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Abstract 
The trend towards lightweight construction leads to an increased use of lightweight materials such as aluminium alloys and fibre-reinforced plastics 
with a thermoplastic matrix. An adequate joining technology for these material combinations is ultrasonic welding. It is distinguished by a broad 
spectrum of weldable materials and material combinations. Besides joining parameters, the surfaces of the joining partners are crucial for the joint 
strength. Especially topography influences many physical and mechanical joining mechanisms. These effects can be intensified by a systematic 
microstructuring of the joining partners.  
Within this work, the ultrasonic welding of the aluminium alloy 5083 and thermoplastic carbon fibre-reinforced plastics (TPU) matrices was 
investigated. The study is based on a statistical experimental methodology that allows for a reduction of the experimental effort. Depending on 
joining parameters and different surface topographies of the aluminium surfaces, higher joining strength can be achieved in comparison to 
unstructured aluminium. The quality of the welds was evaluated in tensile shear tests. For an understanding of the mechanical properties, 
accompanying microstructural studies of the welded hybrid composites were carried out and described. 
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1. Introduction 

The reduction of weight of structural components is an 
important goal for future production in the automotive, aircraft 
and engineering sector in general. Multi-Material Design 
thereby represents a target-oriented approach, which aims to 
use the right material at the right place. For this, appropriate 
joining techniques are necessary. Ultrasonic joining could 
already indicate its suitability as an adequate method for 
joining metals and thermoplastic fibre reinforced plastics [1] 
and other dissimilar material combinations [2]. In this 
investigation Design of Experiments (DoE) was used to 
investigate the process parameters for ultrasonic welding of 
hybrid joints in detail and also the influence of a microstructure 
on the achievable joining strength.  

Ultrasonic joining is a solid-state joining process, in which the 
weld is formed by superimposing a static joining force with a 
mechanical oscillation in the ultrasonic range. The most 
important joining parameters are the joining force, the 
amplitude of vibration and the electrical power [3,4,5]. The 
"Central Composite Circumscribed design" (CCC) has been used 
to determine the best-fit parameters triplet respectively for 
detecting trends in the parameter field. This enables a 
reduction in the required number of tests by about 85%, 
compared to a conventional one-factor-at-a-time method. One 
of the main advantages of a (DoE) is the possibility of a clear 
cause analysis with simultaneous consideration of mutually 
influencing parameters. Thus, a description of the 
interdependence of the three main welding parameters of 
ultrasonic welding with respect to the achievable shear 
strength of the bonds is possible [1]. 

2. Materials and specimen geometry 

In the following section selected results for welding of the 
aluminum alloy EN AW 5083 with a thickness of 1 mm and the  

 
thermoplastic composite material Tepex® dynalite 208-C200 
(TPU) with a thickness of 1 mm will be presented. The fibre 
reinforcement consists of 4 layers of a carbon fibre textile twill 
weave 2/2 fabric with a weight per unit area of 200 g/m². The 
fibre volume in the CFRP is about 45%. The specimen 
geometries are shown in Figure 1. The production of the joint is 
carried out at a lap joint with 3 cm overlap length and a 
centrally positioned joining area. The welding area of the 
sonotrode is 10 x 10 mm². Since it is not possible to determine 
the geometry of the real joining area, the shear strength is 
calculated by the ratio of the achieved tensile shear force 
related to the Sonotrode contact area. 

 

 
 

Figure 1. Specimen geometry, overlap and joining area 

3. Experiments 

On the basis of preliminary tests, the parameter field was 
narrowed down and joining tests were performed, starting 
from low welding parameters and increasing them in large 
increments until damage to the sample occurs. In addition to 
the determination of the parameter field, different surface 
modifications of the metallic joining partner were examined. 
Starting from rolled sheets (RS), the surface of the joining area 
has been modified. This was carried out by abrasive as well as 
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additive and ablative procedures. For this purpose samples 
were sanded with a grain size of 150 and 80 as well as pre-
treated by means of applying thermal spray coatings (TSC) and 
micro-structuring by laser ablation (LMS). To improve the 
adhesion strength between aluminium and thermal spray 
coating the surface of the aluminium was roughened by 
corundum blasting. This was done either partially in the region 
of the joining zone or over the entire width of the sample. 
Deterministic structures in the form of full square pins were 
introduced by means of laser ablation. They possess the 
dimensions of 500 x 500 µm (length x width) with a height of 
about 200 µm. Figure 2 shows the different surface 
topographies of the aluminium samples after the pre-
treatment. 
 

 
 

Figure 2. 3D micrographs of metal surface a) sanded GS150 b) sanded 
GS80 c) thermal spray coated d) laser microstructured 
 

Table 1. Surface roughness of the joining area (Rp maximum peak 
height; Rv maximum valley depth; Rt maximum height; Rq rms-
roughness) 
 

 RS GS150 GS80 TSC LMS 

Rp 20,27 35,85 107,30 55,59 60,26 

Rv 13,69 39,63 74,98 48,83 137,16 

Rt 33,96 75,48 182,29 104,42 197,42 

Rq 2,45 5,50 11,91 15,57 57,03 

 
In order to minimize the influence of the joining parameters 

on the bonding strength they were held constant for all 
preliminary experiments. The joining parameters used are 
given in table 2. 
 
Table 2. Joining parameters for the material pairing of EN AW 5083 and 
thermoplastic CFRP (TPU) 

 

Energy [J] Amplitude [µm] Joining force [psi] 

800 32 60 

4. Results 

The results of the experiments are shown in Figure 4. It is 
apparent that the achievable shear strength can be influenced 
by surface treatment. The highest tensile shear strengths were 
achieved by means of thermal spray coatings and laser micro-
structuring. Because unlike to the sanded specimens, not only a 
positive connection occurs between the fibre-reinforced plastic 
and the metallic joining partner, but due to the surface 
topography of the thermal spray coatings there is an 
entanglement of the reinforcing fibres with the roughness 
peaks of the applied thermal spray coating (Figure 3). For the 
sanded specimens mainly adhesive bonding occurs between 
the thermoplastic polymer and the metal surface. The 
differences in the achieved tensile shear strength values for 
thermal spray coatings resulting from the pre-treatment of the 
metallic joining partner. The adhesion of the thermal spray 

coatings on the base material is lower without prior corundum 
blasting. This results in reduced tensile shear strengths because 
a detaching of the thermal spray coating occurs. Similarly, the 
achievable tensile shear strengths are influenced by the 
position of the tool and partially structured surface. Both 
surfaces have to be aligned in-plane and the tool surface does 
not protrude above the structured surface. Which otherwise 
leads to a reduced contribution of the structured surface on 
the bond formation. The experiments show that the maximum 
of tensile shear strength can not be achieved by a mere 
increase in the surface roughness. Rather, the joining strength 
can be maximized by combining deeper structures with raised 
structures and undercuts forming structures. The involvement 
of the reinforcing fibres into the joint leads to a further 
increase in strength. 
 

 
 

Figure 3. Micrographs of metal-CFRP-compound; left: laser-micro 
structuring, right: thermal spray coating 
 

 
 

Figure 4. Tensile shear strength depending on surface topography 
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