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Abstract 
Laser welding of metals – polymers has gained strong scientific and industrial interest because of its ability 

to produce miniaturized joints in lightweight products with customized properties. Surface pretreatments 

before joining process have shown significant impact on enhancing properties of laser welded metal – 

polymer joints. This work adopts a Design of Experiments (DoE) approach to investigate the influence of 

titanium alloy (Ti64) laser ablation parameters on the performance of laser welded Ti64 – polyamide 

(PA6.6) assemblies. In this first study, significant laser ablation parameters were highlighted, process 

window outlined, and optimal parameters identified. Laser ablation pretreatment parameters 

demonstrated a strong influence on joint resistance to failure. Effects of laser ablation parameters on 

titanium surface morphology were analyzed using Scanning Electron Microscope (SEM). In a second study, 

the effects of ablation parameters on Ti64 surface properties and welding quality will be investigated. 

Introduction 
Joining of metals to polymers is important for developing lightweight components with tailored 

properties. The joining of titanium alloy (Ti64) to polyamide (PA6.6) is relevant for automotive, aerospace, 

marine, and even biomedical applications, where both materials are commonly used [1–6]. The most 

frequently used metal – polymer joining techniques are adhesive bonding and mechanical fastening. Both 

techniques necessitate an overlapping joint configuration to achieve the required joint strength. However, 

adhesive bonding generally requires long curing time and involves hazardous materials, whereas 

mechanical fastening adds extra weight, geometrical constraints, and stress concentration points to the 



assembly [7,8]. Therefore, laser beam welding is a favorable joining alternative as a rapid and low energy 

process, providing reliable and lightweight joints. 

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

properties and melting temperatures of both materials. However, focused laser beam energy provides a 

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

introduction of energy into the materials, yielding a high temperature gradient in a limited volume. This 

precise control over the heat input provides the opportunity to thoroughly melt the polymer at the 

interface of the joint while, at the same time, avoiding its degradation [9,10]. To model the effects of laser 

welding parameters and optimize the joining process, previous work demonstrated the successful use of 

DoE techniques for laser joining of Ti64 to PA6.6 [11] and carbon fiber reinforced PA6.6 [12]. 

Surface pretreatment of metals, prior to thermal joining with polymers, has shown significant impact on 

improving performance of assemblies. Researchers [13–15] analyzed effects of mechanical and chemical 

pretreatments for metals on strength of thermally joined metal – polymer assemblies. The use of a laser 

beam for metallic surface pretreatment is favored over chemical and mechanical pretreatments as a rapid, 

solventless and contactless process, which can be easily automated. Effects of laser surface structuring on 

metals, using Nd:YAG laser, before laser welding and thermal joining to selected polymers were examined 

[16–19]. The modified surface chemistry along with the structuring allowed for enhanced chemical 

bonding and mechanical interlocking at the interface between joining. This was for instance the case for 

Holtkamp et. al. [17], who reported a correlation between increased shear strength and laser surface 

structural density (per unit area).  Otherwise, Al-Sayyad et.al. [20] utilized DoE techniques to investigate 

effects of aluminum laser ablation pretreatment parameters, using short (ns) pulsed laser, on 

performance of laser welded aluminum to PA6.6. Results highlighted the significance of pulse frequency 

and beam guidance speed on the performance. Furthermore, they demonstrated strong impact of laser 

ablated aluminum surface topography on the interfacial thermal transfer when laser welding to PA6.6, 

affecting joint area and mechanical performance [21]. 

Researchers [22–28] investigated the effects of Ti64 surface pretreatment, by means of laser beam 

source, on the strength of adhesive bonded metal – polymer joints. Results highlight impact of laser 

pretreatment on improving joint strength by enhancing interfacial chemical bonding and mechanical 

interlocking. Moreover, Chanthapan et.al. [29] investigated the effects of titanium oxide layer on the 

strength and durability of laser welded titanium polyamide joints. However, laser treatment of Ti64 prior 



to laser welding with polymers has been neglected in literature and the effects of laser pretreatment 

parameters on joint behaviors remain unclear. 

The objective of the present study is twofold. First, it is complementary to article [11] by utilizing laser 

ablation in order to further increase the joint resistance of Ti64-PA66 assemblies. Even with their high 

industrial relevance, such assemblies obtained by laser welding are seldom reported in literature [12], and 

the aim of the authors is to show the performance of an all-laser process - Ti64 laser ablation pretreatment 

and laser welding with PA66 - to obtain high level of mechanical resistance for Ti64-PA66 assemblies. 

Second, the present study aims at identifying the best laser pretreatment parameters values to reach a 

good welding quality. In a second part to be published afterwards, the effects of ablation parameters on 

Ti64 surface properties will be evaluated and the link of this surface characteristics with welding quality 

will be investigated. 

