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Abstract 
Joining of metals to polymers is increasing among various industries because of its ability 

to produce lightweight hybrid products with tailored properties. Common joining 

methods, such as adhesive bonding and mechanical fastening, require adding a third 

material which might involve hazardous chemicals or add extra weight and stress 

concentration points to the component. On the other hand, Laser-Assisted Metal – 

Polymer joining (LAMP) is a contactless, rapid, highly precise and energy-efficient 

technique, that produces autogenous and miniaturized joints. It was already 

demonstrated that surface pretreatment prior to the welding process has a significant 

impact on the joint performance by modifying surface chemistry and topography, 

promoting chemical bonding and mechanical interlocking. This research aims at 

expanding the understanding of the effects of surface properties on the joint’s performance 

by investigating their influence on interfacial thermal transfer. 

While increased surface roughness of metallic partner is expected to improve LAMP joint 

performance by promoting mechanical interlocking, it is hypothesized that a smoother 

surface would improve the joint quality by enhancing the interfacial thermal transfer 

during the welding process, resulting in a larger area of molten polymer at the interface 

and a better joint performance.  

In this research, aluminum (Al1050) and titanium (Ti64) were joined with polyamide 

(PA6.6). Initially, laser welding parameters were optimized and kept constant during all 

surface pretreatments’ investigations. Preliminary surface pretreatments, using short-

pulsed laser ablation and atmospheric plasma pretreatment, were conducted on Al1050 – 

PA6.6 to analyze the effects of surface composition and topography on joint quality and 

performance, and to optimize interfacial adhesion. Results show a correlation between 

increased surface oxidation and surface energy with improved interfacial adhesion and 

joint resistance to shear failure. Compared to plasma pretreated surfaces, laser ablation 

of metals results in a very rough surface which exhibits perfect wettability to both water 

and diiodomethane. This promotes mechanical interlocking and interfacial adhesion, 

resulting in a relatively stronger joint failing in a cohesive failure mode. Results confirm 

that an improvement of the assembly’s shear resistance to failure can certainly be 

achieved without an increase in surface roughness and interfacial interlocking, as 

observed in case of plasma pretreatment. 

Design of Experiments (DoE) techniques were utilized for both material combinations in 

order to optimize laser ablation process and to investigate the effects of pretreatment 

parameters on surface properties, interfacial thermal transfer, joint quality and 

resistance to failure. Laser ablation parameters influenced the surface topography with 

no significant effect on the surface composition, and all laser-ablated surfaces showed 

perfect wettability to both water and diiodomethane. While all ablated surfaces 

demonstrate cohesive failure mode, smoother ablated surfaces results in a better 

interfacial thermal transfer as indicated by the Thermal Contact Resistance (TCR) 

calculations and measurements, based on Cooper–Mikic–Yovanovich (CMY) model and 

layered Laser Flash Analysis (LFA) investigations, respectively. Results show that a 

smoother ablated surface results in better interfacial thermal transfer, melting a larger 

area of polymer which increases the joint quality and resistance to shear load.   
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Chapter 1 

1. Introduction 

This chapter introduces the significance of the addressed research topic, and its related 

challenges. It illustrates the importance of joining metals to polymers, with a focus on the 

material combinations used in this study. It summarizes the methods used to join metals 

to polymers, and highlights the appeal of laser welding process.   

1.1. Motivation 

Environmental protection and climate change have become major concerns particularly 

in the last few decades. As technological advancements grow, new requirements for 

engineered materials, products, and processes that are reliable, robust, sustainable and 

environmentally friendly arise. In a dynamic globalized economy, transportation of goods 

and individuals have become more rapid. From economic and environmental aspects, 

reducing the weight of vehicles and/or products would certainly have its positive impact 

on the energy efficiency of the transportation procedure, and the reduction of greenhouse 

gas emissions. 

The joining of dissimilar materials with complementary properties, like metals and 

polymers, provide noteworthy potential for innovation in many industries. On one side, 

metals have a high strength-toughness ratio along with high thermal and/or electrical 

conductivity. On the other side, polymers commonly have lower densities, higher chemical 

resistance, deformability, and relatively low cost, compared to metals. Combining such 

distinct material properties allows for weight reduction, and to create customized 

products with tailored properties. This improves fuel efficiency in transportation 

industries, and opens new areas of development, such as in biomedical applications, where 

the elasticity of polymers and toughness of metals can be integrated to resemble biological 

characteristics.  

1.2. Applications 

Automotive industry 

The implementation of hybrid, lightweight, engineered materials in transportation 

vehicles provides a reliable approach to increase fuel efficiency while keeping robust and 

intact structures. This has increased the demand of automotive industry on joining 

dissimilar materials [1]. A recent study [2] shows that a mix of materials is needed to 

provide an optimal lightweight vehicle at a minimal cost. Table 1 shows the mass 

reduction potential of optimized designs using different material strategies. Multi-

material designs approach is considered to reach an optimal design at a minimal cost. 

Using multiple materials does not only provide high potential in reducing the vehicle 

weight, it also takes advantage of the best properties of materials in use.  
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Table 1: mass reduction potential of various vehicle material design strategies [2] 

Design strategy Mass 

reduction 

Multi-Material 30 – 60% 

Carbon Fiber-Intensive 40 – 60%  

Aluminum-Intensive 30 – 45% 

Steel-Intensive 15 – 40% 

Utilizing metal-polymer assemblies in automotive industries has expanded to reach 

several body parts, ranging from front-end structures to seating and more. By adopting 

injection-molding technology, plastic ribbing and bracing are molded onto the metal parts. 

These plastic structures not only enhance the capacity of the metal construction through 

optimal transmission and distribution of the forces in the component, but also reduce the 

overall weight and cost of the component. As an example, company LANXESS has 

implemented such technology in the front-end construction of the Ford Focus as shown in 

Figure 1, yielding 20 % part costs reduction, 50 % investment cost reduction, and 40 % 

weight reduction [3]. Other parts of the vehicle, such as cross-car beams and spare wheel 

well, have also adopted metal-polymer hybrid structures to help reduce the overall weight 

and cost of products.  The growth in electric mobility market led to innovations in utilizing 

hybrid metal-polymer joints. This is clearly demonstrated in the ONSERT multipurpose 

joining system, shown in Figure 1, which is developed by DELO and Böllhoff and 

implemented in the BMW i3 and BMW i8 vehicles. 

Joining aluminum to polyamide is of high industrial relevance to automotive industries. 

While aluminum accounts for second only to steel as the most used material in vehicles, 

the use of thermoplastics has grown significantly over the last 25 years in automotive 

industry. Due to its oil resistance, thermal stability, mechanical strength and toughness, 

polyamide has been used for under-the-hood applications, including air intake manifolds, 

rocket covers, fuel rails, radiator end tanks and electrical connections. Hybrid aluminum 

– polyamide assemblies can be found in automobile parts such as heat exchangers. 

However, they are currently being joined with either injection molding or adhesive 

bonding which requires relatively big flange size and long curing time respectively. 

  

Figure 1: (left) Ford Focus front-end plastic-metal hybrid construction developed by LANXESS [3]; (right) ONSERT bolt 

applied in BMW i3 [4] 
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Aerospace industry 

For the aerospace sector, efforts in reducing the weight of the aircraft and manufacturing 

cost by replacing metallic structural materials with polymers and/or reinforced polymer 

composites have been ongoing since more than forty years. Bell helicopters (Dallas Fort 

Worth, USA) have been using composites since the 1980s allowing them to achieve a 20% 

reduction in weight on metallic airframes. A 2005 study [5] reported that the aerospace 

market accounts for 20% of carbon fiber reinforced polymer production.  

Joining titanium alloy (Ti64) to polyamide (PA6.6) is of high relevance to aerospace 

industries. More than half of titanium production is being used in the aerospace sector 

[6]. Because of its high strength-to-weight ratio, Ti64 is used for engine parts and airframe 

structures applications such as bolts, wing box, cockpit window frame, and seat rails [7]. 

Polyamide (PA6.6) matrix is commonly used in fiber reinforced composites in aerospace 

industries [8]. It is used in compartments, exterior applications, and assembly 

components due to its sealing and vibration damping properties. Figure 2 shows an 

example of hybrid components in Boeing 787. Developing a robust and rapid joining 

process for joining metals to polymers will enhance design flexibility in aerospace 

industries. 

 

Figure 2: examples of materials used in Boeing 787 [9]. 

Biomedical industry 

Hybrid metal-polymer components are utilized to create assemblies with tailored 

properties. The use of metal-polymer hybrid assemblies in biomedical implants has gained 

attention for their ability to combine the polymer’s modulus of elasticity and density, 

which are close to the cartilage bone composite, with the high compression and tensile 

strength of metals. This provides valuable damping for the transmission of shock forces.  

The high strength-to-weight ratio of some polymers makes them especially attractive as 

a material for the socket half of the implant’s joint [10]. The socket shape can be easily 

molded or machined at a low cost when made out of polymeric material. However, the 

chosen polymer should have sufficient wear and creep resistance for a lifetime of cyclic 

loading and sliding. The chosen material must be biologically compatible, and the joint 

components should not degrade to prevent possible health risks.  

Both Ti64 and PA6.6 are biocompatible and are widely used for biomedical implants 

replacing failed hard tissue. Examples of Ti64 applications include artificial hip and knee 

joints, bone plates and screws for fracture fixation, cardiac valve prostheses, and 
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pacemakers [11]. Ti64 is also commonly used in dentistry devices such as implants, 

crowns, bridges, overdentures, and dental implant prosthesis components [12]. On the 

other hand, PA6.6 have been reported promising for denture base materials of dental 

implants [13]. It is also being used in tracheal tubes, pacemakers, gastrointestinal 

segments, and facial prostheses [14]. Figure 3 shows some biomedical applications of both 

titanium and polyamide. 

   

Figure 3: examples of polyamide and titanium use in biomedical applications. (a) polyamide implants [15]; (b)  polyamide 

based composite bone plate and titanium screws [16]; (c) polyamide denture caps on titanium implant [17]; (d) titanium 

knee implant [18] 

1.3. Joining methods 

Nowadays, metals and polymers are mostly joined either by adhesive bonding, injection-

molding, or mechanical fastening [19]–[22]. However, adhesive bonding generally 

requires extra curing time and includes some health hazards, injection-molding requires 

large flange size, and mechanical fastening adds extra weight, geometrical constraints, 

and stress concentration points to the assembly. This limits the design flexibility and 

weight reduction capabilities, and hinders the applicability of such joining methods for 

certain industries such as the biomedical sector. Other techniques are also being 

exploited, such as plastic injection over molding in metallic perforated parts and hybrid 

joining methods (combining adhesive bonding with mechanical fastening or welding) [23], 

[24]. Figure 4 illustrates different joining methods used for metal-polymer assemblies, 

and Table 2 illustrates the limitations of welding techniques and highlights the 

significance of laser welding process. 

Thermal joining of metals to polymers is challenging because of the significant difference 

of the thermal properties and melting temperatures of both materials [25]. This process 

can be performed by different energy sources such as laser irradiation, resistance heating, 

or friction joining [26]–[29]. However, focused laser beam energy provides a non-contact 

thermal joining solution for joining metals to polymers by allowing a finely controlled 

energy introduction into the materials, yielding a high-temperature gradient in a limited 

volume. This precise control over the heat input provides the opportunity to create 

miniaturized joints by thoroughly melting the polymer at the interface of the joint while, 

at the same time, avoiding its degradation. This encouraged several research groups to 

investigate Laser-Assisted Metal to Polymer (LAMP) joining. 

(a) (b) (c) (d) 
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Figure 4: examples of methods used for joining metal-polymer joint 

Table 2: drawbacks of metal-polymer joining techniques 

Joining technique Limitations and drawbacks 

Adhesive bonding Environmental hazards 

Biocompatibility challenges 

Required curing time 

Large bonded area  

Mechanical fastening Additional joint weight and cost 

Not leak-tight 

Stress concentration points 

Injection molding Geometrical constraints 

Wide flange 

Suitable only for mass production 

Conventional welding Not applicable due to differences in melting and 

decomposition temperatures of materials to be 

joined 

Ultrasonic welding Contact between tool and work piece is required 

Results in indentation on the joint 

Localized welding Process 

Frictional spot joining Contact between tool and work piece is required  

Suitable only for ductile metal – polymer joints 

Results in indentation on the joint 

Localized welding Process 

Hot tool joining Difficult to industrialize 

Requires relatively long heating time 

Induction welding Wide flange 

High set-up efforts 

Laser welding Large initial investment 

Technology under development 
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welding

Mask 
Welding

Quasi-
simultaneous 

welding

Simultaneous 
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Chapter 2 

2. State of the art 

This chapter reviews relevant state-of-the-art literature on laser welding of metals to 

polymers, presents the adhesion mechanisms, and discusses several surface pre-

treatment methods used to promote adhesion and improve joint performance. It outlines 

effects of surface roughness on mechanical interlocking and interfacial thermal transfer, 

and illustrates relevant Design of Experiments methods. 

2.1. Laser welding of metals to polymers 

Laser, an acronym for Light Amplification by Stimulated Emission of Radiation, is a 

coherent, convergent and monochromatic beam of electromagnetic radiation. The 

wavelength of a laser can range from ultra-violet to infrared. Lasers can deliver a wide 

range of focused power (∼mW to 100kW) with a precise spot size, and a pulse duration 

that can reach to as low as femtoseconds, on any kind of substrate through any medium 

[30]. Because of its unique coherence property, spectral purity and ability to propagate in 

a straight line, lasers have been involved in a variety of applications ranging from bar 

code scanning and printing devices to biomedical, manufacturing, and military 

applications [30]. 

Lasers have been used in welding a variety of material combinations up to several 

thicknesses with different joint configurations [31]–[35]. The choice of laser source and 

welding parameters depends on several factors including type and thickness of materials 

to be joined, welding configuration, desired joint properties, etc. LAMP joining is an 

innovative technology which utilizes the precession and high-power density of the laser 

beam to create miniaturized joints without causing the polymer to degrade.  

The process of LAMP generally consists of two variations as shown in Figure 5, one of 

which is laser transmission welding, and the other is direct laser welding [36]. Laser 

transmission joining can be used for joining laser-transparent polymers with metals, 

where a laser beam has to be carefully selected with a wavelength that would not be 

absorbed by the chosen polymer. In this process, the laser beam is passed through the 

polymer and is absorbed by the metallic joining partner, leading to an increase in 

temperature at the interface between plastic and metal, consequently causing the polymer 

to melt and bond to the metallic surface. However, in most cases, industrially applicable 

polymers include additives and colorants making it difficult to find a polymer that is 

completely transparent to a laser beam. This partial transparency causes absorption, 

reflection, and scattering of laser beam, decreasing the process control and limiting the 

process to low thicknesses of the chosen polymer.   

In the case of direct laser welding, the laser beam is irradiated directly on the metallic 

joining partner. The introduced heat is then conducted through the metal plate which 

leads to melting the polymer at the joint interface. There are two fundamental laser 

welding modes which depend on the power density and its interaction with the irradiated 

surface. Those are conduction welding, and key hole welding. In conduction welding, the 

laser parameters are set so that the vaporization of the workpiece is minimal [37]. This 

mode occurs with a defocused beam at a relatively low power density. In an overlap 
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configuration, the laser beam is first targeted on the surface causing a small surface area 

to be heated, sometimes above the melting point and forming a melt pool. Then, the 

generated heat at the metal surface is transferred by conduction to the joint interface. 

The resulting molten pool is relatively wide and shallow, with a wider heat-affected zone, 

compared to that produced by keyhole welding. In deep penetration or keyhole welding, 

laser parameters are set to introduce sufficient energy density to the material resulting 

in boiling in the melt pool and the formation of a column of vapor with a diameter of 

approximately the size of the focused laser beam. This ‘keyhole’ behaves like an optical 

black body subjecting the laser radiation which enters the hole to multiple reflections 

before being able to exit. An increase in the applied laser irradiance above 106 W/cm2 

causes the transition from conduction mode to deep penetration mode [30]. 

 
Figure 5: variations of LAMP; (a) transmission welding; (b) conduction welding; (c) keyhole welding; (b, c) direct welding 

2.1.1. Welding parameters 

LAMP process can be categorized into three interdependent stages which influence joint 

properties and performance, those are laser beam material interaction, interfacial 

thermal transfer, and polymers’ melting thermodynamics. Careful consideration of 

process parameters such as laser power, beam guidance speed, focal position, pulsing 

mode, shielding gas type and flow-rate, etc., is essential to guarantee the success of the 

laser welding process [38]–[41]. Because of its complexity, researchers [42], [43]  utilized 

statistical Design of Experiments (DoE) in order to simplify the laser welding process and 

understand effects of parameters on joint properties. DoE, and its use in LAMP, is further 

elaborated in §2.6. 

Laser systems are flexible in terms of adjusting power density and total energy delivered 

to a workpiece. Depth of penetration is considered as a key parameter in keyhole laser 

welding. Different combinations of welding parameters, such as power and beam guidance 

speed, can produce the same depth of penetration and keyhole morphology, making the 

parameters selection complicated. However, it is not clear which laser parameter 

determines the depth of penetration despite several research efforts investigating 

absorption conditions, melt flow, and keyhole formation [44]–[51].  

In order to simplify laser processing parameters, Steen [52] and Ion [53] describe 

parametric conditions required to achieve a principal thermal mechanism of Continuous 

Wave (CW) laser processing. Several investigations [54]–[57] show that power density and 

interaction time are the most significant factors in various laser processing techniques. 

However, Suder and Williams [58] show that power density and interaction time are not 

sufficient to characterize the laser welding process. Thus, they introduced the specific 

point energy parameter, which corresponds to the product of laser output power and 

(a) (b) (c) 
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interaction time. They showed that the depth of penetration is mainly controlled by the 

power density and specific point energy, while the weld width is controlled by the 

interaction time. 

Considering LAMP, researchers have been working to understand the influence of laser 

processing parameters on the joint properties and performance. Bergmann and Stambke 

[36] investigated effects of laser power in both transmission and direct joining setups on 

the joint properties and performance. Results indicate that increasing laser power leads 

to a wider joint seam and better wetting of molten polymer on a metal surface, resulting 

in a stronger joint. However, extensive increase in laser power leads to the formation of 

pores indicating degradation of polymer at the interface. Lambiase and Genna [59] 

investigated effects of laser power and energy on performance of laser textured aluminum 

– PEEK joints. Similarly, increasing welding energy enlarged the joint area with 

consequent increase in joint’s resistance to failure. However, such increase in thermal 

energy caused degradation of PEEK at the interface and the formation of bubbles. Wang 

et al. [60] concluded the same when investigating laser transmission joining of PET and 

titanium for biomedical applications. 

Schricker et al. [61] studied time- and temperature-dependent penetration of surface 

structures in laser welding, indicating penetration of surface structures as an important 

parameter for achieving high joint strength. Results excluded joining time to be an 

influencing factor. In a separate study [62], researchers examined the sensitivity of 

polymer’s melting layer to process parameters, material properties and geometric 

attributes using experimental and numerical methods. Results show a strong influence of 

increased energy input and absorbed beam power on increasing melting layer thickness, 

and a large effect of metal sheet thickness on thermal efficiency in heat conduction joining. 

Weld quality is a critical feature that limits robustness of welded joint. Weld defects, such 

as lack of fusion, blow-out holes, pores, cracks or undercuts are well investigated in laser 

welding of metal-metal joints [63]. However, weld defects in LAMP are poorly 

investigated, and formation of bubbles at the interface is solely acknowledged in literature 

[26], [41], [64], [65]. The influence of bubble formation on joint quality and performance 

remains debatable. Katayama et al. [26] and Tamrin et al. [41] claim that bubbles 

formation is essential for improved joint performance as it generates pressure pushing 

the molten polymer towards the metallic partner resulting in an increase in bonding 

strength. However, researchers [64], [65] identified the formation of bubbles as a weld 

defect that can strongly deteriorate joint quality and performance. 

Given the hygroscopic nature of some polymers, Lamberti and Plapper [65] studied the 

influence of moisture content in polyamide (PA6.6) on the stability of joining process. 

Results show a strong effect of moisture content on the stability of the laser joining process 

and resulted joint quality. Humidity inside the polymer evaporates during laser welding 

process, creating gas with high pressure and possibly leading to a hollow gas channel 

along the weld line. This can cause the metal weld pool to break destroying the tight 

sealing. Schricker et al. [64] utilized high-speed recording to monitor evolution of bubbles 

during laser welding process. Three different types of bubbles were identified. A bubble 

can form either at the boundary layer between joining partners, at artificial nucleuses, or 

at gas particles resulting from vaporization of moisture inside polymer. Bubbles formed 

at the boundary layer adhere to the metal surface and fluctuate due to combined effects 

of formation, merging, and degassing processes. When the melting layer reaches an 
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artificial nucleus (e.g. carbon particles), bubbles are formed around the nucleus and starts 

to grow. Moisture based bubbles are formed randomly within the melting layer with larger 

size and an unsteady behavior. All bubbles travel towards the boundary layer regardless 

of the configuration of the joint. Thus, buoyancy force was identified not to be the primary 

cause of bubble movement. 

2.1.2. Failure modes 

Overlap welding has been by far the most studied welding configuration in LAMP. Three 

types of failure modes can result from such configuration as shown in Figure 6; those are 

(a) adhesive failure mode, (b, c) cohesive failure mode, and (d) mixed failure mode. Those 

failure modes have been reported both in adhesive bonding and LAMP [66]–[70]. Adhesive 

failure is an interfacial failure that is governed by interfacial bonding strength between 

joining partners. Cohesive failure occurs in the weaker joint partner and can happen at 

one of two regions; either at the joint zone, or in the base material far from the welded 

joint. Mixed failure mode is when both adhesive and cohesive failures occur 

simultaneously.  

 

Figure 6: failure modes in LAMP; (a) adhesive failure; (b, c) cohesive failure where (b) is at joint and (c)is  far from joint; 

(d) mixed failure 

All mentioned types of failure modes have been reported in LAMP [36], [68]–[72]. While 

mixed failure mode indicates a mixture between cohesive and adhesive failure 

mechanisms, cohesive failure in base material far from welded joint indicates lower 

mechanical strength of joining partner compared to joint strength. Adhesive failure is 

governed by interfacial bonding strength which can be explained by adhesion mechanisms 

in §2.2. On the other hand, joint mechanical performance in cohesive failure mode is 

reported to correlate with changes in crystalline structure and morphology of laser welded 

polymers’ molten zone as a result of thermal stresses [73]–[75]. Schricker et al. [76] 

identified four different zones at the thermoplastic’s joint region as shown in Figure 7; the 

molten zone (1), transition area of fine microstructure (2), and heat-affected zone (3). 2a 

shows a partially melted or deformed area. Microstructural investigations of polymer 

showed no changes in its original semi-crystalline structure and no indication of 

amorphous layer at the boundary between joining partners. Transition area (2) illustrated 

fine spherulitic zone due to effects of polyamides’ functional groups and resulting 

hydrogen bonds on nucleation during solidification. The deformation of partially molten 

spherulites of zone (2a) indicates effects of melt flow on polymers’ morphology [77].  

As shown in Figure 7, the hardness within the heat-affected zone and the melted zone 

was reported with an increase by 18% and 32% respectively indicating changes in 

polymers’ microstructure/morphology [76]. XRD analysis confirmed changes in crystalline 

structures of PA6 weld zone [77]. Generally, peak intensities decreased moving from 

region 1 to 3. In the molten zone (1), results indicate an increased presence of γ-PA 6 

compared to the base material. The partially molten zone (2a) shows a mixture of α- and 

γ-modification. In this zone, some crystallites are partially molten, others are remaining 

(a) (b) (c) (d) 
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in solid-state. In the heat affected zone (3), an increase in peak intensity compared to base 

material indicates secondary crystallization. Schricker et al. [75] reported cohesive failure 

to occur always in the heat-affected zone of the polymer material. Cohesive failure is 

positively influenced and joint quality increased by reducing energy per unit length 

during the laser welding process.  

  

Figure 7: (left) microstructure of polymer joint area; (right) hardness profile of polymer joint area [76]. 

