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Hybrid materials – Joining of polymers and metals
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Abstract
Technologies for joining metals and polymers play a key role in exploiting the potential of lightweight design while also considering economic factors like production cost and material cost. Hybrid joining offers the opportunity to use the right material at the right position of the structural component. Especially connecting thermoplastic polymers and metals promises great potential for optimum solutions with respect to creating lightweight structures economically. The interphase between the two materials plays an important role in achieving high strength of the joint. The metal part is pre-treated by a laser-process which generates a structure of Cone-Like-Portrusions (CLP) or a line structure on the surface. These structures represent undercuts on a microscopic scale and increase the surface area. During manufacturing the melt penetrates into these undercuts and creates the joint via three different mechanisms:  positive locking, adhesion, and friction.

The present paper evaluates different sets of process parameters for thermal welding by laser, injection moulding and pressing by means of quasi-static tensile tests. Uniaxial and multiaxial fatigue test results are presented for the most promising sets of process parameters. On a demonstrator part, a roof crossrail from a luxury car, the technology is validated.
1.
Introduction
Especially in the automotive industry, reducing energy consumtion and weight of the vehicles is a great challenge. From 2020, the EU-Commission  will limit CO2-emissions  to 95 g/km. The reduction of CO2 emission can be achieved by optimised combustion processes, reduction of the fuel consumption and lightweight design. By lightweight design only, nearly 4-5 g/km CO2 per 100 Kg weight reduction can be realized in terms of fleet consumption. [1]
Hybrid structures are the key technology to place the right material at the right position of the structural component. The connection of different materials at attachment-points is a great challenge. Where connvential joining technologies such as bolting, riveting or bonding are pushed to their limits with respect to loading capacity and economical issues, laser technology is an economic and flexible technique.  
In addition to the joining of steel components, laser welding of polymer components has also established itself in industrial production due to progressing machine and process development. It offers advantages such as being a non-contact process and preserving the geometry and dimensions of the joined components. The process also minimizes the heat affected zones while avoiding weld beads. In comparison to other joining processes, time and location of the power input can be defined exactly. [2-4].
The injection moulded hybrid joints were produced by Werkzeugbau Siegfried Hofmann GmbH and the hybrid joints manufactured using the pressing process by Weber Fibertech GmbH. Hybrid joints made by the thermal welding by laser process were manufactured by Fraunhofer ILT. 
In the following, the influence of the process parameters of the injection moulding process on the quasi-static strength is in investigated. For the pressing process and the thermal welding by laser no process parameter study is carried out. However, the three manufacturing processes are compared with respect to the achieved static and cyclic strengths. 

2. Fundamentals 
2.1 Processing
Figure 1 shows the laser based process chain. Novel ultra short pulsed laser types emitting pulses in the range of pico seconds are used to generate a Cone-Like-Protrusions (CLP) structure on the surface of the metal part. These CLP-structures represent undercuts on a microscopic scale and as well as increasing the surface area. Alternatively, a lines structure can be generated on the metal sureface by a continuous wave laser. At the laboratory scale, the process time for creating the lines structure is about 10 times faster than for creating the CLP-structure. 
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Figure 1 Laser based process chain
The structured metal parts can then be placed into a mould and over moulded with a glass fibre reinforced thermoplastic matrix or they can be joined using thermal welding by laser. Hence, the three manufacturing processes investigated here are injection moulding, pressing, and thermal welding by laser.

This production technology offers the opportunity to integrate different production steps into  a single one. During manufacturing the penetrates the undercuts and creates the joint via three different mechanisms: positive locking, adhesion, and friction.
2.2 Manufacturing

2.2.1 Thermal welding by laser

Injection moulded plates made of Polyamide 66 with 25 weight percent glass fibres (PA66 GF25) are positioned on the structured metal part. The laser radiation is directed at the composite plate and is partially reflected by the metal part. The metal part is thus heated which then leads to melting of the polyamide. The specimen is held in a special clamping device to reliably position the two parts. The laser uses a ring optic. The process parameters are displayed in Table 1.
Table 1. Process parameter for laser welding.