Experimental methods 
Using DoE techniques, this work investigates the effects of laser ablation on the shear resistance to failure 

of laser welded Ti64 to PA6.6. The influence of laser ablation parameters on surface morphology of 

selected samples was investigated using Scanning Electron Microscopy (SEM).  

2.1 Materials 

In those experiments, 0.5 mm thick titanium alloy Ti-6Al-5V (Ti64) purchased from E. Wagener GmbH 

(Weissach-Flacht, Germany), with geometry of 30 mm× 60 mm, and 4 thick mm polyamide 6.6 (PA6.6) 

purchased from Dutec (Ahaus, Germany), with the dimensions of 25 mm × 75 mm were used. The 

elemental composition of Ti64 is shown in Table 1. Prior to the joining process, Ti64 samples were 

prepared by laser ablation, and PA samples were wiped with ethanol, to remove potential surface 

contaminants. 

Table 1: Elemental composition of Ti64 

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 

 

2.2 Laser welding  

Ti64 and PA6.6 were joined by a laser beam welding using a fiber laser (Tru-Fiber 400 from TRUMF) as 

indicated by the optimized parameters from the authors’ previous research [11]. The laser had a 

wavelength of 1070 nm and a spot size of 31 μm. Figure 1 shows the welding setup with joining partners 

clamped in an overlap welding arrangement. The laser beam was focused and irradiated on the titanium 



surface where part of the laser beam energy is absorbed and conducted to the joint interface in the form 

of heat energy, causing the polymer to melt and bond to titanium. In order to widen the weld path, the 

laser beam followed a spiral wobble trajectory. Argon shielding gas with flowrate of 10L/min was targeted 

at the weld zone, with 20° inclination angle below the horizontal, to prevent interaction of titanium with 

atmosphere. 

To evaluate the strength of the welded joint, single lap shear test was performed using Z010 from 

Zwick/Roell which has maximum load of 10 KN. The crosshead pulling speed was set at 1.2 mm/min. 

Samples were clamped in a vertical alignment with a jaw to jaw distance of 75 mm.  

 

Figure 1: Laser welding setup 

2.3 Laser ablation DoE 

Titanium surface at the joining partners’ interface was ablated prior to the joining process by irradiating 

it with short pulsed (ns) Nd:YVO4 laser (TruMark 6130 from TRUMPF) having a wavelength of 1064 nm. 

While the pulse frequency affects the Peak Pulse Power (PPP), the pulses overlap ratio (O), shown in Figure 

2 (a) and described by Equation 1, is influenced by three parameters: pulse frequency (fp), beam diameter 

(∅) and beam deflection speed (V). Keeping a constant beam diameter of 45 μm, and independently 

decreasing the pulse frequency or increasing the beam speed results in a decrease in the overlap ratio. 

Hence, a combination of both parameters, among others, can produce different surface structures as 

shown in Figure 2. 

     

Figure 2: (a) schematic showing ablation parameters on Ti64 surface; (b) patterned ablation; (c) semi-patterned ablation; (d) 

stochastic ablation; (d) polished ablation. 



𝑂 (%) = (1 − 𝑉 (𝑚𝑚𝑠 )∅ (𝑚𝑚)×𝑓𝑝 (𝐻𝑧)) × 100                 (1) 

2.3.1 Screening DoE 

In order to identify the most significant ablation parameters affecting the joint behavior, Plackett-

Burman method [30] was utilized with the aid of Minitab® software. Six factors were screened as shown 

in Table 2 below. Two levels were chosen per factor. Preliminary investigations were done to determine 

the high and low levels of each factor in order to ensure adequate weld for all possible parametric 

combinations. 24 experimental runs were designed to investigate the significance of the six parameters 

with a relatively high statistical power of 80% chance detecting a standard deviation of 1.06. Spot size 

describes the one on the titanium surface during the laser ablation process. Focusing on the surface of 

titanium results in a spot size of 45 μm, and defocusing with a downward offset of 2.5 mm results in 

spot size of 102 μm on titanium surface. Pulse frequency along with the power percentage influence the 

Peak Pulse Power (PPP), and the beam speed together with the pulse frequency and the spot size 

influence the overlap ratio. The hatching parameter presents orientation of laser structured lines with 

reference to the direction of the applied shear load. Argon shielding gas with volumetric flow rate of 10 

L/min was used to investigate effects of shielding treated titanium surface from the atmosphere on the 

joint behavior. After the ablation, the welding process took place as described in section 2.2. 