2.2. Adhesion mechanisms 

Adhesion mechanisms are responsible for interfacial bonding strength between joined 

partners, and govern adhesive failure mode. The adhesion phenomenon is applicable to 

many scientific and technological fields and has become in recent years a very important 

field of study. In addition to adhesive bonding, adhesion theories are involved in coatings, 

paints, varnishes, composite materials, and LAMP. Since the final performance of these 

multicomponent materials depends significantly on the quality of the joint interface, a 

better understanding of the adhesion phenomenon is required for practical applications. 

One of the main challenges in the study of adhesion mechanisms is that the subject is at 

the boundary of multidisciplinary scientific fields, including macromolecular science, 

physical chemistry of surfaces and interfaces, materials science, mechanics and 

micromechanics of fracture, and rheology. Thus, several theoretical models of adhesion 

have been proposed: 

• Mechanical interlocking 

• Adsorption (thermodynamic) theory 

• Chemical bonding theory. 

• Diffusion theory 

• Electronic theory 

• Weak boundary layers 

The validity of those theories depends on the nature of materials in contact, in addition 

to the joining process and conditions. Therefore, their respective importance depends 

largely on the chosen system. However, the adsorption, or thermodynamic theory, exhibits 

the widest applicability. It describes the achievement of intimate contact and the 

development of physical forces at the interface, which is necessary for interlocking and 

chemical bonding mechanisms to occur favoring an increase in the bonding strength [78]. 

The energy of adhesion, which corresponds to the energy required to remove adhering 

partners, sums up energy of each individual theory, e.g. mechanical interlocking energy, 

chemical and physical bonding energy, diffusion energy, and electrostatic energy. 
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Regarding LAMP, researchers have been mostly focusing on the effects of mechanical 

interlocking and chemical bonding. 

2.2.1. Mechanical interlocking 

The mechanical interlocking model was proposed by MacBain and Hopkins in 1925 [79]. 

It claims that mechanical keying, or interlocking, of the adhesive into pores and cavities 

on the solid surface to be the major factor in determining adhesive strength. The 

enhancement of adhesion by mechanical interlocking can also be attributed to the 

increase in interfacial area due to surface roughness, which adds to the complexity of 

interactions at the interface. However, since good adhesion can be established between 

smooth surfaces, the theory of mechanical interlocking cannot be considered universal. 

Several studies investigated the effects of metallic surface pretreatment on surface 

roughness and mechanical interlocking in LAMP [35], [80]–[83], and are elaborated in 

§2.3. 

2.2.2. Adsorption (thermodynamic) theory 

Adsorption theory, composed of chemical and physical bonding, was the second 

explanation for bonding after mechanical interlocking theory and is attributed to Sharpe 

and Schonhorn [84]. This theory is concerned with the effect of interatomic and 

intermolecular forces, established at the interface between the adhesive and substrate, 

on the adhesion strength. The most common interfacial forces result from van der Waals 

and Lewis acid – base interactions. The magnitude of such forces can generally be related 

to fundamental thermodynamic properties, such as surface free energies of both adhesive 

and substrate [78]. This theory has resulted in the development of adhesive materials 

which have a lower surface tension as compared to the substrate surfaces, in order to 

ensure sufficient wetting, and acceptable bonding strength. The term wetting can be 

described as the phenomenon which ensures continuous contact between the adhesive and 

substrate surfaces. According to Young’s equation (Equation 1), there is a relationship 

between the contact angle θ, the surface tension of the liquid σlg, the interfacial tension σsl 

between liquid and solid, and the surface free energy σsg (mN/m) of the solid:   

𝜎𝑠𝑔 = 𝜎𝑠𝑙 + 𝜎𝑙𝑔 𝑐𝑜𝑠 𝜃 ……………………………………………………………........................................………………. (1) 

Where: 

σsg    surface free energy (mN/m) 

σsl   interfacial tension (mN/m) 

σlg    liquid surface tension (N/m) 

θ    contact angle (°) 

Generally, for the adherent to be able to wet a substrate, the adherent should have a lower 

surface tension than the substrate [78]. Figure 8 shows the characteristics of both good 

and poor wetting of an adhesive over a substrate. Good wetting is achieved when the 

liquid/adhesive is spread on top of the substrate surface with a relatively low contact 

angle, flowing into its crevices and valleys. On the other hand, a poor wetting is obtained 

if the liquid/adhesive bridges the gaps on substrate surface with a relatively high contact 

angle [85]. However, besides the sample’s surface roughness, adhesive’s viscosity is 

another important factor to consider.  

https://www.kruss-scientific.com/services/education-theory/glossary/contact-angle/
https://www.kruss-scientific.com/services/education-theory/glossary/surface-tension/
https://www.kruss-scientific.com/services/education-theory/glossary/interfacial-tension/
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Figure 8: (left) good wetting; (right) poor wetting showing contact angle with relative surface tension components 

Calculating the surface energy of a substrate has been a common way to predict the 

adhesion behavior particularly in adhesive bonding [78]. However, few researchers have 

considered the effect of surface energy on LAMP joints. Arai et al. [34], and Zhang et al. 

[86] reported a correlation between the increase in surface energy and enhanced LAMP 

joint strength. The use of surface pre-treatments, which increases the surface energy of 

the substrate, is required to enhance bonding quality. This is discussed in more detail in 

the later sections (§2.3 and §2.4) of this thesis. 

2.2.3. Chemical bonding theory. 

Chemical bonds formed across the adhesive–substrate interface can greatly influence the 

adhesion strength. These bonds, such as ionic and covalent bonds, are generally 

considered as primary bonds with respect to their high strength, while physical 

interactions, such as van der Waals, are referred to as secondary force interactions  [78]. 

The use of adhesion promoter molecules, referred to as coupling agents, to improve the 

joint strength between adhesive and substrate highlights the significance of such bonding 

mechanism. These species are able to react chemically on both ends with the substrate 

and the polymer, creating a chemical bridge at the interface. 

For adhesive bonding, the influence of chemical bonds on the joint strength has been 

analyzed in several studies. Gent and Ahagon [87], examined the effect of chemical 

bonding on the adhesion of polybutadiene to glass by using silane coupling agents. The 

authors varied the surface density of interfacial covalent bonds between the glass 

substrate and the cross-linked elastomer by treating the glass plates using several 

mixtures of vinyl terminated and ethyl terminated silanes. Both species form siloxane 

bonds on the glass surface. Moreover, vinylsilane can react chemically with the 

polybutadiene during the cross-linking treatment of this rubber where a radical reaction 

is involved, while the ethyl group of ethylsilane is unlikely to react with the elastomer 

and was used as a control. Therefore, intrinsic peel energy increased linearly with the 

surface concentration of vinylsilane, in good agreement with their hypothesis, proving the 

important effect of primary bonds on adhesive strength.  

The theory of chemical bonding in LAMP has already been addressed [26], [34], [35], [60], 

[82]. Using X-ray photoelectron spectroscopy (XPS) and Time-of-Flight Secondary Ion 

Mass Spectrometry (ToF-SIMS) analysis, Katayama and Kawahito [26] were among the 

first to conclude that a stable metallic or covalent bond can be formed between metal and 

plastic. Zhang et al. [86] investigated the effect of UV grafting modification on the joining 

of CFRP (PA6) to A6061 using fiber laser. UV grafting introduced more active functional 

groups including C=O and O–C=O onto CFRP surface. Introduction of active functional 

groups on CFRP surface has increased the surface energy and stimulated better wetting 

of CFRP on the aluminum. The authors suspect that the active functional groups on the 
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grafted CFRP reacted with aluminum and two new kinds of chemical bonds (‘Al–C’ and 

‘Al–O–C’) are formed at interface as shown in Figure 9. Lamberti et al. [88] identified 

hydrogen bonds between laser welded aluminum and polyamide joints, that is strongly 

influenced by aluminum oxide layer.   

 
Figure 9: hypothetical bonding between grafted CFRP and A6061: (a) Al-C; (b) Al-O-C [86] 

Hirchenhahn [89] used XPS and ToF-SIMS to investigate physicochemical bonding at the 

interface of PA6.6 laser welded to both aluminum (Al-1050) and titanium (Ti64) joints. 

His work defines a new methodology to access the interface of joined partners. After 

welding metal to polymer using direct joining in an overlap configuration, partners are 

peeled to reveal the fractured joint and polymeric residues on metal side. These residues 

are then dissolved subsequently by 2,2,2-trifluoroethanol. In the case of aluminum – 

polyamide joints, extremely thin polymer film was detected in the weld zone but not 

outside of it after polymer’s dissolution, indicating strong chemical bonding between 

aluminum oxide and PA6.6 [90]. Different reactive sites on polyamide had been identified 

with potential to react with aluminum surface. Surface chemistry analysis excluded C-Al 

bond, marked Al-N-C insignificant, and highlighted that C-O-Al bond is formed at the 

interface as shown in Figure 10. These C-O-Al bonds are most likely formed by a reaction 

between the aluminum hydroxide groups and the polymer amide groups. 

In case of laser welded titanium (Ti64) – polyamide (PA6.6), the polymer dissolution step 

after welding and failure was avoided and regions with adhesive failure mode was directly 

analyzed in Ti64 using XPS and ToF-SIMS. ToF-SIMS results conclude formation of C-O-

Ti bond at the interface. Ti64 samples were spin coated with thin PA layer before welding 

and dissolution. Using XPS, PA6.6 was detected in higher amount inside the weld zone, 

indicating strong chemical bonding. High resolution spectra showed no formation of 

titanium carbide and titanium nitride. However, a reaction with oxygen site remained 

unclear. An imine bond was observed only in the weld’s N 1s region. Results indicate type 

of bonding as shown in Figure 10. Principle Components Analysis (PCA) of the ToF-SIMS 

data shows that C-O-Ti bond is formed at the Interface as a result of laser welding. 

 

Figure 10: schematic of: (left) aluminum polyamide chemical bonding; (right) titanium - polyamide chemical bonding [89]. 
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2.2.4. Diffusion theory 

Diffusion theory was proposed in the 1960s by Voyutski and Vakula [91]. This theory is 

based on the assumption that the adhesion is promoted via interdiffusion of molecules 

between the adhesive and the substrate across the interface [78]. This theory generally 

requires that both the adhesive and substrate are polymeric and miscible with each other 

to be able to promote interdiffusion of long chain molecules.   

For LAMP, Zhang et al. [92] investigated the interface of laser welded Al – PA6 assemblies 

using XPS. Authors concluded strong influence of chemical reaction at the interface on 

joint’s shear strength. However, considering a rough surface, one cannot interpret the 

existence of diffusion between the two materials, as the coexistence of both materials at 

the interference plane, due to the rough surface, might be aliased with possible diffusion. 

To eliminate effects of roughness, Hirchenhahn [89] performed ToF-SIMS depth profiling 

on joint area of mirror polished aluminum after laser welding to polyamide (PA6.6). 

Beyond a certain depth (31 nm), depth profiling results showed lower reduction rate of 

polymeric ions (CNO- and C2H4NO-) inside the weld zone of the aluminum surface than 

outside the weld zone. Prior to reaching the same depth point, the intensity of metal oxide 

ions (Al- and AlO2
-) were increasing at a higher rate outside the weld zone than inside it. 

Results indicate possible presence of diffusion effect, estimated to be 25 ± 10 nm, due to 

LAMP process. However, those results are suspicious and have to be replicated for 

validity, and verified using another testing method, i.e. XPS, in particular as diffusion of 

polymer into the metal is very unlikely because of their reptation [91]. 

2.2.5. Electronic theory 

The electronic theory of adhesion was proposed primarily by Derjaguin and co-workers in 

1967 [93]. The authors have proposed that, as the substrate and adhesive have different 

electronic band structure, an electron transfer mechanism can occur to equalize the Fermi 

levels. This phenomenon could induce the formation of a double electrical layer at the 

interface, resulting in electrostatic forces, which can contribute significantly to the 

adhesive strength. The relevance of this theory has not been investigated for LAMP joints. 

2.2.6. Weak boundary layers 

Bikerman [94] suggested that failure of adhesive joints at the joint interface is doubtful 

and that the presence of a weak boundary layer promotes failure adjacent to the interface. 

Moreover, the diffusion of lower molecular weight fractions to the outer polymer surface 

can lead to the formation of weak surface layers. This is discussed in more depth in §2.4. 

To remove possible surface contaminants, promote interfacial adhesion, and prevent 

adhesive failure in LAMP, researchers have been investigating the effects of several 

surface pretreatments to increase chemical affinity and mechanical interlocking between 

joining partners, as elaborated in the next chapter. 

2.3. Metal surface pre-treatments 

An untreated metal surface, as it comes from the mill, has a surface topography resulting 

from the rolling operations, which might not be suitable for adhesive bonding or laser 

welding to polymeric materials. Moreover, a layer of adsorbed organic molecules is 

commonly present on top of the metal oxide as shown in Figure 11. These organic 

molecules are a result of contamination, from the atmosphere or manufacturing and 

handling conditions, resulting in an undefined surface chemistry. The presence of such 
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organic layer would limit the chemical interaction between the joining partner and 

metallic surface causing a reduced strength. 

Due to similarities in bonding mechanisms between adhesive bonding and LAMP, and 

considering the fact that most of adhesives are polymeric in nature, researchers have been 

investigating similar surface preparation methods for both joining techniques. This 

section discusses some surface pretreatment techniques used in LAMP, and other 

prospective techniques that can be adopted from surface preparations relevant for 

adhesive bonding. 

 

Figure 11: schematic diagram showing layered, rough structure expected from unprepared metal surface [95]. 

2.3.1. Mechanical pre-treatments 

Bergmann et al. [36] investigated the effects of stamping and sandblasting, in order to 

create regular and irregular surface structures, on the joint strength of laser welded DC01 

and PA6.6 sheets. Stamping was done by pressing a metallic die with protruding peaks 

on the metal plates resulting in an imbedded structure. Sand plating was performed using 

different bead sizes and fixed working pressure. The metal is then welded using a fiber-

coupled diode laser, in single-lap joint configuration, before it was tested for shear 

strength. Sandblasting showed slight difference in surface roughness, but separation 

forces varies strongly. This suggests that other factors are influencing the joint 

performance besides the surface topography. Stamping resulted in high surface roughness 

which correlates to lower separation forces. However, surface topography of stamped 

samples showed no undercuts along the indentation, and the distribution density of 

structures was relatively low compared to sandblasted samples.  

Schricker et al. [80] utilized aluminum surface machining to study effects of several 

geometric patterns on joint performance when welded to polyamide (PA6.6), using heat 

conduction laser joining. Several surface factors were investigated, such as groove width 

and depth, alignment, and structure density, using statistical DoE techniques. Results 

show the significance of depth and number of grooves, which highlights influence of total 

surface contact area between metal and molten polymer during welding process. This was 

further confirmed by strong correlation between volume and surface area of grooves with 

joint resistance to failure. Insignificant impact of width shows negligible influence of 

theoretical loadable area. In addition, drilled holes showed higher structural density and 

achieved higher shear forces than grooves.  
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While temperature distribution in the polymeric melting layer demonstrated strong 

influence on structural filling [61], the polymer’s molten layer thickness showed 

insignificant effect on joint performance given that sufficient quantity of molten polymer 

fills the metallic surface structures [75]. Moreover, applying mechanical force to push 

joining partners together illustrated a positive effect on joint performance as it pushes 

molten polymer inside the grooves in the metal. Cenigaonaindia et al. [96] studied the 

effects of AISI 304 stainless steel surface structuring by milling process on joint 

performance when welded with polyamide (PA6) by laser transmission technique. 

Pressure was applied to the joining partners during and after laser beam irradiation to 

ensure proper filling of surface structures. Results favored an increased distribution 

density of surface structures to improve joint performance. 

2.3.2. Chemical and electrochemical pre-treatments 

Chemical surface treatments, such as chromic acid etching, have shown to produce higher 

adhesive joint strengths than solvent degreasing and grit blasting [97]. Regarding 

aluminum, common acid treatment involves chromic acid etching, chromic acid anodizing 

and phosphoric acid anodizing [98]. Anodizing process involves suspending the workpiece 

in an acid bath while applying a positive potential, causing growth in surface oxide 

thickness as well as changes in morphology depending on the used acid type and 

concentration, the current density and voltage applied, and on the time and temperature 

conditions [98]. Venables [99] concluded, for aluminum and titanium, that etching and 

anodization process produce porous oxide films leading to a mechanical interlocking effect 

with the polymer and stronger bonds. 

Effects of metallic oxide layers when laser welded with thermoplastics were discussed by 

several authors [88], [92], [100]. Depending on thermoplastic properties and polarity, 

metallic surface properties result in significant influence on joint strength and 

performance. Jung et al. [100] investigated influence of steel zinc-coating on joint behavior 

when laser welded to carbon fiber reinforced plastics. Results showed that the thickness 

of zinc oxide layer on steel is correlated with joint strength when laser welded to ABS.  

Zhang et al. [92] studied the effect of anodizing pretreatment on CFRP (PA6) to A6061 

joined using fiber laser. Anodizing pretreatment showed to enhance the laser joining 

quality along with formation of porous nanostructure of oxidized layer on anodized 

aluminum surface, while the un-treated surface is relatively smooth. It is claimed that 

these structures can enhance the wettability of CFRP on A6061, as well as the mechanical 

anchoring effect. According to the result of the XPS analysis, it can be concluded that the 

increase in shear strength, relating to anodizing pre-treatment, is attributed to strong 

chemical bonding at the interface.  

Lamberti et al. [88] investigated effects of aluminum anodization pretreatment on joint 

performance when laser welded to polyamide (PA6.6). Anodization resulted in a strong 

increase in joint resistance to failure with insignificant aging effect. Hino et al. [101] 

tested alkaline and acid dipping of mirror polished 1050 aluminum sheets on assembly 

performance when laser welded to polypropylene, having 50 µm styrene block copolymer 

(SBC) thermoplastic elastomer as an interfacial insert material. Surface of the insert 

material was polarized by a carboxyl group in order to improve the joining ability with 

aluminum. Results showed that an increase in surface area of aluminum resulted in an 

improved joint strength. However, extensive increase in surface roughness resulted in 

lower joint resistance to shear load and joining defects such as non-joined areas and 
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bubbles were detected at the concavity at the cavities. The joint strength changed 

considerably with chemical treatment of aluminum surface and insert materials. A 

correlation between joint strength improvement and -COOH group or an -NH2 group 

highlights the possible formation of hydrogen bond between aluminum and insert 

material. 

2.3.3. Primers 

A primer is a coating which is used as an adhesive promoter. Primers are applied to 

substrate surface before the application of adhesive in order to promote wetting and 

develop strong interfacial forces between the adhesive and substrate. Primers are 

typically polymer solutions with good wetting capabilities and can act as surface 

treatments for removing impurities and protecting surface until adhesive is applied. 

Introduction of primers on substrate surface results in the formation of a new organic 

layer at the interface. This layer can be defined as bi-functional, it adheres well to both 

the adherent and the adhesive and provides improved interfacial bonding [78]. Silane is 

a typical example and the mostly used primer in adhesive bonding. Silanes are used to 

enhance adhesion between inorganic and polymeric materials as they contain a 

bifunctional molecule [78]. Regarding metal – polymer adhesive bonding, some other 

useful organometallic primers, such as those based on organotitanes, organozirconates 

and chrome complexes, have been utilized with varying degrees of success [102]. 

The use of primers for thermal joining, using hotplates and laser welding, has been 

recently reported to significantly increase shear strength of several metal polymer 

combinations (metals being mild steel, stainless steel, and aluminum and the polymer 

being a PA6 glass fiber reinforced polymer) [72]. It can be concluded from this study that 

the use of primers significantly increases the shear strength of the welded joint, even 

compared to sandblasting. Moreover, an innovative process of using primers in LAMP was 

recently patented [103]. Prior to laser welding, the method comprises attaching a primer 

to a metal surface, then polymerizing the primer so that the metal surface is at least 

partly covered with surface immobilized polymer brushes. 

2.3.4. Laser surface pretreatments related to metal – polymer joining 

Laser surface pretreatments are widely used to functionalize a surface for better 

performance in a certain application. Depending on the material in process, laser system, 

and processing parameters used, a variety of surface properties can be achieved, e.g. 

ranging from super hydrophobic to super hydrophilic surfaces. High level of power 

densities (>107 W/cm2 ) are usually obtained with pulsed lasers, and used for metallic 

surface ablation. The process relies on short and powerful bursts of light to create a rapid 

increase in pressure to break bonds at the material surface. High Peak Pulse Power (PPP) 

causes effective material removal by pressure gradients between the interaction zone and 

surrounding atmosphere. Liquid and vapor metal are expelled upwards from the 

irradiated spot by an energetic plume of evaporated particles. 

Amend et al. [104] investigated aluminum-polycarbonate (Al-PC), aluminum-glass-fiber 

reinforced polyamide (Al-PA66-GF30), and aluminum-polyamide (Al-PA6) joints by both 

transmission joining and direct joining. Connected grid and disconnected crater 

structures were formed at the aluminum surface using Nd:YAG laser. In the case of Al-

PC transmission joining, deep craters in the aluminum surface lead to high tensile shear 

strength in comparison with small craters. Laser structuring has formed undercuts, 

which enhanced the mechanical interlocking between plastic and metal. Adhesive failure 
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was reported for all PC-Al joints. However, laser structuring causes a different absorption 

behavior of laser radiation at the metal surface, which leads to a variable temperature 

distribution. In the case of direct laser welding, and for grid surface structure, all Al-PA6 

and Al-PA66-GF30 joints have nearly similar tensile shear strength regardless of the 

laser structuring parameters. However, measurements of joint area were not reported. 

Concerning the crater structure, air voids are observed at the valleys of the structure, and 

was assumed as a result of lack of venting. 

Holtkamp et al. [83] inspected the effect of laser surface structure density (per unit area) 

on stainless steel before laser joining with polycarbonate (PC), polyoxymethylene (POM), 

and polyamide (PA PACM)). While a joining process cannot be expected without any 

pretreatment, results show a linear increase of the shear strength correlating with an 

increase in structural density. Roesner et al. [81] studied the effect of several surface 

treatments on the thermal joining of stainless steel to different polymer combinations. 

The stainless-steel surface was structured using a μs-pulsed Nd:YAG disc laser. The 

created structure allowed for mechanical interlocking which was reported to be one of the 

main causes behind such increase in joint performance. An increase of structural density 

had a linear relation with increase in shear strength. However, those studies lacked the 

assessment of the surface composition and chemistry, which might have a significant 

contribution to the joint strength. 

Lamberti et al. [88] studied effects of short pulsed laser ablation (causing natural 

oxidization) and anodization on laser welded aluminum-polyamide joints. Surface 

roughness analysis showed that anodization smoothed the surface, while ablation 

increased average surface roughness. Both surface pretreatments have shown a 

significant increase on the joint quality regarding shear strength. However, effects of laser 

ablation and anodization pretreatment parameters on joint properties were not 

investigated. After fracture, FTIR-spectroscopic analysis of the polyamide was performed. 

The spectra from the joined samples were compared with a reference spectrum, which was 

taken on the polyamide base material, in order to detect a possible physicochemical 

interaction at the joint interface and to show the effect of the surface treatments. The 

FTIR spectroscopic analysis showed that laser-ablated and anodized samples showed 

rearrangement of extra molecular structure. N-H stretch, C=O stretch and N-H bending 

+ C-N stretch. This indicates the relevance of surface chemistry of materials on the joint’s 

strength. However, effects of laser ablation parameters on surface topography and joint 

performance were not investigated in this article. 

Wahba et al. [70] studied the effect of surface treatment and bubble morphology on joint 

strength between laser welded thixomolded Mg-alloy (AZ91D) and amorphous 

polyethylene terephthalate (PET). Laser beam was irradiated onto the AZ91D specimens 

to induce porosities near the metal surface. Then, the metallic surface was ground to 

expose these premade pores to the surface. Transmission laser welding was performed 

using a diode laser beam and compared with direct irradiation from the metal side. The 

laser melting pretreatment of metal surfaces was effective in improving the strength of 

plastic side laser irradiated joints. SEM imaging showed that the adequate morphology 

of the generated gas bubble is very critical to the joint quality – compared with networked 

wormhole morphology produced by plastic-side laser irradiation, discrete bubbles 

morphology obtained by metal side laser irradiation achieved higher joint strength. It is 

supposed that the expanding bubble pressure during welding has pushed the molten PET 

into the pores on the metal creating a mechanical anchoring effect. Although there was 
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no bonding at the interface on both sides of the bore, energy dispersive X-ray spectrometer 

(EDX) analysis confirmed that the molten plastic, filling the pore, was activated enough 

to achieve tight bonding with the metal surface and to completely mix with some metal 

fragment. 

