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Abstract:



Next to the electrification of the powertrain, lightweight design plays an important role in automotive industry. Within the last few years an increasing amount of new materials have been used in automotive structures. One type belonging to this new generation of materials is sandwich materials with sheet metal cover sheets and an inner thermoplastic core. The link between the metallic sheet and the thermoplastic core is achieved with the use of an interface layer made of an adhesion promoter. In the present research, the polyamide 6 based adhesion promoter Evonik Hylink was used. To analyze the thermal behavior of the adhesion promoter a DSC analysis was performed. Based on the DSC analysis, a process window is established and verified by mechanical tests. Furthermore, the mechanical properties of the adhesion promoter are characterized with single lap shear tests in dependence to different process parameters temperature, compression time and layer thickness. With the presented method, a process window for processing the adhesion promoter can be established in relation to the varied parameters.
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1. Introduction


With the increasing demand for reduction in pollutant emissions and the growing importance of electric mobility, lightweight construction plays a key role in the automotive industry. One approach for the realization of lighter body concepts is the use of sandwich panels [1]. In addition to an increase in stiffness and strength in the vehicle structure, sandwich plates are contributing to increase driving comfort due to their damping properties. The considered materials generally consist of metallic cover layers with a polymeric core layer, which may also be fiber-reinforced (Figure 1). The bonding of the core layer to the metallic cover layer is usually effected by the use of an adhesion promoter [2].


Figure 1. Schematic layering of a sandwich composite.
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The forming behavior and the failure mechanisms, like delamination, in dependence of the process parameters were investigated in [3]. In [4], the relevance of the forming temperature was pointed out. The delamination of acoustic damping sandwich sheets was in [5] observed. The formability of commercial sandwich materials with a viscoelastic core was characterized by lap shear tests with a focus on the bending behavior. In [6], it was pointed out that the failure of sandwich materials in the forming process is shear based and mainly occurs in the metal/adhesive interface.



Further previous studies mainly dealt with the deep drawing and stretch-forming of sandwich sheets [7] and its failure in general via different failure mechanisms was discussed [8].



In [9], the manufacturing and processing of sandwich sheets with an epoxy adhesion promoter was described. Sheets with a polymeric core layer were tested regarding peel resistance and deep drawing behavior. A characterization of thermoplastic adhesion promoters was carried out in [10]. The authors performed lap shear tests with thin cover sheets. The lap shear tests pointed out the effect of temperature on the existent joint. The process parameters for the consolidation of the sheets were not described.



The mechanical properties of the adhesion promoter layer are usually characterized by injection molding. A precoated steel blank is inserted in the injection molding tool and the thermoplastic is molded onto the blank [11]. Due to the low stiffness of the thermoplastic, a higher deformation of the base material of the lap shear specimen occurs compared to lap shear specimens made of steel.



In order to understand all of the influences on the forming process of sandwich sheets it is necessary to consider the manufacturing process. Within this investigation, the influence of the manufacturing parameter time, layer thickness, and temperature on the adhesion promoter between the core and the outer steel layers are pointed out. As an adhesion promoter, a copolyamid-based system is used. To obtain the behavior of the adhesion promoter, sandwich specimens with a thin core layer just containing adhesion promoter are manufactured in a pressing process and tested afterwards.



The main focus is on the shear tensile test and the shear strength of the interface layer. For this reason, the sandwich sheet is reduced to the two cover layers and the adhesion promoter inner layer. In the first step, the adhesion promoter coated steel blanks are consolidated to a single lap shear specimen by using a heated tool setup in a universal testing machine. Afterwards, the specimens are tested in the testing machine. During the consolidation phase, the temperature, compression time, and layer thickness parameters of the adhesion promoter are varied.




2. Design of Tests and Preparing Work


2.1. Materials


Base material steel blanks made of CR340LA with a thickness of sb = 2.5 mm are used. In order to improve the adhesion of the bonding agent to the metal surface, an iron phosphating coating was provided before applying the adhesion promoter [12].



