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Abstract 

Conventionally, metals and plastics compete due to their differing mechanical, physical, chemical, and tribological 
properties. However, hybrid components that synergistically utilize the advantages of both materials present significant 
potential for weight reduction, functional integration, and cost savings. The production of plastic/metal hybrid components 
can be efficiently achieved during the primary forming process of the plastic part by back-molding thus eliminating the need 
for additional joining technologies using form closure through macrostructures. Macro structuring on metal components is 
accomplished through laser or electron radiation via repeated micro-welds (Surfi-Sculpt®). The strength of these structures 
can be tailored by adjusting process parameters, orientation, and geometry of the micro-welds. This study presents initial 
results regarding individual structural strength on stainless steel samples. It demonstrates the dependency of bending 
strength and structure geometry on ambient pressure as well as the increase in structural strength in welding direction. 
Higher energy input allows for elevated macrostructures but may reduce bending strength. 
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1. Introduction 

According to Dröder, 2019, hybrid plastic-metal components are increasingly adopted in industries such as automotive 
and aerospace due to their potential for weight reduction, cost efficiency and tailored mechanical performance. While the 
mechanical properties of metals and the design flexibility of plastics offer complementary advantages, their inherent 
differences in thermal expansion, stiffness and bonding mechanisms present significant joining challenges, as discussed by 
Amancio-Filho et al., 2009. Plastic/metal hybrid components can be manufactured post-mold, for example by welding, or 
in-mold during the initial forming process of the plastic component. Compared to welding processes, in-mold assembly does 
not require any additional joining technology and the usable bonded area can be designed more flexibly, as seen in Finnah, 
2005. According to Drossel et al., 2016, the structured metal component is inserted into the injection mold, back-molded 
with the plastic component, and joined simultaneously, eliminating the need for an additional joining step. The produced 
hybrid components are ready for use without any further processing. The most commonly used connecting mechanisms in 
established hybrid technology are form closure and adhesion. Due to the low creep resistance of plastics, Amancio- Filho et 
al., 2009 states that a pure force connection between the two materials is not possible long term. Banea et al., 2018 explains 
that adhesive bonding, though simple and cost-effective, is sensitive to surface conditions, thermal aging, and generally 
offers limited material combinations. In the simplest case, as seen in the work of Geminger et al., 2016, holes are 
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manufactured into the metal component through which the molten plastic can flow, creating a rivet-like fastener or a form-
fitting connection by injection molding around the edges of the metal component. However, Amancio-Filho et al. 2009 
argues that using these connection techniques results in uneven, localized stress peaks, which need to be balanced by over-
dimensioning component parts. 

Alternative methods include laser micro structuring by laser ablation mentioned in Heckert et al., 2014 and Rösner, 2014, 
laser remelting as seen in Temmler et al., 2017, vacuum suction blasting present in Ruhland, 2004 and Staiger et al., 2014, 
or special etching processes referred to in Vasconcelos et al., 2023, which form structures in the metal surface with 
sometimes undercuts that can be used for a form-fitting connection by back-molding. In contrast to those processes, which 
structure wide areas, Blackburn and Hilton, 2011 explain that the Surfi-Sculpt® process generates individual micro-weld 
seams on the surface through remelting material. Due to a relative movement of the beam in relation to the workpiece, 
Dance et al., 2007 explains that the melt flows around a capillary and solidifies on the side facing away from the movement. 
By repeating this step several times at the same position, the material is layered on top of itself, creating a raised surface 
structure (elevation) with a larger aspect ratio (height to depth) and a cavity on the other side, as presented in Figure 1 and 
shown by Earl et al., 2012. Experiments by Wang et al., 2015 and Gach et al., 2019 show that depending on the beam 
movement, freely programmable structures can be created to form a three-dimensional surface.  

 

Figure 1: Schematic view of the process by a laser beam showing a) the initial start, b) the first movement and c) the Surfi-Sculpt® structure 
through repeated movement 

Wurzbacher et al., 2021 demonstrate that the resulting three-dimensional surface offers the potential to utilize as form 
closure in plastic/metal hybrid components by back-molding in a load-specific manner and achieve improved and precisely 
controllable force transmission. However, Blackburn and Hilton, 2011 emphasize that precise heat management during the 
Surfi-Sculpt® structuring process is crucial to create large structures that do not suffer from overheating. Earl et al., 2012 
suggest that at higher ambient pressures, convective heat dissipation is more effective, leading to faster cooling, a more 
viscous melt and ultimately larger and more stable structures. On the other side, Frey et al., 2024 mention that a higher 
ambient pressure also increases the evaporation temperature of the material leading to higher process temperatures and 
wider weld seams. The relation between reduced pressure and temperature has been explored by Honig et al., 1969, where 
for example, reducing the ambient pressure to 10 mbar leads to a temperature drop by 766 K , which reduces the average 
temperature of the capillary wall, as explained by Li et al. 2018. Therefore, this study investigates the previously unexplored 
area between the structuring with an electron beam in high vacuum (10-4 mbar) and the laser structuring in atmosphere 
through laser structuring in between 1–1,000 mbar, with a focus on determining and optimizing individual structure 
strength. 