2.3.5. Summary 

Surface pretreatments of metals prior to laser joining with polymers have shown to 

enhance joint performance and interfacial adhesion by promoting chemical bonding and 

mechanical interlocking. While primers influence the surface chemistry promoting 

chemical bonding, mechanical and chemical pretreatments, in addition to laser surface 

structuring, alter both surface chemistry and topography promoting surface wettability 

and mechanical interlocking. However, effects of surface topography on the interfacial 

thermal transfer during the laser welding process remain uninvestigated, and their 

influence on the joint properties and performance remain unknown. 

2.4. Polymer surface pre-treatments 

In the case of polymeric materials, most industrially useful polymeric materials found in 

a compounded state rather than in the pure chemical state. In addition, most polymers 

are not of a single molecular weight. Free radically polymerized materials can have a 

rather broad molecular weight distribution. The low molecular weight materials often rise 

to the surface, especially in semi-crystalline plastics as shown in Figure 12. Here, 

prospective pretreatments for polymers, that are commonly used to promote adhesive 

bonding adhesion, are introduced for their relevance to LAMP. 

In order to enhance adhesion of polymers, Kinloch [95] advises the following: 

1. The weak boundary layer of low molecular weight should be 

a. Removed (results in increase of surface energy). 

b. Chemically modified to provide a cohesively strong layer well bonded to the 

polymer surface. 

2. The surface energy of the weak boundary layer needs to be increased to a higher 

value of the surface tension of the adhesive to be used. 

3. The polymer surface topography should be improved to enable capillary action by 

the adhesive. 

 

Figure 12: representation of semicrystalline polymer surface showing extruded low molecular weights species[95]. 

2.4.1. Corona discharge pretreatment 

Corona discharge treatment CDT is essentially an unstable plasma operated at 

atmospheric pressure. Corona discharge is powered by a high frequency high voltage 

power supply. A dielectric layer must cover either the powered electrode or the grounded 
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electrode in corona discharge treatment. The gas in the apparatus is ionized by the 

discharged plasma causing ionization of the gas molecules in the gap between the powered 

and grounded electrodes. Corona pretreatment has been reported to have a significant 

effect on improving adhesive bonding strength in many articles [105]–[107].  

2.4.2. Flame treatment 

The concept and the equipment for flame surface treatment are simple. Like the corona 

treatment apparatus, flame treatment equipment involves central drum which is used as 

the base for the plastic sheeting. The plastic goes over the drum and under a series of 

burners with a controlled natural gas/air mix ratio. The flame can have considerably 

different characteristics depending upon the level of gas in the mix. Central drum is 

usually cooled, and the distance of the burners from the film is controlled to ensure proper 

treatment and protect the film from degradation. Flame treatment hand-held equipment 

are also commercially available, although uniform treatment is more difficult. Flame 

treatment has been reported to enhance the adhesion bonding [108], [109]. However, the 

use of flame treatment was not investigated in LAMP. 

2.4.3. Plasma activation 

Plasma activation and plasma polymerization are methods of surface modification 

employing plasma processing. Plasma activation only involves processing gas, generated 

from plasma source. Surface polymer functional groups are replaced with different atoms 

from ions in a plasma leading to an increase in surface energy. On the other hand, plasma 

polymerization uses plasma source to generate a gas discharge to activate or fragment 

gaseous or liquid monomer, often containing a vinyl group, in order to initiate 

polymerization. This allows the injection and control of various precursors in the plasma 

enabling desired functionalization of the treated surface.  

Plasma activation can be used to promote adhesion. However, modified surface properties 

deteriorate over time and the surface energies return to their initial state [110]. Moreover, 

compared to plasma polymerization, this method has a limitation in determining the 

introduced surface functionalities. Plasma discharges, rich with highly reactive chemical 

species, initiates a multitude chemical processes upon contact with the surface. It 

efficiently removes organic surface contaminants, and deposits functional chemical 

groups with minimal changes to surface topography [111]. One of the common 

configurations used for plasma surface treatment is the dielectric barrier discharge (DBD) 

reactor. The concept of DBD involves electrical discharge between two electrodes 

separated by an insulating dielectric barrier. 

Sperandio et al. [112] reported the influence of plasma surface treatment of an aluminum 

surface on its adherence in an aluminum-epoxy-aluminum assembly, in a single lap 

configuration. Plasma treatment has been reported to significantly increase bearable load 

of the assembly. Results show increased surface energy and altered surface chemistry of 

the treated samples. The reported optimum conditions were favorable to the creation of – 

OH and/or – O(OH) groups leading to improve the surface energy of the aluminum. 

Moreno-Couranjou et al. [113] investigated the effect of plasma polymerization, using 

several precursors, on the adherence of different polymer-polymer as well as metal-

polymer joints assembled using adhesive bonding. Allyl alcohol plasma polymer coatings 

resulted in a significant increase in peel strength of natural vulcanized rubber to silicon 

adhesive. This can be explained by the increase in the total oxygen content in the 

https://en.wikipedia.org/wiki/Surface_functionalization
https://en.wikipedia.org/wiki/Plasma_processing
https://en.wikipedia.org/wiki/Plasma_sources
https://en.wikipedia.org/wiki/Gas_discharge
https://en.wikipedia.org/wiki/Fragmentation_%28chemistry%29
https://en.wikipedia.org/wiki/Gaseous
https://en.wikipedia.org/wiki/Monomer
https://en.wikipedia.org/wiki/Vinyl_group
https://en.wikipedia.org/wiki/Polymerization
https://en.wikipedia.org/wiki/Electrical_discharge
https://en.wikipedia.org/wiki/Electrodes
https://en.wikipedia.org/wiki/Dielectric
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deposited layer with the formation of C-O bonds (as confirmed by XPS analysis), 

enhancing chemical adhesion between the treated rubber surface and the silicone 

adhesive. Functionalized Al surface coated with a DBD deposited 10 nm thick APTMS 

layer resulted in a significant increase in peel strength and a cohesive failure mode when 

joined with heat-sealed polyethylene films. It is supposed that APTMS layer deposition 

presented various oxygen-containing functional groups, predominantly carboxylic acids, 

aldehydes, and ketones. The reaction between primary amines and aldehyde groups 

resulted in imine development and an increase in the adhesion strength.  

In LAMP, Aria et al. [34] examined the effects of plasma pretreatment, of both metal and 

polymer surfaces, on the strength of laser joined Cyclic Olefin Polymer COP (nonpolar 

polymer) and SUS304 (stainless steel) using high output power semiconductor laser.  No 

joint could be obtained between both materials without pretreatment of COP, either using 

UV ozone pretreatment or plasma surface activation. XPS analysis has shown that UV–

ozone pretreatment increased C-O and C=O bonds on the COP surface, and COO bonds 

were newly generated. As a consequence, fraction of oxygen functional groups increased 

considerably, increasing surface energy. It is supposed that the increase in joint strength 

is due to the increase of the interfacial interaction between the oxygen functional groups 

(generated by the surface-modification pretreatment of COP) and the Cr2O3 oxide film of 

SUS304 (generated from Reactive Ion Etching (RIE)). However, excessive surface-

modification pretreatment caused joint strength to weaken. This might be due to presence 

of a weak boundary layer that accompanies the degradation of plastic surfaces. 

2.4.4. UV Ozone lamp 

UV ozone preparation method is effective in removing a variety of surface contaminations 

[114]. The cleaning mechanism is a photosensitized oxidation process. UV light excites 

and/or dislocates the contaminant molecules via chemical reaction with ozone molecule. 

UV radiation with a wavelength less than 200 nm dislocates the molecular oxygen O2 

present within the system, resulting in two free oxygen radicals. Each of those free 

radicals reacts subsequently with O2 forming ozone O3 molecule. UV radiation above 

200nm is exclusively absorbed by organic chemical bonds present on the substrate 

surface, causing the creation of excited states or organic radicals. The reactive organic 

species react with the unstable ozone molecule resulting in the formation of volatile 

species such as CO2, H2O, N2, and short chain organic compounds, which can easily desorb 

from the surface leaving it clean. The UV ozone treatment has been reported to 

significantly increase the LAMP joint strength, when performed on the polymer, as 

elaborated in §2.4.3 [34]. 

2.4.5. Summary 

Studies proved UV ozone and plasma pretreatments of polymers in LAMP to improve joint 

performance by altering surface chemistry and improving surface energy. This enhances 

the wettability of molten polymer on the metallic surface during the laser welding process, 

and promotes interfacial adhesion. 

2.5. Thermal Contact Resistance (TCR)  

Increased surface roughness of metal has shown a positive effect on enhancing mechanical 

interlocking and LAMP joint strength (as mentioned in §2.2.1 and elaborated in §2.3) [81], 

[83], [104]. Increased surface roughness might also enhance surface wettability allowing 

for a better wetting of the molten polymer on the metal surface during laser welding 
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process. However, it is well known that an increase in surface roughness results in an 

increase in Thermal Contact Resistance (TCR) across the interface of two solid materials 

in contact [115], [116]. The flow of heat across the interface of two solid surfaces in contact 

is mainly governed by solid-to-solid conduction at points of contact and conduction 

through the fluid occupying the non-contact area restricting the heat flow [117]. Although 

direct laser welding of metals to polymers involves interfacial thermal transfer, effects of 

surface pretreatments and surface topography on TCR during welding process remain 

uninvestigated in literature. 

Yovanovich [118] summarizes forty years of research in the field of TCR, and introduces 

the development of a geometric–mechanical–thermal model called the Cooper–Mikic–

Yovanovich (CMY) model in order to predict the TCR of conforming rough surfaces. 

Factors which influences TCR are represented in the triad shown in Figure 13. The 

intersection of geometrical and mechanical attributes constitutes contact mechanics 

problem. The intersection of geometrical and thermal constitutes constriction (spreading) 

resistance problem, and that of mechanical and thermal constitutes thermal 

elestoplasticity problem. The intersection of the three attributes constitutes the TCR 

problem. 

 

Figure 13: TCR triad [118] 

Researchers [119]–[124] developed several models to calculate TCR. Three mechanical 

models; elastic, plastic, or elastic-plastic deformation of surface asperities were 

considered. In those models, surface asperities were assumed to be randomly distributed 

over apparent contact area and to follow Gaussian height distribution about a mean plane 

passing through each surface. Figure 14 shows schematic of joint formed between two 

nominally flat ‘conforming’ rough surfaces under a mechanical load.  
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Figure 14: (above) illustration of joint formed between two conforming rough surfaces; (below) effective root mean square 

roughness (σ) and effective mean asperity slope (m) [118] 

Based on the TCR model developed by Cooper et al. [122], Yovanovich [125] proposed a 

compact expression to calculate TCR between two nominally flat solid surfaces (1 and 2) 

in contact, assuming plastic deformation of surface asperities as shown in Equation 2. σ1, 

m1, k1 are surface properties of material 1, and σ2, m2, k2 are surface properties of material 

2. σ = (σ1
2 + σ2

2)0.5 is the effective root mean square roughness (RMS) so that  

σ1,2 = √
1

𝐿
∫ 𝑦2(𝑥)d𝑥

𝐿

0
, where L is the profile traced length. m = (m1

2 + m2
2)0.5 is the effective 

mean asperity slope, where m1,2 = 
1

𝐿
∫ |

d𝑦(𝑥)

d𝑥
| d𝑥

𝐿

0
 is the mean absolute asperity slope. H 

represents microhardness of the softer material and P is the applied pressure. kh is the 

harmonic mean thermal conductivity at the interface where kh = 2k1k2/(k1 + k2). Equation 

2 shows that TCR is proportional to the ratio of root mean square roughness σ, also called 

Rq, to the average quadratic slope of asperities m, also called Rdq. 

𝑇𝐶𝑅 =
0.8σ

𝑚𝑘ℎ
(

𝐻

𝑃
)

0.95
 ………………..……………………………………………...….…..……….... (2) 

Where: 

TCR  Thermal Contact Resistance (m2K/W) 

σ   effective root mean square roughness (µm) 

m   effective mean asperity slope 

kh  harmonic mean thermal conductivity (W/mK) 

H  hardness of the softer material (MPa) 

P  applied pressure (MPa) 
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2.6. Design of Experiments (DoE) 

This chapter already illustrated that LAMP process and surface pretreatments involve 

several interrelated parameters highlighting the processes’ complexity. Statistical DoE is 

a powerful tool for screening significant parameters and optimizing processes. DoE 

utilizes statistical methodology to analyze data and predict performance under all 

possible parametric conditions within the limits selected in the experimental design.  

In contrast to the One Factor at A Time (OFAT) approach, where all variables are kept 

constant and only the factor being studied is varied, DoE approach varies several factors 

simultaneously to develop a deeper understanding of the process window, and determine 

influence of a particular parameter on performance. DoE method investigates possible 

interactions between different parameters and models the process mathematically, 

generating the required information with the minimum amount of experimentation. 

A DoE methodology was first proposed by Sir Ronald Fisher in the 1920s [126], and 

further elaborated in his book titled “The Design of Experiments” (1935) [127]. His 

pioneering work initially dealt with agricultural applications of statistical methods, and 

his methods were later transferred to include several fields of research. The process 

involved in DoE can be categorized into five steps: 

1. Problem definition 

2. Experimental planning 

3. Running experiments 

4. Data analysis using statistical methods 

5. Reporting results 

The problem definition stage is critical to clearly define challenges and desired output. 

After the problem is clearly defined, factors (independent variables) which might 

influence the desired output (dependent variable) have to be identified. Independent 

variables, e.g. laser power, beam speed, welding geometry, can either be quantitative or 

qualitative. However, their parametric levels have to be conveniently identified to set up 

the experimental space and process window under investigation. While responses 

(dependent variables) are commonly quantitative, e.g. strength of joint, joint deflection, 

etc., in some situations, responses can be qualitative, e.g. pass/fail, yes/no. However, 

qualitative responses do not provide a good response to model, and a procedure must be 

developed to quantify such qualitative responses. Since conclusions are based on 

statistical analysis and confidence intervals, the number of data points needed to be 

collected is defined by the desired statistical power and effect size.   

The third step is to conduct experiments to collect the data. In this step, randomization is 

key to avoid introducing inherent errors which can lead to biased conclusions. The third 

step is data analysis. This can be done either manually or with the aid of a computer 

software. Based on this step, further experiments might be required to expand the process 

window and identify the optimal parametric setup. Based on a specific confidence level 

(e.g. 95%), the effect of each parameter is evaluated and a mathematical model is 

generated. The final step is to report and summarize the obtained results. 

Response Surface Method (RSM) was introduced by E. P. Box and K. B. Wilson [128] in 

1951 to explore the relationships between several variables and one or more response 

(outcome). RSM utilizes DoE in a series of experiments to obtain optimal response. It 
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generally includes two design steps: screening and optimization. The aim of screening 

experiments is to identify the most significant factors that influence the response. Some 

statistical methods have been utilized for this purpose such as definitive screening 

designs, Plackett-Burman designs, and fractional factorial designs [129], [130]. While 

Plackett-Burman and fractional factorial designs screen linear terms, definitive screening 

designs provide information about square terms and 2-way interactions between 

variables. However, fractional factorial and Plackett-Burman designs often have the 

lowest number of runs in a single replicate for a given number of variables, and more 

experimental runs can be added to model quadratic terms. A design matrix is generated 

where two levels, low (-) and high (+) are given to each factor. With 8-run Plackett-Burman 

design, the significance of up to 7 factors can be investigated as shown in Table 3. With 

12-run, 16-run, and 20-run designs, up to 11, 15, and 19 factors can be investigated 

respectively. A folded design doubles combination in order to reduce confounding and 

increase resolution of design. 

Table 3: Plackett-Burman 8-run matrix 

  Factors 

  A B C D E F G 

T
re

a
tm

e
n

t 

C
o
m

b
in

a
ti

o
n

s 

1 + - - + - + + 

2 + + - - + - + 

3 + + + - - + - 

4 - + + + - - + 

5 + - + + + - - 

6 - + - + + + - 

7 - - + - + + + 

8 - - _ - - - - 

 

Once important and influential factors are identified, optimization process takes place in 

a sequential process. First, the experimenter develops the experimental design, such as 

Central Composite Design (CCD) shown in Figure 15, conducts the experiments, collects 

the data, and identifies if the experimental space under investigation contains the optimal 

parameters for maximizing positive response. If not, method of steepest ascent is followed 

by relocating experimental space in the direction towards increasing positive response by 

adjusting levels of factors. Second, when the process is near optimum, experimenter 

investigates this process window for possible curvatures and non-linearities in the 

response in order to obtain a second-order mathematical model. Then, this model is 

analyzed to determine optimal conditions. In RSM, the experimental planning and design 

are mostly based on factorial designs, e.g. full factorial, general 2k factorial, fractional 

factorial design. A regression model describing the relation between process variables and 

response is generated [131]. Statistical method such as Analysis of Variance (ANOVA) is 

used to analyze the results. 
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Figure 15: schematics of Central Composite Design and Response Surface Method optimization phases; black dots 

represents parametric setup 

In reviewing the literature that uses DoE for LAMP processes, Cai et al. [42] utilized RSM 

to investigate influence of laser welding parameters in performance of titanium alloy 

(Ti64) – carbon fiber reinforced nylon (PA66CF20) joint. However, influence of processing 

parameters on joint quality and factors affecting joint performance were not reported. 

Schricker et al. [80] utilized DoE to identify important mechanical surface structuring 

parameters of metallic surface on performance of laser welded metal – polymer joint. 

Results indicate that the shear force could be correlated to the surface of the grooves and 

drilled holes, independent of geometry or alignment angle. However, influence of surface 

topography on interfacial thermal transfer during the laser welding process was not 

investigated. 

2.7. State of the art summary 

Laser welding of metals to polymers is a complicated process that involves many 

processing parameters, e.g. laser power, beam guidance speed, pulsing mode, etc. So far, 

research in LAMP has shown the reliability of the laser welding process in a variety of 

material combinations. While joining of titanium alloy (Ti64) to polyamide (PA6.6) is 

relevant for biomedical and aerospace industries, influence of laser welding parameters 

on quality and performance of laser welded Ti64 – PA6.6 joints is poorly understood. Weld 

defects such as lack of fusion, blow-out holes, pores, cracks or undercuts have been 

thoroughly investigated in laser welding of metals – metals. Yet, only bubbles formation 

was identified as a welding defect in LAMP while other defects are hardly recognized (gap 

1). This research aims at investigating influence of Ti64 – PA6.6 laser welding parameters 

on joint quality and performance using DoE techniques. It models the impact of laser 

welding parameters on the joint strength and the evolution of critical weld defect, 

particularly laser induced deflection (§5.1). 

The ability of surface pretreatments to improve interfacial adhesion in LAMP was already 

proven. Two main factors were reported to affect the joint performance; those are 

mechanical interlocking and physicochemical bonding. However, the combined nature of 

surface pretreatment outcomes makes it difficult to understand the factors affecting joint 

properties and performance (gap 2). Aluminum laser ablation was proven to improve 

performance of laser welded aluminum – PA6.6 joint [88]. Yet, it has an influence on both 

surface chemistry and topography, promoting both chemical bonding and mechanical 
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interlocking. On the other hand, plasma pretreatment mostly influences surface 

composition and chemistry not topography, eliminating its influence on mechanical 

interlocking. Effects of plasma pretreatment on LAMP joint properties are poorly 

investigated in the literature, and factors promoting interfacial adhesion, e.g. adsorption 

mechanism, are  poorly investigated in LAMP. This research provides deeper 

understanding of the factors promoting interfacial adhesion towards a fully cohesive 

failure mode, by investigating laser ablation and atmospheric plasma pretreatment (§4.4). 

While laser ablation pretreatment significantly improves LAMP joint performance, the 

influence of laser ablation parameters on joint strength and quality remains unclear (gap 

3). This research utilizes DoE techniques to determine the impact of laser ablation 

pretreatment parameters on properties of laser welded metal – polymer joints. It 

identifies the most significant ablation parameters, and optimizes the laser ablation 

process in order to maximize joint performance (§4.5). Whereas the surface roughness of 

laser-ablated metals is expected to promote mechanical interlocking and interfacial 

adhesion, its effect on interfacial thermal transfer in LAMP and the resulted joint 

properties remains unknown (gap 4). This PhD thesis describes a new explanation to the 

influence of surface properties, which are related to interfacial thermal transfer, on the 

joint area and quality, and establishes the criterion for correlating the influence of 

topographic features on TCR and the joint resistance to failure (§5.5). 
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Chapter 3 

3. Scientific hypothesis and strategy 

3.1. Scientific hypothesis 

It is well known that increased surface roughness of metals has a positive impact on 

LAMP joint performance by enhancing mechanical interlocking. However, increased 

surface roughness increases TCR between interfaces of two materials in contact limiting 

transfer of thermal energy.  

It is hypothesized that, in case of direct laser welding of metals to polymers, increased 

surface roughness at interface increases TCR, limiting transfer of thermal energy to 

polymer, resulting in a decline in joint area and overall joint quality. It is claimed that, 

assuming relatively strong interfacial bonding, smoother surfaces at the interface of 

joining partners promote interfacial thermal transfer resulting in a broader joint area and 

improved joint performance. 

In direct laser welding of metals to polymers, laser beam energy is irradiated on the 

metallic surface, gets absorbed, transfers into thermal energy, and the energy is 

conducted through the metal to the joint interface causing the polymer to melt and the 

joint to form. The hypothesis is based on TCR theory. Thermal transfer across interface 

takes place mostly by conduction at the solid-to-solid contact points and through the fluid 

(typically atmospheric air) between the surface asperities. Increasing surface roughness 

increases TCR causing less polymer to melt. Consequently, this reduces joint area, 

quality, and performance. Figure 16 shows a schematic of the hypothesis statement. 

Based on the abovementioned hypothesis, a smoother metallic surface is preferable over 

a rougher alternative, given that both surfaces maintain relatively strong interfacial 

adhesion, i.e. fail with cohesive failure mode. A smoother surface promotes interfacial 

thermal transfer and increases joint area and performance (e.g. resistance to shear failure 

(N)). In order to test the hypothesis, cohesive failure mode has to be guaranteed to ensure 

interfacial adhesion does not affect the results. A constant joint strength (MPa) indicates 

nonsignificant changes in polymer’s crystalline and morphological properties at the zone 

of cohesive failure. Given similar joint strength (MPa), changes in joint area (quality) and 

resistance to shear load (performance), correlating with changes in surface topography, 

indicate effects of surface topography on interfacial thermal transfer. 

 

Figure 16: thermal transfer between ideally smooth interface (a); and rough surfaces (b). 
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3.2. Method to prove hypothesis. 

Experiments were conducted on two material combinations; those are aluminum (Al1050) 

– polyamide (PA6.6), and titanium alloy (Ti64) – polyamide (PA6.6). Alongside the 

industrial relevance of those material combinations, aluminum and titanium are chosen 

because of their significantly different thermophysical properties. This will strengthen 

the hypothesis testing and proof reproducibility of results. To prove scientific hypothesis 

(gap 4), gap 1, gap 2, and gap 3 in §2.7 have to be filled at first. 

Laser welding optimization DoE 

To remove the impact of defects related to laser welding process on joint performance, 

optimum laser welding parameters were utilized for the material combinations in use and 

kept constant across all hypothesis-testing experiments. Laser welding parameters of 

Al1050 – PA6.6 were previously optimized [132]. This research utilizes DoE methods to 

optimize laser welding parameters of Ti64 – PA6.6, and investigate their influence on 

joint quality and performance (gap 1, §4.2.3). 

Surface pretreatments preliminary investigations  

In order to solely examine the impacts of interfacial thermal transfer on LAMP joint, the 

effects of interfacial chemical bonding and mechanical interlocking must be eliminated. 

