig.  1 - Scheme of sample inclination angle, showing the laser beam and the laser incidence positions on the 

samples. 
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The machine used in the process to make the welded joint was a SISMA LM-D 180, with a Nd:Yag 1064 nm 

laser, and an average laser power of 80 W, shown in Erro! A origem da referência não foi encontrada.Erro! A 

origem da referência não foi encontrada.. 

 

Fig.  2 - Spot laser welding machine. 

In accordance with the recommendations of the laser welding equipment manufacturer, the baseline 

configuration for laser welding was a focal length of the lens to the incidence point of 70 mm, and a power level in 

the range of 24 W to 80 W. A rectangular pulse was used, with the time interval between 0.5 and 3.5 ms with a laser 

beam diameter between 1.3 and 1.9 mm, with a base frequency of 1 Hz. To generalise the study, tests were carried out 

at three different inclinations (β), 30º, 45º and 60º. This was implemented as a manual spot laser welding procedure, 

as shown in Figure 3. 

 

Fig.  3 - Step-by-step procedures used for the determining the advance on the spot weld bead. 

2.1.1 Joint configuration and testing procedures 
 

A microscopic analysis was carried out to characterize a transverse section of the welded region, allowing to 

determine the penetration of the weld, the geometric profile of the surface and the actual spacing between the plates. 

For this analysis, laser welding was performed experimentally on 10x15x2 mm samples of PBT-GF30 material. Since 

the welding profile is small and may fracture with the large loads encountered during the grinding and polishing 

process, a notch was made in the surface of each rectangle, where on one side of the notch the material would be 

welded according to the pre-established parameters and on the other side of the notch the plates were joined with a 

supporting adhesive, increasing the resistance of the joint and allowing for easier sanding of the cross section, as 

shown in Fig.  4 - - Scheme of the procedures used for the analysis of the welded region with optical microscopy. 
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. The sanding process was carried out was done with emery paper of 220, 320, 800, 1200 and 4000 grain 

sizes and in water. After the grinding process was complete, the specimens were dried and analysed with an optical 

microscope (Carl Zeiss El-Einsatz HAL 100). 

 

 
Fig.  4 - - Scheme of the procedures used for the analysis of the welded region with optical microscopy. 

 

The PBT GF 30 thermoplastic used in this work is a commercial product. The specimens were made from 

square plates measuring 80 x 80 x 1 mm, both produced by injection moulding using PBT pellets with undirected 

glass fibres as the raw material, forming a matrix of PBT and reinforced with 30% of glass fibres in weight with 

homogeneous characteristic properties, regardless of direction, supplied by BASF (Ludwigshafen, Germany). Its 

Poisson coefficient is 0.45 [37]. Based on the format supplied by the company, sections were made in the boards to 

make the rectangular samples for the formation of the 60 x 10 mm long and wide joints, which were positioned along 

their length with a 20 mm overlap, welding only at the ends of the joint, of the fillet type as shown in Figure 5. 

 
Fig.  5 - - Scheme of double single lap joint configuration, joined by laser welding. 

Testing of the welded joints was carried out in an INSTRON® (Norwood, Massachusetts, USA) 3367 universal 

testing machine, as shown in Figure 6. In order to linearise the force in the shear zone in the double fillet lap joint test, 

rectangular PBT-GF30 plates measuring 10 x 10 mm were glued to the ends of the joints, in the area where the test 

machine's clamp is attached.  The test was based on the shear standard [38], using a speed of 1 mm/min, carrying out 

three tests in each pre-set condition. 
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Fig.  6 - - Universal machine test showing the double fillet lap joint in test. 

2.2 Adhesive bonding 

2.2.1 Characterization of adhesive properties 
 

A one component silicone adhesive was used in this work. For the mechanical characterisation of this 

silicone, two main tests were carried out, one for the characterisation of the ultimate normal stress based on ISO BS 

2782 [39] and another for the ultimate shear stress based on ISO 11003-2:1993 [40], both properties being necessary 

for the application of the numerical simulation approach, presented later in this document. 

2.2.2 Single lap joint configurations and manufacturing procedures 
 

In order to allow for a comparison between the two different joining processes, two configurations of adhesive 

joints were designed this purpose. The first configuration, as shown in Fig.  7 - Adhesive joint geometry with low 

thickness (0.05 mm). b) Adhesive joint geometry with reference thickness (1 mm). 

-a, includes a free space between the plates of the substrate and has an adhesive layer thickness of 0.05 mm, 

a value which is consistent with the minimal gap introduced during compared with the thickness used in the laser 

welding. The second configuration, shown in Fig.  7 - Adhesive joint geometry with low thickness (0.05 mm). b) 

Adhesive joint geometry with reference thickness (1 mm). 

-b, used a thickness of 1 mm, which is often reported to be the optimal thickness for obtaining maximum 

performance with a silicone adhesive [41]. For both configurations, the overlap length can be adjusted to ensure 

mechanical performance which is consistent with that of the laser welded joint. 



7 
 

 

Fig.  7 - Adhesive joint geometry with low thickness (0.05 mm). b) Adhesive joint geometry with reference 
thickness (1 mm). 

The adhesive joints were manufactured with the assistance of rubber frames which included rectangular 

notches of 10 x 60 mm that allowed to manufacture three joints in each desired condition, as shown in Fig.  8 - a) 

Rubber frame configuration. b) Adhesive joint configuration with low thickness. c) Adhesive joint configuration with 

reference thickness. 

-a. To maintain parallelism, the rubber frames were assembled between thick aluminium plates. The curing 

process was assisted by a hot plate press, set to a pressure of 300 bar and a temperature of 120ºC for 25 minutes. After 

the curing process was completed, the specimens were allowed to cool down naturally until room temperature was 

reached. To control the spacing between the plates, a 0.05 mm Kapton tape was used for the first configuration (Fig.  

8 - a) Rubber frame configuration. b) Adhesive joint configuration with low thickness. c) Adhesive joint configuration 

with reference thickness. 

-b), whereas a 1 mm thick rubber tape was used (Fig.  8 - a) Rubber frame configuration. b) Adhesive joint 

configuration with low thickness. c) Adhesive joint configuration with reference thickness. 

-c) for the thicker joints. For both configurations, 1 mm stainless steel tapes were used as spacers to 

compensate for joint thickness. 
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Fig.  8 - a) Rubber frame configuration. b) Adhesive joint configuration with low thickness. c) Adhesive joint 
configuration with reference thickness. 

All bonded joints were tested using the same procedures as described for the welded joints. 

3 Experimental results 

3.1 Laser welding bonding 

 

Once a baseline analysis was completed, it was possible to expand the range of parameters under analysis 

beyond the laser incidence point and the beam diameter. The initial parameters for testing consisted in a pulse time of 

1.5 ms, laser beam diameter of 1.5 mm and manually controlled pulse frequency. Erro! A origem da referência não 

foi encontrada. demonstrates that peak strength is achieved for a 45° inclination, being proportional to the average 

power. 
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Fig.  9 - Results of the failure load in relation to the angle of incidence and average power. 

These results are consistent with those obtained by Berger (2015) [187], which state that for a fillet type of 

joint the 45º angle leads to a higher joint strength. Comparing angles of incidence between 30º and 60º, one can see 

that low power levels appear to favour the 30º angle while higher power levels work better with 60º angles.  Overall, 

these results suggest that the higher the beam power, the stronger is the resultant joint, considering a configuration 

where the laser beam diameter and the pulse duration are fixed at 1.5 mm and 1.5 ms. It was then possible to return to 

a study of the laser beam diameter, fixing the incidence position and the incidence angle (at 45º) but varying the power 

level. The resulting specimens were tensile tested, and the results are shown in Fig.  10 - Failure load study for 45º 

angles, with pulse time fixed in 1.5 ms varying the average power and the laser beam diameter. 

. 
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Fig.  10 - Failure load study for 45º angles, with pulse time fixed in 1.5 ms varying the average power and the 
laser beam diameter. 

From this analysis, it was clear that the laser beam with 1.5 mm of diameter has the best performance, 

providing results which are very consistent, even with varied power levels. Furthermore, it was also possible to observe 

that the samples with 1.3 diameter suffered excessive penetration for the 72W and 80W power, exhibiting holes, as 

shown in Fig.  11 - Representative sample of the excess power degradation, pointing to the perforation of the PBT-

GF30 plate. 

. 

 

Fig.  11 - Representative sample of the excess power degradation, pointing to the perforation of the PBT-GF30 
plate. 
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Calculating the minimal power density (p) from the minimal power (P) and the beam area (A) (Equation 1) 

one can define the power density boundaries that lead to material degradation, which for the case under analysis was 

found to be 53 W.mm-2. 

𝑃𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑝) =
𝑃

𝐴
 (1) 

 

Using this data, it becomes possible to create a two-dimensional plot, establishing a relationship between the 

failure load of the joints, beam power and the diameter of the laser beam, while defining the boundaries that lead to 

excessive degradation of the base materials. This plot is shown in Fig.  12 - Failure load map for 45º angles varying 

the average power and the laser beam diameter. 

