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Abstract

:

Electronic devices and their associated sensors are exposed to increasing mechanical, thermal and chemical stress in modern applications. In many areas of application, the electronics are completely encapsulated with thermosets in a single process step using injection molding technology, especially with epoxy molding compounds (EMC). The implementation of the connection of complete systems for electrical access through a thermoset encapsulation is of particular importance. In practice, metal pin contacts are used for this purpose, which are encapsulated together with the complete system in a single injection molding process step. However, this procedure contains challenges because the interface between the metallic pins and the plastic represents a weak point for reliability. In order to investigate the reliability of the interface, in this study, metallic pin contacts made of copper-nickel-tin alloy (CuNiSn) and bronze (CuSn6) are encapsulated with standard EMC materials. The metal surfaces made of CuNiSn are further coated with silver (Ag) and tin (Sn). An injection molding tool to produce test specimens is designed and manufactured according to the design rules of EMC processing. The reliability of the metal-plastic interfaces are investigated by means of shear and leak tests. The results of the investigations show that the reliability of the metal-plastic joints can be increased by using different material combinations.
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1. Introduction


In recent years, electronic applications have increased significantly due to developments in more sophisticated electronics. The number of electronic systems and their components is directly related to current trends, including ongoing digitalization [1], miniaturization [2], electro mobility [3,4] and sustainability [5]. Due to the large number of new applications, the speed of development is increasing rapidly, so that innovation times for more powerful components are required to be shortened. Additionally, the bandwidths of signal transmission in telecommunications, data technology and automation are continuously increasing. These current trends require new materials and developments in order to cope with the increasing demands [2,3,4,5,6].



In addition, the trend in electronics development requires new material solutions for applications with increased demands on reliability, including extended temperature resistance or use in corrosive environments [7].



Furthermore, there is a need for improved product longevity, which can only be guaranteed by means of the necessary reliability of the overall electronic systems.



The reliability of an overall electronic system stands for its ability not to fail during the usage for a defined period of time under given functional and environmental conditions [8]. The occurrence of a failure is always the result of a certain failure mechanism, which is caused by certain material parameters paired with certain environmental conditions [9].



Due to the increasing requirements for an insulating and environmentally protective coating material, it can be observed that EMCs, which belong to the group of thermosets, are increasingly coming to the forefront in the electronics industry. This is mainly due to their advantageous properties, for example high thermal and chemical resistance as well as high mechanical resilience. Another reason for their use is that the subsequent product-specific properties of EMCs can be influenced by the mixing ratios of the components. This leads to the expansion of application fields and can increase the reliability of the overall systems [10].



To ensure the functionality and reliability of overall electronic systems, it is necessary to examine the probability of failure of the individual components and reduce it to a minimum [9]. One of these individual components are plugs, which are required, for example, for the electrical coupling of the overall systems with external sources. The design of the connectors is realized, for example, with a metallic connector contact and a plastic for the insulation [11].



Over molding of metallic connector contacts by means of injection molding enables the production of highly integrated electronic systems with an economical and innovative process. In the context of insert molding, the term hybrid technology has become established. A hybrid component consists of at least two different materials whose positive properties are combined to meet high demands. Hybrid plastic-metal connections, which are produced directly by the injection molding process, are becoming increasingly important in industrial production. In particular, they are used in the automotive and aerospace industries because of their low weight and the small number of manufacturing steps required to achieve the same or improved performance of the components. For a long time, their production was cost-intensive due to the separate production of plastic and metal components and the resulting process steps [12,13,14].



However, this approach brings challenges as the interface between the metallic connector contacts and the plastic is a weak point for reliability. Insufficient reliability can result in a complete failure of the entire system [12,15]. Therefore, different material pairings for a connector configuration are investigated and evaluated within the scope of the present work.




2. Materials and Methods


2.1. Basics of Epoxy Molding Compounds


Epoxy resins belong to the group of reactive resins which are liquid in their raw state, which is why various additives are usually required during processing. However, epoxy resins need to be highly modified to be processed by injection molding. Therefore, plasticizers, adhesion promoters, thinners or lubricants are added to transform the original raw material into a processable molding compound [16,17]. By mixing in the additives, EMCs can be modified and adapted to the respective application or requirement [18]. EMCs in the form of granules or pellets can be processed using transfer molding or injection molding [16,19].