To represent the adhesive inner layer, the crosslinkable adhesion promoter Evonik Hylink is used [13]. This adhesion promoter is delivered as powder and is applied by powder coating or in a scattering process. For the presented specimens, a powder coating process was used. After powder coating, the specimen was burnt in at 200 °C for 5 min in a chamber furnace. The thickness of the resulting adhesion promoter layer sap is in a range between 120 and 150 µm.



For the first determination of a temperature window for processing the coated blanks to shear lap specimens, the pure adhesion promoter powder was introduced to a differential scanning calorimetry (DSC) analysis. The analysis was performed with a Mettler Toledo DSC30. In order to represent the influence of the temperature during the production of sandwich in the DSC, a two-fold heating in the DSC is necessary (Figure 2). The first heating cycle represents the burning-in process of the adhesion promoter after application to the sheet metal. During the second temperature cycle, which is shown in Figure 3, the precoated sheets are consolidated to a sandwich sheet or in this case to a shear specimen.


Figure 2. Schematic temperature profile for (a) burning in and (b) consolidation process.
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Figure 3. DSC analysis: second heating (corresponds to consolidating).
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The heating and cooling rate in the experiment was set to 10 K/min. The DSC analyses show an endothermic peak at a temperature of 135 °C (Figure 3), which is characteristic for the melting of the adhesion promoter [14]. The end of the melting peak at 140 °C determines the beginning of the relevant temperature range for consolidating the single sheets to the test specimen. Furthermore, the DSC analysis gives a first reference point for the upper temperature limit. At a temperature of 195 °C, the decomposition of the adhesion promoter begins. This is characterized by the descending line in an endothermic direction.




2.2. Preparation


At first, the test specimens are prepared. As a base material, sheet blanks made of CR340LA with a thickness of sb = 2.5 mm are used. Afterwards, the steel blanks were coated with the adhesion promoter Evonik Hylink.



To perform single lap shear tests, the coated blanks are wet separated in order to minimize deformation on the cutting edges which can influence the mechanical properties. Afterwards, two sheets are pre-fixed and then bonded to a sandwich with an adhesive interlayer under pressure and temperature. An overlap length for the shear tensile specimens of ll = 20 mm was set in advance (Figure 6a). The sample width was set to lw = 25 mm. In order to achieve pure shear stress in the adhesion-promoting layer, FE simulations of the shear tensile test with an assumed shear strength of 25 MPa were carried out before. Based on the simulations, a sufficient sheet thickness of the base material CR340LA was defined in order to reduce deformation by the bending moment occurring in the lap shear tensile test [15]. Furthermore, compensation sheets were inserted in the clamping area of the tensile machine to consider the offset in the specimen geometry. By preventing the deformation, the peel stress on the core layer is minimized.


Figure 6. (a) Shear test specimen before testing; (b) Schematic shear stress shear strain curve.
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2.3. Consolidation


The single blanks are consolidated to a sandwich composite by using an electrically heated plate tool (Figure 4) which is attached to a Zwick/Roell Z250 universal testing machine (Zwick GmbH & Co. KG, Ulm, Germany). The working surfaces of the tool are made of copper to ensure a homogeneous temperature distribution in the tooling setup.


Figure 4. Tool setup for consolidation of specimen.
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Besides the temperature, the compression time for consolidation and the layer thickness of the core were varied (Table 1). For the compression time tc values between 30 and 180 s are assumed. The layer thickness sap, which is reached during the compression, was adjusted in the test setup with spacers between the upper and lower tool.



Table 1. Parameter variation during the manufacturing of the test specimens.