Thus, a surface pretreatment method that alters surface topography while ensuring 

cohesive failure mode should be identified. Literature research showed potential of laser 

ablation and atmospheric plasma pretreatment in promoting interfacial adhesion in 

LAMP. While laser ablation influences surface chemistry and topography of the treated 

metallic surface, plasma pretreatment alters only surface chemistry with no significant 

topographic changes. It is important to benchmark factors promoting interfacial adhesion 

in order to prevent their influence on interfacial thermal transfer evaluation. Preliminary 

investigations were conducted for this step on Al1050 – PA6.6 assemblies to assess the 

effects of both pretreatment methods on surface characteristics and joint properties (gap 

2, §4.4).  

Hypothesis testing 

After gaining a better understanding of the factors influencing interfacial adhesion, DoE 

techniques were adopted for both material combinations (Al1050 – PA6.6 and Ti64 – 

PA6.6) to investigate the influence of laser ablation parameters on joint performance and 

to optimize the process (gap 3, §4.5). Parameters which resulted in a broad range of high 

to low levels of joint resistance to failure were identified, and their effects on surface 

properties and resulted joint strength and quality were investigated. Effects of laser 

ablation parameters on surface topography and TCR are quantified, compared with 

theoretical CMY model, and correlated with joint quality and performance (gap 4, §5.5, 

§5.6). Figure 17 illustrates the scheme of the research methodology. 
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Figure 17: research methodology scheme representing flow of materials, experimental steps, and utilized assessment tools and methods; optical microscopy (OM), sessile drop test, Scanning 

Electron Microscope (SEM), X-Ray Photoelectron Spectroscopy (XPS), 2D and 3D profilometry, Laser Flash Analysis (LFA), macroscopic investigations (MI); Design of Experiments (DoE); 

Cooper–Mikic–Yovanovich (CMY) model; Thermal Contact Resistance (TCR); * DoE investigations  
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Chapter 4 

4. Materials and Methods 

This chapter illustrates materials and methods used in this research. It elaborates the 

used equipment and parameters, and describes the DoE approach utilized to optimize 

laser welding and to investigate the effects of laser ablation and plasma pretreatments on 

surface properties and interfacial adhesion. In addition, this chapter describes the process 

and equipment used to investigate the effects of surface properties on interfacial thermal 

transfer, joint properties, and performance.  

4.1. Materials 

To strengthen the hypothesis testing and generalize the findings, two metallic materials 

were used in combination with polyamide (PA6.6): Aluminum (Al1050) and titanium 

(Ti64). 

4.1.1. Metals 

Al1050 has very distinct properties in comparison to Ti64. Al1050 is a commercially pure 

aluminum alloy with more than 99.50% purity, while Ti64 is an alpha – beta alloy. It 

contains 6% Aluminum (alpha-stabilizer) and 4% vanadium (beta-stabilizer) alloying 

elements by weight. Table 4 and Table 5 show the elemental composition of Al1050 and 

Ti64 respectively. The physical and mechanical properties of Al1050 are distinctively 

different from that of Ti64. For example, Ti64 has roughly 3% of the thermal conductivity 

of Al-1050 [133], [134]. Table 6 show the comparison of thermophysical properties of both 

materials. Having such distinctive material properties (chemical elements, crystalline 

structure, thermal properties, etc.) between both metals has its advantage in generalizing 

the research findings, and in avoiding confounding bias [135]. 

Table 4: elemental composition of Al1050 [133] 

Element Mn Fe Cu Mg Si Zn Ti Al 

Atomic weight % < 0.05 < 0.40 < 0.05 < 0.05 < 0.25 < 0.07 < 0.05 < 99.5 

Table 5: elemental composition of Ti64 as provided by supplier (E. WAGENER, Weissach, Germany) 

Element Fe C N H O Al V Ti 

Atomic weight % 0.18 0.014 0.009 0.0094 0.132 6.12 4.28 rest 

Table 6: Metallic material properties [133], [134] 

Material property Al1050 Ti64 

Melting temperature (°C) 650 1878 

Density (g/cm3) 2.71 4.429 

Thermal conductivity (W/m.K) 222 7.1 

Thermal expansion (10-6/K) 24 8.7 

Tensile strength (MPa) 100 862 

Shear strength (MPa) 60 760 

Modulus of elasticity (GPa) 71 104 
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4.1.2. Polymer 

Alongside its industrial relevance (see §1.2), polyamide (PA6.6) was used in those 

experiments because of its strong polar properties. The strong polarity of PA6.6 is 

expected to promote its wetting on a metallic surface when melting during the laser 

welding process. PA6.6 is a semicrystalline polymer. Differential scanning calorimetry 

(DSC) investigation for the PA6.6 in use illustrates 20.18% crystallinity as shown in 

Figure 18. The number 6.6 stands for the number of carbon atoms in its basic building 

blocks. DSC analysis identified a glass transition temperature of 53.64 °C, and a melting 

temperature of 258.59 °C. Given its hygroscopic nature, PA6.6 tends to absorb water from 

atmospheric moisture, which can lead to the formation of bubbles and impact mechanical 

properties. Thus, drying in a high vacuum chamber is occasionally used to reduce 

moisture in stored samples. Table 7 shows the properties of PA6.6 in use as received from 

supplier (Dutec, Ahaus, Germany). 

 

Figure 18: DSC of polyamide (PA6.6) 

Table 7: properties of polyamide (PA6.6) (Dutec, Ahaus, Germany) [132] 

Material property Testing method Value 

Melting temperature (°C) ISO 11357-3  260  

Density (g/cm3) DIN EN ISO 1183-1 1.15 

Moisture absorption (%) DIN EN ISO 62 2.8 

Yield strength (MPa) DIN EN ISO 527 85 

Elongation at failure DIN EN ISO 527 50% 

Thermal conductivity (W/m.K) - 0.23 

Thermal expansion (10-6/K) DIN 533752 80 

Shear strength (MPa) - 47.8 

Modulus of elasticity (GPa) DIN EN ISO 527 3.3 

4.2. Laser welding 

In these experiments, 0.5 mm thick metal plates (Ti64 and Al1050) were used together 

with 4 mm thick PA6.6. Samples had a geometry of 30 mm x 60 mm and 25 x 75 mm for 

metal and PA6.6 respectively. During the laser welding process, samples are clamped in 

an overlap configuration as shown in Figure 19 (a). 
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Laser welding is performed using a fiber laser (TruFiber 400) from TRUMPF. The laser 

beam has a wavelength of 1070 nm, a spot size of 31 µm, Rayleigh length of 0.649 mm, 

and peak power of 400 W. The laser beam is irradiated on the metal surface, where it is 

partially absorbed, transferred into thermal energy, and conducted to the joint interface 

causing the polymer to melt and the joint to form. In order to widen the weld, the laser 

beam followed either a zigzag or spiral wobble trajectory. Figure 19 (b) shows the welding 

setup with an example of a wobble trajectory. Beam guidance speed (Vf) is referring to the 

resulted feed velocity in the weld direction. Shielding gas was only used in the case of 

laser joining Ti64 – PA6.6, and not for Al1050 – PA6.6, to prevent an interaction of Ti64 

with atmosphere during the laser welding process.  

 

Figure 19: metal- polymer configuration (a); laser welding configuration (b) 

4.2.1. Aluminum (Al1050) – Polyamide (PA6.6) 

Laser welding of Al1050 – PA6.6 was previously optimized to obtain a robust weld while 

avoiding polymer degradation at the joint interface [132]. The laser beam is irradiated on 

the aluminum surface with a calculated spot diameter of 58 µm. In order to obtain a key 

hole and for the laser energy to pierce through the native aluminum oxide layer while 

protecting the polymer from degradation due to excessive thermal input, a laser power of 

400 W was modulated with a pulse frequency of 25 kHz, and a pulse duration of 35 µs, as 

shown in Figure 20 (a). This results in an average power of 350 W, as described by 

Equation 3. The laser beam followed a spiral wobble trajectory, as shown in Figure 20 (b), 

with a corresponding feed velocity Vf = 88.8 mm/s. V refers to tangential velocity of the 

wobble trajectory. Wobble repetition rate was defined by the distance parameter λ. The 

laser beam spatial modulation guidance along the weld seam is described by Equation 4. 

No shielding gas is used in this welding process. 
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Figure 20: schematic of pulse modulation (a); and laser beam spiral wobble trajectory (b) 

𝑃𝑎𝑣𝑔 =
𝑇𝑝

𝑇
× 𝑃𝑝𝑒𝑎𝑘 …………………………………………………………………………………... 

(3) 

Where: 

𝑃𝑝𝑒𝑎𝑘  peak power (W) 

𝑃𝑎𝑣𝑔  average power (W) 

𝑇𝑝  pulse modulation time (s) 

𝑓𝑝 = 1/𝑇 pulse modulation frequency (Hz) 

(𝑥(𝑡)
𝑦(𝑡)

) = (
𝑎 cos(2πf𝑡+π)+𝑣𝑓𝑡+𝑎

−𝑎 sin(2πf𝑡)
) ……………………………………………………..……….. (4) 

Where: 

𝑎  wobble amplitude (mm) 

f  wobble frequency (Hz) 

𝑉𝑓  feed rate (mm/s) 

4.2.2. Titanium (Ti64) – Polyamide (PA6.6) 

Ti64 was joined with PA6.6 with the optimized process parameters based on the DoE 

investigations described in §4.2.3. CW laser beam was focused and irradiated on Ti64 

surface with 60 W following wobble trajectory shown in Figure 20 (b), having wobble 

distance parameter (λ) of 0.2 and a beam guidance speed (V) of 900 mm/s. In those 

experiments, shielding gas was used to prevent interaction between titanium and the 

atmosphere. Argon shielding gas was targeted at the weld zone, with a flow rate of 10 

L/min and 20° inclination angle below the horizontal. 

4.2.3. Laser welding optimization DoE 

While the laser welding parameters of Al1050 – PA6.6 were already optimized (§4.2.1), 

this chapter illustrates DoE techniques used to outline the influence of laser welding 

parameters on the joint strength and quality of laser welded Ti64 – PA6.6, and to optimize 

the joining process (gap 1). Among other parameters, effects of laser power, beam speed, 

pulse modulation, and shielding gas type on joint resistance to failure was investigated. 

One Factor at A Time (OFAT) 
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In order to simplify the DoE and reduce number of factors, preliminary OFAT 

investigations were executed. First, effects of pulsing mode verses CW mode on joint 

resistance to failure were tested. Peak power (𝑃𝑝𝑒𝑎𝑘), pulse duration (𝑇𝑝), and pulse 

frequency (𝑓𝑝) were varied while keeping a constant average power (𝑃𝑎𝑣𝑔 = 144 𝑊). Argon 

shielding gas with a flowrate of 25 L/min was used in those investigations, and delivered 

on the titanium surface using vitrines he nozzle configuration shown in Figure 21.  

The influence of the shielding gas type on joint resistance to failure was evaluated using 

CW laser power output of 144 W and gas flowrate of 25 L/min. Here, argon and carbon 

dioxide shielding gases were tested for several reasons: their relatively low cost, wide 

availability, and high density compared to helium. This high density allows lower 

flowrates and reduces turbulence to the plasma formed during a keyhole welding 

operation. Wobble trajectory having 8 mm width, repetition distance λ = 0.2 mm, and 

beam guidance speed V = 900 mm/s, was used in all OFAT experiments. Afterwards, DoE 

was performed with the aid of Minitab software. 

 

Figure 21: shielding gas nozzle dimensions (a); and configuration (b) 

Screening DoE 

Plackett-Burmann screening design [130] was used to highlight significant laser welding 

parameters out of six tested factors. Based on preliminary experiments, two levels per 

factor were adjusted conveniently so that different parametric combinations yield a 

reliable joint while avoiding severe burn-through or insufficient bonding. 24 runs design 

was set to yield 80% chance of detecting effect size of 1.06 standard deviations. This 

placket Burmann design does not effectively show the interactions between variables as 

interactions are confounded with all main effects. However, it is effective in determining 

significance of each parameter.  

Table 8 shows tested parameters (factors) and their corresponding levels. Laser power is 

the output power delivered in CW mode. Beam guidance speed (V) is the velocity of the 

laser beam trajectory on the metal surface (Figure 20 (b)). The focal position is referenced 

on top of the titanium surface – a negative value is relative to the z-axis and indicates 

downward motion of the beam waist into the titanium surface. A z value of −1.33 mm and 

−2.33 mm results in a spot size of 65 μm and 114 μm on the titanium surface, respectively. 

Argon shielding gas was used with the indicated volumetric gas flow rate. Spiral and 

zigzag trajectories of the laser beam on top of the titanium surface are tested and 

described by categorical factor “beam trajectory.” λ represents repetition distance between 

two consequent wobbles as shown in Figure 22. This parameter affects heat distribution 

density on the titanium surface during the laser welding process. 
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Figure 22: laser beam wobble trajectory of spiral (a); and zigzag (b) geometries. 

Table 8: Factors screened in Plackett-Burman design of laser welding Ti64 - PA6.6. 

Factors Type Low value High value 

Laser power (W) Continuous 120 200 

Beam guidance speed (mm/s) Continuous 700 800 

Focal position (mm) Continuous -1.33 -2.33 

Gas flow rate (L/min) Continuous 10 20 

Beam trajectory  Categorical Spiral Zigzag 

Wobble distance parameter “λ” (mm) Continuous 0.2 0.4 

Optimization DoE 

After identifying significant parameters affecting joint resistance to failure, RSM was 

used to optimize the laser welding process and maximize th shear strength of welded 

joints. Parameters were simultaneously varied to determine possible interactions, and a 

predictive model was generated to describe response within investigated process window. 

Two consequent optimization experiments were conducted as shown in Figure 23. First, 

effects of laser power and focal position on joint strength were investigated using rotatable 

CCD (RSM 1) with two runs per cube point, two runs per axial point, twelve runs at center 

point, and a coded distance of α = 1.414 from design center to axial star. A first regression 

model was generated to describe the response. 

The optimal focal position was identified in this first RSM and kept fixed in the second 

RSM (RSM 2) where the effects of the laser power and beam guidance speed are studied. 

Fifteen parametric combinations, each with five samples, were tested in order to 

investigate broad process window. A second regression model was generated to predict 

strength at region with optimal welding parameters (RSM 2a). In order to verify predicted 

optimum, a final CCD (RMS 3) with 4 cube points, 4 axial points, a total of 6 center points, 

and α = 1.414, was designed at the region of predicted optimal conditions. Effects of laser 

power and beam guidance speed on joint quality were analyzed and a regression model 

was generated to predict their influence on welding induced deflection (RSM 2b). ANOVA 

analysis was employed to test reliability of the developed models and significance of their 

coefficients. 
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Figure 23: RSM designs for optimizing laser welding of Ti64 – PA6.6. 

4.3. Shear-load testing 

A single lap shear test was performed to quantify welded joint resistance to failure using 

Z010 from Zwick/Roell having a maximum load of 10KN. Samples were clamped in a 

vertical alignment with a jaw to jaw distance of 75 mm. It is expected for this testing 

configuration to impose bending moments and peeling forces on the welded joint during 

pulling test as shown in Figure 24 (a). Thus, a bending prevention devise was positioned 

close to the flat sides of the samples, as shown in Figure 24 (b), and is fixed to the ground. 

A gap of 0.4 mm ± 0.1mm is left between the bending prevention device and the samples 

being tested to prevent effect of clamping forces and its induced friction on shear testing 

results. Crosshead pulling speed was set at 2.21 mm/min.  

 

Figure 24: schematic of (a) simplified stress distribution on joint width during single lap shear test; (b) shear test 

configuration with bending prevention device 

4.4. Surface pretreatments preliminary investigations 

In order to understand factors influencing interfacial bonding and optimize interfacial 

adhesion, two surface pretreatments were investigated. In particular, two types of surface 

pretreatments of aluminum (Al1050), plasma surface modification and laser ablation, in 

combination with plasma surface pretreatment of polyamide (PA6.6), were explored. 

While laser ablation affects both surface chemistry and topography, promoting both 

chemical bonding and mechanical interlocking, plasma pretreatment affects only surface 
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chemistry and does not affect mechanical interlocking.  Full-factorial DoE was used to 

model the influence of plasma surface pretreatment of aluminum and polyamide on the 

joint’s resistance to failure. Effects of surface pretreatments on surface energy, surface 

chemical composition, and roughness characteristics were evaluated by sessile drop tests, 

XPS, and 3D profilometry respectively. Effects of surface pretreatments on joint 

resistance to failure were analyzed and failure mode was identified using SEM. 

4.4.1. Plasma pretreatment DoE 

Plasma pretreatment was performed in an open DBD reactor operating at atmospheric 

pressure as shown in Figure 25 (a). DBD reactor includes an earthed aluminum plate at 

the bottom, and two high-voltage aluminum plates at the top. DBD discharge is ignited 

between the top and bottom electrodes, that are separated by 3.25 mm thick glass plate 

to act as a dielectric barrier. Samples are positioned inside premade grooves at the bottom 

electrode and are adjusted so that their surface is levelled with that of bottom electrodes. 

450 W plasma discharge resulting in a peak-to-peak voltage of 30 kV was ignited in a 3 

mm gap. The top electrodes moved over samples to determine treatment time. Working 

gas used in the treatment had a total flow rate of 20 L/min and was a mixture of 20% vol. 

oxygen gas and 80% vol. nitrogen gas to represent atmospheric air. Based on the influence 

of plasma treatment time on Water Contact Angle (WCA), total treatment time was 

chosen as 3 s and 96 s for Al1050 samples, and 12 s and 60 s for PA6.6 samples, resulting 

in full-factorial design shown in Figure 25 (b). Since the medium value of the treatment 

time (3s, 12s) was not chosen to be exactly in the middle between the high (96, 60) and 

low values (0,0), for (Al, PA) respectively, care was taken when assigning the coded units 

used for generating the model relative to its “real world unit” value as shown in Table 9.  

Prior to plasma pretreatment, Al1050 samples were prepared by submerging in ethanol 

ultrasonic path for 5 min, and polyamide was submerged in 10 min isopropanol ultrasonic 

path to remove surface contaminants, and to avoid the influence of any carbon-based 

contamination on the reference sample surface state. Isopropanol was preferred for PA6.6, 

in comparison to ethanol, because of its larger molecular size resulting in a lower 

probability of being absorbed by the polymer. 

Table 9: coded units of plasma surface pretreatments’ DoE 

Level Al (coded unit) PA (coded unit) 

Low -1.00 -1.00 

Medium -0.94 -0.60 

High 1.00 1.00 
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Figure 25: schematic of (a) DBD reactor [112]; (b) full- factorial DoE design of plasma pretreatment (un-coded). 

4.4.2. Laser ablation 

All laser ablation pretreatments were conducted by means of a short-pulsed laser beam 

using TruMark 6130 laser from TRUMPF with a wavelength of 1064 nm, forming a 

naturally oxidized layer at the top of the metal surface. The pulsing technique of the short-

pulsed laser used in laser ablation is different from that of the fiber laser used for welding.  

The short-pulses (pulse duration in the Nano-seconds range) utilize Q-switching 

technique resulting in significantly higher PPP compared to the average power used in 

the process. In this method, the energy source is applied continuously, and the laser 

radiation, not the energy source, is emitted in the form of short laser pulses. The pauses 

between the short laser pulses under the condition of constantly pumped laser medium, 

helps in saving the energy required for amplification of the laser pulses. This results in 

high emitted PPP sufficient for vaporizing the already present oxide layer on the metal 

surface and melting metallic material beneath the vaporized oxide layer. The molten 

metal is exposed to atmospheric air. This triggers a rapid reaction with atmospheric 

oxygen, thereby, forming a fresh naturally oxidized layer. Inversely proportional relation 

between pulse frequency and PPP for pulsed laser can be described by Equation 5 below, 

and is illustrated in Figure 26. 

𝑃𝑃𝑃 =
𝑃𝑎𝑣𝑔

𝑇𝑝𝑢𝑙𝑠𝑒×𝑓𝑝
 …………………………………………………………………………....……… (5) 

Where: 

𝑃𝑃𝑃  Peak Pulse Power (W) 

𝑃𝑎𝑣𝑔   average power (W) 

𝑇𝑝𝑢𝑙𝑠𝑒  pulse duration (s) 

𝑓𝑝  pulse frequency (Hz) 
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Figure 26: relation between Pulse frequency (kHz) and Peal Pulse Power (kW) for TruMark 6130 short-pulsed laser as 

provided by supplier (TRUMPF) 

Laser pulses are irradiated on metal surface with the path shown in Figure 27 forming 

consecutive craters. Track width of 50 μm was kept between the centers of each ablation 

path. Pulses overlap ratio (OL) is influenced by beam diameter (∅), beam guidance speed 

(V) and pulse frequency 𝑓𝑝 as shown in Figure 27 (a) and described by Equation 6. Keeping 

a constant beam diameter, independently decreasing the pulse frequency or increasing 

the beam speed results in a decrease in the overlap ratio. A negative overlap ratio 

indicates non-overlapping pulses, and usually results in patterned surface structure. An 

overlapping pulse ratio results in a stochastic surface structure. However, it is important 

to note that the theoretically calculated pulse overlap ratio might be different from 

resulted craters’ overlap ratio as the latter depends on laser beam material interaction 

and its effects on crater diameter and morphology. 

𝑂𝐿 = (1 −
𝑉

∅ ×𝑓𝑝
) × 100 ………………………………..………………………………...………… (6) 

Where: 

𝑂𝐿  overlap ratio (%) 

𝑉   beam speed (mm/s) 

∅  beam diameter (mm) 

𝑓𝑝  pulse frequency (Hz) 

 

Figure 27: (a) schematic of overlapped pulses; (b) geometric repetition per single line when applying “lines” DoE variable 
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In the preliminary surface pretreatment investigations (§5.2), Al1050 surface was 

ablated with a laser beam spot size of 45 µm, beam guidance speed of 1776 mm/s, in 

combination with a pulse frequency of 88.8 kHz and pulse duration of 26 ns. This 

corresponds to a PPP of around 9 kW, and a pulse overlap ratio (OL) of 56%. 

4.5. Laser ablation DoE 

In order to optimize laser ablation pretreatment of metals for increasing LAMP joint 

resistance to failure, and to investigate effects of laser ablation parameters on surface 

properties, interfacial thermal transfer and joint performance, DoE techniques were used 

for both material combinations (Al1050 – PA6.6 and Ti64 – PA6.6). First, screening DoE 

is conducted for each material combination to determine the most significant ablation 

parameters. Next, RSM was used to model the effects of significant parameters on joint’s 

resistance to shear failure. Effects of laser ablation parameters on surface properties, such 

as surface wettability, chemical composition, morphology, topography, and interfacial 

thermal transfer were investigated using sessile drop test, XPS and EDX, Scanning 

Electron Microscope (SEM), 2d profilometry, and Laser Flash Analysis (LFA). The effects 

of laser ablation parameters on joint strength and quality were outlined by measuring the 

joint area on both joining partners and investigating the joint cross-section. 

4.5.1. Aluminum (Al1050) – Polyamide (PA6.6) 

Screening DoE 

Plackett-Burman screening design was set, with the aid of Minitab software, to highlight 

significant laser ablation parameters affecting the joint resistance to failure. Seven 

parameters were investigated using twenty-four experimental runs, resulting in a 

relatively high statistical power with 80% chance of detecting a small effect size (shift in 

mean value) of 1.06 standard deviation. Two levels were chosen per parameter. In 

addition to power percentage, which controls PPP, both beam guidance speed and pulse 

frequency were included in the design in order to be able to adjust PPP and overlap ratio 

separately and gain better control over the process window. At 100% power percentage, 

15 kHz yields an approximately calculated PPP of 85 kW, while 40 kHz yields 35 kW, as 

shown in Figure 26 that was obtained from the machine manufacturer (TRUMPF).  