2.2. Injection Molding Process


The injection molding process for thermosets is basically the same as for thermoplastics, except for a few differences. The EMC is preheated in the plasticizing unit; the temperature usually remains below 120 °C. The actual plasticization of the EMC molding compound takes place in the injection mold at a material-dependent temperature, which, however, is usually between 150 °C and 180 °C.



After the injection process, the melt enters the cavity via the sprue. The sprue length must be correctly dimensioned so that the plastic melt is heated by the injection mold temperature before entering the cavity, melted and brought to the optimum viscosity. The injection process is followed by the material-dependent curing time, within which complete curing takes place. After this time, the finished component is removed from the injection mold by means of ejector pins [20].




2.3. Metal-Polymer Composite


The contacting of complete electronic systems can be achieved, amongst others, by means of connectors, which in principle consist of two material classes, metals as the contact element and polymers as the insulation material [21]. These connectors enable the modular design of assemblies, technical devices and systems. This simplifies the replacement of components and the performance of maintenance work [11].



Due to the constantly increasing requirements in different industry sectors, a. o. automotive lightweight construction, the production of hybrid components has increased significantly [22].



For a long time, their fabrication was cost-intensive due to the separate production of metal and plastic parts and the resulting process steps. Currently, the trend is to produce such joints in a single process step using injection molding. However, this increasingly presents new challenges, especially for the production of a media-tight composite [12].



Further difficulties also arise from the issue of stress cracking due to the different properties of the materials used in composites. This is because metallic components can only be tightly over molded with polymers to a limited extent. In addition, micro-gaps or cracks can develop between the different materials due to different coefficients of thermal expansion (CTE), whereby liquid or gaseous media can creep into the interior of the component due to capillary action. This would attack the contact elements inside the encapsulation and lead to oxidation or corrosion over time [15,23,24].




2.4. Selection of EMC


Two EMC molding compounds from the companies Duresco (Witterswil, Switzerland) with the designation NU 6110V and Raschig GmbH with the designation EP 3681E were used to carry out the work. The EMC molding compounds are standard materials for electronics encapsulation and easily available in the European market.



Duresco NU 6110V is a glass fiber reinforced EMC with material properties adapted to high temperature applications. According to the technical data sheet, areas of application are the encapsulation of electrical components, for example solenoid coils or sensors [25].



Raschig EP 3681E is an EMC reinforced with glass fibers and inorganic resin carriers. According to the data sheet, it has good mechanical properties and exhibits a media-tight bond to metal surfaces. It is used, for example, for the media-tight encapsulation of pressure and stress-sensitive sensors and circuit boards, or for electronic components in the automotive industry [26].




2.5. Conception of the Metal-Polymer Composite


The metal-plastic composite serves as the basis for the investigations. A metallic plug contact made of a CuNiSn alloy and CuSn6 was selected for the production of the metal-plastic connections. In order to be able to investigate other metallic coatings, the plug contacts made of CuNiSn were coated with chemical Sn and chemical Ag. The coatings were selected in close discussion with representatives from the industry within a joint-project (AiF Duroconnect). The selected plug contact was produced with an existing stamping tool and is shown in Figure 1.




2.6. Coating of the Plug Contacts


In order to achieve the best possible connection between the connector contacts and the coating, various pre-treatments were carried out. Based on the previous experience of the staff in the metallization group in-house at Hahn-Schickard, an intermediate layer of chemical copper (Cu) was applied to the connector contacts. Experience has shown that the intermediate layer improves the adhesion of the final layer of electro less Sn. The pre-treatment and coating of the inserts was carried out in a multi-stage process.



In process 1, the surface of the connector contacts was alkaline roughened in an etching solution containing a liquid mixture of potassium hydroxide (KOH) and NIC wetting agent (NIC) under a temperature of 45 C for 15 minutes. Microetching was then performed for a period of one minute; this process is used to remove the oxide layers. After completion of the pretreatments, the connector contacts were placed in a beaker containing Cu 400 SC for twenty minutes, thus obtaining an intermediate layer of chemical copper. After this process step, the plug contacts were ready for the final plating process and were coated with Sn for a duration of twelve minutes (Figure 2).