2. Experimental Procedure 

The LaVaCELL450 used for producing Surfi-Sculpt® structures contains a 2 kW singlemode SPI redPower CUBE laser with 
a diffraction index M2 of 1.1. The connected Raylase SuperScan IV-30 Optic achieves a spot diameter of 52.88 µm and a 
Rayleigh length of 1.87 mm due to the 423 mm F-Theta objective alongside a Collimator of 200 mm. This optical system 
connects to a 90 liter vacuum chamber. The surface structuring was carried out with a laser power of 480 W, a focus position 
5 mm below the workpiece surface and a welding speed of 1,200 mm/s at three different pressure levels of 10 mbar, 
100 mbar and 1,000 mbar. For each pressure level, the argon shielding gas flow was adapted to 5 l/min, 10 l/min and 
20 l/min, respectively.  

The structuring was performed on a 27 mm wide, 100 mm long and 2 mm thick 304 stainless steel plate (1.4301) with 
50 and 100 repetitions. To prevent thermal overheating of the individual structures, the length of the weld seam was set to 
4 mm and the repetition for all structures were simultaneously produced. For every parameter combination, ten structures 
were formed and tested for their individual load bearing capacities in three directions – 0°, 90° and 180°, where 0° represents 
the welding direction, as seen in Figure 2 a).  
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a) 

 

b) 

 
Figure 2: a) Definition of testing direction shown on structures produced at 100 mbar with 50 repetitions and b) used Zwick/Roell Z010 
RetroLine universal testing machine with applied test pin 0.4 mm above the workpiece surface shown for 0° testing direction 

The bending test was carried out using a Zwick/Roell Z010 RetroLine universal testing machine with a 100 N load cell and 
a testing speed of 10 mm/min. The force was applied at a constant distance of 0.4 mm above the workpiece surface for all 
generated structures, as demonstrated in Figure 2 b). 

3. Results and discussion 

Besides Figure 2 a), which illustrates the structures for n = 50 repetitions and p = 100 mbar, Figure 3 b) and c) show the 
formed structures for 50 and 100 repetitions at a working pressure of 10 mbar. In comparison, the geometric shape of the 
structure mainly changes in the direction of height depending on the working pressure. In addition, there are more deposits 
next to the structure at 10 mbar compared to 100 mbar in form of discoloration. The structures at 1,000 mbar are 
significantly less consistent and represent an unstable process, resulting in heavy spatter deposits and partial collapse of the 
structures for 100 repetitions as shown in Figure 3 a). Therefore, only the repetition rate of n = 50 at 1,000 mbar is 
considered for further analyzation.  

 
 

Figure 3: a) Laser microscope images of Structures produced at a) 1,000 mbar with 100 repetitions, b) 10 mbar with 50 repetitions and c) 

10 mbar with 100 repetitions as well as d) measured height over pressure for 50 and 100 repetitions 

The measured structure height for different repetition rates over the working pressure are summarized in Figure 3 d). 
Each data point represents the mean value of ten structures except the data point for n = 100 and p = 1,000 mbar. This value 
shows an exemplary single measurement of a collapsed structure, thereby not representing the achievable height. Adapted 
heat management could be a solution here. However, an increasing number of repetitions leads to greater average structure 
height, which is consistent with the expectation that repeated passes of the laser result in increased material displacement 
and accumulation. In addition, a positive correlation between the ambient pressure and structure height is evident for both 
repetition rates. This supports the hypothesis that a higher working pressure enhances convective heat dissipation, allowing 
more rapid cooling of the melt pool and thus enabling the formation of taller structures.  

The maximum measured force of the formed structures, depending on the testing direction of 0°, 90° and 180°, is shown 
in Figure 4. The highest force can be absorbed predominantly in 0° (welding direction), with a maximum at 100 mbar. 
Structures with 100 repetitions exhibit marginally improved maximum force compared to 50 repetitions. This can be 
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attributed to their increased height and structural mass. While the maximum force at 100 mbar suggests the presence of an 
optimal pressure due to a balance between effective heat dissipation and reduced evaporation temperature. The 
evaporation temperature of iron, present in Honig et al., 1969 is approximately 3,081 K at 1,000 mbar, while dropping to 
2,628 K and 2,315 K for 100 mbar and 10 mbar, respectively. At 10 mbar, insufficient cooling likely compromises the 
structural integrity, while at 1,000 mbar, the higher process temperature and the presence of residual oxygen may reduce 
the structural strength. Since the structures collapsed at 1,000 mbar and 100 repetitions, the measured maximum force is 
only an indicative and therefore differently marked. The actual force could be lower since the collapsed structures are wider 
which results into more resisting material. 