Parameters included in the screening design are shown in Table 10. The focal position 

was varied from focusing on the Al surface (spot size of 45 µm) to a downward offset of 

2.5 mm (spot size of 102 µm). Categorical factor “lines” refers to laser a scanning 

geometry. With this variable, the laser scans the geometry of a single line eight times 

with an equidistantly arranged offset within 4 mm wide geometry as shown in Figure 27 

(b). Overlapping lines result in repetitive ablation of the treated area. The factor 

“rolling” corresponds to rolling grooves observed on Al1050 sheets that result from 

rolling process during sheet manufacturing. The factor “hatch” represents the alignment 

of parallel laser beam structuring groves as illustrated by the dashed lines in Figure 27 

(a). Overlap ratio controls the distance between hatching lines. Axial and perpendicular 

orientations are referenced to the direction of the applied shear load. 
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Table 10: Al1050 laser ablation parameters investigated for significance in screening DoE 

Variables Type Low value High value 

Pulse frequency (kHz) Continuous 15 40 

Beam speed (mm/s) Continuous 1776 3776 

Lines Categorical Off On 

Spot size (µm) Continuous 45 102 

Rolling direction Categorical Axial Perpendicular 

Hatching orientation Categorical Axial Perpendicular 

Power percentage (%) Continuous 50 75 

Optimization DoE 

After identifying important factors, RSM was used to identify optimal parametric setup 

to maximize the joint’s resistance to failure, and generate a predictive model to describe 

response. Four successive full-factorial experimental designs, with a total of 140 welded 

sample, were used to fit the model and outline process window as shown in Figure 28. 

While the first design is a full-factorial design with a center point, Face Centered Design 

(FCD) was used in the three following full-factorials to model curvature. ANOVA was 

utilized to determine reliability of developed predictive model and the significance of its 

coefficients at 0.05 level of significance. Levels of factors in consecutive designs were 

determined along the direction of increased resistance to failure. In order to efficiently 

investigate a large process window, some design points were common among full-factorial 

experiments. Process window was further expanded at optimal overlap ratio, beyond 

maximum pulse frequency of laser system in use, by lowering power percentage, thus 

decreasing the PPP. 

 

Figure 28: Al1050 laser ablation optimization design 

4.5.2. Titanium (Ti64) – Polyamide (PA6.6) 

Screening DoE 

Plackett-Burman method was also used in this screening design with the aid of Minitab 

software. Six factors were tested as shown in Table 11. Two levels were chosen per factor 

and were determined based on results of preliminary investigations, in order to ensure 

adequate weld for all parametric combinations. Twenty-four experimental runs were 

designed resulting in a relatively high statistical power of 80% chance detecting standard 

deviation of 1.06. 
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Some of the tested parameters, in particular spot size, power percentage, pulse frequency, 

beam speed, and hatching, were commonly investigated in case of laser ablation DoE of 

Al1050 – PA6.6 experiments. However, because of the relatively higher hardness of Ti64 

compared to Al1050, rollers do not induce deep indentations during Ti64 sheets 

manufacturing. Thus, the rolling direction was excluded due to their insignificance in Ti64 

sheets. Parameter “lines” was also excluded to reduce thermal input on titanium and 

avoid possible deformation and geometrical distortion of the treated sample, specially that 

the thermal conductivity of titanium is considerably lower than that of aluminum. 

However, due to the high reactivity of titanium with atmosphere during laser processing, 

the effects of shielding the treated region with Argon shielding gas during the laser 

ablation process was investigated using a volumetric flow rate of 10 L/min and a nozzle 

tilt angle of 20° below horizontal. After the ablation, the welding process took place as 

described in §4.2.2. 

Table 11: Ti64 laser ablation parameters investigated for significance in screening DoE 

Factors Type Low level High level 

Spot size (µm) Continuous  45 102 

Pulse frequency (kHz) Continuous 15 120 

Beam speed (mm/s) Continuous 1000 2500 

Power percentage (%) Continuous 10 70 

Hatching orientation Categorical Parallel Perpendicular 

Shielding gas  Categorical Off On 

Optimization DoE 

After determining the significant parameters influencing joint performance, preliminary 

tests were conducted to determine a process window that covers variations in joint 

resistance to failure while resulting in a robust joint. An adequate process window was 

found between pulse frequency of 40 – 43.89 kHz and beam speed of 160 – 395.01 mm/s. 

FCD with a total of 8 cube points, 5 center points, and 8 axial points as shown in Figure 

29, was used to model the effects of significant parameters on the joint’s resistance to 

failure using RSM. ANOVA technique was used to determine significance of model 

coefficients and interactions between factors. In order to expand the process window 

under investigation and optimize the factors’ setting for maximum joint performance, 

further tests were conducted along the path of steepest ascent as well as the path of 

optimal overlap ratio. Path of steepest ascent included four steps, having pulse frequency 

as a base factor and a step size of two coded units between the first three steps, and four 

coded units between third and fourth step. One coded unit represents half domain of 

variation of RSM design. Relatively large step size was used in following the path of 

steepest ascent in order to detect significant differences in the joint’s resistance to failure 

as indicated by preliminary investigations. Fifty-six samples in total were tested for the 

complete optimization process. 
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Figure 29: Ti64 laser ablation optimization design. 

4.6. Surface characterization 

4.6.1. Surface morphology 

In order to investigate the effects of surface pretreatments on the morphology of treated 

surface, optical microscopy and SEM were utilized. Leica DM4000 microscope from FEI 

Company was used for optical microscopy, and a pressure-controlled FEI Quanta FEG 

200 SEM was used for SEM. In case of laser ablation DoE experiments, secondary electron 

mode was used in SEM in order to get information about the samples’ morphology. Six 

regions of 1 cm2 area were ablated on an Al1050 sample and five regions of 1 cm2 area 

were ablated on a Ti64 sample with several parametric combinations that resulted in a 

wide range of joint resistance to failure. When analyzing ablated Al1050, SEM analysis 

was performed at pressure of 3.27-4 Pa with 15 kV acceleration voltage. Ti64 SEM analysis 

was performed at a pressure of 1.10-3 Pa (in water vapor) and with a 20 KV acceleration 

voltage. A fine layer of conductive lacquer was deposited in contact with the untreated 

part of the metal samples to enhance conductivity. The area that was coated by this 

lacquer was not observed. 

4.6.2. Surface energy and wettability 

In order to investigate the effects of surface pretreatments on surface energy, the 

wettability of materials surface to water (polar) and diiodomethane (non-polar) was 

measured from static contact angle measurements using sessile drop test. Goniometer 

(OCA15+ from Dataphysics), driven by SCA 20 software, with a B. Braun (1mL) syringe 

was used to conduct experiments. A measurement with two liquids was performed for 

pretreated and solvent cleaned surfaces. An average and standard deviation values were 

calculated by performing 3 sessile drop experiments. The volume of liquid droplets was 

set to 2 µL. 

Young’s equation (Equation 1, §2.2.2) describes the relation between contact angle θ, the 

surface tension of the liquid σlg, the interfacial tension σsl between liquid and solid, and 

the surface free energy σsg (mN/m) of a liquid in contact with a solid surface. Surface 

energy was then calculated using Owens–Wendt–Rabel–Kaelble (OWRK) as shown in 

Equation 7, where the surface energy is split into two components, namely a polar and a 

dispersive part. Water and diiodomethane polar and dispersive part of the surface energy 

are given in Table 12 according to values from Strohm et al. [136].  

https://www.kruss-scientific.com/services/education-theory/glossary/contact-angle/
https://www.kruss-scientific.com/services/education-theory/glossary/surface-tension/
https://www.kruss-scientific.com/services/education-theory/glossary/interfacial-tension/
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σ𝑠𝑙 = σ𝑠𝑔 + σ𝑙𝑔 − 2√σ𝑠𝑔
𝑑 σ𝑙𝑔

𝑑 − 2√σ𝑠𝑔
𝑝

σ𝑙𝑔
𝑝

 ………………………………..…………..…………… (7) 

Where: 

σ𝑠𝑙  interfacial tension (mN/m) 

σ𝑠𝑔  surface free energy (mN/m) 

σ𝑙𝑔  liquid surface tension (N/m) 

σ𝑠𝑔
𝑑   dispersive part of solid surface energy (mN/m) 

σ𝑙𝑔
𝑑   dispersive part of liquid surface energy (mN/m) 

σ𝑠𝑔
𝑝

  polar part of solid surface energy (mN/m) 

σ𝑙𝑔
𝑝

  polar part of liquid surface energy (mN/m) 

Table 12: water and diiodomethane polar and dispersive surface energies [136] 

Liquid σ𝑙𝑔(mN/m) σ𝑙𝑔
𝑝

(mN/m)  σ𝑙𝑔
𝑑 (mN/m) 

Water 72.80 51.00  21.80 

Diiodomethane 50.80 0  50.80 

In case of laser ablation, both water and diiodomethane showed perfect wettability 

behavior on the treated surfaces, i.e. contact angle below 5° and therefore not measurable. 

Thus, an innovative approach was conducted in efforts to analyze the evolution of contact 

angle on ablated aluminum over time. Five differently ablated aluminum samples were 

subjected to this test. A series of sessile glycerol droplet of 4 µl was deposited on the 

surface of each sample by means of a syringe pump. One droplet was deposited on each of 

the ablated aluminum surfaces and the value of the contact angle was extracted from the 

droplet shape using a numerical fit based on an elliptic model. 

4.6.3. Surface composition 

In order to investigate effects of surface pretreatments on the chemical composition of 

treated metallic surfaces, XPS and EDX tests were performed. While XPS analysis has a 

relatively shallow depth of penetration (20 nm maximum in aluminum), EDX analysis 

investigates a deeper depth of penetration (1-2μm) depending on the materials being 

tested and the parameters used in the tests. 

Surface pretreatments preliminary investigations 

In the preliminary investigations of surface pretreatments (§4.4), the chemical 

composition of aluminum surface was investigated using XPS (Specs Phoibos 150). 

Sample transfer into the XPS chamber was performed in ambient air, immediately after 

surface preparation (cleaning and plasma treatment). During the analysis, the sample 

was placed in an ultra-high vacuum environment (5×10-9 mbar) and exposed to a 

monochromatic Al Kα (1486.7 eV) source operating at 200 W with an anode voltage of 

12kV. All measurements were carried out with an emission angle of 0° from the normal 

surface. A survey spectrum taken between 0 and 1250 eV and narrow scans in the C1s, 

N1s, O1s and Al2p regions were acquired. The pass energies were set to 80 and 20 eV for 

survey and narrow scans, respectively.  

Laser ablation DoE 

With reference to the laser ablation DoE experiments (§4.5), chemical composition of 

selected ablated aluminum surfaces was investigated using a K-alpha from Thermo 

Scientific (Waltham, MA, USA). An X-ray beam (Al Kα, 1486.6 eV) with a spot size of 30 
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µm was used in the analysis. When analyzing ablated Al1050, six points per ablation 

condition were investigated by measuring a survey spectrum (3 scans, 200 eV energy pass) 

and high-resolution spectra for the regions of Al 2p, O 1s, and C 1s (20 scans, 20 eV pass 

energy) atoms. 

When analyzing ablated Ti64, three points per treated surface were investigated by 

measuring a survey spectrum (3 scans, 200eV pass energy) and high-resolution spectra 

for the Ti 2p, C 1s, O 1s, N 1s, Al 2p, V 2p regions (20 scans, 20 eV pass energy). A flood 

gun was used to avoid any charging effect. The calibration was done by setting the C-C / 

C-H bond at 284.8 eV. 

EDAX GENESIS XM 4i EDX was used to obtain EDX spectra during SEM analysis. The 

analytical distance used for X-ray measurement was 10 mm corresponding to a take-off 

angle of 35°. An area of 0.15 x 0.13 mm2 was scanned for each sample and the average 

spectrum was collected over the whole area. The surface composition is calculated from 

this spectrum, assuming that Al1050 sample is only composed of aluminum, oxygen, and 

carbon, and that Ti64 sample is only composed of titanium, aluminum, vanadium, oxygen 

and carbon. Those assumptions were made based on the peaks exhibiting a significant 

height throughout the whole EDX spectra.  

4.6.4. Surface topography 

3D surface topography 

Surface topography was measured by a Tencor P17 3D profilometer by scanning a 100 x 

200 μm² area, with a pixel size of 1 x 1 μm². Two measurements performed at different 

locations of the sample surface were carried out on each ablated surface to be able to 

assess the homogeneity of the topography. 3D unfiltered parameter Sa (arithmetical mean 

surface height) values were then calculated for each sample. Scanning force of 0.5 mg was 

used for Al and 0.05 mg for PA with a scanning speed of 100 µm/s. 

2D surface topography 

Effects of metallic laser ablation on surface topography was obtained for the ablated metal 

by means of a P17 (KLA Tencor, Milpitas, CA, USA) mechanical profilometer equipment 

using a scanning load of 0.5 mg. Measurements were performed by using acquisition rate 

of 50 Hz, a scanning speed of 20 µm/s, and a scanning length of 2 mm. This results in 5000 

measured points and a scanning time of 100 s. The roughness profile was calculated with 

a cut-off length of 0.25 mm. 

Six regions of 1 cm2 area were ablated with different parameters on Al1050 sample, and 

five regions on the Ti64 sample. Four measurements were performed on each region; two 

along the axis of applied pulling forces during shear testing, and two perpendicular to it. 

Roughness parameters, with a focus on Rq (average quadratic height or “root-mean-

square” roughness) and Rdq (average quadratic slope), were calculated following ISO 4287 

[137]. Average values are reported. Similar measurements performed on PA sample show 

that its average quadratic height (Rq) is close to 40 nm, which is close to that of reference 

Ti64 (Rq ≈ 60 nm) and more than 25 times that of ablated Ti64 with Rq in the range of 1 

– 6.5 µm. Raw (solvent cleaned) aluminum exhibited Rq values close to 400 nm, and 

ablated aluminum showed Rq values in the range of 0.9–6 µm. This shows that the PA is 
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very smooth compared to ablated metals and that the schematic drawing in Figure 16 

(§3.1) is a reasonable representation of “real life” conditions. 

4.7. Interfacial thermal transfer 

Effects of ablated surface properties on interfacial thermal transfer was examined using 

LFA method. LFA is a method that dates back to studies by Parker et al. in 1961 to 

analyze thermophysical properties such as thermal diffusivity across workpiece [138]. 

During LFA measurement, the lower surface of a flat sample is heated by a short energy 

laser pulse. The resulting changes in temperature on the upper surface of the sample are 

measured with an infrared (IR) detector, resulting in the signal shown in Figure 30. An 

increase in the sample’s thermal diffusivity results in a steeper signal. In a one-

dimensional, adiabatic case, time value at half signal height (half time: t1/2) and sample 

thickness (d), can be used to determine thermal diffusivity (adiff) using Equation 8. Given 

specific heat (cp) and density (ρ) of material being tested, thermal conductivity (λcond) at a 

certain temperature (T) can be calculated by means of Equation 9. Specific heat (cp) can 

be determined by comparing the signal height (ΔTmax) of the tested sample with that of a 

reference material. 

𝑎𝑑𝑖𝑓𝑓 = 0.1388
𝑑2

𝑡1/2
 …………………………………………………………….………...…………. (8) 

Where: 

𝑎𝑑𝑖𝑓𝑓 thermal diffusivity (m2/s) 

𝑑 sample thickness (m) 

𝑡1/2 half time (s) 

λ𝑐𝑜𝑛𝑑 = 𝑎𝑑𝑖𝑓𝑓(𝑇) × 𝑐𝑃(𝑇) × ρ (T)  ……...…………………………………………..…………… (9) 

Where : 

λ𝑐𝑜𝑛𝑑 thermal conductivity (W/m⋅K) 

𝑎𝑑𝑖𝑓𝑓 thermal diffusivity (m2/s) 

𝑐𝑃 specific heat (J/kg⋅K) 

ρ density (kg/m3) 

  

 

Figure 30: LFA setup for measuring diffusivity with an example of detected signal 
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In order to calculate effects of metallic laser ablation parameters on TCR, the layered 

configuration was used as shown in Figure 31. 0.5 mm thick Al1050 and Ti64 samples 

ablated with different parameters were cut to 1 cm2 squared geometry using an Accutom 

50 dicing tool from Struers. Then, ablated samples were arranged in layered configuration 

by being placed at the bottom with its ablated surface facing an untreated reference 

sample of the same material and dimensions. However, in the case of Al1050, 1 mm thick 

reference sample was used on top of ablated one to maintain more stiffness. Samples were 

coated on both external faces using Graphit 33 spray from Kontakt Chemie (Iffezheim, 

Germany) containing 1–5 w/w % of graphite powder, in order to have a consistent 

absorbance to the laser beam and consistent emissivity to the IR detector. Layered 

configuration was used instead of using a single ablated metal sheet, in order to avoid 

possible confounding of the surface topography on the assessment of the thermal 

diffusivity [139]. It is difficult to directly calculate the exact TCR between PA6.6 and the 

metal using LFA with such layered configuration due to experimental challenges 

resulting from the relatively high ductility and low thermal conductance of PA6.6. 

However, the calculated TCR value serves as a reliable assessment technique for 

comparing TCR across differently ablated surfaces of similar metal. 

 

Figure 31: layered configuration in LFA for measuring TCR 

LFA test was performed by a Netzsch LFA 457 Microflash machine (Selb, Germany). A 

single 0.5 ms flash from Nd-Yag laser was irradiated on the untreated side of the ablated 

sample, as illustrated in Figure 31. The LFA chamber was filled with dry argon gas at 

room temperature during the experimentation in order to reduce the influence of moisture 

on the measurement of the thermal properties. The temperature changes on the back face 

of layered samples were monitored by an infrared detector (InSb photodiode). The output 

voltage of the laser was fixed at 1922 V for all aluminum samples, and 2498 V for titanium 

samples. A duration of 60 ms was used for the acquisition time of the IR detector.  

Thermal diffusivity of the layered system is calculated by measuring the increase in 

temperature at the back face of the reference metal, i.e., the side of the layered system 

facing the IR sensor, as a function of time. Next, TCR was calculated based on the 

algorithm developed by Hartmann et al. [140] by using predefined data on the density, 

thickness, thermal diffusivity, and specific heat of metallic materials in both layers for all 

tested samples.   
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4.8. Joint quality assessment 

4.8.1. Welding quality assessment 

To evaluate effects of Ti64 – PA6.6 welding parameters on joint quality, regions of the 

assembly were optically evaluated before and after failure as shown in Figure 32. 

Microscopic images were obtained using Leica DM4000 microscope, and macroscopic 

images were obtained using digital FUJIFILM X-Pro2 camera.  

 

Figure 32: regions for investigating defects: (a) weld pool cavities; (b) flash; (c) excessive penetration; (d); bubbles and 

voids 

Welding induced deflection was identified as a weld defect and investigated in depth. The 

deflection angle of the welded samples was measured by a developed coordinate system 

technique. First, samples were held uptight as shown in Figure 33 at a constant distance 

to the camera lens. Then, two lines (short end and long end) with fixed, but different, 

lengths are set to connect two points on the short and long terminals of the welded joint 

to the ends of the terminal. This method was used to avoid any calculation bias due to the 

induced curvature in the deformed titanium. It is very critical to account for the welding 

induced deflection as it can yield in a complete failure of the joint by peeling during 

handling or cooling down of the welded joint. 

 

Figure 33: deflection measurement 

4.8.2. Cross-section analysis 

Cross-sections of welded samples were prepared to analyze quality of joint interface in 

different surface pretreatment conditions, and to investigate effects of laser welding 

parameters on microstructure and morphology of Ti64 – PA6.6 joints. Welded samples 

were cut in a perpendicular direction to the weld path, and mounted in epoxy resin (epofix 

from Struers). Hot mounting was avoided to prevent any thermal effects that might 

influence the polymer’s morphology. Mounted samples were then grinded and polished 

with up to 1 µm diamond suspension. Cross-sections of welded joints were analyzed by 

SEM. 

4.8.3. Failure mode analysis 

To analyze the failure mechanism, a pressure-controlled FEI Quanta FEG 200 SEM from 

FEI Company was used in secondary electron mode and backscattering mode to get 

information about the failure mechanisms. SEM analysis was performed at pressure of 
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1.5 mbar, with 15 kV acceleration voltage in back scattering mode. In preliminary surface 

pretreatment investigations (§4.4), SEM observations were directly performed on the 

specimen without any particular preparation procedure, i.e. no conductive coating was 

used.  

4.8.4. Joint area measurement 

In order to calculate the joint strength, joint area was quantified using a dedicated 

experimental approach. After failure, macroscopic images of the joint area on both joining 

partners were obtained using a digital FUJIFILM X-Pro2 camera (Tokyo, Japan). Then, 

dimension of a single-pixel was measured using GIMP 2.10 software by correlating pixel 

size with a predefined scale positioned on the sample close to the joint area. Next, the 

joint area boarders were outlined and its area was calculated based on the number of 

pixels it contained.  Using Lecia DM4000 microscope, polarized and stitched microscopic 

images of joint area were used to confirm the measurements in high resolution. In case of 

laser welding of Ti64 – PA6.6 optimization experiments, joint strength (MPa) was 

calculated based on the joint area that was conducted on PA6.6 after failure.  
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Chapter 5 

5. Results 

This chapter presents research results. It shows the effects of laser welding parameters 

on properties and performance of titanium to polyamide joints, and provides insights of 

preliminary investigations comparing the effects of aluminum plasma surface pre-

treatment with that of laser ablation on surface properties and performance of laser-

welded aluminum-polyamide joints. Then, it describes the influence of laser ablation 

parameters on joint behavior, surface properties, and interfacial thermal transfer. 

5.1. Laser welding optimization DoE 

In this section, results of Ti64 – PA6.6 laser welding DoE optimization experiments are 

illustrated. OFAT, screening and optimization DoE results, in addition to the evolution of 

welding defects along the process window, are discussed. 

5.1.1. One Factor at A Time (OFAT) 

Figure 34 (a) shows the effects of varying laser beam pulsing mode parameters, those 

are peak power (Ppeak), pulse frequency (fp) and duration (Tpulse), on joint’s resistance to 

failure. Overlapping error bars indicate no significant variation in joint resistance to 

shear load at a constant average power (144 W). Thus, the laser mode was set to CW in 

DoE to reduce number of factors included in the design. Figure 34 (b) shows the effects 

of shielding gas type on the joint’s resistance to failure. Results show insignificant effect 

of shielding gas type. However, argon shielding gas results in a lower deviation in the 

average shear load at failure, and was chosen for the DoE. 

   

Figure 34: effects of (a) effects of pulsing mode and; (b) effects of shielding gas type on performance of laser wended Ti64 – 

PA6.6 

5.1.2. Screening DoE 

Pareto chart shown in Figure 35 (a) demonstrates the magnitude of effects for screened 

parameters. The effect of a single parameter illustrates the difference in mean shear load 

at the parameter’s low and high values. The red line shows the effect size at 0.1 level of 

significance and is determined by Lenth's method [141]. Results show significance of laser 

power, wobble trajectory, defocus and wobble repetition, on the joint’s resistance to 

failure. Main effect plot (Figure 35 (b)) demonstrates how a single factor influences the 

mean shear load. While speed does not show a significant response, it is important to note 

that Plackett-Burman design does not account for possible interactions between the 
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factors under investigation. A different design, e.g. full-factorial design, has to be used to 

analyze interactions between beam speed and laser power. 

   

Figure 35: (a) pareto chart of effects where dashed line represents 0.1 level of significance; (b) main effect plot where 

dashed line presents average shear load 

5.1.3. Optimization DoE 

Focal position 

Based on the screening results, it was decided to first optimize the focal position by 

varying the laser power density and controlling the laser power together with the focal 

position. Spiral wobble trajectory was chosen for its better response over zigzag 

alternative. The remaining significant parameters were kept unchanged as indicated in 

Table 13. Contour lines of contour plot, shown in Figure 36 (a), show nonlinear relation 

between focal position and joint strength, indicating maximum strength at a focal position 

near the titanium surface (z = 0), having beam spot diameter of 31 μm. The developed 

regression model (Equation 10) describes the relation between laser power, focal position, 

and joint strength. ANOVA F-tests results show, with 95% confidence, the significance of 

power (P), focal position (f) and non-linearity in both power (P2) and focal position (f2). No 

significant interaction was detected between both parameters. The developed model had 

R2 value of 0.804, meaning that the model accounted for 80.4% of the variations in 

strength.  