. 

 

Fig.  12 - Failure load map for 45º angles varying the average power and the laser beam diameter. 

In an analogous form, one can seek the ideal pulse width time by fixing the laser beam diameter to 1.5 mm 

and incident angle of 45º. The pulse time was then varied (0.5, 1.5, 2.5 and 3.5 ms) and three different power levels 

being considered (64, 72 and 80 W). 
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Fig.  13 - Failure load study for 45º angles, with the optimized laser beam diameter in 1.5 mm varying the 
average power and the pulse time. 

As shown in Fig.  13 - Failure load study for 45º angles, with the optimized laser beam diameter in 1.5 mm 

varying the average power and the pulse time. 

 the best joint performance was found for 1.5 ms of pulse time. In line to what occurred during the laser 

diameter optimization process, excessive degradation was found for the longest pulse diameter, independently of the 

power level. Considering the minimal power density flux (p )̇ that degrades the material as being the result of the 

multiplication of the minimum power density (p) by the minimal pulse time (𝑡௣), stated in Equation 2, one can 

determine a boundary value of 0.13 J.mm-2. 

 

𝑃𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑓𝑙𝑢𝑥 (𝑝̇) = 𝑝. 𝑡௣ (2) 

 

According to this data, one can again design a chart (Fig.  14 - Failure load map for 45° angles, varying the 

average power and time of the laser pulse. 

) which provides information on the dependency of the joint performance with the laser pulse time and the 

overall power, while defining a clear boundary for excessive material degradation.  



13 
 

 
Fig.  14 - Failure load map for 45° angles, varying the average power and time of the laser pulse. 

This chart indicates that optimal joint performance is attained with an inclination of 45º and a laser beam 

with 1.5 mm of diameter, a pulse time of 1.5 ms and a power of 64W. Such configuration results in the joint 

morphology shown in the micrograph of Fig.  15 - Microscopy analysis with the measurement of weld length and the 

thickness at the approximation 100x magnification. 

, where the length of the welded area is of 0.306 mm and the gap between the substrates of 6.25x10-3 mm. 

 

Fig.  15 - Microscopy analysis with the measurement of weld length and the thickness at the approximation 100x 
magnification. 

3.2 Adhesive bonding 

3.2.1  Mechanical characterization of the adhesive 
 

A microscopic analysis was carried out to characterize a transverse section of the welded region, allowing to 

determine the penetration of the weld, the geometric profile of the surface and the actual spacing between the plates.  

For this analysis, laser welding was performed experimentally on 10x15x2 mm samples of PBT-GF30 

material. Since the welding profile is small and may fracture with the large loads encountered during the grinding and 
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polishing process, a notch was made in the surface of each rectangle, where on one side of the notch the material 

would be welded according to the pre-established parameters and on the other side of the notch the plates were joined 

with a supporting adhesive, increasing the resistance of the joint and allowing for easier sanding of the cross section, 

as shown in Fig.  4 - - Scheme of the procedures used for the analysis of the welded region with optical microscopy. 

. The sanding process was carried out was done with emery paper of 220, 320, 800, 1200 and 4000 grain 

sizes and in water. After the grinding process was complete, the specimens were dried and analysed with an optical 

microscope (Carl Zeiss El-Einsatz HAL 100). The tensile and shear behaviour of the silicone adhesive is illustrated in 

Figure 16 and Figure 17, respectively, by the curves representing the tensile test and the shear test. For the tensile test, 

the maximum stress value is 3.40 ± 0.10 MPa. For the shear test, the value is 2.78 ± 0.01 MPa. 

 

 

Fig.  16 - Representative force-displacement curve for the shear test. 

 

Fig.  17 - Representative force-displacement curve for the tensile test. 
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3.2.2 Single lap joint results 
 

To provide a comparison between the optimal laser welded configuration, the two adhesive joint 

configurations under study were tensile tested to determine their mechanical performance and its fracture mechanism. 

The fracture surfaces of the first configuration (with 0.05 mm of adhesive thickness and 1 mm of overlap) are shown 

in Fig.  18 - Double fillet adhesive fracture surfaces  

. These results indicate that the failure mode is of mixed nature. 

 

Fig.  18 - Double fillet adhesive fracture surfaces  

 

The fracture surfaces of the second configuration (with 1 mm of adhesive thickness with 2 mm of overlap) 

are shown in Figure 19. These results indicate that the failure mode is mostly cohesive in nature, although voids are 

easily seen. These voids also appear to have been the starting points for crack propagation and demonstrate the 

difficulty in ensuring that large adhesive layer thicknesses are defect free. 
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Fig.  19 - Double fillet cohesive fracture. with fracture comparison side by side showing cohesive fracture. 

The load-displacement curves resulting from the tensile test of the two adhesively bonded configurations are shown 

in Fig.  20 - Experimental curves of the single lap joint by adhesive bonding obtained in the first attempt with 0.05 

mm thickness. 

 and Fig.  21 - Experimental curves of the single lap joint by adhesive bonding obtained in the first attempt with 1 

mm thickness. 

 

 

 

Fig.  20 - Experimental curves of the single lap joint by adhesive bonding obtained in the first attempt with 0.05 
mm thickness. 
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Fig.  21 - Experimental curves of the single lap joint by adhesive bonding obtained in the first attempt with 1 mm 
thickness. 

Fig.  22 - Comparison between the maximum load obtained in the joint processes, adhesive joint and 

spot laser welding. 

 compares the maximum load supported with these two adhesively bonded configurations and compares it 

with the maximum load supported by a joint created with the optimal laser welded configuration.  

 

Fig.  22 - Comparison between the maximum load obtained in the joint processes, adhesive joint and 
spot laser welding. 

These results indicate that the adhesive joint provides higher strength for the lowest adhesive thickness, 

following the results reported by Chéron 1998 [42], although the difference is not very significant. At this stage, it 
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also clear that the laser welded joint configuration under study has a similar performance to the bonded joint 

configurations, and thus all these joints are, at least in strength, suitable for the intended application. 

4 Numerical procedure 
4.1 Adhesive bonding 

 

The aim of the numerical simulation of the adhesive joint is to validate the model based on the properties 

characterised using the mechanical characterisation tests of the silicone adhesive. A complex model, using hyperlastic 

considerations was employed for this purpose. 

4.1.1 Hyperelastic model 
 

Based on the principle of hyperelasticity theory, it is necessary to analyse and validate the constitutive laws 

applied to the Abaqus finite element model for silicone. As Simon et al. (2022) [43] and Dias et al. (2014) [44] stated, 

the hyperelastic laws available for this case in ABAQUS are shown in Fig.  23 – Map of the hyperelastic constitutive 

laws available. 

. 

 

Fig.  23 – Map of the hyperelastic constitutive laws available. 

As pointed out by Mavrodontis (2017) [45], the general equation for hyperelastic modelling is based on 

Equation 3, which identifies the deformation potential energy (U). The first deviatoric part depends on the invariant 

term (I), according to Equation 4, and the second part is volumetric. 
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1
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ே
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ଶ              and        𝐼ଶ̅ = λଵ

ିଶ
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ିଶ
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In each constitutive law shown in Fig.  23 – Map of the hyperelastic constitutive laws available. 

, there is a model of the invariant term, i.e. for each type of experiment, be it uniaxial, planar, equibiaxial or 

volumetric. However, based on the uniaxial traction experimental analysis, the main extension functions can be given 

by Equation 5. 

                              λଵ = 𝜀௨ + 1             and        λଶ = λଷ =
ଵ

ඥఌೠାଵ
                 (5) 

 

Knowing that the term 𝜀௨ refers to the nominal principal deformation. 

4.1.2 Cohesive zone modelling (CZM) 
 

Knowing that failure fracture follows a non-linear behaviour, the cohesive model is often employed in these cases, 

especially when it comes to adhesive joints. As a result, it allows for the application of damage, which is simpler 

depending on the need for few variables, especially when it comes to the experimental tests carried out to characterise 

silicone adhesives. The CZM model reproduces the separation of surfaces, following a triangular relation between 

stress and displacement. The traction increases to its maximum value (maximum stress of the material) and continues 

to decrease until it is cancelled, based on the Fig.  24 – Damage process using a triangular cohesive zone model in 

single lap joint. 

. 
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Fig.  24 – Damage process using a triangular cohesive zone model in single lap joint. 

4.1.3  Damage model -  Quadratic nominal stress (QUADS)  
 

As shown in Fig.  24 – Damage process using a triangular cohesive zone model in single lap joint. 

, damage after the elastic phase can be reproduce using various models, however, the quadratic normal stress 

model directly satisfies the approach to the two experiments performed, proposing the two main directions, either 

normal or shear according to the Fig.  25 – Traction separation law for multiple modes. 

 

.  