	
Serie

	
Temperature T (°C)

	
Compression Time tc (s)

	
Layer Thickness sap (mm)






	
Set 1

	
150; 170; 190; 210

	
90

	
0.16




	
Set 2

	
190

	
30; 60; 180

	
0.16




	
Set 3

	
190

	
90

	
0.1; 0.12; 0.16; 0.22










Figure 5 shows a representative force and temperature curve in relation to the consolidation time which was measured during the consolidation process. To ensure that the desired temperature in the adhesive promoter layer is reached, the temperature in the adhesive promoter core was measured during the consolidation process of the lap shear specimens with a thin film thermocouple. In the range from −30 s till 0 s, the specimen is placed on the lower tool and the punch still has no contact. After the first contact of the punch, the heating rate increases and the target temperature of 170 °C in the core was reached after 30 s. The compression time starts as the set force of 2000 N is reached. During the compression time, the temperature is held constant to achieve a proper consolidation between the sheets. A maximum delta of 5 °C between the adjusted temperature of the tool and core temperature was measured. During the whole compression time, the force is controlled by the testing machine at a constant value of 2000 N.


Figure 5. Force and temperature in relation to the consolidation time measured during the consolidation process.
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After consolidation, the test specimens are left to cool down at room temperature. Afterwards, the dimensions were measured and the specimens were tested in a shear tensile test.





3. Results of Single Lap Shear Tests and Discussion


For the characterization of the prepared composites and for the evaluation of the influence of the varied parameters of temperature, time, and layer thickness, the specimens were tested with the universal testing machine in a shear tensile test in accordance to DIN EN 1465 [16]. The test speed was set to v = 0.025 mm/s and was controlled by a local displacement transducer with an initial measurement length of lini = 30 mm.



In the first series of experiments, the temperature was varied and the compression time and the layer thickness resulting from the distancing were kept constant. For evaluating the shear tensile tests, the shear strength τmax as well as the shear strain γgl were used (Figure 6b).



3.1. Variation of Compression Temperature


In the first series of experiments, the temperature was varied while the compression time tc and the layer thickness sap were kept constant. The shear tensile tests show that the shear strength τmax and the shear strain γm increase at temperatures up to 190 °C (Figure 7). The maximum average shear stress was τmax = 18.9 MPa and the maximum average shear strain γm = 2.24. In addition to the increase of the shear strength and the shear strain, the spread between the samples of the same parameter set decreases as the temperature rises to 190 °C. When the temperature rises above the decomposition temperature, the shear strength remains almost the same. However, there is a decrease in the maximum shear strain. In [17], an epoxy resin was analyzed in a lap shear test. The interface strength was set in relation to the curing temperature. A similar trend for the shear stress was observed. Next, to the shear stress the work was monitored, which shows a similar trend as Figure 7b. Due to the definition of the physical work, W = F × s, the measured strain is proportional to the work. The reduction of shear strain is accurate to embrittlement of the polymer layer [17]. which is accurate to signs for thermal degradation [18].


Figure 7. (a) Shear strength as a function of temperature (shv = 0.16 mm; t = 90 s); (b) Shear strain as a function of temperature (shv = 0.16 mm; t = 90 s).
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At a temperature of 150 °C and below, a sufficient connection between the two coated steel sheets cannot be achieved. When the maximum stress is reached at an average of 8.4 MPa, fracture occurs in the still existing interface between the two bonding agent layers (Figure 8). On the contrary, at higher temperatures, adhesive failure occurs in the interface between steel substrate and adhesion promoter.


Figure 8. (a) Fracture in the interstice insufficient; (b) Fracture on the substrate (adhesive failure).
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3.2. Variation of Compression Time


As a further parameter in the sample preparation, the compression time was varied while maintaining the temperature at 190 °C and the layer thickness at 0.16 mm. The maximum average shear strength of 19.8 MPa and the maximum average shear strain of 2.24 occurs at 90 s compression time. Furthermore, the lowest spread is obtained at 90 s compression time (Figure 9). At 30 s and 180 s, the average shear strength and shear strain are lower. In addition to this, a decrease in strength down to 17.1 MPa and a reduced maximum shear strain down to 1.55 is obtained. At a compression time of 180 s, a slight discoloration of the adhesion promoter is already visible, which indicates an initial decomposition with increasing holding time. As mentioned by [19], typical indications of a decomposition are a reduced ductility and embrittlement as well as a change of color. The embrittlement is evident through the reduction of shear strain at 180 s compression time.