For quality assessment, the coated connector contacts were subjected to an adhesion test according to DIN ISO 10683, also known as the wallpaper test. In this test, an adhesive tape with a defined adhesive strength is fixed to a coated surface and pulled off in a jerky manner. The quality of the adhesion is then assessed by looking at the residue under the microscope. Visibility of the base material indicates a lack of adhesion. In addition, the coating thicknesses were measured using scanning electron microscopy (SAM) (Sonix Echo, Sonix, USA) [27].



A layer thickness measurement showed a thickness of 0.896 µm for the intermediate layer of Cu and 1.083 µm for the final layer of Sn.



Preliminary tests were also carried out in the beaker for coating the plug contacts with Ag. Due to the knowledge already gained in the course of coating with chemical Sn, fewer iterations were required for this series of tests.



In the first pretreatment step, the connector contacts were cleaned with acetone at room temperature. Subsequently, the surface of the connector contacts was alkaline roughened in an etching solution containing a liquid mixture of KOH and NIC for 15 minutes. In pretreatment process 3, the inserts were then placed in a micro etch for 30 seconds. The first intermediate layer was then chemically applied Cu 400 SC. Prior to final Ag plating, the inserts were placed in a liquid mixture of H2SO4 for 30 seconds. Lastly, the connector contacts were placed in a Ag mixture for 12 minutes for Ag plating (Figure 3).



A layer thickness measurement showed a thickness of 0.794 µm for the intermediate layer of Cu and 1.012 µm for the final layer of Ag.




2.7. Injection Mold Design


The component geometry has a draft angle of 2° (Figure 4). The design of the metal-polymer composite was carried out with the computer-aided design (CAD) software Creo 4.0.



A four-cavity injection mold was designed and manufactured for the production of the metal-polymer composite. The injection mold consisted of two mold halves: an ejector side and a nozzle side. Standard parts made of tool steel 1.1730 were used to construct the injection mold. The material 1.1730 is unalloyed and is used for all simple mold components due to its good processing properties. The cavity inserts were made of tool steel 1.2379 (X153CrMoV12). This is a cold work tool steel that is characterized by high wear resistance. Due to its high chromium content, it has a low adhesion to EMCs [14]. The cavity inserts made of 1.2379 were additionally hardened after their completion. This is necessary because more wear than usual is to be expected on the injection mold due to the inserts or connector contacts and the abrasive EMCs [28]. In order to prevent smooth demolding and tilting or canting of the inserts, demolding chamfers were applied to the component geometry.



The temperature of the injection mold was controlled by two electric heating cartridges in each of the intermediate plates and four in each of the cavity inserts. In addition, the entire injection mold was covered at all boundaries with thermal insulation plates. This prevents heat loss and thus contributes to an even temperature distribution in the mold.




2.8. Process Simulation


Injection molding simulations were carried out on the basis of the design data and the existing material data. This enables the prediction of the heat distribution in the mold, the filling behavior of the mold cavity as well as the risk of air inclusions and weld lines. The simulations were carried out with the software sigmasoft. The injection mold was designed with heating cartridges with a heating capacity of 500 watts each. Figure 5 shows that a processing temperature of the EMC of at least 150 °C is reached on the mold surface. Simulations were also carried out on the filling behavior of the cavity. In addition, the figure shows the temperature of the liquid EMC mass after the injection process as well as the temperature distribution on the mold surface.



By means of the filling simulations, uneven filling behavior of the first iteration of the sprue geometry (Figure 6, left) could be identified. The balanced sprue geometry can be seen in Figure 6, right. This balancing ensures a uniform filling behavior of the individual cavities, which ensures identical processing conditions during the molding trials and is the prerequisite for a constant component quality.



To monitor the cavity filling, an internal pressure sensor from Kistler (type 6165A) was installed in each of the two outer cavities. In addition, six circular pockets with a depth of 0.5 mm were inserted into the cavity to ensure that the mold temperature is always measured at predefined positions.