 

Fig.  25 – Traction separation law for multiple modes. 
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Based on the relationship between the normal principal stress Tூ,௖ and the shear stresses, especially in the 

simplification where the sliding and tearing shear stresses are equal Tூூ,௖ = Tூூூ,௖, the damage model can be represented 

by Equation 6.   

ቆ
Tூ

Tூ,௖
ቇ

ଶ

= ቆ
Tூூ

Tூூ,௖
ቇ

ଶ

= ቆ
Tூூூ

Tூூூ,௖
ቇ

ଶ

= 1 (6) 

 

4.1.4 Single lap joint modelling 
 

The model geometries for the joint simulations were based on the measurements provided in Fig.  7 - Adhesive 

joint geometry with low thickness (0.05 mm). b) Adhesive joint geometry with reference thickness (1 mm). 

a and Fig.  7 - Adhesive joint geometry with low thickness (0.05 mm). b) Adhesive joint geometry with reference 

thickness (1 mm). 

b, with 10 mm of width. The thickness of the adhesive was divided into three parts, the parts in contact with the 

substrate modelled with hyperelastic material and the central part, where the failure occurs with cohesive elements 

with QUADS damage as shown Fig.  28 – Comparison between experimental curve and numerical validation curve 

attained using the Ogden N=2 model. 

The results of the simulations are shown in the figures below. Figure 29 shows the comparison between the numerical 

result and the experimental curves for the 0.05 mm thick adhesive. Figure 30 shows the comparison between the 

numerical result and the experimental curves for the 1 mm thick adhesive. 

 

-a e Fig.  28 – Comparison between experimental curve and numerical validation curve attained using the Ogden 

N=2 model. 

The results of the simulations are shown in the figures below. Figure 29 shows the comparison between the numerical 

result and the experimental curves for the 0.05 mm thick adhesive. Figure 30 shows the comparison between the 

numerical result and the experimental curves for the 1 mm thick adhesive. 

 

-c.  
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Fig.  26 – Representation of joints. a) Division of the joint part and the adhesive layer to 1 mm thickness. b) 
Boundary condition for the 1 mm thickness. c) Division of the joint part and the adhesive layer to 0.05 mm 
thickness. d) Boundary condition for the 0.05 mm thickness. 

For the boundary conditions (Fig.  28 – Comparison between experimental curve and numerical validation curve 

attained using the Ogden N=2 model. 

The results of the simulations are shown in the figures below. Figure 29 shows the comparison between the numerical 

result and the experimental curves for the 0.05 mm thick adhesive. Figure 30 shows the comparison between the 

numerical result and the experimental curves for the 1 mm thick adhesive. 

 

-c e Fig.  28 – Comparison between experimental curve and numerical validation curve attained using the Ogden 

N=2 model. 

The results of the simulations are shown in the figures below. Figure 29 shows the comparison between the numerical 

result and the experimental curves for the 0.05 mm thick adhesive. Figure 30 shows the comparison between the 

numerical result and the experimental curves for the 1 mm thick adhesive. 

 

-d), an encastre fixation was used on the left and unidirectional displacement on the right, with movement 

corresponding to a total displacement of 10 mm. Erro! A origem da referência não foi encontrada. presents the 

properties used in the simulation. For the PBT GF 30 substrate, purely elastic properties were used since the adhesive 

is much less stiff than the adherend. For the hyperelastic zone in the adhesive, the relevant constants are shown in Fig.  

28 – Comparison between experimental curve and numerical validation curve attained using the Ogden N=2 model. 
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The results of the simulations are shown in the figures below. Figure 29 shows the comparison between the numerical 

result and the experimental curves for the 0.05 mm thick adhesive. Figure 30 shows the comparison between the 

numerical result and the experimental curves for the 1 mm thick adhesive. 

 

. Erro! A origem da referência não foi encontrada. also shows the properties for the cohesive elements, the 

elastic part, the damage part and the damage evolution. For damage evolution, energy type, linear softening, maximum 

degradation, Power law mixed mode behaviour, mode mix ratio energy was used. 

Table  1 - Properties of the substrate and adhesive layers. 

 

The mesh size in the joints was mostly 1 mm for the substrate. However, when approaching the silicone adhesive 

zone, the mesh was refined to allow it to be consistent with the mesh size of the cohesive elements, as detailed in 

Erro! A origem da referência não foi encontrada..  
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Fig.  27 – Meshing details for the adhesive joint models 
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5 Numerical results of adhesive bonding 
 

In this way, from the traction curve based on the work of Esmail et al (2020) [46], all the constitutive laws 

represented in Fig.  23 – Map of the hyperelastic constitutive laws available. 

 were analysed. However, convergency was only obtained for the Arruda-Boyce, Marlow, OGDEN 1, 

OGDEN 2, and Reduced polynomial 1, 2 and 5. However, the best convergence was obtained with OGDEN 2, as 

shown in Fig.  28 – Comparison between experimental curve and numerical validation curve attained using the Ogden 

N=2 model. 

The results of the simulations are shown in the figures below. Figure 29 shows the comparison between the numerical 

result and the experimental curves for the 0.05 mm thick adhesive. Figure 30 shows the comparison between the 

numerical result and the experimental curves for the 1 mm thick adhesive. 

 

, which also highlights the governing equation and  and the values of the constants of the constitutive law. 

 

Fig.  28 – Comparison between experimental curve and numerical validation curve attained using the Ogden N=2 
model. 
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The results of the simulations are shown in the figures below. Figure 29 shows the comparison between the numerical 

result and the experimental curves for the 0.05 mm thick adhesive. Figure 30 shows the comparison between the 

numerical result and the experimental curves for the 1 mm thick adhesive. 

 

 

Fig.  29 – Adhesive joint – 0.05 mm thickness. Comparison results between experimental and numerical 
simulation with hyperelastic-quad damage (CZM) model. 

 

Fig.  30 – Adhesive joint – 1 mm thickness. Comparison results between experimental and numerical simulation 
with hyperelastic-quad damage (CZM) model. 

Figure 29 and Figure 30 show a high degree of convergence in the results. According to the analysis of the 

comparative curves, there is a slight change in stiffness between the experimental and numerical curves, taking into 

account that the simulation disregards the added displacement that is calculated in the elements of the universal traction 
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machine. Another analysis that can also be made is that the maximum force of the simulation for both configurations 

is slightly higher than the experimental curves. The validation of the properties of the experimental tests provides 

excellent results for adhesive joints, making it possible to apply the model to real-life studies applied in an industrial 

environment. 

6 Conclusions 

 

This work, using optimized laser spot welding parameters in PBT-GF30 fillet joints, allowed to determine that this 

technique provides in an efficient response when compared to adhesive bonding in similar configurations, avoiding 

the addition of material and resulting in a faster joining process.  According to the parameters and configurations 

discussed, it was confirmed that the joint's tensile strength is higher at an angle of 45° than at 30° and 60°. Furthermore, 

the diameter, power and time of the laser beam were also found to be highly relevant parameters to study, having and 

independent response on joint performance. It was also determined that the optimal parameters for welding PBT-GF30 

necessitate a power density and power density ratio of 53 W.mm-2 and 0.13 J.mm-2 respectively, so that the material 

does not perforate the 1 mm thick sheets.  

For adhesive joints, with silicone as the adhesive on a PBT-GF30 substrate, it can be seen that the thickness of the 

adhesive directly influences the response of the joint strength. For a thickness of 0.05 mm, the joint performance is 

greater than that encountered for a thickness of 1 mm, which is explained by the formation of air bubbles and the 

propagation of cracks at greater thicknesses.   

As for the validation of the model in adhesive joints, especially for materials such as silicone, it can be seen that 

there is a good degree of convergence in the results when applying the hyperelastic material joint with the cohesive 

damage elements based on QUADS. 
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Abstract 

This study investigates the application of laser spot welding to join protective housing components in the 

automotive electronics industry. The PBT GF 30 components were joined using two primary 

configurations: a purely overlapping joint and a top-overlap joint, both autogenous (i.e., without filler 

material). To complement the experimental analysis, a numerical model, previously validated for a simpler 

joint configuration, was adapted and applied to these more complex joint configurations. The results 

demonstrated that butt-overlap joints exhibited significantly higher strength (85% increase) than purely 

overlapping joints. This enhancement is attributed to the combined effect of normal and shear stresses in 

the top-overlap configuration, whereas purely overlapping joints rely solely on shear stress. The validated 

numerical model accurately predicted the experimental results, including displacement and force values. 

While minor deviations were observed, the numerical model's predictions converged within the average 

experimental values and standard deviation, demonstrating that such model can be used to precisely design 

laser welded joints for similar applications. 

 

Keywords  

Laser welding , PBT GF30, housing, automotive, numerical modeling. 

