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Abstract

:

The development of autonomous vehicles and the integration of new information and communication technologies are making the reliability of electrical systems and components in modern vehicles increasingly important. Electrical connectors are a crucial component in an electrical on-board system. They are exposed to a wide variety of influences by the environment and operating conditions. Thus, the degradation of electrical connectors can occur. Material and surface analysis methods are the tools used to analyze the degradation mechanisms in connectors after lifetime tests, as well as in field operations. Within the framework of this study, a wide variety of methods from the analytical scope are presented and discussed. The connector surfaces degraded by different failure mechanisms are analyzed using various material and surface analysis methods. The quality and the nature of the analyses results obtained from various analysis methods are compared. Also, this study deals with the benefits and limitations, as well as the effort and the specific challenges of different material and surface analytical methods for the evaluation of failure mechanisms from the point of view of a material and surface analyst.
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1. Introduction


The implementation of electric and hybrid vehicles increases the number of cars with highly complex electronic infrastructures [1]. The increasing degree of integration of new communication and information technologies also reinforces this development [2]. In addition, the development of autonomous driving vehicles also requires especially durable and reliable electrical systems [3,4]. The signal transmission between electrical control units, sensors and other components in the vehicle is ensured by electrical connectors. These connectors have to guarantee safe signal transmission over the lifetime of the vehicle [5]. The described integration of electronics and mechatronics in the vehicle continues to lead to an increase in the number of electrical connectors [6,7]. Electrical connectors in the vehicle are exposed to a wide variety of influences from the environment and operation. These include vibrations and temperature cycles [4,7,8]. Those and other influencing factors can lead to a diversity of damage mechanisms acting on the electrical connectors [3,9]. The different failure modes can influence the reliability and lifetime of a particular electrical contact [2].



In order to prove the reliability and lifetime of electrical connectors, different types of tests are carried out, where they are exposed to external loads and examined after testing using material and surface analytical methods [8,10,11,12]. Likewise, the choice of methods to examine the material and surface properties after the stress test is variegated [2,8,13].



This study deals with different methods of material and surface analysis and their application with regard to electrical connectors. On the basis of exemplary results, the applicability of different analysis methods for a variety of failure mechanisms is shown. Furthermore, the methods are evaluated with regard to the applicability to various degradation mechanisms, the availability as well as the required expertise for the interpretation of the results. Finally, this study deals with recommendations for effective and efficient analyses of electrical connectors.



Analyses of road tested cars makes it possible to determine the main causes of failures occurring in electrical connectors. These include corrosion, oxidation, contamination, diffusion, relaxation and also fretting corrosion [3]. Thus, in the case of electrical connectors, the degradation of the surfaces is carried out by a combination of mechanical, chemical and thermal influencing factors [14]. Therefore, a wide variety of damage mechanisms for electrical connectors are discussed in science [9,15,16]. In the following passage, some of these failures modes are presented.



The mechanism of fretting corrosion is a common cause of failure in electrical connectors and can be described as accelerated aging of a contact due to surface degradation [17] (p. 214), [18]. Vibrations, cyclic loads or temperature changes induce relative movements between the contacted parts, which cause damage to the surface [19] (p. 267). In the case of non-noble coatings like tin-coated contacts, the material immediately oxidizes with oxygen in the atmosphere and forms a thin and hard oxide layer [20] (p. 204). Due to further relative motions, oxidized wear particles agglomerate in the contact zone [21]. This leads to an increase in the electrical contact resistance and causes failure of the system [20] (p. 7). Fretting corrosion is due to wear and corrosion processes of the surface [22].



Based on the studies by Gao and Kong, these failure modes are influenced by dust and particle contaminants [23,24]. Dust particles can contaminate the contact interface by the mating process of the connectors or during vehicle operation [24]. The presence of particle contaminants within the contact interface influences the tribological behavior and can lead to serious wear [23]. Especially high humidity aggravates the degradation of the surface by pollutants particles and decreases the lifetime of electrical contacts [24]. Generally, dust and particulate contaminants have an influence on reliability of electrical contacts [23,25]. However, analyses of long-term use field vehicles show that the frequency of the failure due to dust and particle contaminants is low [26]. Therefore, this will not be discussed further in the context of this study.



In addition to fretting corrosion, a contact system can also be damaged by the mechanism of mechanical stress relaxation. High operating temperatures with increasing operating time induce a reduction of the contact force due to relaxation of the substrate. This leads to an increase in the electrical contact resistance [3,14]. In general, oxidation and corrosion of the surfaces also have an influence on the electrical contact behavior [14]. Especially, the oxidation is significantly influenced by the temperature. Furthermore, high operating temperatures lead to diffusion processes, and thus, to growth of the intermetallic compounds [27]. If the intermetallic compound grows to the surface and displaces the tin layer, the electrical contact resistance increases [28]. For this reason, diffusion processes and the growth of intermetallic compounds are also causes of failure. In addition, there are many other mechanisms that can reduce the lifetime of electrical connectors [9,15].