Figure 9. (a) Shear stress as a function of compression time (shv = 0,16 mm; T = 190 °C); (b) Shear strain as a function of compression time (shv = 0.16 mm; T = 190 °C).
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3.3. Variation of Core Thickness


In the next series of experiments, the thickness of the adhesion promoter was varied while the temperature was remained constant at 190 °C and the compression time at 90 s. As (Figure 10a) and (Figure 11) are showing the layer thickness increases as the strength decreases from an average of 21.15 MPa down to an average of 18.9 MPa. The average values and the standard deviation s can be obtained from Table 2. Similar results were also obtained for epoxy adhesives [6,20,21]. According to [6], this can be caused by interface stresses between the adhesion promoter and the steel blank. In [15], it is mentioned that the reduction of shear strength with increasing adhesive layer thickness is a result of the interference of the lateral contraction. A thick adhesive layer does not interfere with the lateral contraction as much as a thin adhesive layer.


Figure 10. (a) Shear stress as a function of adhesion promoter thickness (T = 190 °C; t = 90 s); (b) Shear strain as a function of adhesion promoter thickness (T = 190 °C; t = 90 s).
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Figure 11. Shear strength displacement diagram for shear specimen with a different core layer thickness.
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Table 2. Average values and standard deviation of shear stress and shear strain.







	
Adhesive layer thickness t0 (mm)

	
t0 = 0.1 mm

	
t0 = 0.12 mm

	
t0 = 0.17 mm

	
t0 = 0.22 mm






	
Average shear stress τmax [MPa]

	
21.51 (s = 1.38)

	
21.19 (s = 0.89)

	
20.25 (s = 0.51)

	
18.46 (s = 0.32)




	
Average shear strain γm [-]

	
0.204 (s = 0.015)

	
0.241 (s = 0.034)

	
0.339 (s = 0.028)

	
0.455 (s = 0.031)










However, the displacement of the specimen leads to an increase from an average of 0.2 mm to an average of 0.5 mm in path with an increasing layer thickness (Figure 12). This is caused by the proportionality between the layer thickness and the displacement. Due to the calculation of the shear strain γ = Δl/sap the shear strain remains almost constant at γ = 2.15 by varying the layer thickness (Figure 10b).


Figure 12. Displacement as a function of adhesion promoter thickness (average values).
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4. Conclusions


By applying the adhesion promoter to the DSC analysis, a preliminary temperature window for processing the material could be provided. By the use of single lap shear specimens, the process parameters were qualified in a further way to setup an optimized performance regarding shear strength and shear strain.



The series of experiments determined that the shear strength and the shear strain depends on the varied parameters of temperature, pressing time, and adjusted layer thickness. In the examined process window, the highest sensitivity regarding shear strength and shear strain occurs when the temperature is varied.



At a temperature of 150 °C, which is slightly above the melting temperature of 140 °C, the failure does not occur in the metal/adhesion promoter interlayer. At higher temperatures up to 190 °C, the adhesion promoter shows an increasing performance up to a shear stress of 18.9 MPa. If the limit value is exceeded, the decomposition of the adhesion promoter begins, which can be obtained from Figure 3. The beginning of the decomposition results in a reduction in strength and shear strain [18]. At the same time, a coloration of the coated surface occurs. With the determined parameters, a maximum shear strength of τmax = 18.9 MPa and shear strain of γm = 2.24 occurs at 190 °C and 90 s holding time.



In further research, the determined parameters will be validated by cross tension tests. With the produced sandwich sheets the influence of the strain rate and testing temperature will be investigated. For the numerical investigation of the material, a FE Model will be developed afterwards.
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