While shielding gas flow rate showed no significant effect on the shear load as indicated 

by the screening design, it exhibits significant effect on the joint quality as shown in the 

coloring of titanium in Figure 36 (b). Deducing gas flow rate decreases turbulence at the 

weld region, resulting in a stabilized plasma which prevents rapid oxidation of titanium 

[39], [142]. Thus, gas flow rate was reduced to 10 L/min in the upcoming optimization 

experiments. 

Table 13: laser welding parameters of focal position optimization DoE 

Beam guidance speed Beam trajectory Wobble distance 

parameter  

Gas flow rate 

V = 800 mm/s Spiral λ = 0.2 mm Argon: 20 L/min 
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Figure 36: (a) contour plot of joint strength verses focal position and laser power; (b) effect of gas flow rate on weld seam 

quality 

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑃,𝑓  = −110.7 + 1.480 𝑃 − 0.625 𝑓 − 0.00414 𝑃2 − 2.670 𝑓2 …………………..…. (10) 

Where: 

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑃,𝑓 predicted strength as a function of laser power and focal position (MPa) 

𝑃  laser power (W) 

𝑓  focal position (mm) 

Beam guidance speed 

After indicating the optimal focal position, additional optimization experiments were 

performed to expand the process window and determine possible interactions between 

laser power and beam guidance speed. Here, the laser beam was focused on titanium 

surface keeping the remaining parameters fixed, as indicated in Table 14, while reducing 

the gas flow rate to 10 L/min to avoid coloring of titanium. In order to examine a broad 

process window, fifteen combinations of parameters were tested as indicated by Figure 23 

in §4.2.3. RSM results are shown in contour plot of Figure 37 (a), that is described by 

Equation 11, where P is the laser power (W) and V is the beam guidance speed (mm/s). 

ANOVA F-tests show, with 95% confidence, the significant effects of power (P), 

nonlinearity in power (P2), and interaction between both variables (PV). However, 

relatively low significance of beam guidance speed V on joint strength is indicated with a 

P-value of 0.01. This model explains 63% of the variation in shear load (R2 = 0.63). It 

predicts a maximum strength of 23.9 MPa at 60 W and 900 mm/s. Using CCD design, a 

detailed RSM investigation was performed at the region of predicted optimum, and results 

are shown in Figure 37 (b). Results verify prediction showing maximum joint strength of 

21 MPa at 60 W and 900 mm/s. This value is three times higher than existing values from 

the literature [42]. 

Table 14: laser welding parameters of beam speed optimization DoE 

Focal position Beam trajectory Wobble distance parameter  Gas flow rate 

0 mm Spiral λ = 0.2 mm Argon: 10 L/min 
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Figure 37: contour plot of shear strength verses laser power and beam guidance speed for: (a) complete process window; 

(b) detailed process window around region of optimal conditions 

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑃,𝑉 = −24.5 + 0.139 𝑃 + 0.0830 𝑉 + 0.001517 𝑃2 − 0.000742 𝑃𝑉………………...(11) 

Where: 

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑃,𝑉 predicted strength as a function of laser power and beam speed (MPa) 

𝑃  laser power (W) 

𝑉  Beam speed (mm/s) 

5.1.4. Weld defects 

Evolution of weld defects 

Samples welded with five different parametric combinations, that resulted in a broad 

range of joint strength, were chosen from the process window of Figure 37 (a) and 

investigated for welding defects. Table 15 shows the welding parameters, sequenced with 

respect to an increasing laser beam energy density, and illustrates the evolution of weld 

defects. Results indicate a strong correlation between increased laser energy density, 

growth of weld defects, and decline in joint strength. At high levels of energy density (≳ 

5.5 J/mm2), weld pool cavities, flash defects, excessive penetration, and bubble formation 

are observed. High thermal input causes excessive heat penetration through the titanium 

thickness. This can cause polymer degradation, which would generate gaseous products, 

and force the humidity inside the polymer to evaporate creating high internal gaseous 

pressure. This pressure results in the formation of voids and bubbles, and potentially 

expulsion of molten polymer out of the weld joint, as indicated by the flash defect, or 

through blow-out cavities in the weld pool. Welding deflection increased along with 

increased energy density, except for parameter 5 which resulted in lower deflection than 

parameter 4. This can be explained by the localized stress relief points created by weld 

pool cavities during the laser welding process using parameter 5. However, this reduced 

deflection correlates with an increase in strength for parameter 5 compared to 4. This 

might be explained by the extra anchoring points formed between the polymer and blow-

out holes.  
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Table 15: evolution of laser welding defects in Ti64 – PA6.6 joints showing the regions illustrated in §4.8.1 

Parameter 1 2 3 4 5 

Laser power (W) 60 60 80 120 140 

Beam speed (mm/s) 900 700 900 900 700 

Energy density (J/mm2) 2.7 3.5 3.7 5.5 8.2 

Average strength 

(MPa) 

21.19 ± 1.56 18.38 ± 0.44 19.01 ± 1.30 11.64 ± 3.40 15.05 ± 4.40 

Weld pool cavities 

     

Flash defect 

     

Excessive penetration 

     
Bubbles and voids 

     
Average deflection (°) 0.22 ± 0.17 0.59 ± 0.11 1.15 ± 0.28 1.20 ± 0.41 0.89 ± 0.47 

Welding induced deflection 

Welding deflection is a critical defect in laser welding Ti64 – PA6.6 as it can result in a 

complete failure of the joint by peeling during cooling down of the weld seam. Welding 

induced deflection was analyzed for all samples involved in RSM shown in Figure 37 (a). 

Figure 38 (a) shows contour plot demonstrating effects of laser power and beam guidance 

speed on welding induced deflection as described by Equation 12. ANOVA analysis 

demonstrates significant linear (P) and nonlinear (P2) response of the laser beam power, 

as well as interaction (PV) between both parameters on the resulted deflection. Although 

the speed (V) parameter is included in the model, F-test results demonstrated that it does 

not have a significant effect on the response.  

Results show an increase in deflection along with increased laser power and decreased 

beam speed. Figure 38 (a) and Figure 38 (b) show high correlation between increased 

welding induced deflection angle and deterioration in joint strength. However, the high 

variability in results (R2 = 54.2%) contributes to reducing the magnitude of Pearson 

correlation coefficient (r = -0.67) between deflection angle and joint strength. At some 

welding conditions, this defect resulted in significant peeling stresses causing some of the 

welded joints to fail while handling or cooling down after the welding process. Those 

welding conditions exhibit a minimum deflection angle of 1.02°. Thus, a threshold of 1° 

deflection is considered as an upper limit for a robust joint. Figure 38 (b) shows the 

combined contour plot with the robust process window. 
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Figure 38: (a) contour plot of welding induced deflection verses beam speed and laser power; (b) combined contour plot of 

joint strength and welding induced deflection showing robust process window (un-hatched) 

𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 = 4.19 − 0.0008 𝑃 − 0.00865 𝑉 − 0.000275 𝑃2 + 0.000087 𝑃𝑉 ..……………... (12) 

Where: 

𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 predicted welding induced deflection angle (°) 

𝑃  laser power (W) 

𝑉  beam speed (mm/s) 

5.1.5. Summary and conclusion 

The influence of laser welding parameters on the strength and quality of Ti64 – PA6.6 

joints was investigated. Preliminary results show no significant effects of laser pulsing 

mode and shielding gas type on the joint’s resistance to failure. Screening results outlined 

significant influence of laser power, focal position, wobble distance parameter and 

geometry on the joint strength, favoring a spiral wobble trajectory and a shorter wobble 

distance parameter with 0.2 mm gap between consecutive wobbles. Statistically strong 

mathematical model was generated describing the influence of laser beam power and focal 

position on joint strength. Both variables demonstrate strong influence favoring focal 

position on titanium surface (spot size of 31 µm). Another model describing effects of beam 

guidance speed and laser power on joint strength was generated. Although the influence 

of beam guidance speed is not significant, ANOVA analysis shows its significant 

interaction with laser beam power and a significant effect of laser power. Results outline 

optimal joining conditions at 2.7 J/mm2, following 8 mm wide spiral wobble trajectory with 

0.2 mm gap between consecutive wobbles, under the shielding of argon gas at a flow-rate 

of 10 L/min. The resulting joint strength is 21 MPa, close to the value predicted by 

regression model (23 MPa). 

Weld defects, in particular weld pool cavities, flash defect, excessive penetration, bubbles 

and voids, were highlighted and welding induced deflection was quantified. Results show 

the evolution of defects along with increased energy density of the welding process. The 

formation of bubbles and voids and the extrusion of molten polymer out of blow-out holes 

and/or flash defects during a thermally intensive welding process (≳ 5.5 J/mm2) suggest 

rapid expansion of molten polymer during the laser welding process. A mathematical 

model, developed to describe the effects of laser power and beam guidance speed on 

welding induced deflection, indicates a strong interaction between both laser welding 

parameters. Inversely proportional correlation between welding induced deflection and 
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joint strength is observed, demonstrating influence of peeling induced forces on joint 

failure, and indicating an upper threshold of 1° for a robust joining process. Optimized 

laser beam conditions resulted in a high strength, robust, and defect-free joint (gap 1). 

5.2. Surface pretreatments preliminary investigations 

In this section, results of plasma and laser ablation pretreatments preliminary 

investigations are shown. The effects of surface pretreatments on surface energy, 

composition, and topography, are illustrated, and correlations with failure behavior and 

joint performance are discussed. 

5.2.1. Surface energy 

Influence of plasma exposure time 

In order to determine the plasma treatment time and to set up the DoE levels, WCA 

measurements were performed on the treated surfaces as a function of treatment 

conditions. It can be concluded from Figure 39 that plasma treatment time increases the 

water wettability significantly. In case of Al1050, it is shown that wettability increases 

with plasma exposure time, and a saturation effect was observed for plasma treatment 

time above 24 s. To include a relevant “mid-value” of the plasma treatment time in the 

DoE (§4.4.1), a mid-value of WCA, between the saturated WCA of plasma treated Al1050 

and initial WCA of the solvent cleaned Al1050, was selected at 3 s treatment. In case of 

PA6.6, it is shown that wettability increases with plasma exposure time, and a saturation 

effect was observed above 60 s. A maximum plasma treatment time of 60 s was chosen in 

order to prevent possible surface deterioration of polymer which might have a negative 

effect on the joint quality as reported by Arai et al. [34]. 13s was used for the mid-value. 

  

 

Figure 39: influence of plasma pre-treatment time on Water Contact Angle. 

Surface energy 

Figure 40 shows the effect of plasma surface pretreatment technique on Water Contact 

Angle (WCA) and surface energy (SE). It is clearly shown that plasma treatment of Al1050 

and PA6.6 increases their water wettability, which indicates an increase in the surface 
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energy, in particular the polar part. The same is observed for Al1050 after laser ablation, 

where water and diiodomethane perfectly wets the surface (contact angle less than 5°), 

indicating an even greater increase in surface energy compared to plasma treatment. For 

comparison purpose, those WCA and SE values are obtained from measurements 

performed 3h after the last step of surface treatment, as it corresponds to the time of laser 

assembly after surface pretreatments. Contact angle measurements and surface energy 

calculations for the treated samples are according to OWRK method (see §4.6.2)  using 

values provided in Table 12. 

     

Figure 40: influence of plasma surface pretreatment on (a) water and diiodomethane contact angle and; (b) total surface 

energy (SE) and its polar part 

Aging of treatment 

In the case of plasma-treated aluminum, it is observed that WCA increases as a function 

of aging time when the Al sample is kept in lab conditions. This phenomenon was already 

observed by Strohmeier [143] and is assigned to the adsorption on the aluminum surface 

of hydrophobic airborne carbon species. This phenomenon, called recontamination, is 

further quantified by measuring the evolution of surface energy as a function of Al1050 

storage time after long plasma treatment (Figure 41). In the case of plasma-treated PA6.6, 

calculated surface energy revealed hydrophobic recovery as a function of aging time as 

shown in Figure 42. No increase of WCA value is observed for laser-ablated aluminum 

samples for storage times reaching up to one week.  
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Figure 41: recontamination effect on surface energy of 3s and 96s plasma-treated Al1050 

 

Figure 42: hydrophobic recovery of 12s and 60s plasma-treated PA6.6 

5.2.2. Surface composition 

XPS analysis was performed only on the aluminum sheets before and after treatment. 

The results are presented in Table 16. Fluorine is certainly a contamination from the 

analysis chamber and will no longer be discussed. Both Surface treatments (plasma and 

laser ablation) lead to a surface that is richer in oxygen and poorer in carbon. However, 

this change is more pronounced for laser-ablated Al1050, where much lower content of 

metallic aluminum is detected. This is certainly assigned to the laser ablation process’ 

surface oxidation effect, so that more oxygen is present, and “cleaning” effect, thereby 

decreasing the presence of adventitious carbon. The slight increase in oxygen content 

regarding the 3s treatment compared with the reference sample is probably correlated 

with the non-significant increase of shear load. The increase in N content is low for 

plasma-treated Al and can be assigned to the contact with activated species in the 

nitrogen-rich plasma. N content of laser-ablated sample is very low, probably due to the 

presence of a large oxide layer on the surface. Surface composition of plasma-treated 

Al1050 (96s) is comparable to that of laser-ablated Al1050. 
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Table 16: XPS results showing surface composition of treated Al samples 

Sample % Al %O %C % N % F % Al metal 

Al-ref (0s) 29.88 46.89 17.15 1.29 4.79 25.98 

Al-plasma (3s) 26.98 48.62 21.43 1.46 1.51 26.21 

Al-plasma (96s) 25.75 55.04 12.31 1.47 5.43 23.73 

Al-laser ablation 31.59 58.07 9.98 0.36 0.00 1.97 

5.2.3. Surface topography 

Respectively, the effects of surface treatments on the surface topography of Al1050 and 

PA6.6  are shown in Figure 43 and Figure 44. It is clearly shown that plasma surface 

treatment did not result in a significant change in the surface topography of both Al and 

PA. However, laser ablation has significantly increased the surface roughness resulting 

in a total increase of 11% of the calculated surface area with respect to the projected 

surface area. Such interpretation was calculated using the Sda% roughness parameter. 

Such an increase in roughness is expected to enhance the joint strength by increasing the 

total surface area of contact between both materials providing more anchoring points for 

prospective chemical bonding, and possibly providing anchoring points for mechanical 

interlocking. 

 

Figure 43: 3D topography of treated aluminum surface 

  

Figure 44: "false color" 3D topography of treated polyamide. Color code represents Z axis 
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5.2.4. Joint resistance to failure 

Full-factorial DoE results were analyzed using a response surface method [144], with the 

aid of Minitab software. Contour plot results (Figure 45) show positive effects of 

increasing plasma treatment time of Al1050 and a nonlinear response of PA6.6 treatment 

time resulting in a predicted maximum of 1635 N at 96 s and 39 s plasma treatment time 

for Al1050 and PA6.6, respectively. ANOVA analysis indicates no significant interaction 

between aluminum and polyamide treatment times, and a larger influence of polyamide 

treatment time than that of aluminum. Nonlinear response of polyamide plasma 

treatment time suggests surface deterioration of the polymer at high treatment times. 

The insignificant factors were eliminated from the newly generated model shown in 

Equation 13 (in un-coded units). R² = 38.6% value shows that the model explains only 38.6 

% of the variability of the response data around its mean. On the other hand, a 

significantly low p-value = 0.00 of the regression model interprets the model’s high 

accuracy but low precession of predictability.  

Interval plot (Figure 45) illustrates the mean value of the maximum shear load (N) with 

respect to the different treatment parameters, including laser-ablated samples. 

Overlapping standard errors bars indicate that the difference between the means is not 

statistically significant. To ensure statistically significant difference between the means, 

a T-test assuming equal variance was used in calculating the p-value between each two 

set of samples. By considering the solo effect of plasma treatment of Al1050 on the joint 

strength (i.e. keeping the PA6.6 surface treatment constant), it can be interpreted from 

the results that Al1050 plasma treatment time did not yield a significant increase in shear 

load compared to its non-treated alternative, as much as PA6.6 plasma treatment keeping 

constant Al1050 treatment time. It is important to note that the p-value calculated for the 

DoE model, which indicates the significance of the Al treatment, is comparing the shear 

load’s mean value of all the data set (including different treatment conditions for PA) 

involving no Al plasma treatment, with those involved in Al plasma treatment. meaning, 

the combined mean value of (0,0), (0,12), and (0,60) is compared to that of (96,0), (96,12), 

and (96,60).  

    

Figure 45: (left) contour plot of plasma treatment; (right) interval plot of surface pretreatments 

𝑆ℎ𝑒𝑎𝑟 𝑙𝑜𝑎𝑑 = 1119.3 + 1.591 𝐴𝑙 + 18.63 𝑃𝐴 − 0.2389 𝑃𝐴² ………………..….………….…. (13) 

Where: 

𝑆ℎ𝑒𝑎𝑟 𝑙𝑜𝑎𝑑 predicted shear resistance to failure (N) 

𝐴𝑙  aluminum plasma pretreatment time (s) 

𝑃𝐴  polyamide plasma pretreatment time (s) 

0 (s)  12 (s)   60 (s)          0 (s)  12 (s)  60 (s)            0 (s)  12 (s)  60 (s)           0 (s)   

0 (s)   0 (s)     0 (s)           0 (s)   0 (s)    0 (s)             0 (s)   0 (s)    0 (s)             Laser-ablated 
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5.2.5. Failure mode analysis 

SEM analysis was performed on Al1050 and PA6.6 at the welded joint zone after failure 

in order to understand the failure behavior. In all welded combinations, aluminum 

surfaces show zones which corresponds to three different “locus of failure” at the joint 

interface, and are referred to as 1, 2, and 3 as indicated on the plasma-treated  Al1050 

surface shown in Figure 46. EDX analysis results of those regions are given in Figure 47, 

and regions of investigation are elaborated in Figure 69 (Appendix A). 

While region 1 represents adhesive failure zone in plasma-treated aluminum and out-of-

weld zone close to the joint area in laser-ablated aluminum, EDX analysis of the zones 2 

and 3 shows that they consist of relatively thin polyamide layer and relatively thick 

polyamide layer, respectively, on both treated aluminum surfaces. The presence of a layer 

of polyamide on aluminum confirms a cohesive failure zone. Larger area of thick residual 

polyamide is noticed on the plasma-treated aluminum (96 s) with respect to reference 

aluminum. 45⁰ strips of polyamide are visible only on the plasma-treated aluminum. It is 

assumed that those strips are a result of deformation taking place first in the polyamide 

bulk, referred to as "shear banding deformation", and propagating to the Al1050 – PA6.6 

interface. Regions of adhesive failure are noticed at the weld region in between thick 

polyamide residue lines on both reference and plasma-treated aluminum. However, visual 

inspection shows larger regions of cohesive failure on joints where both aluminum and 

polyamide are treated with 96 s and 60 s, respectively. EDX results show larger carbon 

content at region 2 in laser-ablated aluminum than that of plasma-treated aluminum. 

Laser-ablated Al1050 demonstrates relatively high carbon content in all its regions of 

failure, which confirms fully cohesive failure mode.  

In the case of reference polyamide welded to laser-ablated aluminum, two zones (a and b) 

can be identified as equal in area and matching in geometry on both joining partners. 

Region “a” corresponds to high density of polyamide residues on ablated aluminum after 

failure, and rough pits are noticed on polyamide at region “b” where traces of aluminum 

particles can be found in relatively high distribution densities, particularly at the edges 

of the joint. This suggests that failure at region “b” is closer to the interface than failure 

at region “a”, resulting in a mixed cohesive failure mode where residues of both partners 

can be found on one another. However, aluminum traces are rarely seen with other Al 

treatments. It is suspected that those aluminum traces are either a result of aluminum 

oxide dust, trapped on the rough surface, or due to the random geometry of aluminum 

oxide peaks which might lead to their detachment from the aluminum surface during the 

shear test. Optical and microscopic inspections revealed similar failure behavior in all 

similarly pretreated joints. 
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Figure 46: SEM showing failure zone of differently pretreated Al1050 welded to PA6.6 

   

Figure 47:EDX results showing elemental composition of zones on Al1050 (a and b) and PA6.6 (c) in case of (a) plasma-

treated Al1050; (b and c) laser-ablated Al1050 

5.2.6. Summary and conclusion 

Significant improvement in shear resistance to failure of laser-welded Al1050 – PA6.6 

joints is recorded after plasma pretreatment. Improvement in joint performance is not 

related to changes in surface topography, but rather to chemical modifications of 

pretreated aluminum surface. Moreover, plasma pretreatment of polyamide and of both 

joining partners is also effective in improving joint resistance to shear load. This 

improvement is correlated with an increase in surface energy of pretreated surfaces, in 

particular the polar part, in agreement with the adsorption theory of bonding (§2.2.2). 

These results confirm that an improvement of LAMP joint resistance to failure can 

certainly be achieved without an increase of interfacial interlocking. 

0%

20%

40%

60%

80%

100%

Adhesive
failure

(1)

Mixed
failure

(2)

Cohesive
failure

(3)

A
t%

 b
y 

ED
X

Joint zone

Plasma-treated Al1050

C O Al Si

(a)

0%

20%

40%

60%

80%

100%

Out of
weld
(1)

Mixed
failure

(2)

Cohesive
failure

(3)

A
t%

 b
y 

ED
X

Joint zone

Laser-ablated Al1050

C O Al Si

(b)

0%
20%
40%
60%
80%

100%

Al1050
residues

(4)

out of
weld
(5)

A
t%

 b
y 

ED
X

Joint zone

Reference PA6.6

C O Al

(c)



64 

 

When aluminum surface composition and topography are changed due to laser ablation, 

the improvement in joint performance is larger than in the case of plasma pretreatment. 

This is assigned to additional strengthening effects related to the high increase in oxidized 

aluminum, roughness amplitude, interfacial bonding area, and surface wettability, 

resulting in a fully cohesive failure mode (gap 2). 

5.3. Laser ablation DoE 

Laser ablation process already demonstrated its adhesion promotion potential in laser-

welded Al1050 – PA6.6 joints. This section shows the influence of laser ablation 

parameters on performance of laser-welded Al1050 – PA6.6 and Ti64 – PA6.6. Screening 

DoE results highlight the significant laser ablation parameters. Optimization results 

outline the process window, model the response, and optimize the process in terms of 

maximizing the joint’s resistance to shear load. 

5.3.1. Screening  

Al1050 – PA6.6  

Laser ablation screening design results in several ablation morphologies including 

patterned, semi-patterned, and stochastic geometries (Figure 48). Microscopic 

investigations show that all laser-ablated samples result in cohesive failure mode 

regardless of the ablation parameters. Figure 49 shows screening design results, 

represented in a Pareto chart which shows the magnitude of effects of screened 

parameters, and in the main effects plot of significant parameter. The effect of a single 

parameter in the pareto chart illustrates difference in mean shear load at the parameter’s 

high and low values. The dashed line, determined by Lenth’s method [141], shows the 

effect size at 0.05 level of significance. Results recognize pulse frequency to have 

statistically significant effect on joint resistance to failure, identifying significance of PPP 

and overlap ratio (see §4.4.2). Main effect plot describes how changes to a single factor 

influences mean shear load. Results show that a high level of pulse frequency, reflecting 

an increase in overlap ratio and a decrease in PPP, enhances the joint’s resistance to 

failure. 

   

Figure 48: surface morphology of ablated Al1050 resulting from screening DoE 
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Figure 49: (left) Pareto chart of effects, where dashed line represents 0.5 level of significance; (right) main effects plot of 

significant parameters of Al1050 ablation where dashed line presents average shear load 

Ti64 – PA6.6  

Laser ablation screening results of titanium show similar ablation morphology as laser 

ablation of aluminum, i.e. patterned, semi-patterned, and stochastic. However, some 

parametric combinations result in a shiny titanium surface, similar to a polished 

appearance, as shown in Figure 50. This effect, titled as “polished” is only achievable at 

relatively high pulse frequency (120 kHz) and low PPP (5 kW). Microscopic investigations 

show mixed cohesive/adhesive failure mode in case of polished titanium surface. However, 

all other ablated titanium samples demonstrate a completely cohesive failure mode. 