2.9. Design of Experiments


Within the scope of the investigations, a full-factorial test plan with five factors was set up. The factors EMC material, internal pressure, production pressure and temperature plug contact each have two levels. The coating factor has two additional levels. The parameters are shown in Table 1.




2.10. Mold Trials


The metal-polymer composite was fabricated on an injection molding machine from Arburg GmbH (Lossburg, Germany) (type Allrounder 375 V 500–100) with a screw diameter of 15 mm. The connector contacts were first cleaned in an ultrasonic bath with isopropanol and then inserted into an injection molding tool and then over molded.



The mold temperature was set at 180 °C and the injection speed at 2 cm3/s.



After completion of the initial test runs, the metal-polymer composite was sampled according to the test plan. The connector contacts were preheated directly in the injection mold Table 2. The sampled metal-polymer composite with the balanced sprue geometry is shown in Figure 7.




2.11. Reliability of Metal-Polymer Connections


The reliability of a metal-polymer composite depends, among other things, on the behavior of the interfaces within the composite. Shrinkage of the EMC can improve mechanically the joint strength. Leakage is a good indicator regarding imperfections of the joint. Leakage is due to shrinkage of the respective composite materials [26].



After the metal-polymer joints have been produced, too much shrinkage of the polymer can lead to the formation of cracks. On the other hand, too little shrinkage would lead to the formation of gaps and thus to leakage. Furthermore, due to different CTEs between the different materials, micro-gaps or cracks can form, whereby liquid or gaseous media can creep into the interior of the component due capillary forces. This would attack the contact elements inside the encapsulation and lead to oxidation or corrosion over time [6].



Table 3 shows the CTEs of some materials used in electronics encapsulation. The media-tight bond between metal and plastic is required for reliability reasons, depending on the application.




2.12. Shear Test


The shear strength tests were carried out on the DO-FB0.5TS tensile testing machine from Zwick Roell. For this purpose, a fixture was designed and manufactured, which is shown in Figure 8. The fixture was screwed upright into the base crosshead of the testing machine and fixed with a straight pin.



The metal-polymer composite in the following component was then slid into it from the front. The metal-polymer composite was fixed to the metal surface in clamp 1 by means of an M4 screw. The metal-polymer composite was not fixed in clamp 2 and was therefore loose. When the shear tests were carried out, the clamp 2 was automatically moved in the Z-direction at a predefined speed. The EMC was pulled upwards from the connector contact. To determine the shear strength (τ), the maximum tensile force (Fmax) at which the connection between the plug contact and the thermoset fails was measured. Figure 9 shows the insert with the connecting surfaces.



The fracture area (A) between EMC and connector contact is calculated as follows:


  A = 2 ×  (  l × b  )  + 2  (  l × d  )  ,  



(1)




where A is the fracture area and b, l and d are dimensions of the contact area as depicted in Figure 9.



The shear strength (τaB) can then be determined from Fmax and A:


   τ  aB   =  F  m a x   / A ,  



(2)




where Fmax is the applied maximal force τaB is the achieved shear strength.




2.13. Leak Test


A test system from Leybold GmbH (type Phoenix Quadro) was used to carry out the leak test. The design of the mounting adapter was also carried out with the support of this company. Figure 10 shows the manufactured mounting adapters and the structure. The metal-polymer composite was installed in the parting plane of the mounting adapter, sealed with sealing rings and screwed in place. The sealing rings are intended to prevent unintentional leakage in the mounting adapter. For the evaluation of the results, the numerical values of the leakage rate were recorded and documented for up to one minute. To ensure the tightness of the assembly, a reference component without plug contact was sampled, with the help of which it was possible to check the assembly for leaks at the beginning of the measurements.




2.14. Thermal Cycling


Temperature cycling is one of the most frequent causes of failure in electronic systems. Due to the different coefficients of thermal expansion (CTE) of the materials, cracks or material detachment can occur. Therefore, the metal-polymer composite was subjected to a thermal cycling test according to DIN EN 60068. The holding temperatures were −40 °C and +150 °C, the change time 10 s and the holding time 15 min per half cycle. A total of 1000 thermal cycles were carried out.