1. Introduction 

With the increasingly tighter regulations and demands facing the automotive industry, one of the most 

key priorities of the companies operating in this sector has been the usage of lighter and more resistant 
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materials, in an effort to reduce weight and energy consumption, while ensuring maximum functionality 

[1]. While most of the effort is being devoted to new structural designs, other components, such as 

electronic systems have also been adopting lighter materials. However, according to Begum et al [2]and 

Patil et al  [3], for these smaller components, especially electrical box protection, it is also necessary to 

analyse a wide range of parameters, such as flame protection, flame retardancy and water tightness, 

ensuring that the systems can operate without issues. Due to their versatility, polymers dominate this field 

of application, especially those which employ short fibre reinforcement, increasing their performance at a 

relatively low cost and without adding complexity to the manufacturing process [4-6]. 

Among all the possible polymeric matrices for these short fibre composites, Polybutylene 

Terephthalate (PBT) has multiple advantages compared to other polymers, such as its good chemical 

resistance and electrical properties, it is relatively and hard, shows limited water absoprtion [7]. It also has 

very good resistance to dynamic stress [8]and excellent thermal and dimensional stability [9]. PBT is 

relatively economical and simple to manufacture due to fast crystallization and fast cooling. Accordingly, 

it finds extensive usage in electronics protection housings but it can also be used in many other other 

applications, such as fog lamp housings and bezels, sun-roof front parts, locking system housings, door 

handles, bumpers, carburettor components, among many others.  

The application of reinforced PBT, mainly with glass fibers (PBT GF-30, reinforced with 30% glass 

fiber by weight), has increased in the market due to the the excellent mechanical properties it provides. It 

is also very important in dynamic applications, providing high hardness and a low friction coefficient, 

reducing wear [10]. Furthermore, it is relatively easy to recycle, placing itself as a more sustainable polymer 

according to Pegoretti et al. [11]. 

When using such materials it also important to master a set of joining processes that allow to assemble 

them into more complex components. Of course, for thermoplastic polymers, laser welding is almost always 

one of the most significant joining methods, also supported with ultrasonic welding and adhesive bonding 

Silva et al (2021) [12]. Looking specifically at the laser welding application, Silva et al (2022) has carried 

out a characterization study of PBT GF30, demonstrating the good weldability in this material. Silva et al 

(2022) also carried out a study which defined the most suitable parameters for laser welding PBT-GF30 

joints in overlapped joints, joined at the ends by a fillet. Furthermore, and aiming to optimize the production 

process in the industrial application of the laser welding process, Silva et al (2022) and Silva et al (2022) 
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furhter developed and optimized a model for predicting the performance of laser welded joints in PBT 

GF30, demonstrating its suitability for simple joint geometries. 

This work, stemming from an industrial demand, aims to study the application of laser welding in real 

PBT-GF30 component, adopting specimen configurations that are closely related to those found in 

industrial applications. This is achieved through and experimental procedure and the use and validation 

model of the real joint, providing a new methodology to predict the performance of complex laser welded 

joints. 

2. Experimental methodology 

This work, based on an industrial demand from the automotive sector, seeks to join housing components 

for electronic components. These housings, as shown in Figure 1, are usually comprised of two separate 

halves, which are bonded together to seal the electronic boards placed inside them. However, adhesive 

bonding has some limitations in what concerns long term durability, as water ingress can in some cases 

damage the bonding interfaces. In this work, laser welding is instead used to achieve this joint, with the 

aim of providing a monolithic connection, less vulnerable to the environment. To prepare specimens for 

testing, small substrates were cut from the complete samples of the electronic housing. Since the goal is to 

assess the performance of the joint and not of the complete housing, 10 mm wide samples were extracted 

from different areas of the box, allowing to better study how the parts can be connected. 

 

Figure 1 – Illustration of the electronics housing, showing the location of the cut made to extract the test 

specimens. 

A cross-section of these cut specimens can be found in Figure 2. It is possible to see that the housing uses 

a male-female fitting to achieve a precise alignment, which is then usually bonded and sealed with the use 

of a flexible adhesive. 
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Figure 2 - Representation of the cross-sectional view of the joint samples, highlighting the female and 

male parts. 

2.1. Laser welding process 

The equipment used to create the welded joints was a SISMA LM-D 180 (SISMA, Italy), which uses a 

Nd:YAG 1064 nm laser source, and with a maximum laser power of 80 W, as shown in Figure 3. 

 

Figure 3 - Nd:YAG spot laser welding machine used in this work, SISMA LM-D 180 

Following previous work by the authors, the optimal parameters to join GF30 PBT overlap joints, in 1 mm 

thick plates, fillet welded at their ends, are presented in Table 1. As the material used and the sheet thickness 

is the same, these procedures and parameters were directly adopted for the current work. 
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Table 1  - Optimized parameters and setting spot laser welding to PBT GF30. 

Power 64 W 

Scheme picture

 

Inclination 1.5 mm 

Aim position 1.5 ms 

Frequency Manual 

operation Speed rate 

Focus distance 

See scheme  Inclination 

Aim position 

 

As the experimental testing seeks to provide data that can enable further optimization of the joints found in 

the full scale component, in addition to carrying out the test in which the real joint is purely overlapped, a 

test was also carried out in which the joint is partially overlapped and partially butt-jointed, as shown in 

Figure 4. 

 

Figure 4 - Joint configurations for laser beam welding. a) Overlap joint. b) Butt-overlap joint. 

2.1.1. Welding fixtures 

In order to join these complex joints, which have non-standard specimens which are difficult to clamp, a 

specific jig had to be developed to support the welding process, as shown in Figure 5. 
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Figure 5 - Jig for fixing parts for joining by spot laser beam welding. 

This jig, custom design and manufactured using additive manufacturing, has the role of ensuring that the 

the substrates are consistently located during welding. This is achieved by tightening two parallel screws, 

which keep the joint parts aligned and with a positive contact force during the welding process. 

2.1.2.  Test fixtures 

In order to allow the specimens to be tested in a universal testing machine, the male part of the joint was 

fixed to a rectangular ABS block using a structural adhesive, while an additively manufactured fixing mold 

was bonded to the female part, also using a structural adhesive. This allowed both ends of the specimen to 

be clamped to the testing machine, in such a way that the surface of the block was perpendicular to the 

fixing mold, as shown in Figure 6. 

 

Figure 6 - Real joint test fixing configuration. 

2.1.3.  Displacement measurement 

The INSTRON® 3367 universal testing machine was used to carry out the tensile tests. The crosshead 

speed setting was 1 mm/min, as used in the tests carried out by Silva et al. (2022). Three tests were carried 
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out for both configurations. For measuring displacement, the digital image correlation (DIC) method was 

used, based on the studies carried out by Borges et al. (2020) [13] using the GOE Correlate Pro program. 

The sample was speckled using black and white paint and filmed during the test. After completion of the 

test, the displacement was extracted using the GOE Correlate Pro software. 

3. Experimental results  

Experimental testing allows to accurately compare the performance of the two configurations under 

analysis. Figure 7 shows the results of the overlapped only configuration, showing the crosshead 

displacement and the same value corrected using the DIC method. 

 

Figure 7 – Load displacement curves of for the overlapped configuration, showing a comparison between the 

crosshead displacement and the displacement obtained via DIC. 

These results show the necessity of carrying out a DIC analysis, since the displacement is extremely small 

in relation to the size of the joint. Furthermore, the DIC displacement reading is determined solely in the 

region close to the weld, providing a value that is more representative of the actual joint performance, In 

contrast, using the testing machine data adds up all the deformation between the joint and the fixtures as 

well as the displacement corresponding to flexibility and clearances of the elements in the clamping jaw.   

For the butt-overlap joints, the results show a similar variation between the displacement measured for the 

crosshead of the machine and by the DIC method, as shown in Figure 8. 
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Figure 8 – Load displacement curves of for the butt-overlap configuration, showing a comparison between the 

crosshead displacement and the displacement obtained via DIC. 

When comparing the load displacement curves of the two configurations, as shown in Figure 9, it becomes 

evident that both the strength and the displacement of the butt-overlap joint configuration are significantly 

higher than that found for the overlap joint, reaching almost the double of the peak strength. 

 

Figure 9 – Load-displacement curves of the purely overlapped configuration and the butt-overlap configuration 

(displacement measured by the DIC method). 

This difference is explained in the work of Kagan et al. [14], which describes that, in lap welding, a fused  

zone is formed both in the overlapped part, which resists mainly to shear stress, and in the top region, which 

resists mainly the normal stress. This will increase the overall strength of the joint. Given the results 

displayed in Figure 9, it becomes evident that, if possible, laser welding in this type of connection should 

adopt a butt-overlap combination, ensuring maximum performance. 
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4. Numerical details  

As the displacement of the joint has been calibrated using DIC, it becomes feasible to develop a numerical 

model which is able to precisely model the behaviour of the real joint. This can be achieved using the 

physical and elastic properties of PBT GF30 obtained after exposures to different temperatures (proposed 

for laser welding in the work of Silva et al.) shown in Table 2. Furthermore, the curves shown in Figure 10 

provide the deformation and stress in the plastic zone of PBT GF30 and were also used to model the 

elastoplastic behaviour of this material, detailing the behaviour of PBT GF 30 in three different states: “As 

received”, “Treated at 225ºC”, “Treated at 237ºC” and “Treated at 257ºC”. 