	Welding time t
	Laser Power P
	Clamping pressure p 

	(ms)
	(W)
	(bar)

	1,700
	2,700
	4
	


2.2.2 Injection moulding

The injection moulded hybrid joints are produced by Werkzeugbau Siegfried Hofmann GmbH on a typical injection moulding machine. The material used is PA66 GF25.
2.2.3 Pressing

The hybrid joints manufactured by the pressing process are made by Weber Fibertech GmbH. The material used is a Polyiamide 6 with 40 weight percent glass fibres (PA6 GF40). In order to reduce cycle time, the metals parts are pre-heated in a separate oven to 185°C before placing them in the mould. A twin-screw extruder produces a preform which is also put into the mould. Additionally, a Variotherm cooling and heating system is used. 
2.3 Surface pretreatment
2.3.1 CLP-Structure
While laser-microstructuring approaches using continuous wave lasers for pre-treatment of metal surfaces are well investigated, the present investigation deals with ultrashort pulsed lasers in the range of pico-seconds which are used to create a spongy surface with self-organizing microstructure. 
During the ablation of metals or silicon with ultrashort laser pulses the formation of numerous self-organized microstructures can be observed e.g. mounds, spikes, micro- and nanoripples or CLP [5], [6]. The formation of CLP can be observed at medium (~1 J/cm²) and high fluences for example on steel, aluminum, titanium and silicon [7], [8]. Usually the effect starts at grooves, scratches and inhomogeneities after a few layers of ablation with high energy ultrashort pulses in the ablated area. Previous investigations on stainless steel [9], [10] show, that at first some dots and holes appear which grow to small clusters with increasing number of layers. Visually the growth of the CLP can be monitored due to a blackening of the surface. The structure is characterized by a random orientation and an extremely enlarged surface with a high surface roughness due to nano-substructures. The goal of this contribution is to transfer these results to aluminium, which is also an important construction material for lightweight applications. [4]
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Figure 2. Cone-like-protrusions surface on stainless steel (SEM-picture) (left), formation of CLP on stainless steel a) 10, b) 15, c) 20, d) 25 layers (right) [10]
Table 2. Process parameter to generate the CLP-Structure.

	Pulsing time t
	Laser wave length λ
	Laser power P
	Repetition rate ζ 
	Spot diameter d

	(ps)
	(nm)
	(W)
	(-)
	(µm)

	6
	1,030
	50
	800 kHz at 50W
	27
	


The CLP structure and the lines structure are manufactured by Fraunhofer ILT. The process parameters used to generate the CLP-Structure are displayed in Table 2.

2.3.2 Lines structure
The lines structure is generated by continous laser radiation. The laser structures the metal according to a given pattern which can be varied in shape, width and depth. Compared to the CLP-structure the processing time to generate the lines structure is 10 times faster at the laboratory scale. This makes the process suitable for mass production. 
2.4 Testing 
2.4.1 General

For the characterisation of the material properties with respect ot static and cyclic loading a specially designed test specimen (Figure 2 left) is used. The specimen can be loaded in different load scenarios such as tension, torsion, internal pressure as well as combined tension and torsion. In Figure 2 right the multiaxial servohydraulic testing machine and clamping device used are displayed. The same testing machine and clamping device is used for static and cyclic experiments.
2.4.1 Static investigation
The tensile and torsional static tests are carried out under displacement and deflection control, respectively. For tensile loading a displacement velocity of v = 2mm/min is used while torsion loading occurs at a rate of φ = 5°/min. The end of the test is marked by the rupture of the specimen.

2.4.2 Cyclic investigation

For the characterisation of the fatigue performance, different load ratios are considered. The load ratio is defined as the ratio of minimum to maximum cyclic nominal stress (Eq. 1). 

	R = σmin/σmax
	(1)


The test frequency during cyclic loading is in the range f = 1 to f = 10Hz, so that local viscoelastic temperature increase of the specimen is limited to 2 Kelvin. The tests are carried out with constant amplitudes under force, torque and pressure-control at a temperature of 23°C. For the characterisation of the fatigue performance fatigue lives in the range of 103 < N < 2∙106 are considered.
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Figure 3 Test specimen for the axial, torsion and internal pressur investigation (left), test rig setup for static and cyclic  axial, torsional, and mutiaxial loading (right)
3. Material investigation
3.1 Process parameter validation injection moulding
Two different types of surface structures, the lines structure and the CLP-structure are investigated for the injection moulding process. For the lines structure the mould temperature and the dwell pressure are varied. Using the process parameters resulting in the highest strength, moulded parts were then also manufactured with the CLP-structure. 
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Figure 4 Process parameter study of the lines structure and the CLP-structure (left), comparison of the nominal strength for best process parameter of the thermal welding by laser, pressing- and injection moulding process for tension and torsion loading (right)
In Figure 4 (left) the results of the process parameter study for the lines structure and the CLP-structure are displayed. It should be mentioned that a higher dewell pressure results in higher static strength for tensile loading. Additionally, an increase in the mould temperature also results in higher static strength. For a dwell pressure of p=800bar and a mould temperature of 140°C, the lines structure shows approximately twice the static strength of the CLP-structure.