 
Figure 4: Maximum measured force of each testing direction over pressure for a) 50 repetitions and b) 100 repetitions 

The individual structural strength is determined by normalizing the measured force of each testing direction (0°, 90°, 
180°) to the maximum force in this series. Figure 5 a) shows the force that the structures can absorb depending on the 
direction. The structures resist the highest force in 0° testing direction, with decreased performance for 90° and 
intermediate results for 180°. An exception indicates the structures at 10 mbar, which absorb the maximum force at 180°, 
but also resist almost identical performance at 0°. At 90°, all structures present less than 25 % of the maximum force. 

 
Figure 5: Individual structure strength shown for a) normalized to maximum force and b) normalized to the second moment of area (2nd 

MOA) 

However, Figure 5 a) neglects that the second moment of area (2nd MOA), which indicates the resistances of each 
structure, varies depending on the test direction. The simplified cross section of the structures refers to a rectangular each 
of which has a 2nd MOA in the x- and y-direction. At 90°, the structure width is included in the calculation to the power of 
three, while at 0° and 180°, the structure length is decisive as illustrated in Figure 6. This implies that the 2nd MOA for 90° 
test direction is significantly smaller compared to 0° and 180°. 
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Figure 6: Calculated 2nd MOA in the x- and y-direction of the structures with the assumption of a rectangular cross section 

By dividing the measured force through the 2nd MOA of the corresponding structure, a resistance coefficient is formed. 
This coefficient is normalized to the maximum value as shown in Figure 5 b). In this representation, the greatest resistance 
of the structures is in 90° testing direction. Consequently, a strong parallelization of several structures within a hybrid 
connection as presented in Wurzbacher et al., 2021 could exhibit greater joint strength at 90°. Thus, the hybrid connection 
with 20 parallel structures has only been measured at 0° and 180°.  

Besides the individual maximum force, the different force-strain curves, as shown in Figure 7 a), indicate various failure 
behaviors, which is why Figure 7 b) presents the tested structures for 100 mbar and 50 repetitions depending on the test 
direction. For the 0° testing direction, the tested structures primarily exhibit shear displacement followed by bending. The 
180° test direction resulted also in shear followed by bending, while the 90° test direction primarily presents a bending 
deformation of the structure. The same can be confirmed by the force/strain curves, where the 0° test showed a steep 
increase in the applied force signifying the shearing phenomena followed by a plateauing of the force corresponding to 
bending. Similarly, the 90° test showed significant plateauing of the force, which is associated with the almost pure bending 
behavior of the elevation. As the distance from the point of force application remained constant (0.4 mm above the surface) 
across all tests, it can be inferred that the failure mechanism is highly dependent on the relative direction of the applied 
force with respect to the elevation orientation. Grain orientation induced by the welding direction may further influence 
this behavior.  

 
Figure 7: a) Samples of a measured force-strain for 100 mbar and 50 repetitions at testing direction 0°, 180°, and 90 as well as b) 
corresponding laser microscopy images of the structures after testing  

4. Conclusion 

This study investigated the influence of ambient pressure and laser processing parameters on the structural integrity 
and mechanical performance of individual Surfi-Sculpt® structures formed on stainless steel 304 (1.4301). Based on the 
experimental results, the following conclusions can be drawn: 
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• The structure height increases with the number of laser repetitions, as more passes lead to additional material 
displacement and accumulation. 

• Higher ambient pressure promotes the formation of taller structures by enhancing the convective cooling, which 
facilitates more effective solidification of the melt pool. 

• A working pressure of 100 mbar provides the best balance between structure formation and mechanical strength, 
suggesting an optimal range for thermal management and structure quality. 

• The mechanical failure mode of the structure is highly dependent on the test direction of the applied force which leads 
to a mixture of shearing and bending of the structures.  

• The maximum force of the structures is measured in 0° test direction, followed by 180° followed by 90°. 
• The greatest resistance in relation to 2nd MOA results in 90°. 

These insights offer valuable guidance for tailoring the design and processing of form-fit structures in hybrid plastic-
metal components, especially for applications requiring additional directional strength and optimized performance under 
varying ambient conditions. Therefore, the next steps investigate how the individual structure strength relates to the overall 
strength of the plastic/metal hybrid components. 
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