Table  2 – Main physical and mechanical properties of PBT GF30 in different states 

Material   [PBT GF30] Young´s modulus [MPa] Poisson ratio Density [g/cm3] 

As received 8398 0.45 1.31 

Treated at 225°C 5317 0.42 1.31 

Treated at 237°C 5183 0.42 1.31 

Treated at 257°C 4826 0.42 1.31 

 

 

Figure 10 – Experimental curves representing the plastic region of PBT GF 30. Adapted from []. 

Further using the ductile damage enabled numerical model previously developed by the authors, Table 3 

shows the failure deformations, triaxialities, deformation rates and displacements up to failure for the 

implementation of ductile damage. Finally, Figure 17 illustrates the stress and strain curves in the plastic 

regions of the materials, detailing the characteristics of PBT GF 30 in three different states: “As received”, 

“Treated at 225ºC”, “Treated at 237ºC” and “Treated at 257ºC”. 
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Table  3 - Properties of the PBT GF30 for implementing ductile damage. 

Material 
Fracture strain 

[mm/mm] 

Stress 

triaxiality  

Strain rate 

[s-1] 
Displacemnt at 

failure [mm] 
 

As received 0.011492123 -0.33 0 0.001  

Treated at 225°C 0.006559261 -0.33 0 0.001  

Treated at 237°C 0.003570756 -0.33 0 0.0007  

Treated at 257°C 0.000821712 -0.33 0 0.0007  

 

Following the refinement of the characterization of the gradient of the PBT GF30 weld carried out through 

characterization by Raman spectroscopy, it is possible to establish the percentage of the welded zone which 

follow a given material behaviour (stemming from exposure to a given temperature range), resulting in the 

gradient of mechanical properties at the three temperatures under study shown in Table 4. 

Table  4 - Representative percentages of the mechanical properties within the weld zone. 

External layer Middle layer Internal layer 

Treated at 225°C Treated at 237°C  Treated at 257°C 

61.60% 15.40% 23% 

  

4.1. Microscopical analysis 

In order to characterize the cross-section geometry and to measure the effective length of the weld, a 

micrographic analysis was carried out for the lap joint (Figure 11) and the butt-overlap joint (Figure 12). 

 

Figure 11 – Geometrical characterization of the weld in the purely overlapping configuration. 
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Figure 12 – Geometrical characterization of the weld in the butt-overlap configuration. 

This exercise also shows that while the effective weld length for the purely overlapped joint is higher, the 

undercut is also significantly higher, which justifies the low performance of this joint. The degradation 

radius stemming from exposure to laser beam is quite similar, which is also expectable, given that the same 

welding parameters were used for both cases. 

4.2. Modeling details 

The models of the joint were generated in Abaqus, using the geometric measurements presented in Figure 

11 and Figure 12,  using the percentual distributions of the mechanical properties shown in Table 4. The 

model for the purely overlapped configuration is shown in Figure 13-a while Figure 13-b shows the butt-

overlapped configuration, highlighting the different properties applied to different regions around the 

welded area. 

 

Figure 13 – Representation of distribution of different material properties along the join. a) Overlap joint and b) 

Butt-overlap joint. 
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Once the properties were defined, the boundary conditions for the simulation of the joints were configured. 

In both configurations, the upper zone (male part) was fully fixed with an encastre, with an imposed 

movement to the female part, as shown in Figure 14-a. 

In what concerns the element size, the joint generally meshed with 0.5 mm elements and refined in the 

welding zone with 0.005 mm elements, both in the layers with the different properties (corresponding to 

different exposures of the material to temperature) and in the regions adjacent to these layers shown in 

Figure 14-b. 

 

Figure 14 – Schematic representation of the joint model. a) Boundary conditions and b) Mesh size. 

5. Numerical results  

To validate the model, the simulation was run for both configurations. The numerical results for the model 

for the purely overlaped configaration are shown in Figure 15, where the dotted line represents the numerical 

model results. 
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Figure 15 – Comparison between experimental load-displacement curves (corrected by DIC) and numerical curves 

for the purely overlap configuration 

 

The numerical model for the overlapped joint has good agreement with the experimental data for both the 

maximum strength and the displacement at failure. Analysing the fracture process (Figure 16) for the joint 

in the purely overlapped configuration, it is noticeable that there is an asymmetry in the stress field, showing 

a concentration of stress on the right side at the bottom, stemming from the greater shear stress generated 

in that region of the joint. 

 

Figure 16 – Numerical characterization of the von Mises stress field before failure and representation of the failure 

mode for the purely overlapped configuration. 

Comparing the numerical simulation for the butt-overlap joint with the experimental results shown in Figure 

17, the failure load has a good level of agreement. However, the displacement expressed in the simulation 

is slightly lower than the displacement of the experimental curves. 
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Figure 17 – Comparison between experimental load-displacement curves (corrected by DIC) and numerical curves 

for the butt-overlap configuration 

The damage in the model for the butt-overlap joint is driven by stresses acting mostly in the normal 

direction, exhibiting a typical crack opening process. This is due to fact that there is a more symmetrical 

stress field at the crack tip, as shown in Figure 18.  In fact, in addition to supporting a large amount of load 

through shear, the same joint is also able to support normal strength, delating damage and crack formation, 

explaining the increased performance over the purely overlapped joint. 

 

Figure 18 – Numerical characterization of the von Mises stress field before failure and representation of the failure 

mode for the butt-overlap configuration. 
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6. Conclusions 

The feasibility of laser welding as a viable joining technique for PBT GF30 components, commonly 

employed in automotive electronical housings, has been successfully demonstrated. The process was found 

to be an effective method, resulting in successful component joining. DIC was shown to be a robust method 

for assessing the performance of these joints, providing accurate and reliable displacement data. 

Furthermore, a significant observation emerged: laser-welded joints incorporating overlapped and butt 

configurations outperformed purely overlapped configurations. This enhancement in joint strength can be 

attributed to the higher normal stress experienced by the material relative to shear stress. Furthermore, the 

employed elastoplastic numerical models, which incorporated ductile damage formulation, demonstrated 

satisfactory convergence in both scenarios under analysis, especially in what concerns the failure load 

prediction. This finding underscores the potential applicability of these models to real-world joint scenarios, 

offering valuable insights into the mechanical behaviour of the joints. To further optimize the welding 

process for these specific applications, future research should prioritize the evaluation of pulse frequency 

and advance rate of the laser, aiming to maximize joint strength. Additionally, exploring the potential of 

robotization in the process could significantly enhance efficiency and precision, leading to improved overall 

performance and reduced production costs. 
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Abstract 

Automotive electronics demand compact, robust sealing solutions. Laser welding of 

fiber-reinforced polymer matrixes offers a promising approach to solve this challenge. 

This research aims to optimize a numerical model of a laser-welded joint, based on the 

Raman microspectroscopy characterisation of the properties of a glass fibre reinforced 

polymer. The study was developed considering autogenous overlapped joints, of the fillet 

type at the ends, with Polybutyleneterephthalate with a 30% glass fibre reinforced (PBT 

GF30) as the substrate material, welded by the laser welding process. The spectra of 

melted and solidified PBT GF30 material at three different temperatures was compared. 

This data was used to construct a numerical model with variable mechanical properties 

along the transverse region, using optical microscopy for geometry. The performance was 

compared with the results of the tensile test of the joints showing good convergence with 

the failure process of the joint. 

Keywords  

Joining, PBT GF30, numerical model, laser welding, Raman microspectroscopy.  
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1. Introduction 

With advancements in technology and the increasing demand for lighter, more efficient 

components, it becomes imperative to invest in the development of advanced joining 

processes to optimize final product performance. High-technology industries, such as 

aerospace and automotive, have responded by investing in the development of 

mechanically and thermo-chemically resistant materials. The integration of composite 

materials and the use of dissimilar materials in structural components necessitates the 

selection of optimal joining methods that transcend traditional techniques like welding 

and riveting. These traditional methods often prove inadequate or inapplicable to modern 

materials. Therefore, the need to optimize joining techniques, that traditionally were not 

applied in the industry, arises [1-4]. Silva (2021) [5] cites that, among the dozens of 

joining processes, laser welding has stood out in the market because it provides 

monolithic joints, with less variation of properties. This technique allows to produce high 

quality joints, in a flexible manner, maintaining tightness, high productivity, with a great 

visual finishing [6-8]. 

In automotive electronic applications, the laser welding process is increasingly being 

implemented, as it improves the finishing of enclosures that store boards and electrical 

circuits of the controls for the general equipment. According to Zhao (2019) [10] and 

Wang et. al. (2015) [11] PBT GF30 is one of the main polymers in the selection of these 

enclosures, since it can be moulded in complex shapes, besides having high mechanical 

strength and also good thermal properties [12-15].  