Table 2: Screening parameters 

Factors Data Type Low level High level 

Spot size (µm) Continuous  45 102 

Pulse frequency (kHz) Continuous 15 120 

Speed (mm/s) Continuous 1000 2500 

Power % Continuous 10 70 

Hatching Categorical Parallel Perpendicular 

Shielding gas  Categorical Off On 

 

2.3.2 Optimization DoE 

After highlighting the most significant parameters affecting joint resistance to failure, influential 

parameters were varied simultaneously by implementing a Central Composite Design (CCD), with a total 

samples of 8 cube points, 5 center points, and 8 axial points, in order to outline the process window using 

Response Surface Method (RSM) [31]. Domain of variation of RSM design was set to two coded units. 

Mathematical model was generated to describe the effect of those ablation parameters, and their 



interaction, on the joint’s resistance to failure using ANOVA technique [32]. In order to expand the 

investigated process window, further tests were performed along the path of steepest ascent as well as 

the path of optimal overlap ratio as determined solving the generated model. Path of steepest ascent 

utilized four steps. Preliminary investigations recommended large step size to be able to detect significant 

difference in joint behavior. Thus, pulse frequency was used as a base factor, and a step size of two coded 

units was used between first three steps, and four coded units between the third and fourth step. 56 

samples in total were tested for the complete optimization process. 

2.4 Scanning Electron Microscope (SEM) 

SEM was performed on treated Ti64 surfaces using a pressure-controlled FEI Quanta FEG 200 scanning 

electron microscope from FEI Company (Hillsboro, OR, USA). Measurements were carried out in secondary 

electron mode to get information about the samples’ morphology. The test was performed under a high 

vacuum with a 20 kV acceleration voltage. In order to investigate effects of ablation parameters on surface 

morphology and corresponding influence on joint performance, five regions of 1 cm2 area were ablated 

on a Ti64 sample with varied parameters that resulted in a wide range of joint resistance to failure.  

3. Results and Discussion 

3.1 Screening DoE 

Screening design resulted in several surface structures, including patterned, semi-patterned, stochastic, 

and polished (Figure 2). Polishing effect was only achievable at relatively high pulse frequency (120 kHz) 

and low PPP (5 kW). Visual investigation showed mixed cohesive/adhesive failure mode in the case of the 

polished titanium surface, and only cohesive failure mode in the rest of the ablated surface structures 

welded to PA6.6. Pareto chart (Figure 3) illustrates the magnitude of effects of the screened parameters. 

The effect of a single parameter demonstrates the difference in mean shear load at its high and low values. 

The dotted red line shows the effect size at 0.05 level of significance as determined by Lenth's method 

[33]. Results identified only pulse frequency to have statistical significance on the achieved shear load. 

Figure 3 shows the main effect plot, which describes how changes to a single factor affect the mean shear 

load. Results show that a low level of the pulse frequency is favored to increase the shear load, explaining 

the low joint resistance to failure in the case of polished samples. However, the pulse frequency has an 

influence on both the overlap ratio and PPP. Thus, it was decided to proceed with the optimization process 

by simultaneously varying both pulse frequency and beam speed in order to have independent control 

over the overlap ratio and PPP (see section 2.3).  



    

Figure 3: (left) Pareto chart; (right) main effect plot 

  

3.2 Optimization DoE 

Pulse frequency and beam speed were used to create a predictive model while keeping the rest of the 

parameters constant as shown in Figure 4.  

Figure 4 shows the contour plot of the developed regression model (Equation 2). The red dots represent 

the CCD testing conditions. ANOVA analysis shows high accountability of the model (coefficient of 

determination R2 = 93.8% and the significance of its coefficients (p-value < 0.05), in particular: pulse 

frequency, beam speed, and non-linearity in speed. ANOVA analysis showed a significant impact of beam 

speed (V [mm/s]), and significant non-linearity in its response (V2), with no significant impact of pulse 

frequency (fp [kHz]) and no interaction between pulse frequency and speed. Dashed lines shown on the 

contour plot indicate overlap ratio generated by the combination of pulse frequency and speed. Results 

show significant correlation between the overlap ratio and the contour lines, signifying the impact of 

overlap ratio on the joint’s resistance to failure. Solving the regression model (equation 2) results in 1222 

N as maximum predicted joint resistance to failure at 43.89 kHz and 364.15 mm/s, which corresponds to 

82% overlap ratio. 

 In order to expand the process window, further tests were conducted by varying PPP at 82% overlap ratio 

in addition to following the steepest path of ascent. Figure 5 shows effects of expanding process window 

at 82% overlap ratio. Results indicate an increase in the direction of reducing PPP before a sharp drop in 

resulted shear load was identified at 5 kW. Although relatively large step size was used as elaborated in 

section 2.3.2, results illustrated in Figure 5 show slight increase of joint’s resistance to failure, followed by 

slight decrease, along the path of steepest ascent reaching up to -790% overlap ratio (patterned 



structure). The highest average load (1201 ± 35 N) is reached for 30.28 kHz and 5520.5 mm/s in pulse 

frequency and speed, respectively. However, 34.17 kHz and 3772.82 mm/s (PPP = 44.5 kW and O = -145%) 

resulted in smallest deviation in joint resistance to failure (1187 ± 11 N). Thus, those latter parameters 

were identified as the optimal ablation conditions. 