Figure 3 (right) shows the comparison of the thermal welding by laser, pressing- and injection moulding processes for tension and torsion loading. The highest nominal strength for tension and torsion loading is achieved by the pressing process.
In a microscope analysis of the failure surface, no polymer particles are detected in the CLP-structure joined by injection moulding. On the other hand, polymer particles are detected in the CLP-structures joined by the laser welding and pressing processes. A possible explanation is that for the laser welding process and the pressing process the temperature gradient between the polymer and the metal part is on a low level. Thus, the polymer can penetrate into the CLP-structure which increases the strength of the joint.

3.2 Cyclic multiaxial investigation of the laser welding- and pressing process
Regarding the achievable strength, the manufacturing processes thermal welding by laser and pressing process possess the highest potential for being applied in the hybrid roof crossrail and the automotive sector in general. In Figure 5 the results of cyclic tests of specimens manufactured by thermal welding by laser and the pressing process are displayed. The pressing process yields fatigue strength superior to that provided by the thermal welding by laser process for all considered types of axial and multiaxial loading. The slopes k of the SN-curves tend to be steeper for the thermal welding by laser process than for the pressing process. Generally, the test results show little scatter indicating stable and reproducible manufacturing processes.
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Figure 5 Results of the cyclic material investigation, laser welding (left), pressing (right)
The test specimen in Figure 2 left is modified by adding a thread on the top of the metal part to facilitate mounting in a test rig for internal pressure loading. It should be mentioned that for specimens manufactured by the pressing process an internal pressure of p=41bar can be achieved. For thermal welding by laser a static internal pressure of p=38bar is achieved. In cyclic internal pressure tests of specimens manufactured by the pressing process a pressure amplitude of pa=15bar is identified as the allowable load level for a life of N=106 load cycles.
3.3 Validation for the demonstrator roof crossrail
The original manufacturing process for the roof crossrail is a braiding process using carbon fibres before impregnating the resulting preform with an epoxy matrix. The connection to the car body is realized by metal sheets riveted to the carbon fibre roof crossrail which are then welded to the metal car body. 
The roof crossrail design in the present project (Figure 6) is manufactured using a pressing process and PA6 GF40 material. Local unidirectional tape reinforcements made of carbon fibres are embedded in the matrix to increase stiffness. CLP- and line structured metals sheets are placed in the mould. The structured metals sheets are pre heated in an oven at 185°C directly prior to being placed in the mould.. A Variotherm cooling and heating system is used to optimise the process with respect to cycle time and quality. 
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Figure 6 Roof Crossrail manufactured by the pressing process by Weber Fibretech
In Figure 7 left the results for cyclic loading of the roof crossrail are displayed. The roof crossrail is cut into two pieces in the middle of the thermoplastic part before being placed in the clamping device (Figure 7 right). The loading of the joint is shear loading and the test are carried out under force control at stress ratio R = -1. 
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Figure 7 S/N-curve of the roof crossrail for CLP-Structure and lines structure (left), test rig for the cyclic testing of the roof crossrail
It is worth mentioning that the lines structure causes no reduction in strength compared to the CLP-structure. On the contrary, the parts using the CLP-structure rupture in the connected area while those using the lines structure rupture in the base material of the metal part.  
4. Conclusion
Generally, the technology can easily be integrated in the injection moulding process, pressing process, and thermal welding by laser radiation process. The strength of the hybrid joint is be influenced by the dwell pressure and by the temperature gradient of the melt as well as the local temperature of the structured metal surface. Dwell pressure should be set to maximum and the temperature gradient to minimum. 
The results of cyclic tests show little scatter indicating a stable and reproducible manufacturing process. The static and cyclic internal pressure tests of the test specimens show that the technology can be used for pressure tight applications.
Comparing the CLP-structure with the lines structure for the roof crossrail, no strength reduction for shear loading is found. Thus, the lines structure shows equal strength while allowing 10 times faster surface pretreatment in this case. This distinguishes the lines structure with respect to use in serial production. 
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