In a study conducted on transparent PBT GF30 made by Frick et al. (2018) [16], analysed 

only the optical properties stating that it can be used for laser welding when additive and 

reinforcing fibres are used. Silva et. al. (2021) [5], conducted a research of 
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characterization of the properties of absorbent PBT GF30 after thermal cycles at 

temperatures characteristic of the component, prospecting the analysis of weldability 

performed by the laser welding process, suitable for joints where the joint is made on the 

outside. This work also validates the properties in numerical models, aiming to apply the 

same properties in models of welded joints.  

Based on preliminary results of laser welding in overlapped joints of PBT GF30, Silva et 

al (2022) developed a numerical model that validates the optimisation of the laser beam 

position in the welded joint, simulating the weld as a heterogeneous region. Confirming 

the weldability of absorbent PBT GF30, Silva et. al. (2022) [6] conducts the analysis on 

the optimization of laser welding process parameters in PBT GF30 joints and proves that 

the weld property is not heterogeneous, with the need for further study, since there is a 

gradient of properties in the weld. 

In order to better understand the characteristic of the melt zone, due to its heterogeneity 

according to the thermal cycle, and based on the studies of Ishak et al. (2000) [17], Schaaf 

et al. (2014)[18] and Showaib et al. (2020) [19] a SEM analysis was performed on PBT 

GF 30. This analysis was performed aiming at the characterization of the chemical 

composition of the matrix and the reinforcement fibre. This also sought to identify 

possible changes of the chemical composition with the effect of thermal treatment, aiming 

to predict characteristic of the weld melted zone. 

In addition to this, taking based on the studies done by Mermoux et al. (2018) [20] and 

Ta et al. (2021) [21] where a Raman spectroscopy analysis is performed to analyse the 

variation of materials and their chemical bonds by comparing the spectra from the 

variation of the altered properties due to the temperature effect. Both conclude the 

possibility of characterising the material based on qualitative analysis of the spectra with 

the influence of temperature.  
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This research aims to optimise the simulation of the joining process by laser welding in 

30% glass fibre reinforced polybutylene terephthalate (PBT GF30), providing a gradient 

in the welding property and, at the same time, aiming to achieve a more qualitative 

response to the temperature effect on the component through the characterisation of PBT 

GF30 in the weld gradient by Raman microspectroscopy analysis, numerically validating 

the optimised experimental results of the laser welding process. 

2. Experimental Procedure 

2.1 - Materials and properties 

For this research, PBT GF30 was used in three different states: as received, treated at 

different temperatures (225, 237 and 257 ⁰C). The material as received has the original 

properties of the material analysed in the work of Silva et. al. (2022) [5]. Table 1 presents 

the samples that were analysed in this research 

Table  1 - Source of sample for Raman microspectroscopy. 

Sample State Density 

(g/cm3) 

Young’s 

Modulus 

(MPa) 

Poisson 

ratio 

Reference 

1 As received 1.31 8398 0.45 Silva et. al. (2022) 

2 Treated at 225°C 1.31 5317 0.42 

3 Treated at 237°C 1.31 5183 0.42 

4 Treated at 257°C 1.31 4826 0.42 
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2.2 – Single lap joint test 

In a study aimed at better laser spot welding efficiency of PBT GF30, Silva et. al (2022) 

[6] performed the optimization of static parameters such as laser diameter, incidence 

position, inclination angle, pulse time and power. As previously stated by Silva et. al 

(2022), the weld has a gradient of properties along the length between the laser incidence 

surface and the non-melted zone. To characterize the weld and its limitations in which 

properties change in this gradient, based on the properties of PBT GF30 received and 

treated in Table 1, it is hereby proposed to use Scanning electron microscopy with X-ray 

Microanalysis and Raman microspectroscopy to characterize the properties of the weld.   

It was assumed that the PBT G30 treated at 257ºC is the outermost layer of the weld, 

since at this temperature the degradation of the material begins and the inner part of the 

weld is the beginning of the delimitation in which the material undergoes fusion and 

solidification, i.e., the beginning of PBT GF30 treated at 225ºC, which is the fusion 

temperature. The scheme presented in Figure  1 points the direction of the line of study 

of this work.  
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Figure  1 - Schematic diagram of the characterization and validation procedure of the optimized numerical 

model. 

2.3 – Optical Microscopy 

Optical microscopy was used to observe the weld bead and precept the surface preparation 

of the specimens to be used for Raman analysis. For this analysis a Carl Zeiss El-Einsatz 

HAL 100 was employed. 

2.4 – Scanning electron microscope with X-ray Microanalysis 

To better understand the influence of temperature on the interaction between the PBT 

matrix and the glass fibre, a Scanning electron microscope (SEM) with X-ray 

Microanalysis was performed, analysing the fracture surface of the conditions listed in 

table 1. These analyses were conducted at CEMUP (University of Porto, Portugal) using 

a JEOL JSM 6301 F/Oxford INCA Energy 350/Gatan Alto 2500 (Tokyo, Japan) 
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microscope. The samples were sputtered with an Au/Pd thin film for 120 seconds at 15 

mA, using a SPI Module Sputter Coater. 

2.5 - Raman microspectroscopy 

Raman spectroscopy is a molecular spectroscopy technique that uses the interaction of 

light with the material to be analysed to determine its structure and chemical composition. 

The information provided by Raman spectroscopy is the result of a light scattering process  

and results in information about intra- and intermolecular vibrations providing additional 

understanding about a reaction. Thus, when analysing a material using Raman 

spectroscopy, it is very important the state of the surface to be analysed, since the analysis 

of a material's characteristics is more effective when the surface is perpendicular to the 

incidence of light. For this purpose, the surface to be analysed was sanded to obtain a 

better Raman characterisation, but also to quantify the weld region. The samples are 

passed through several sandpapers of different granulometry: 200, 340, 600, 800, 1200 

mesh. On the welding sample, prior to grinding, a cut was made in the cross section of 

the weld bead.  After the grinding process was complete, the samples were cleaned with 

ultrasound and compressed air to remove any remaining water and impurities.  

Raman spectroscopy was performed on the GF30 PBT components at random points 

within the material, as mentioned in Table 1, to compare and characterize the reference 

base spectra of PBT.  This spectroscopy analysis also sought to correlate the constituents 

of PBT GF30 and the mechanical properties stemming from the characterization of the 

autogenous weld performed by the laser welding process. 

The characterization of the welded region followed a different procedure. In this regard, 

14 equidistant points were analysed, scanning from the laser incidence surface (external 

zone of the weld) to the end of the weld length where there is the delimitation of the 



8 

 

material as received (internal zone) through a horizontal path parallel and adjacent to the 

joint plate interface. Once the spectra were obtained in the weld region and in the GF30 

PBT components, two Raman shift intervals were randomly chosen in the spectra and the 

deconvolution of the observed bands performed for such intervals. Lastly, the position in 

the weld region where there is a transition between the characteristics of the treated PBT 

GF30 components was qualitatively classified. All Raman measurements were carried 

out using a LabRAM Microscope XploRATM from Horiba Scientific equipped with a 

Nd:YAG 532 nm laser as the excitation source. 

3. Numerical details  

The numerical model was developed using the optimized results of the laser spot welding 

process on PBT GF30 joints, performing this analysis on 1 mm thick plates, modelling 

the welded joint at the ends by fillet welding, with no addition of material, i.e. autogenous 

welding. 

The weld, as described in the methodology used for the Raman microspectroscopy, is 

divided into three layers, from the surface to the interior. Thus, it presents the gradient of 

mechanical properties according to the components of PBT GF30 treated at temperatures 

of 257ºC, 237ºC, 225ºC and the substrate material as received that was not cast.  

Since the numerical model had already been developed for a non-optimised homogeneous 

type weld, for this research, aiming at addressing the gradient of properties in the weld, 

i.e. heterogeneous weld, the behaviour used remains the same (elastoplastic), adding 

ductile damage.   
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4.1. Elastoplastic and ductile damage model 

Lemaitre and Bouktir et al. [17, 18] present the elastoplastic model with ductile damage 

in a detailed way, starting from the concept of continuous damage mechanism (CDM), 

addressing the plasticity behaviour laws. The damage is introduced through the isotropic 

scalar degradation of the elastic property. Through this, the constitutive equation of the 

effective stress of the undamaged σ̅ is presented, derived from the Cauchy stress tensor, 

σ equation 1. 

𝝈̅ =
𝝈

1 − 𝑑
 

(1) 

 

The scalar damage variable d, varying from 0 to 1 (with d = 0 for an undamaged material, 

and d = 1 for a fully damaged material), and is defined by the following relationship by 

equation 2. The variable Sd is the surface of defects (cavities and cracks), Seff denotes the 

effective surface (undamaged surface), and S is the total surface. 