 

Figure 4: Contour plot of shear load as a function of beam speed and pulse frequency. 

Load (N) = -654 – 11.6 Fp + 13.71 V – 0.01993 V2                 (2) 

  

Figure 5: Expanding process window along: (left) 82% overlap ratio; (right) path of steepest ascent 



  3.3 Scanning Electron Microscope (SEM) 

Figure 6 shows results of selected ablation parameters on morphology of treated titanium, and 

corresponding effects on joint resistance to failure. While ablation parameters of samples F1 to F4 are 

included in the optimization design, and the polished sample is included in the screening design, the 

reference sample is investigated separately with a surface only wiped with ethanol. It is well known in 

literature that laser ablation parameters, as well as laser-material interaction, has a strong influence on 

aspect-ratio and morphology of laser-induced craters [34–37]. Figure 6 shows that laser ablation process 

results in a differently sized laser-induced crater than the laser beam spot size irradiated on the treated 

surface (45 µm), which was used for calculating overlap ratio. As a result, ablated samples F1 – F4 

demonstrate a larger actual overlap ratio of ablated spots compared to the calculated one, demonstrating 

semi-patterned to stochastic ablation geometries, which is reported throughout this article.  

Visual inspection revealed mixture of cohesive/adhesive failure modes in the polished samples after joint 

failure, and purely cohesive failure mode at PA6.6 close to the weld zone in other cases of ablated 

titanium. Apart from the polished sample, which resulted in mixed cohesive/adhesive failure mode, 

qualitative assessment of the results shows that a “smoother” ablated surface is favorable for an 

increased joint resistance to failure. This can be due to the enhanced interfacial thermal transfer of 

smoother surfaces as reported with the case of ablated aluminum, which is laser welded to polyamide 

(PA6.6) [21]. Further investigations are currently on-going and will be soon published as a second part of 

this study by the same authors. 

Shear load (N) 

Fp (kHz) 

V (mm/s) 

PPP (kW) 

O (%) 

387 ± 117 

43.89 

160.00 

32.00 

91.89 

690 ± 57 

40.00 

160.00 

37.37 

91.11 

1064 ± 28 

23.89 

193.50 

65.00 

82.00 

1186 ± 11 

34.17 

3772.82 

41.70 

-145.00 

764 ± 5 

120.00 

2500.00 

5.00 

53.01 

772 ± 70 

- 

- 

- 

- 

Figure 6: effects of ablation parameters on morphology of Ti64 surface 

4. Conclusion 
Design of experiments was developed to inspect the influence of laser ablation parameters, using short 

(ns) pulsed laser, on the joint quality and resistance to failure of Ti64 laser welded to PA6.6. From the 

screening process, it was concluded that the most significant factor is the pulse frequency which is 



responsible for Peak Pulse Power and pulse overlap ratio. Using Response Surface Method (RSM), 

statistically significant regression model was developed to describe relation between pulse frequency and 

beam speed on the joint’s resistance to failure. Results showed strong correlation between overlap ratio 

and joint’s resistance to failure, predicting highest response of shear load at 82% overlap ratio within the 

investigated process window. Two further steps were carried out. One by following the path of steepest 

ascent and another one by expanding the process window at 82% overlap. The former step allowed to 

identify optimal ablation conditions at 34.17 kHz and 3772.82 mm/s (PPP = 44.5 kW and O = -145%) 

resulting in relatively highest joint resistance to failure and lowest deviation (1186 ± 11 N). SEM qualitative 

investigations show that a smoother ablated titanium surface was favorable for an increased joint 

resistance to failure. Enhanced interfacial thermal transfer with smoother ablated surface might explain 

this behavior. Further investigations are currently ongoing and will be reported in a future article. 
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Figures

Figure 1

Laser welding setup

Figure 2

(a) schematic showing ablation parameters on Ti64 surface; (b) patterned ablation; (c) semi-patterned
ablation; (d) stochastic ablation; (d) polished ablation.



Figure 3

(left) Pareto chart; (right) main effect plot



Figure 4

Contour plot of shear load as a function of beam speed and pulse frequency.

Figure 5

Expanding process window along: (left) 82% overlap ratio; (right) path of steepest ascent

Figure 6

effects of ablation parameters on morphology of Ti64 surface