Pareto chart (Figure 51) shows magnitude of effects of screened parameters, with dashed 

line underlining effect size at 0.05 level of significance. Similar to the case of aluminum 

ablation, results identify only pulse frequency to have a significant impact on the joint’s 

resistance to failure, signifying effects of PPP and overlap ratio. Here, main effects plot 

shows that a low level of pulse frequency is favored to increase the shear load. However, 

this result is influenced by the relatively low joint resistance to failure of polished 

titanium, which is ablated at 120 kHz. Since pulse frequency influences both overlap ratio 

and PPP, and given that beam speed only influences overlap ratio, it was decided to 

proceed with the optimization process by simultaneously varying beam speed alongside 

pulse frequency to gain better control over the process variables. 

    

Figure 50: surface morphology of ablated Ti64 resulting from screening DoE    
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Figure 51: (left) Pareto chart of effects where dashed line represents 0.5 level of significance; (right) main effects plot of 

significant parameter of Ti64 ablation where dashed line presents average shear load 

5.3.2. Optimization  

Al1050 – PA6.6  

During optimization experiments, pulse frequency and beam speed were simultaneously 

varied to create a predictive model describing the response, while keeping constant setup 

of insignificant factors as indicated in Table 17. Figure 52 (a) shows contour plot of 

developed predictive model (Equation 14), in terms of pulse frequency “fp” (kHz) and speed 

“V” (mm/s). ANOVA analysis reveal high reliability of the model and the significance of 

its coefficients at 0.05 level of significance. Significant influence of pulse frequency (fp) 

and beam speed (V) indicate significant influence in both, PPP and overlap ratio. The non-

linear response of beam speed (V2) outlines the region of highest predicted joint resistance 

to shear load (>1400 N) between overlap ratio of 60% and 75%, as shown in the contour 

plot. Since the maximum achievable pulse frequency of the laser ablation machine in use 

is 120 kHz, process window was further expanded by lowering PPP through reducing 

power percentage while keeping overlap ratio (≈ 68%) of the predicted optimal setting (120 

kHz and 1750 mm/s) unchanged. Results of this last optimization step show maximum 

joint resistance to failure at calculated PPP of ≈ 4.75 kW, achieving a maximum average 

shear load of 1465 ± 65 N. However, it is important to note that other maximums are also 

expected along laser ablation process window, and the stated “optimal” is only with 

regards to the investigated design space. 

Table 17: fixed parameters settings during laser ablation optimization (Al1050) 

Power (%) Spot size Hatching Lines Rolling 

100 45 μm Perpendicular Off Axial 
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Figure 52: results of laser ablation optimization (Al1050) 

𝑆ℎ𝑒𝑎𝑟 𝑙𝑜𝑎𝑑 = 343.7 + 4.3 𝑓𝑝 + 0.68 𝑉 − 0.00019 𝑉2 ………………………………..………… (14) 

Where: 

𝑆ℎ𝑒𝑎𝑟 𝑙𝑜𝑎𝑑 predicted shear load at failure (N) 

𝑓𝑝  pulse frequency (kHz) 

𝑉  beam guidance speed (mm/s) 

Ti64 – PA6.6 

Same as in the case of aluminum laser ablation, pulse frequency and beam speed were 

varied simultaneously to model the response. The remaining parameters were kept 

constant as shown in Table 18. Preliminary full factorial design (15 – 40 kHz, 150 – 650 

mm/s) was excluded from RSM, as some of the ablation parameters result in high 

deflection and curvature in the titanium samples ablated at relatively high overlap ratio 

and PPP. This forms a gap between the metal and polymer during the welding process, 

and prevents the welding process. Contour plot of Figure 53 describes the regression 

model (Equation 15) generated along the robust process window. ANOVA analysis shows 

high accountability of the model (coefficient of determination R2 = 93.8%) and significance 

of its coefficients (p-value < 0.05), in particular: beam speed (V), and significant non-

linearity in its response (V2), with no significant impact of pulse frequency (fp) and no 

interaction between pulse frequency and speed.  This signifies the influence of overlap 

ratio and the non-linearity in its response. Dashed lines on contour plot demonstrate 

resulted overlap ratio across investigated process window. Significant correlation between 

overlap ratio and contour lines, indicates its significant effect on the joint’s resistance to 

failure. Regression model predicts a maximum shear load of 1222 N at 43.89 kHz and 

364.15 mm/s, which corresponds to an 82% overlap ratio. 

Process window was expanded in two directions as described in §4.4.2 – one along the 

path of steepest ascent up to -790% overlap ratio (patterned structure), and the other by 

varying PPP at predicted optimal overlap ratio. Results of process window expansion are 

shown in Figure 54. Along the path of steepest ascent, a slight increase of joint’s resistance 

Values on contour lines present Shear load (N) 

Dotted lines present overlap ratio 
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to failure followed by slight decrease is noticed. At a constant overlap ratio of 82%, 

reducing PPP from 60 kHz to 15 kHz slightly increases the joint’s resistance to shear load, 

followed by a sharp drop at PPP of 5 kW. Results show the highest average bearable shear 

load (1201 ± 35 N) at a pulse frequency of 30.28 kHz and a beam speed of 5520.5 mm/s. 

However, parametric conditions at 34.17 kHz and 3772.82 mm/s (PPP = 44.5 kW and O = 

-145%) result in the smallest deviation in joint resistance to failure (1187 ± 11 N), and are 

identified as the optimal ablation conditions. 

Table 18: fixed parameters settings during laser ablation optimization (Ti64) 

Power % Shielding gas Hatching Spot size 

100 off perpendicular 45 μm 

 

Figure 53: contour plot of laser ablation optimization (Ti64) 

𝑆ℎ𝑒𝑎𝑟 𝑙𝑜𝑎𝑑 = −654 − 11.6  𝑓𝑝 + 13.71 𝑉 − 0.01993𝑉2 ………………………………......…... (15) 

Where: 

𝑆ℎ𝑒𝑎𝑟 𝑙𝑜𝑎𝑑 predicted shear load at failure (N) 

𝑓𝑝  pulse frequency (kHz) 

𝑉  beam guidance speed (mm/s) 

  

Figure 54: expanding process window along: (left) 82% overlap ratio; (right) path of steepest ascent 

Values on contour lines present shear load (N) 
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5.3.3. Summary and conclusion 

A DoE was developed to investigate the influence of short-pulsed laser ablation 

parameters on the performance of laser-welded Al1050 – PA6.6 and Ti64 – PA6.6 

assemblies. Screening results highlight the significant influence of pulse frequency on the 

joint’s resistance to failure, marking the importance of both PPP and overlap ratio. Effects 

of pulse frequency and beam speed on joint performance were outlined, and a statistically 

reliable predictive regression model is developed. In case of Al1050 – PA6.6, the model 

describes directly proportional linear relation between the shear load and the pulse 

frequency, and a nonlinear relation with the beam guidance speed. This shows linear 

influence of PPP and nonlinear influence of overlap ratio on the joint’s resistance to 

failure. Optimal laser ablation parameters were identified at a spot size of 45 µm, pulse 

frequency of 120 kHz and beam speed of 1750 mm/s, equivalent to a PPP of ≈ 4.75 kW and 

a calculated overlap ratio of ≈ 68%. 

In case of Ti64 – PA6.6, the process window is limited by deformations of titanium sample 

at relatively high levels of overlap ratios and PPP. A robust process window is identified 

between pulse frequency of 40 – 43.89 kHz, and beam speed of 160 – 395.01 mm/s. A 

statistically significant regression model was developed to describe relation between pulse 

frequency and beam speed on the joint’s resistance to failure. ANOVA analysis revealed 

significance of beam speed and non-linearity in its response, with no significant impact of 

pulse frequency along the investigated process window. Strong correlation between 

overlap ratio and joint resistance to failure is identified. The regression model predicts 

highest response of shear load at 82% overlap ratio within the investigated process 

window. Expanding the process window by reducing PPP at 82% overlap ratio reveals a 

slight increase in the joint’s resistance to failure throughout a range of PPP from 65 kW 

to 15 kW, followed by a sharp drop of joint’s shear load at failure at 5kW. Path of steepest 

ascent reveals a plateau of joint resistance to failure across PPP of 33.93 kHz to 68.09 

kHz, identifying optimal ablation conditions at 34.17 kHz and 3772.82 mm/s (PPP = 44.5 

kW and O = -145%) resulting in one of the highest average joint resistance to failure and 

the lowest deviation (1186 ± 11 N).  
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5.4. Laser-ablated surfaces characterization 

In order to evaluate effects of ablation parameters on surface properties, parameters that 

resulted in significantly different joint resistance to shear load were chosen from the 

investigated process window, as shown in Table 19.  Al represents aluminum samples, 

and Ti represents titanium ones. Although it is irrelevant to include polished and solvent 

cleaned titanium surfaces in the hypothesis testing of this thesis – as both surfaces 

resulted in mixed adhesive/cohesive failure mode, it was decided to investigate some of 

their properties to identify possible reasons for such relatively weak interfacial bonding. 

Solvent cleaned aluminum and titanium resulted in a joint shear load of 411 ± 116 N and 

772 ± 70 N respectively. 

Table 19: attributes of ablated aluminum and titanium samples 

Parameter 
fp 

(kHz) 

V 

(mm/s) 

PPP 

(kW) 

Fluence 

(J/cm2) 

Overlap 

Ratio 

(%) 

Shear load 

(N) 

Al_1 85.00 250.00 11.00 15.20 93 580 ± 41 

Al_2 40.00 1000.00 35.00 28.60 44 800 ± 65 

Al_3 70.00 1000.00 15.00 17.90 68 1222 ± 143 

Al_4 85.00 1750.00 11.00 15.20 54 1341 ± 172 

Al_5 120.00 1750.00 5.00 9.12 68 1415 ± 113 

Al_5-95% Same as Al_5 but with 95% power 4.75 8.66 68 1465 ± 65 

Ti_1 43.89 160.00 32.00 27.70 92 387 ± 117 

Ti_2 40.00 160.00 37.37 30.60 91 690 ± 57 

Ti_3 23.89 193.50 65.00 40.00 82 1064 ± 28 

Ti_4 34.17 3772.82 41.70 31.00 -145 1186 ± 11 

Ti_polished 120.00 2500.00 5.00 9.12 53 764 ± 5 

 

5.4.1. Surface morphology  

Al1050 

SEM results shown in Figure 55 illustrate the ablated aluminum surfaces indicating 

effects of the ablation parameters on morphology of aluminum oxide. Images of ablated 

samples are arranged from left to right in ascending order of increased joint resistance to 

a shear load as indicated in Table 19. Surfaces ablated with parameters that are 

associated with the lowest resistance to shear load (Al_1), show relatively high peaks and 

deep valleys with relatively coarse structures. However, as joint resistance to shear load 

increases, ablated surfaces are shown to exhibit a smoother topography with finer peak 

structures, as can be clearly seen with Al_5-95%, which resulted in the highest average 

resistance to failure. Since failure occurs close to the metal – polymer interface, typically 

10-15µm in depth in the polyamide as indicated by topography measurement of polyamide 

at failure zone, the influence of mechanical interlocking cannot be excluded a priori. It 

would be expected for a rougher surface to enhance mechanical interlocking and 

resistance to shear load of laser welded metal – polymer joint. Here, the opposite effect is 

observed, i.e., the samples exhibiting lower roughness resulted in better resistance to 

shear load. It is therefore assumed that mechanical interlocking was not the main factor 

governing the difference in joint resistance to failure across differently ablated surfaces.  
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Figure 55: SEM images of ablated aluminum surfaces (laser ablation attributes are indicated in Table 19) 

Ti64 

Effects of ablation parameters on titanium surfaces are shown in SEM images of Figure 

56 along with polished (Ti_polished) and solvent cleaned (Ti_ref) titanium, indicating 

effects of laser pretreatment parameters on the morphology of titanium oxide. Images of 

ablated titanium (Ti_1 to Ti_4) surfaces are arranged from left to right in ascending order 

of increased joint resistance to shear load. Same as in the case of aluminum ablation, a 

smoother ablated surface with finer and more flat asperities correlates with improved 

resistance to shear load. Rough surface asperities are visible on all ablated samples which 

are expected to promote mechanical interlocking. Under high magnification, especially in 

Ti_3, it can be seen that the surface asperities are composed of finer sub-micron sized 

features. This might have resulted from interactions between ablation dynamics and 

rapid oxidation of molten titanium. Laser pulses in Ti_4 parameters result in well-defined 

craters with almost flat, but rough and sharp, oxidized edges. This morphology correlates 

with the highest achieved joint resistance to shear load. However, laser pulses during 

polishing (Ti_polished) occasionally result in smooth-edged craters. No sharp titanium 

oxide asperities are detected on polished nor reference samples. 

The effects of laser ablation parameters, as well as laser-material interaction, on aspect-

ratio and morphology of laser-induced craters are well investigated in literature [145]–

[148]. During laser ablation, an increase in laser fluence results in an increase in crater 

diameter [145]. However, it is difficult to outline the crater shape on ablated surfaces in 

this study due to a large overlap ratio for cases of Ti_1 to Ti_3. Still, the scanning lines 

can be clearly identified in the “stochastic roughness” observed on those surfaces; more 

precisely the horizontal lines indicated on Ti_1, Ti_2, and Ti_3 show that the roughness 

features are aligned. In the case of Ti_4, the negatively calculated overlap ratio (-145) 
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indicates no pulse overlap in the beam guidance direction (horizontal), resulting in a 

relatively wide gap between pulses and demonstrating obvious craters. Apparently, laser-

material interaction results in a wider crater on titanium than the irradiated spot size 

(45 µm). Thus, it is important to note that the overlap ratio reported throughout this 

thesis is based on the theoretical calculation of Equation 6.  

 

Figure 56: SEM images of ablated titanium surfaces (laser ablation attributes are indicated in Table 19) 

5.4.2. Surface wettability 

Al1050 

All material, in its as received state, can be contaminated from dust, grease and other 

kind of carbon contaminations. This contamination triggers a decreased wettability (i.e. 

an increased contact angle). Since ablated samples show perfect wettability, evolution of 

glycerol droplets on the ablated aluminum surface as a function of time was monitored as 

described in §4.6.2. Figure 57 shows evolution of glycerol contact angle on five differently 

ablated aluminum surfaces in the first two seconds. It can be seen that series Al_5, which 

yielded the high shear load in average compared to the others in the test, demonstrated a 

starting contact angle of 40°, while sample Al_1, which experienced the weakest joint, 

demonstrated a lower starting contact angle of 34°.  However, all of the samples had a 

similar rate of spreading across the treated surface. By the end of the process 

investigation, all the samples were completely wetted, concluding that they are all 

“glycerol-philic”. No significant correlation of the shear load and surface roughness could 

be noticed with the analysis of the glycerol spreading five differently ablated aluminum 

samples.  
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Figure 57: evolution of Glycerol contact angle with time (laser ablation attributes are indicated in Table 19) 

Ti64 

Four ablation parameters (Ti_1 to Ti_4) resulted in perfect water wettability (water 

contact angle less than 5°). Otherwise, polished titanium demonstrates a water contact 

angle of 28.5° ± 2.6° and reference samples results in a water contact angle of 69.8° ± 

13.9°. In terms of adhesion phenomena, it is expected that laser ablation increases wetting 

of polar liquid (e.g. molten polyamide) on modified surfaces, and to a smaller extent, that 

polished samples show better wettability than that of solvent cleaned surfaces but lower 

than that of laser-ablated surfaces. This is confirmed by visual inspection where ablated 

titanium shows cohesive failure mode after failure with perfect wettability of molten PA 

on ablated titanium surface, and polished samples show mixed adhesive/cohesive failure 

mode with wider areas of cohesive failure compared to solvent cleaned titanium. Increased 

titanium surface wettability could result in a larger polyamide residual layer on titanium 

after failure, since molten polyamide can be considered to be a polar liquid due to presence 

of amide groups in its molecular structure. However, since all ablated samples show 

perfect water wettability, it is not possible to extract any difference between these four 

samples from the sessile drop test. 

5.4.3. Surface composition 

Al1050 

The general surface composition of the treated aluminum surface is shown in Figure 58 

as obtained by XPS. It is observed that laser ablation removes large part of absorbed 

carbon on the surface, together with other impurities, resulting in “cleaning” effect. 

Samples with surface only wiped with ethanol (Al_ref) shows a high carbon content (29.5 

at.%)  and a relatively low oxygen concentration (41.1 at.%). Laser ablation pretreatment 

results in a significant decrease of carbon content along with an increase in oxygen 

content of the treated surface. Two main effects of the laser ablation process can justify 

these results. First, high energy density of the laser beam during laser ablation process 

causes removal of surface contaminants, thereby exposing aluminum surface underneath. 

Second, high surface temperature during the ablation process results in regeneration of a 

thicker oxide layer. While a small nitrogen content of 0.7, 0.7, and 0.5 at.% is detected on 
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Al_1, Al_2, and Al_3 samples, respectively, Al_4, Al_5, and Al_5-95% samples illustrate 

the presence of only aluminum, oxygen, and carbon elements. 

The oxide thickness of the reference samples is estimated at 5.5 nm by using Strohmeier’s 

method [149]. However, this method must be considered with caution when evaluating 

ablated surfaces because (i) the exact nature of oxide (or hydroxide) is not cross-checked 

by another technique and (ii) it does completely neglect the roughness in the calculation. 

No metallic aluminum at 72.7 eV can be found in the high-resolution Al 2p spectra of the 

ablated samples limiting the use of Strohmeier’s method to estimate the oxide thickness. 

This implies that the oxide layer is much thicker than the depth limit probed in XPS, 

which is evaluated in its wide range at 20 nm [150]. Details of high-resolution spectra of 

different elements (C 1s, O 1s, and Al 2p) are similar across the ablated surfaces, as shown 

in Appendix B, indicating almost identical surface chemistry regardless of laser ablation 

parameters and resulted joint strength. 

 

Figure 58: XPS results showing elemental composition of treated aluminum surfaces (laser ablation attributes are indicated 

in Table 19) 

EDX results of ablated aluminum surfaces are shown in Figure 59, illustrating the atomic 

percentage of oxygen, carbon, and aluminum. While XPS analyzes a depth smaller than 

20 nm [150], EDX depth of analysis with the parameters and material in use would yield 

a depth close to 2 µm. The carbon content is not considered in this study as it cannot be 

correctly quantified by EDX technique. Interestingly, oxygen concentration increases for 

all ablated conditions, with a highly significant increase for ablation conditions Al_1 and 

Al_2 (16.4% and 15.6%, respectively), and a lower increase for conditions Al_3 and Al_4 

(9.4% and 6.7%, respectively), compared to untreated aluminum (2.4%). This is coherent 

with XPS results and leads to the assumption that aluminum oxidation occurs for ablation 

conditions at a depth of greater than 20nm. EDX results show a significant correlation 

between an increased joint resistance to failure and a decreased oxygen atomic 

percentage, from ablated parameter Al_1 to that of Al_5-95%, with Pearson correlation 

coefficient (r = - 0.98).  A decline in oxygen peak intensity along ablated samples Al_1 to 

Al_5 suggests a decline in aluminum oxide and/or hydroxide layer thickness. Aluminum 

oxide (12 mm2/s) has lower thermal diffusivity than pure aluminum (94 mm2/s) at 300 K 
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[151]. If we assume oxygen is entirely bound to aluminum in the form of aluminum oxide, 

a decline in aluminum oxide thickness would have an impact on improving thermal 

transfer between the joining partners resulting in an increase in the volume of molten 

polymer and improving the joint quality achieving a higher resistance to failure. However, 

EDX results should be considered with caution when referring to aluminum oxide and/or 

hydroxide layer thickness as they might be influenced by topographic changes. EDX is not 

conclusive for conditions Al_5 and Al_5-95%, probably because it is not precise enough to 

detect differences at these low concentrations of oxygen (close to 2.4%). 

 

 

Figure 59: EDX results of treated aluminum surfaces (laser ablation attributes are indicated in Table 19) 

Ti64 

Figure 60 shows the composition of laser-ablated, laser polished, and solvent cleaned 

titanium surfaces as obtained by XPS. Survey spectra and selected high resolution spectra 

are shown in Appendix C. Results show fewer surface impurities (Si, S, F, Fe, Ca, Zn) on 

ablated surfaces compared to solvent cleaned and laser polished surfaces. Increased 

oxygen content indicates oxidation of laser-ablated titanium surface. It is noticeable that 

ablation also reveals more from the bulk of the material, which explains the increase in 

Al and V percentages in the four ablated surfaces. Results show no significant difference 

in surface composition of three of the four ablated surfaces: Ti_1, to Ti_3. However, a 

slight increase of carbon (C) content, and a decrease of oxygen (O) and titanium (Ti) 

content, are shown on Ti_4 sample’s surface. This might be linked to the negative overlap 

ratio and relatively lower PPP of the laser ablation parameters resulting in a lower 

“cleaning effect” of the titanium surface compared to other ablation conditions Ti_1 to 

Ti_3.  

Results indicate oxidation and cleaning effects for laser-ablated titanium surfaces leading 

to a titanium oxide layer with a reduction in miscellaneous contamination elements other 

than carbon. However, the effects of surface roughness complexity associated with ablated 

surfaces, as observed from topography data (§5.4.4) and qualitatively observed in SEM 

pictures (Figure 56), on the very low level of water contact angle cannot be excluded a 

priori. Interestingly here, the less rough character and less favorable surface composition 

0

10

20

30

40

50

60

70

80

90

100

Al_ref Al_1 Al_2 Al_3 Al_4 Al_5 Al_5-95%

at
. %

 b
y 

ED
X

treated Al

O

C

Al



76 

 

of  Ti_4 does not change its water wettability compared to other ablated surfaces. In other 

words, the water contact angle test is not able to discriminate between all the ablated 

surfaces.  

As for the polished sample, no significant difference in roughness amplitude (§5.4.4) and 

level of carbon contamination from the reference sample can be identified. Therefore, it is 

assumed that the better water wettability (§5.4.2) of polished sample is a consequence of 

a cleaning effect, which is manifested here by the slight increase in titanium 

concentration, and a decrease of miscellaneous contamination elements other than carbon 

(Si, S, F, Fe, Ca, Zn). Oxygen levels on the polished surface are low, even compared to 

solvent cleaned surface. This phenomena is also reported in laser polishing of 

commercially pure titanium using with a ns ArF excimer laser [152], and might be 

assigned to melting of the native titanium oxide and re-formation of a new, but thin, oxide 

layer after laser polishing. Relatively similar carbon concentration on solvent cleaned and 

laser polished surfaces can explain their relatively low interfacial bonding when laser 

welded to PA6.6, resulting in mixed failure mode. 

 

Figure 60: XPS results showing elemental composition of treated titanium surfaces (laser ablation attributes are indicated 

in Table 19) 

EDX results of treated titanium surfaces are shown in Figure 61, demonstrating the 

atomic percentage of oxygen, titanium, carbon, aluminum and vanadium. Based on 

testing conditions, EDX yields a depth of analysis reaching a maximum of 1-2μm. An 

increase in oxygen elemental content is observed on all laser-treated surfaces, compared 

with solvent cleaned surface, emphasizing surface oxidation. A lower oxygen signal for 

sample Ti_4, with respect to other titanium ablation conditions, can be justified by lower 

oxidation during the ablation process, which correlates with laser energy per scanned 

length (pulsed peak power/speed) of Ti_4 compared to Ti_1, Ti_2, and Ti_3. Unlike the 

case of aluminum ablation, no correlation can be found between the elemental composition 

of ablated titanium surfaces and the joint resistance to failure. EDX results of the polished 

sample show comparable composition to the reference sample, with lower oxidation 

compared to laser-ablated samples, which can be justified by the relatively low PPP 
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associated with the laser polishing process. In terms of oxidation, EDX results are 

coinciding with XPS results. 

 

Figure 61: EDX results of treated titanium surfaces (laser ablation attributes are indicated in Table 19) 

5.4.4. Surface topography  

Al1050 

Table 20 shows results of 3D topography mapping of ablated aluminum surfaces from 

Al_1 to Al_5. Sa represents arithmetical mean height within the defined area, and Sz is 

defined as the sum of the largest peak height value and the largest pit depth value. A 

correlation between Sa and joint resistance to failure is noticed favoring a smoother 

surface for improved performance. Ssk defines skewness of surface, and a positive value 

means that the surface contains mainly peaks and asperities rather than valleys. 