3. Results


3.1. Shear Test


The results of the shear test before and after the temperature cycling test with the previously defined process parameter sets 1–8 are shown in Figure 11 and Figure 12.



Figure 13 shows the results of the shear tests before and after the temperature cycling test for different coatings and EMC. The mean values of the individual results for the parameter sets 1–8 were considered for the evaluation. The X-axis shows the respective coatings and the Y-axis illustrates the shear strength in N/mm².



It can be noted that the highest shear strength was achieved by the Ag and CuSn6 coatings. The lowest shear strength was achieved with the CuNiSn coating. The highest shear strength was achieved with parameter set 4 (high temperature plug contact, high production pressure and low internal pressure). Preheating the inserts also led to an increase in the shear strength. All test specimens showed improved shear strengths after the temperature cycling test of 1000 cycles. The increase of the shear strength tended to be higher for Ag and CuSn6 compared to the CuNiSn and Sn coatings.




3.2. Leak Test


The results of the leak test before and after the temperature cycling test with the individual process parameter sets 1–8 are shown in Figure 14 and Figure 15.



Figure 16 show the results of the leak tests before and after the temperature cycling test for different coatings and EMC. The mean values of the individual results were considered for the evaluation. The X-axis shows the respective coatings and the Y-axis illustrates the leakage rate in cm3/min.



In most of the test series, the inserts which were heated prior to the encapsulation achieved a lower leakage rate. Thus, there was a linear correlation between the preheated inserts and the leakage rate.



To investigate the influence of aging on the leakage rate, temperature cycling tests were carried out. An increase in the leakage rate was observed.



The deterioration was significantly greater in the test specimens with the metallic plug contacts made of CuNiSn and Sn compared to the coatings made of Ag and CuSn6.





4. Discussion


The investigations of the reliability of the metal-polymer bond were carried out with the aid of shear tests and leakage tests. For the shear strength tests, the target value > 5 MPa was predefined. The defined target value was achieved in all test series before and after the temperature cycling test [29].



During the work, it was observed that the highest shear strength and the lowest leakage rate were achieved with the Ag and CuSn6 coatings. This may be due to the fact that these materials have a better adhesion with polymers due to their composition. Both materials are known for developing stable oxide layers at their surface, usually being able to handle several oxidation states, which further prevent oxygen penetration into the deeper material. The state of oxidation allows for better bonding to the epoxy s. zuvor, Vernetzung (crosslinking) findet im Polymer statt, thus better interfaces can be formed. Pure Sn on the other hand shows segregation effects just at the temperature level of 150 °C, where SnO starts crystallizing into platelets of SnO2 [31], which appears to have an effect on the shear strength, either by mechanical instability of the crystalline segregations, or by the single state oxidation layer just below the point of cross linking. CuNiSn has dominant effects of Ni, which has very small diffusion activity and generally also develops a single oxidation state at the given temperatures. Furthermore, CuNiSn develops complex reactions based on temperature exposure, whereas at limits, usually above 300 °C, Cu and Cu2O is displaced by reactions involving Ni [32].



Furthermore, increased shear strength was found with preheated plug contacts. Although the evaluation of the results shows a significant change, this could not be confirmed for all measurement series and requires further investigation. However, this effect strengthens the assumption that the shear strength is related to cross linking. Both the potential of surface reactions of the metal and the exothermic cross linking reaction are impacted by this parameter. In addition, it was observed that the investigated process parameter sets had no direct influence on the results. This may be due to the fact that the metal-polymer bond is mostly attributed to chemical and less to mechanical effects. Nonetheless, additional mechanical anchoring can increase the shear strength.



The shear strength results were higher after the temperature cycling test than before. This may be related to the fact that the EMC has not completed the full cross-linking process immediately after sampling. Thus, the components are post-cured in the temperature cycling test and reach full curing after a certain time. The results show that fully cross-linked EMC form a better bond with the insert plug contact. The increase in shear strength proves that that the EMCs were not yet fully cross-linked directly after molding and further tempering in any form allows to increase the shear strength.