𝑑 =
𝑆𝑑

𝑆
= 1 −

𝑆𝑒𝑓𝑓

𝑆
 

(2) 

 

As stated by Pirondi et al. [19, 20] and also Sadhinoch et al. [19, 20], the effect of damage 

on elastic deformation is characterized by approaching that potential plastic deformation 

and damage can be separated. Accordingly, the set of constitutive equations for the 

damaged material can be defined according to Equations 3, 4, 5, 6 and 7, which represent, 

respectively the effective elastic deformation tensor 𝜀𝑖𝑗
𝑒 , the plastic deformation tensor 

𝜀𝑖𝑗
𝑝

where Fp and the variables sij and 𝑋′𝑖𝑗 are deviating part of stress and kinematic 

hardening tensor, 𝑓 (
𝜎𝑚

𝜎𝑒𝑞
) is the triaxility stress formed by hydrostatic stress 𝜎𝑚and 
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equivalent stress _𝜎𝑒𝑞, the cumulative strain rate 𝑟,̇  having R stress due to isotropic 

hardening and plastic multiplier λ, finally the displacement-based damage  𝑢̇𝑝.  

𝜀𝑖𝑗
𝑒 =

1 + ν

𝐸

𝜎𝑖𝑗

1 − 𝑑
−

ν

𝐸

𝜎𝑘𝑘

1 − 𝑑
𝛿𝑖𝑗 

(3) 

  

𝜀𝑖𝑗
𝑝 = 𝜆̇

𝜕𝐹𝑝

𝜕𝜎𝑖𝑗
=

3

2
𝜆̇

(𝑠𝑖𝑗 − 𝑋′𝑖𝑗)

𝜎𝑒𝑞
 

(4) 

 

𝑓 (
𝜎𝑚

𝜎𝑒𝑞
)  =

2

3
(1 + ν) + 3(1 − 2ν) (

𝜎𝑚

𝜎𝑒𝑞
)

2

 
(5) 

  

𝑟̇ = −𝜆̇
𝜕𝐹𝑝

𝜕𝑅
= 𝜆̇ = 𝑝(1 − 𝑑)̇  

(6) 

 

𝑢̇𝑝 = 𝐿𝜀𝑖𝑗
𝑝

 (7) 

 

4.2. Double fillet lap joint test 

To validate the joint using the optimized welding parameters, layers with different 

properties were applied to the weld in two dimensions using the Dynamics Explicit 

model, featuring an elastoplastic behavior with ductile damage. The step was configured 

with a time period of 1 second, with the aid of the activated non-linear configuration. The 

integration was based on a scale time factor of 1 s, with a scale factor of 10000 and target 

time increment of 10-10 s.   

 

4.2.1. Geometry model 

Measurements in the welded area, represented in Figure  5 and Figure  6, were used as a 

basis for the construction of the numerical model. A PBT GF30 plate separation of 6.25 
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µm, a weld length of 306.67 µm, a surface radius of curvature of 1234.69 µm and an 

undercut of 79.53 µm were used. 

The geometry of the overlapped joint was based on Figure  2. The plates overlapped by a 

length of 20 mm and the measures of length, width and height respectively were 40 mm, 

10 mm and 1 mm. Also presented in Figure  2 are the boundary conditions regarding the 

loading, encasement on the left side of the joint and the displacement on the right side, 

with only the degree of freedom in the xx direction set to 0.2 mm and the constraint of 

movement in the yy direction set to zero. 

 

Figure  2 - Geometry and load scheme in the double single lap joint. 

To configure the contact interaction between the plates, a friction coefficient of 0.2 [21] 

was set. Figure  3 illustrates, in a macro way, the welded joint, the layers in the weld and 

the size of the elements in the weld region. It should be noted that for the joint, generically, 

the elements were predefined with the size of 1 mm. Plane stress elements were used, of 

the CPS4R type. 

 

Figure  3 - a) Material partition of model showing weld layers and base material b) Refined mesh size 

configuration. 
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4.2.2. Material properties 

The physical and mechanical properties of PBT GF30 used in the simulation were derived 

from the study performed by Silva (2021). Table 1 presents the material properties that 

supported the construction of the model for the purely elastoplastic simulation. For the 

elastoplastic simulation along with the damage, Table 2 shows the failure strains, 

triaxialities, strain rates and displacements until failure for the implementation of ductile 

damage. Finally, Figure  4 illustrates the stress-strain curves in the plastic regions of the 

materials, detailing the characteristics of PBT GF 30 as received and thermally treated at 

225, 237 and 257 ⁰C. These results have been previously presented and discussed in Silva 

et. al (2022). 

Table  2 - Properties of PBT GF30 for implementation of ductile damage obtained by Silva et. al (2022). 

PBT GF30 state 
Fracture strain 

[mm/mm] 

Stress 

triaxiality  

Strain 

rate [s-1] 

Displacement 

at failure 

[mm]  
As received 0.011492123 -0.33 0 0.001  

Treated at 225°C 0.006559261 -0.33 0 0.001  

Treated at 237°C 0.003570756 -0.33 0 0.0007  

Treated at 257°C 0.000821712 -0.33 0 0.0007  
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Figure  4 - Experimental curves representative of the plastic region of PBT GF 30 components obtained by 

Silva et. al. (2022) [5].  

4. Experimental results 

3.1 – Optical Microscopy 

According to the analysis made of the welded joint, the effective weld length was 306.67 

µm, as shown in Figure  5. Figure 6 a) shows, the effective welding zone in a more 

magnified view and the distinction between the PBT matrix and the glass fibres can be 

seen more clearly. The spacing between the top and bottom plates is also visible, 

measuring 6.25 µm. Figure 5 b) shows the lower plate undercut of 79.53 µm and Figure 

5 c) shows a circular feature on the laser incidence surface of approximately 1234.69 µm. 

These measurements will be used to develop the numerical model of the welded joint. 
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Figure  5 - Microphotograph in reflected light showing the welded area and measurement of the effective 

weld length. 

 

Figure  6 - Microphotograph of the welded area a) measurement of the effective weld length and of the 

spacing between the PBT GF30 plates, b) measurement of the undercut and c) measurement of the surface 

curvature radius. 
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3.2 – Scanning electron microscopy results 

SEM analysis allowed to understand the influence of temperature on the interaction of 

the matrix with the fibres. The study was done for PBT GF30 as received, treated at 

225ºC, treated at 237ºC and treated at 257ºC, along with their compositional spectra (X-

ray microanalysis). In Figure  7, it is possible to observe the interaction between the 

matrix and the fibres in the as received state. It can be observed that the fibres present a 

smooth surface without a strong interfacial bond between the matrix and the fibres. In 

general, the matrix fracture is fragile. EDS spectrum 1 represents the elemental chemical 

composition of the matrix and spectrum 2 shows the elemental composition of the fibres. 

Polybutylene terephthalate ((C12H12O4)n) is composed of carbon, hydrogen and oxygen, 

so when you analyse its composition chemically by EDS you just get the peaks in oxygen 

and carbon. The remaining peaks are representative of the coating and their influence 

should be neglected. In the fibre, it is clear the predominant presence of silicon, pointing 

to silica (SiO2) and the identification of other possible components such as CaCO3, MgO, 

Al2O3, Wollastonite and Feldspar. 

 

Figure  7 - a) SEM Microphotograph at the PBT-GF30 As received. b) PBT EDS spectrum and c) Fibre 

EDS spectrum. 
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In the other hand, when PBT is thermally treated at 225ºC, 237ºC and 257ºC, it is 

observed that the matrix and the fibres have a different behaviour, as represented in Figure  

8, Figure  9 and Figure  10 respectively. For the GF30 PBT component treated at 225ºC 

there is an adhesive effect on the fibre surface, there is a fusion of the PBT matrix over 

the glass fibres, which leads to a deeper and stronger interfacial bond. This contamination 

effect is intensified when raising the treatment temperature to 237ºC, giving a 

characteristic of high roughness. For the treatment at 257ºC this characteristic of the 

matrix on the glass  fibre is altered again, showing PBT plaques retained on the fibres.  

 

Figure  8 - a) SEM microphotograph of the PBT-GF30 treated at 225º. b) PBT EDS spectrum and c) fibre 

EDS spectrum. 
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Figure  9 – a) SEM microphotograph of the PBT-GF30 treated at 237º. b) PBT EDS spectrum and c) fibre 

EDS spectrum. 

 

 

Figure  10 - a) Microscopy results at the PBT-GF30 treated at 257º. b) PBT composition spectrum and c) 

Fibre composition spectrum. 
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3.3 - Raman spectroscopy 

The Raman analysis started with the study of the base material (PBF GF30) within the 

range 500-2000 cm-1. To this end, the spectrum obtained was compared with those found 

for PBT in the literature (Agbenyega,1992). By analysing Figure  11, it is observed that 

there is a similarity between both Raman spectrum and the peaks are nearly coincident. 