However, “masking” effect can be expected by the random morphological features of 

ablated aluminum oxide, as indicated by SEM, covering valleys during the topography 

test. Sku (Kurtosis) measures the sharpness in the defined area. Sku > 3 indicates sharp 

surface features. Sdr is the developed interfacial area ratio and it expresses the 

percentage of additional surface area, which results from the surface texture, as compared 

to the planed definition area. 

Table 20: 3D profilometry parameters of ablated aluminum (laser ablation attributes are indicated in Table 19) 

 Al_ref Al_1 Al_2 Al_3 Al_4 Al_5 

Sa (µm) 0,48 ± 0.06 5,43 ± 0.07 1,65 ± 0.06 1,43 ± 0.05 1,34 ± 0.04 1,07 ± 0.01 

Sz (µm) 5,92 ± 1.03 37,25 ± 1.91 16,30 ±4.95 10,90 ± 0.99 12,15 ± 2.33 9,97 ± 1.74 

Ssk (µm) 1,90 ± 1.55 0,50 ± 0.26 1,30 ± 0.53 0,70 ± 0.02 0,80 ± 0.14 0,90 ± 0.14 

Sku (µm) 12,40 ± 11.72 3,10 ± 0.25 6,70 ± 3.79 3,70 ± 0.47 4,20 ± 0.11 4,90 ± 1.53 

Sdr (%) 1,02 ± 0.00 55,70 ±11.22 26,70 ± 1.64 17,56 ± 1.99 20,22 ±1.21 19,05 ± 7.28 

3D mapping of ablated surfaces is shown in Figure 62. It adopts a unified Z scale of 36 µm 

for all measured samples. The zero is referenced at the median Z value so that a 

particularly deep valley or high peak does not accidentally influence the scale position. 

Qualitative assessment of topography results shows that an improved joint resistance t 

failure correlates with a decrease in density of high peaks and valleys distribution. This 
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suggests that the shear load correlates with two main topographic features: the 

distribution density of peaks and valleys, and their average amplitude.  

 

Figure 62: 3D profilometry mapping (laser ablation attributes are indicated in Table 19) 

2D profilometry results are shown in Figure 63 indicating the root-mean-square 

roughness (Rq) and root-mean-square slope (Rdq) of each ablated aluminum sample, and 

demonstrates the relation between roughness profile elements’ mean width (Rsm) with 

joint resistance to failure. The reference aluminum (cleaned with ethanol) exhibits 

relatively low surface roughness (Rq = 0.43 ± 0.26 µm).  Slight inverse correlation was 

found between the joint resistance to failure and Rq and Rdq of laser-ablated samples, 

indicated by Pearson’s correlation coefficient of -0.83 and -77, respectively, and a strong 

inverse correlation between Rsm and joint resistance to failure (r = - 0.90). A decrease in 

Rsm would result in improved thermal transfer across the interface during the laser 

welding process as more aluminum oxide ‘peaks’ will be in contact with polyamide, which 

might explain the improved joint resistance to shear load. 

  

Figure 63: 2D topography results of treated aluminum surfaces (laser ablation attributes are indicated in Table 19) 

Ti64 

2D profilometry results of treated titanium surfaces are shown in Figure 64. Reference 

titanium exhibits relatively low roughness amplitude (Rq = 0.07 µm) and the polished 

sample shows slightly higher roughness (Rq = 0.18 µm) compared to ablated samples. The 

same applies for Rdq values. These results show quantitatively what was assumed from 

the observation of SEM pictures, i.e. reference and polished samples are very smooth 
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compared to the ablated samples, and that roughness amplitude decreases from Ti_1 to 

Ti_4. Regarding laser-ablated titanium, although no significant correlation can be found 

between Rsm and joint resistance to failure (r = -0.63), a strong inverse correlation is 

found between both Rq, Rdq and the joint’s resistance to failure indicated by Pearson 

correlation coefficients of −0.99 and −0.98, respectively. 

  

Figure 64: 2D topography results of treated titanium surfaces (laser ablation attributes are indicated in Table 19) 

However, it is still difficult to reach a conclusion by correlating the values of the roughness 

parameters individually with joint resistance to shear load. TCR is calculated as a 

function of a ratio between root-mean-square roughness (Rq) and root-mean-square slope 

(Rdq) parameters as indicated in the CMY model (§2.5). A correlation between the ratio 

of those two parameters and the joint resistance to shear load supports proving the 

hypothesis (§3) by highlighting the influence of TCR on LAMP joint performance. 

5.5. Interfacial thermal transfer 

5.5.1. Cooper–Mikic–Yovanovich (CMY) model 

Cooper–Mikic–Yovanovich (CMY) model (§2.5) describes a relation between the ratio of 

topography parameters (Rq/Rdq) and interfacial TCR. In order to test the hypothesis (§3), 

the relation between this parametric ratio and joint performance is reported in Figure 65. 

Interestingly, results show a strong inverse correlation (r = -0.94%) between Rq/Rdq and 

joint resistance to failure in all ablated samples (Al1050 and Ti64) combined. This 

indicates a strong impact of surface roughness on joint performance by influencing TCR 

during the laser welding process. Analyzing correlation between topography coefficient 

(Rq/Rdq) and joint resistance to failure in case of aluminum and titanium ablation, 

separately, also shows a strong correlation with Pearson’s correlation coefficients of -0.93 

and -0.99, respectively. However, having a common trend between two ablated metallic 

materials with very different thermophysical properties, shows that surface roughness is 

the governing factor of the ablated samples’ joint performance, and ensures the 

generalization and reproducibility of this finding. 
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Figure 65: relation between CMY coefficient (σ/m), calculated with topography ratio (Rq/Rdq), and joint resistance to 

failure (laser ablation attributes are indicated in Table 19) 

5.5.2. Laser Flash Analysis (LFA) 

Layered LFA results, shown in Figure 66, illustrate the relation between measured TCR 

of ablated surfaces and the joint resistance to shear load. Results show a lower TCR for 

all ablated titanium samples than that of all ablated aluminum samples. However, given 

that thermal diffusivity of aluminum oxide is around 13% that of pure aluminum, and 

given that laser ablation of aluminum results in a strong influence on oxide layer 

thickness as demonstrated in EDX results (§5.4.2), it is expected that a thick aluminum 

oxide layer would increase calculated TCR values. Moreover, it is important to note that 

LFA does not provide quantitative data on TCR between the joining partners during the 

welding process, given the testing setup in use as explained in §4.2. It rather provides a 

valid comparison between differences in TCR of ablated surfaces from the same material. 

Results demonstrate that a decreased TCR across the interface of the layered setup 

correlates significantly with an increase in the laser-welded joint resistance to failure, 

with a Pearson correlation coefficient of r = -0.94 and r = -0.99 for ablated aluminum and 

titanium respectively. Results confirm that the improvement in joint quality is very likely 

to be a result of enhanced thermal conductivity across the interface of the joining partners 

during the welding process. If so, increased TCR should correlate with a  decline in molten 

polymer and joint area. 
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Figure 66: relation between TCR and joint resistance to failure of selected laser-ablated samples (laser ablation attributes 

are indicated in Table 19) 

5.6. Joint strength and quality 

5.6.1. Joint strength 

In order to quantify the joint strength, joint area at the interface was identified after 

failure as the area of damages/residues on both joining partners. The joint area measured 

on the metallic surface in case of ethanol wiped aluminum (Al_ref) and titanium (Ti_ref), 

and laser polished titanium (Ti_polished) shows 58%, 65%, and 73% of the corresponding 

joint area on polyamide, respectively, indicating a mixture between adhesive and cohesive 

failure modes. Thus, those conditions are irrelevant for the hypothesis testing in this 

study. Figure 67 shows joint area versus shear load at failure for ablated metallic surfaces 

of welded samples in both Al1050 – PA6.6 and Ti64 – PA6.6 combinations. Although shear 

load at failure of both combinations varies from 387 N to 1632 N, a linear relation between 

joint area and shear load indicates constant strength across all welded samples of both 

material combinations. Linear regression model describing the relation between all data 

points illustrates a high coefficient of determination (R2) of 0.95, demonstrating very low 

variability in the calculated strength. The joint strength is indicated by a slope of 36.4 

MPa. Moreover, results show relatively equal and matching joint area on corresponding 

metal and polyamide partners for both material combinations, highlighting cohesive 

failure mode and indicating that the reported variation in joint quality is less likely to be 

a result of interfacial adhesion, i.e. chemical bonding or mechanical interlocking. The 

effects of aluminum laser ablation parameters on the joint area are illustrated by the 

stitched microscopic images of PA joint area shown in Figure 67. An inverse correlation 

between joint resistance to failure and join area confirms a strong influence of TCR on 

area of molten polymer and corresponding joint quality. 
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Figure 67: relation between joint area and shear load; stitched microscopic images show PA joint area after failure (dark 

area) 

5.6.2. Joint quality 

Figure 68 shows SEM images of laser-welded titanium – polyamide cross-sections, having 

titanium surface ablated with Ti_1 and Ti_4. The difference in titanium topography of 

both samples is very clear. While smoothly ablated sample (Ti_4) shows intimate joining 

between the interface of both partners, even at titanium’s surface asperities, roughly 

ablated titanium (Ti_1) shows voids at deep valleys of its topography indicating no joining 

at those regions. The random morphology of surface asperities is expected to release any 

potential gaseous products generated from the welding process at the interface. The 

absence of bubbles/voids at the interface of Ti_4 indicates no welding induced defects. 

Given that both surfaces are welded with similar parameters (see §4.2.2), it is highly 

unlikely that the voids in the deep valleys of Ti_1 are a result of bubble formation and/or 

polymer degradation.  

However, the flow of polyamide inside titanium surface asperities in both ablated surfaces 

indicates mechanical interlocking between joining partners. Interestingly, Ti_1 (rough 

surface) resulted in lower joint resistance to failure compared to Ti_4 (smooth surface), 

suggesting that mechanical interlocking is not the governing aspect of joint performance. 

Moreover, since cohesive failure mode is observed after shear load testing, specifying no 

interfacial failure, and given that all the samples failed at similar joint strength (MPa), it 

is unlikely that those voids had an effect on the joint’s resistance to shear load during 

testing. However, those voids can result from inadequate melting of polyamide due to 

limited thermal transfer at regions of deep valleys during the laser welding process. On 

the other hand, intimate joining in the case of smoothly ablated titanium suggests 

adequate thermal transfer and proper melting of polyamide at the interface.  
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Figure 68: SEM of Ti64 – PA6.6 cross sections under different titanium laser ablation conditions (laser ablation attributes 

are indicated in Table 19) 
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Chapter 6 

6. Summary and conclusion 

This work aims at expanding the understanding of the effects of surface pretreatments on 

properties and performance of LAMP joints by outlining the effects of surface properties 

on interfacial thermal transfer. Considering industrial relevance, two metallic materials 

with different thermophysical properties were used in the study to be welded with 

polyamide 6.6, those are aluminum (Al1050) and titanium (Ti64). First, the laser welding 

process was optimized and parameters were kept unchanged. Optimal laser welding 

parameters of Al1050 – PA6.6 were obtained from literature, and optimization of Ti64 – 

PA6.6 laser welding process was performed using DoE techniques. Laser welding 

optimization experiments mapped effects of focal position, laser power, and beam speed 

on joint strength and quality. This work identified and eliminated laser welding defects, 

in particular weld pool cavities, flash defect, excessive penetration, bubbles and voids. 

Results showed optimal joining conditions at 2.7 J/mm2 under the shielding of argon gas 

at a flow-rate of 10 L/min, following 8 mm wide spiral wobble trajectory with 0.2 mm gap 

between consecutive wobbles. 

It is hypothesized that a smoother pretreated surface in LAMP would promote the 

interfacial thermal transfer during the laser welding process, resulting in a larger joint 

area and an improved joint performance. To properly test this hypothesis, the effect of 

interfacial adhesion on joint performance has to be avoided, and a cohesive failure has to 

be guaranteed.  

Two factors are reported in literature with the most influence on interfacial adhesion in 

LAMP, those are chemical bonding and mechanical interlocking. Preliminary 

investigations were conducted to study the influence of plasma pretreatment and laser 

ablation on laser-welded Al1050 – PA6.6 joints. While plasma pretreatment results in 

insignificant changes in surface topography, which is responsible for mechanical 

interlocking, laser ablation parameters result in relatively similar surface composition 

and chemistry, which are responsible for chemical bonding. Results show an increase in 

joint resistance to failure in the case of plasma pretreatment of each of the joining 

partners, and a higher increase in the case of plasma pretreatment of both joining 

partners. Such increase in joint performance is not related to any changes in topography 

of the treated surfaces, but rather correlated with changes in surface chemistry and an 

increase in surface energy, resulting in a larger distribution density of cohesive failure 

regions. These findings confirm that an improvement in assembly’s shear resistance to 

failure can certainly be achieved without an increase of the interfacial interlocking, as 

observed in the case of plasma-treated aluminum. 

Compared to plasma pretreatment, laser ablation results in the highest improvement of 

joint performance and in a fully cohesive failure mode. This is assigned to modifications 

in surface chemistry and to strengthening effects related to the high increase of roughness 

amplitude of ablated surfaces. Laser ablation results in a cleaner (fewer surface 

contaminations) more oxidized chemistry, and also in a rough morphology compared to 

plasma pretreatment of aluminum, and laser polishing of titanium. Both of those 

properties certainly contribute to better interfacial adhesion, justifying absence of 
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adhesive failure in laser-ablated samples. In this regard, water contact angle 

measurements show an interesting comparison between surface properties before 

welding: samples with lower angle, i.e. better wettability, show more distribution of 

regions with cohesive failure. Laser ablation resulted in perfect wettability to water and 

diiodomethane, and in a fully cohesive failure mode. However, contact angle 

measurements were not able to identify differences between ablated samples. Using DoE, 

further studies were performed to outline the effects of aluminum and titanium laser 

ablation parameters on the joint performance when laser welded to polyamide. Results 

reveal a prominent effect of PPP and overlap ratio on joint resistance to shear load, 

highlighting optimal ablation parameters at a pulse frequency of 120 kHz and 34.17 kHz, 

and speed of 1750 mm/s and 3772.82 mm/s, for aluminum and titanium, respectively, at 

a spot size of 45 μm.  PPP of 4.75 kW and 44.5 kW, and overlap ratio of 68% and -145%, 

are calculated at the optimal ablation conditions of aluminum and titanium, respectively. 

Effects of aluminum and titanium laser ablation parameters on surface properties, 

interfacial thermal transfer, and joint quality when laser welded to polyamide were 

investigated. In terms of surface properties, the main difference that could be accounted 

for laser ablation parameters is the surface topography of ablated metal, manifested 

quantitatively by roughness amplitude (Rq) and roughness slope (Rdq) values. Increased 

surface roughness promotes mechanical interlocking, which certainly plays an important 

role in strengthening interfacial adhesion. In this research, the joint resistance to failure 

increases when the roughness characteristic values of ablated surfaces decrease. The 

contrary would be expected if mechanical interlocking would be prominent. As evidenced 

here, mechanical interlocking effects were not governing joint performance as all ablated 

samples showed cohesive failure mode with equal and matching joint area on both joining 

partners. Ratio between two topography variables (Rq/Rdq), which represents σ/m ratio 

in the CMY model, shows a strong influence on interfacial TCR as discussed in §2.5. An 

increase in root-mean-square roughness (Rq), alongside a decrease in Root mean square 

slope (Rdq), reduces the area of contact between surface asperities at the interface, 

limiting thermal transfer. Strong inverse correlation (r = -0.94) between Rq/Rdq and joint 

resistance to failure in both material combinations, indicates that an increased TCR 

across interface deteriorates joint performance. LFA experiments following Hartmann’s 

method were conducted to evaluate TCR of differently ablated surfaces. Results show a 

strong inverse correlation between TCR with shear load at failure of laser-welded Al1050 

– PA6.6 (r = -0.94) and Ti64 – PA6.6 (r = -0.99).  

Improved interfacial thermal transfer should increase the area of molten polymer and 

joint resistance to shear load. From post-mortem joint area inspection, it is observed that 

all laser ablation parameters for both aluminum and titanium yielded in a cohesive failure 

mode with the matching area on both joining partners. Moreover, all ablated samples of 

both material combinations exhibit a relatively similar shear strength of 36.4 MPa, 

indicating similar failure behavior. In fact, the reported differences in joint performance 

are a result of changes in the joint area, which correlates very well with changes in 

topography parameters of metallic joining partner, which governs TCR, and with the 

measured TCR itself. Thus, it can be concluded that changes of TCR by means of different 

topography explain the increase in shear load related to differently ablated surfaces.  

The fact that both studies, one with aluminum and the other with titanium, led to similar 

results and similar conclusion, strengthen the research findings and confirms their 

generalization and reproducibility. 
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Based on this work, need for the following investigations arises in order to expand the 

understanding on the effects of surface properties and interfacial thermal transfer in 

LAMP: 

• Results have shown nonlinear effect of polyamide plasma pretreatment exposure 

time on joint resistance to failure. More investigations are required to explore the 

influence of plasma pretreatment time on polyamide’s surface properties, e.g. 

crystallinity, morphology, etc. and to understand its effects on joint performance. 

• In order to expand the understanding of the effects of surface properties on 

interfacial thermal transfer, modeling, simulation and experimental 

investigations are required in four dimensions, considering special and temporal 

propagation of thermal energy through the polymer’s joint zone. 

• The interaction between laser ablation pretreatment and laser welding 

parameters, and their influence on interfacial thermal transfer, should be 

investigated to explore the potentials of adapting the laser welding parameters to 

the surface properties in order to further improve the joint performance.  

• Although constant joint strength is reported among all laser-ablated samples of 

both material combinations, suggesting similar failure behavior, effects of the 

interfacial thermal transfer on the polymer’s morphology and crystallinity across 

the joint zone should be investigated for opportunities to optimize the properties 

at the region of failure. 

• The interaction between surface properties and failure mechanism should be 

further investigated in order to determine the crack initiation location in addition 

to the speed and direction of crack propagation. In addition, further investigations 

should be carried out on the joint performance at different environments and 

modes of loading, i.e. elevated temperature, peeling stress, and dynamic loading, 

in order to expand the understanding of the influence of interfacial thermal 

transfer on the welded joint. 
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Appendix 

Appendix A  

Regions investigated by EDX to determine failure mode in plasma pretreated and laser-

ablated aluminum welded to solvent cleaned polyamide. 

 

Figure 69: regions investigated with EDX in pretreated Al1050 and PA6.6 (§5.2.5) 
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Appendix B  

XPS survey spectra and high-resolution spectra of pretreated aluminum samples. 

  

  

  

 

Figure 70: XPS survey spectra of pretreated aluminum (pretreatment attributes are indicated in Table 19, §5.4) 

To interpret the spectra in the reference, three contribution were used: a CC/C-H one set 

at 284.8 eV (serving as calibration peak), a C-O/C-N peak at 285.7 eV and a O-C=O 

(Al_ref) (Al_1) 

(Al_2) (Al_3) 

(Al_4) (Al_5) 

(Al_5-95%) 
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contribution at 288.6 eV. For the ablated samples only two peaks were used to fit the 

spectra: a C-C/C-H contribution at 284.8 eV and O-C=O contribution around 288.9 eV 

  

  

  

 

Figure 71: XPS high resolution spectra of the C 1s region for pretreated aluminum (pretreatment attributes are indicated in 

Table 19, §5.4) 

For the fitting of the O 1s regions of all the samples, only two contributions were used: 

one associated to aluminum oxide and one linked to hydroxide, at slightly varying binding 

energies. 

(Al_ref) (Al_1) 

(Al_2) (Al_3) 

(Al_4) (Al_5) 

(Al_5-95%) 
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Figure 72: XPS high resolution spectra of the O 1s region for pretreated aluminum (pretreatment attributes are indicated in 

Table 19, §5.4) 

To fit the spectra of the reference sample, two metallic aluminum peaks are associated to 

Al 2p3/2 and Al 2p3/2 respectively at 72.9 eV and 73.3 eV, and the third contribution is 

related to oxidized aluminum at 75.0 eV. On the ablated samples a single contribution, 

associated to oxidized aluminum, was used to fit the spectra around 74.2 eV. 

(Al_ref) (Al_1) 

(Al_2) (Al_3) 

(Al_4) (Al_5) 

(Al_5-95%) 
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Figure 73: XPS high resolution spectra of the Al 2p region for pretreated aluminum (pretreatment attributes are indicated in 

Table 19, §5.4)  

(Al_ref) (Al_1) 
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Appendix C  

XPS survey spectra and high-resolution spectra of pretreated titanium samples. 

  

  

  

Figure 74: XPS survey spectra of pretreated titanium (pretreatment attributes are indicated in Table 19, §5.4) 

  

(Ti_ref) (Ti_1) 

(Ti_2) (Ti_3) 

(Ti_4) (Ti_polished) 
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To fit the reference, five peaks were used: one C-C/C-H peak set at 284.8 eV, one C-O/C-

N peak at 286.5 eV, one CO3 peak at 288.7 eV, one C-F peak at 292.9 eV, and a C-Ti peak 

at 291.9 eV. For Ti_1, Ti_2, Ti_3 and Ti_4, the same contributions were used to fit the C 

1s regions: one C-C/C-H contributions at 284.8 eV, one C-O/C-N contribution at 286.2 eV 

and a CO3 contribution at 288.9 eV. Additional contribution corresponding to titanium 

carbide, C-Ti, was added to Ti_polished at 281.6 eV. 

  

  

  

Figure 75: XPS high resolution spectra of the C 1s region for pretreated aluminum (pretreatment attributes are indicated in 

Table 19, §5.4) 

  

(Ti_ref) (Ti_1) 

(Ti_2) 

(Ti_4) 

(Ti_3) 

(Ti_polished) 
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The Ti_ref and the Ti_polished samples were interpreted using nine peaks related to five 

contributions due to spin-orbit splitting. The first contribution is related to Ti (0) and Ti-

C, for the reference at 454.1 eV (Ti 2p3/2) and 460.3 eV (Ti 2p1/2), while the Ti_polished 

samples present the same contribution at 453.5 eV (Ti 2p1/2) and 459.7 eV (Ti 2p1/2). The 

second contribution is related to Ti (II) and Ti-N at 455.4 eV and 461.6 eV for Ti_ref, while 

Ti_polished are at 454.7 eV and 461.1 eV, respectively. The third contribution is related 

to Ti (III) at 457.5 eV and 463.7 eV, and at 456.9 eV and 432.5 eV respectively for the 

reference and Ti_5. The fourth contribution is related to Ti (IV) and is found at 459.1 eV 

and 465.0 eV on the reference, and at 458.5 eV and 464.3 eV on Ti_polished samples. The 

fifth contribution is related to titanium surface plasmons and is found at 471.7 eV for the 

reference and at 470.9 eV on Ti_5 samples. For Ti_1 to Ti_4 samples, the same 

contributions were used, giving five peaks displaying similar bonding energies for all 

these samples. The first contribution is associated to Ti (III) aroundv457.5 eV (Ti 2p3/2) 

and around 463.0 eV (Ti 2p1/2). The second contribution is associated to Ti (IV) around 

458.6 eV (Ti 2p3/2) and around 464.4 eV (Ti 2p1/2) [291–293]. The third and last 

contribution is associated to titanium surface plasmons around 471.4 eV. 

  

  

  

Figure 76: XPS high resolution spectra of the Ti 2p region (pretreatment attributes are indicated in Table 19, §5.4)  

(Ti_ref) (Ti_1) 

(Ti_2) (Ti_3) 

(Ti_4) (Ti_polished) 
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Ti_ref and Ti_polished were interpreted using three peaks: one around 530.1 eV related 

to titanium oxide, and the two others around 531.4 eV and 532.5 eV respectively 

associated to organic compounds (adventitious carbon), and oxidized aluminum and 

vanadium. On Ti_1, to Ti_4, only two peaks were used to fit this region: one around 530.2 

eV associated to titanium oxide, and one associated to organic compounds as well as 

oxidized aluminum and vanadium around 532.1 eV. 

  

  

  

Figure 77: XPS high resolution spectra of the O 1s region (pretreatment attributes are indicated in Table 19, §5.4) 

 

  

(Ti_1) (Ti_ref) 
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