In most cases, the leakage rate requirement is linked to the respective application and its subsequent conditions of use. Within the scope of the investigations, a target value of <0.02 cm3/min was defined. For the Ag and CuSn6 coatings, the results were all below this value, meeting the criteria. In most test series, the preheated inserts achieved a lower leakage rate. Thus, there was a linear correlation between the preheating of the inserts and the leakage rate. This is possibly due to the fact that the heating of the inserts minimizes the stresses, since both melt and insert are at elevated temperature during processing, whereas cold inserts and hot melt present a significant mismatch during cool down. Furthermore, as shown above, the preheating of the inserts improved the bonding between metal surface and EMC. With a few exceptions, this value was not achieved for the coating with CuNiSn and Sn.



To investigate the influence of aging on the leakage rate, temperature cycling tests were carried out. The effect was assumed to lead to higher leakage rates due to deterioration of the interface by thermomechanical expansion of the material. However, the shear test showed that the bonding quality improved, thus leading to the assumption that the leakage rate improves, too. However, an increase in the leakage rate was observed. The deterioration was significantly greater in the test specimens with metallic connector contacts made of CuNiSn and Sn compared to the coatings made of Ag and CuSn6. When conducting the leakage tests, it can be assumed that the test specimens were fully cross-linked, since the time between sampling and characterization was much longer than in the shear tests.



It was observed that the shear strength and the leakage rate after the temperature cycling test correlate inversely with each other. This can possibly be attributed to the different material pairings and the resulting material-specific thermal expansion coefficients. As already described, the temperature shock test leads to an increase of the shear strength and a deterioration of the leak proofing results. The different coefficients of thermal expansion may lead to increased stresses at the corner points of the interface. Due to the stresses, cracking occurs at these points, but this has no effect on the adhesion of the material pairs. To confirm the existence of the critical areas of contact around the metal pin, a thermo-mechanical simulation in sigmasoft was carried out. A single pair of metal pin and the over molded EMC was considered for the purpose of this simulation. The simulation was carried out using the element birth and death technique in ANSYS. At the beginning of the first step of the simulation at 22 °C the elements comprising the EMC are assumed to be absent. The metal pin is then heated up to 160 °C, corresponding to the placing of the pin in the molding tool and preheating it. The elements comprising the EMC “take birth” at this stage, corresponding to the injection molding stage. In the end of the last stage, the assembly is cooled down to room temperature conditions. The presence of mismatch in the coefficient of thermal expansion values of both the materials involved leads to residual stresses at the contact area (light blue marks in the results part of Figure 17).



In summary, although the adhesion of the material pairings and thus the shear strength is increased, the leakage rate due to micro cracks deteriorates after the temperature cycling test. This is possibly due to the fact that the material pairings (EMC and insert) have different coefficients of thermal expansion. Thus, the components expand differently when heated. This can also be seen in the simulation in, where visual examinations were carried out using sigmasoft. A weak point was found at the corner points of the plastic-metal joints. Conclusively, round pins could further improve the leak rate towards better hermeticity, however production costs and already met requirements using the stamped inserts do not require further optimization regarding the aimed applications.




5. Conclusions and Summary


Different material combinations of EMC-metal interfaces were investigated regarding mechanical strength and hermeticity. Different process variations were tested. For the shear strength tests, a target value > 5 MPa was predefined. The defined target value was achieved in all test series before and after the temperature cycling test [29]. In most cases, the leakage rate requirement is linked to the respective application and its subsequent conditions of use. Within the scope of the investigations, a target value of <0.02 cm3/min was defined. For the Ag and CuSn6 coatings, the results were all below this value, meeting the criteria. In most test series, the preheated inserts achieved a lower leakage rate.



It could be identified that specific coatings significantly improve both, mechanical strength and hermeticity. While it was assumed that the hermeticity correlates with the shear strength, the opposite was confirmed. Micro crack development in well cross-linked material combinations appear to increase the leakage rate. While the effect could be studied within this experimental setup, further investigations are necessary to fully understand the effect and further optimize the composite system.