The recurrent divergence between GF30 PBT spectrum and the spectrum of pure PBT is 

in the low defined peaks assigned to ring CH in plane bend or C-O ( 1110 cm-1), ring CH 

in plane bend (1184 cm-1) and Glycol C-H (def) (1456 cm-1). On the opposite, there is a 

loss of the right shoulder of the peak located around approximately (1200 cm-1) and 

assigned to Ring carbonyl (str), O-C- (str), Ring C-H in plane bend   

 

Figure  11 - Comparison between the Raman spectra of PBT obtained by Agbenyega (1992) (at the top) 

and GF30 PBT obtained experimentally (at the bottom). 
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When comparing the overall characteristics of the spectra, PBT GF30 shows a 

fluorescence that is not perceived in PBT.  Doumeng et. al (2019) [16], reports very 

similar findings to those obtained in this research. These authors compare the spectra 

obtained between Polyether ether ketone (PEEK) and Polyether ether ketone reinforced 

with glass fibre (PEEK GF30). It is likely that this behaviour is due to the inclusion of 

glass fibre. After the identification of the main PBT peaks, the results obtained for the 

different thermal conditions under analysis were compared (see Figure  12). Comparing 

the PBG GF30 as received and the treated PBT GF30, a shoulder can be observed to the 

right of the 1722 cm-1 peak (C=O (str)) peak at . The pronounced formation of new bands 

is also noticeable, softening the peaks, as is the case of the peak at 639 cm-1 assigned to 

ring C-C-C in plane bend -, and the 862 cm-1 peak assigned to C-C (breathing) -. In 

parallel, the disappearance of the peak assigned to CH2 (rock) at 890 cm-1 and finally a 

peak at 1471 cm-1 assigned to ring CH in plane bend - is observed, probably resulting by 

the interference of the medium in the solidification process, leaving changes at the 

interface between fibre and matrix, a characteristic that is pointed out in the SEM analysis 

specifically for PBT GF30 treated at 257ºC. On the other hand, the temperature change 

propitiates the formation of a shoulder on the left of the Ring CH in plane bend, observing 

more clearly the C-C (str), in the region between 922 and 1022 cm-1. 

 



20 

 

 

Figure  12 - Comparative PBT GF30 Raman spectra at different thermal conditions. 

 

Once the GF30 PBT spectra were analysed for the different thermal conditions, the 

Raman spectroscopy analysis of the welded zone was performed. A full-length 

examination was performed along the length of the weld, analysing 14 equidistant points, 

considering the beginning of the measurement as 0% until the end of the measurement at 

100%, as represented in Figure  133. 
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Figure  13 - a) Microphotograph of the Raman mapping scheme at the weld joint path. b) Raman spectra 

obtained through the acquisition weld path. 

Comparing the analysis made along the sole zone with PBT in different thermal 

conditions the differences are not clear and therefore two spectral regions that had been 

previously specified in the comparison between the GF30 PBT components were 

randomly selected. Being the regions of the peak at 1722 cm-1, with the particularity of 

the presence of a shoulder to the right side of the peak, appointed as region A1 from 1675 

to 1865 cm-1 and a second region in which is pronounced the formation of a new band 

smoothing the peak at 862 cm-1 in parallel to the disappearance –the peak at 890 cm-1 

appointed as region B1 from 819 to 909 cm-1. In order to better perceive the differences 

between the spectra, the zones corresponding to A1 and B1 were zoomed in. Comparing 

the spectrum of the welded zone with the heat-treated PBT GF30 spectra, it is possible to 

gain a better understanding of the boundary area of the material. 

By enlarging the spectra in these regions A1 and B1, shown respectively in Figure 14 and 

Figure 15, it is possible to compare the spectra of the weld and the spectra of the GF30 
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PBT components. This process allows a clear identification of the boundaries of the 

material in the weld zone. 

 

Figure  14 - Comparison between spectra obtained in scanning along the welded zone and the spectra for 

temperatures of 257, 237 and 225 ⁰C in A1 area. 
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Figure  15 - Comparison between spectra obtained in scanning along the welded zone and the spectra for 

temperatures of 257, 237 and 225 ⁰C in B1 area. 

Analysing the A1 and B1 zones, it is observed that there is a great similarity between the 

spectrum of the initial position (0%) with the spectrum obtained for the PBT GF30 treated 

at its fusion temperature of 225ºC. This feature is characteristic of the weld zone, where 

there is a boundary between the fused zone and the non-fused zone.  

Analysing the similarity of the spectra for higher temperatures, especially in zone A1, it 

is observed that the spectrum obtained for 61.6% is quite similar to that obtained for 

PBTGF30 treated at 237 ⁰C. Since there is a more pronounced elongation of the base of 

the curve on the right side of the peak shown in Figure 14. The spectrum obtained for 

77% is quite similar to that obtained for PBTGF30 treated at 257 ⁰C, noting the more 

intense shoulder formation on the right side of the peak in Figure 14. 
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Examining zone B1, it is observed that there is quite a high degree of similarity between 

the spectrum obtained for 61.6% and that obtained for PBT GF30 treated at 237 ⁰C Figure 

15. The characteristic isosceles triangle is denoted, but with a slight protuberance on the 

right side of the peak. This protuberance to the right of the peak becomes less pronounced 

in the weld region at 84.7%, revealing a clearer similarity with the PBT GF30 component 

treated at 257 ⁰C. In order to improve the clarity of the results, the spectra were 

deconvoluted in these regions, both in the GF30 PBT (treated at different temperatures) 

and in the weld spectra. Figure  16 shows the analysis performed in region A1, in which 

the spectra were deconvoluted. Performing the comparisons regarding the curve fittings 

and the integrated intensity (area) of the bands of PBT GF30 at temperatures of 237ºC 

and 257ºC, it is noticeable that the greatest similarity happens respectively in the curves 

of 61.6% and 77.0% (Figure  166).  

Figure  16 - Comparison between the deconvolutions of the spectrums in the PBT GF30 components and 

the weld zone in the A1 region. 
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For region B1 there is a slight change in the percentages, however the results are 

approximate, as shown in Figure  177. For the temperature of 237 ⁰C the spectrum with 

the most identical curve fitting and integrated intensity of the bands is 61.6% and for the 

temperature of 257 ⁰C the spectrum is in the percentage of 84.7% (Figure  177).    

 

 

Figure  17 - Comparison between the deconvolutions of the spectrums in the PBT GF30 components and 

the weld zone in the B1 region. 

Table  3 summarizes the results for the GF30 PBT composite gradient boundaries for both 

A1 and B1 regions. 
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Table  3 - Results of the layers boundaries at the weld area. 

Regions Substrate (PBT 

GF30 As 

received 

Internal layer 

(PBT GF30 Treated 

at 225ºC 

Middle layer 

(PBT GF30 Treated 

at 237ºC 

External layer (PBT 

GF30 Treated at 257ºC 

A1 Uncast material 61.6 % 15.4% 23% 

B1 Uncast material 70% 23.1% 15.7% 

 

5. Numerical results  

For the validation of the numerical model, the welded zone layer divisions were 

simulated, with respect to the two regions characterized by Raman micro spectroscopy, 

as already presented in Table  3. The comparative results of the model with the 

experimental curves are shown in Figure  188. 

 

Figure  18 - Comparison of ductile damage numerical models between different layers and experimental 

results obtained by Silva et. al (2022). 

The results point to a good degree of convergence, especially when comparing failure 

loads. The maximum relative error for this case was just 14.45 %. 
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When the displacement is analysed, there is a small divergence which can be explained 

by the presence of gaps and displacement of the elements in the tensile machine, since 

the joints are small with a small displacement of less than a tenth of a millimetre.  

When comparing the fracture cross section of the experiment with the model fracture for 

the two modelled regions, a great degree of similarity is shown, as shown in Figure  199. 

 

Figure  19 – Simulation of the fracture process on the weld region. a) Experimental, b) Numerical A1 and  

c) Numerical B1. 

6. Conclusions  

In the current research, the mechanical properties of different thermal conditions of PBT 

GF30 were correlated with its chemical properties through the use of an innovative 

Raman spectroscopy method. The properties for PBT GF30 were analysed for the as 

received state, different temperatures and compared with a welded zone. Key findings of 

this research are: 

• It is observed that the temperature at which the PBT matrix has a direct influence 

on the interfacial bonding between the matrix and the glass fibres. With the 
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increase of the temperature, there is a higher adhesion between the fibres and the 

matrix. 

• According to the Raman spectroscopy results for PBT GF30, it can be stated that 

the representative peaks are similar to those obtained for pure PBT (reference). 

There are only slight changes between the spectra, which may be due to the 

presence of glass fibres, potentially due to their fluorescence; 

• Qualitatively analysing the temperature to which PBT GF30 was subjected, it can 

be concluded that with the increase in temperature new spectral features appear in 

the Raman spectrum probably due to the formation of new chemical bonds. This 

allowed to define distinct regions within the joint, which were converted into a 

gradient in the mechanical properties of the material. 

• There is a convergence of results between the mechanical properties gradient, 

characterised by Raman, and the proposed numerical model. 
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