In view of the above, the shear strength results can be used for hybrid components with metallic inserts in conjunction with EMCs. For the safe design of the metal-polymer composite, the results of the leakage test should be used. The measured shear strength should be able to give an indication of the material pairings from which the metal-polymer joints can be designed. The final validation should always be done with the help of a leakage test.
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Figure 1. Plug contact as insert. 
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Figure 2. Process sequence: Coating of the inserts with chemical Sn according to the experimental plan. 
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Figure 3. Process sequence: Coating of the inserts with chemical Ag according to the experimental plan. 
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Figure 4. CAD component design for metal-polymer composite. 
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Figure 5. Filling simulation in sigmasoft. 
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Figure 6. Cavities, (left): 1st iteration; (right): balanced sprue geometry. 
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Figure 7. Metal-polymer composite. 
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Figure 8. Recording for carrying out the shear tests. 
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Figure 9. Schematic drawing of encapsulated metal insert. 
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Figure 10. Leak test with Phoenix Quadro. 
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Figure 11. Results of the shear test with Duresco NU 6110 V for the parameter sets defined in Table 2: (a) before temperature cycling; (b) after temperature cycling. 
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Figure 12. Results of the shear test with Raschig EP 3681 E for the parameter sets defined in Table 2: (a) before temperature cycling; (b) after temperature cycling. 
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Figure 13. Results of the shear test, with reference to the mean values for parameter sets 1–8 of the coatings: (a) before and after temperature cycling with Duresco NU 6110 V; (b) before and after temperature cycling with Raschig EP 3681 E. 
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Figure 14. Results of the leak test with Duresco NU 6110 V for the parameter sets defined in Table 2: (a) before temperature cycling; (b) after temperature cycling. 






Figure 14. Results of the leak test with Duresco NU 6110 V for the parameter sets defined in Table 2: (a) before temperature cycling; (b) after temperature cycling.



[image: Applmech 02 00057 g014]







[image: Applmech 02 00057 g015 550] 





Figure 15. Results of the leak test with Raschig EP 3681 E for the parameter sets defined in Table 2: (a) before temperature cycling; (b) after temperature cycling. 
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Figure 16. Results of the leak test, with reference to the mean values for parameter sets 1–8 of the coatings: (a) before and after temperature cycling with Duresco NU 6110 V; (b) before and after temperature cycling with Raschig EP 3681 E. 
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Figure 17. Flow diagram of the Simulation process. 
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Table 1. Statistical experimental design for the experimental procedure.
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	Factors/Level
	EMC Material
	Coating
	Internal

Pressure
	Production

Pressure
	Temperature

Plug Contact





	Level 1
	Duresco

NU 6110V
	CuSn6
	<40 bar
	<100 bar
	20 °C



	Level 2
	Raschig

EP 3681 E
	CuNiSn
	>200 bar
	>400 bar
	preheated to 180 °C



	Level 3
	
	Ag
	
	
	



	Level 4
	
	Sn
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Table 2. Process parameters for the injection molding.
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	Parameter Set
	Temperature

Plug Contact
	Internal Pressure
	Production Pressure





	Parameter set 1
	20 °C
	<40 bar
	100 bar



	Parameter set 2
	180 °C
	<40 bar
	100 bar



	Parameter set 3
	20 °C
	<40 bar
	400 bar



	Parameter set 4
	180 °C
	<40 bar
	400 bar



	Parameter set 5
	20 °C
	>200 bar
	100 bar



	Parameter set 6
	180 °C
	>200 bar
	100 bar



	Parameter set 7
	20 °C
	>200 bar
	400 bar



	Parameter set 8
	180 °C
	>200 bar
	400 bar
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Table 3. Coefficient of thermal expansion of materials used [25,26,29,30].






Table 3. Coefficient of thermal expansion of materials used [25,26,29,30].





	Material
	Notice/Standard
	CTE





	copper (Cu)
	20 °C
	16.5 × 10−6/K



	bronze (CuSn6)
	20 °C
	17.5 × 10−6/K



	Tin (Sn)
	20 °C
	22.0 × 10−6/K



	silver (Ag)
	20 °C
	18.9 × 10−6/K



	Duresco NU 6110 V
	ISO 11359-2
	18.0 × 10−6/K



	Raschig EP 3681 E
	ISO 11359-2
	15.0–20.0 × 10−6/K
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