From above investigations, it is evident that the damage to electrical connectors is caused by various mechanisms and influencing factors. Therefore, a well-directed use of material and surface analytical methods is necessary in order to analyze the damage mechanisms purposefully in an effective and efficient way.




2. Materials and Methods


A wide variety of methods can be used to analyze the damage mechanisms of electrical connectors. The methods used in scientific studies have been summarized in Table 1. The studies referred are related to investigations of reliability and lifetime of electrical connectors. The overview shows that Light Microscopy, Topography Measurements as well as Scanning Electron Microscope (SEM) and Energy-Dispersive-X-ray (EDS) are applied more frequently in comparison to other methods. Also, Focused-Ion-Beam-analysis (FIB) and Contact Resistance Measurements (CM) are common methods in relation to electrical connectors. However, special processes are rarely used for analysis. These include Wavelength-Dispersive-X-ray (WDS), Raman-Spectroscopy (RS), Transmission-Electron-Microscopy (TEM), Computed-Tomography (CT) as well as X-ray-Photoelectron-Spectroscopy (XPS) and Auger-Electron-Spectroscopy (AES). These analysis methods are only applied in special investigations. In the following, the methods listed in Table 1 and their essential characteristics are explained.



2.1. Light Microscope (LM)


Light Microscopy is a method that can be used for optical documentation for damage analysis of different components. This method uses an enlarged image of the investigated structure and enables the optical visualization of the surfaces and materials [13] (p. 2). The optical documentation in this study was carried out with Keyence VHX 7000.




2.2. Topographic Measurement (TM)


The task of topographic measurements is to characterize and map the microgeometry of a stressed surface by optical measurements and its numerical determination [49]. In this study, a confocal white light microscope, Nanofocus µsurf custom, was used for topographic measurements.




2.3. Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDS)


A Scanning Electron Microscope is used for material and surface analysis as an imaging analysis method that offers the possibility to analyze different material and surface structures [13] (p. 6). The method makes use of the resulting interactions between a stimulating electron beam and the surface. The detection of different electrons can also provide different information. In this way, relative material contrasts can be made visible by means of high-energy Back-Scattered-Electrons (BSE) and the surface-topography by Secondary-Electrons (SE) [20] (p. 855).



SEM are often extended with EDS systems for chemical element determination. The EDS analysis is also based on the interactions of an electron beam with the analyzed surface area. This method evaluates the resulting characteristic X-ray qualitatively and quantitatively with regard to the chemical elements [13] (p. 6). In particular, the ease of handling makes it a valuable method for the chemical analysis of materials [50]. For electron microscopic analysis as well as EDS (Oxford-system) and FIB analyses, a FEI Scios DualBeam device with a Gallium-Source for the FIB is used.




2.4. Focused-Ion-Beam (FIB)


The Focused-Ion-Beam-Method is applied to fabricate local micro-cross-sections by using a focused ion beam. Thus, a visual and chemical analysis of the material system in the cross-section can be realized. The visual investigation of the prepared cross-section can be carried out by using electron beam or ion beam stimulation. Illustrations and quantitative measurements for the determination of layer thicknesses can be created [13] (p. 14).




2.5. Wavelength Dispersive X-ray (WDS)


In addition to the energy dispersive evaluation of the X-ray by EDS, the information of chemical elements can also be evaluated using the wavelength of X-ray (WDS) [51]. Thus, a quantitative and qualitative elemental analysis is also possible using WDS [13] (p. 60). The energy resolution of WDS measurements is considerably higher than that for EDS measurements due to filtering of the wavelengths at the crystal of the system [52]. By using calculation methods, the conversion of mass ratio to geometric layer thicknesses can be carried out by assuming densities of oxide coatings [52,53]. The WDS mappings were realized by an electron-beam-microprobe-device Cameca SX100.




2.6. Transmission Electron Microscopy (TEM + EDS/EELS)


Transmission Electron Microscopy (TEM) is an imaging analysis method for the visualization of material structures. In TEM, an electron beam penetrates an electron-transparent material lamella and creates an image. Qualitative and quantitative chemical characterizations can be carried out using the EDS method or Electron-Energy-Loss-Spectroscopy (EELS). By using EELS, qualitative element mappings are possible [13] (p. 8). For the TEM analyses, Jeol 2010 with an Oxford-System for EDS-measurements was used.




2.7. Contact Resistance Measurements and Mapping (CM)


The electrical contact resistance is the crucial parameter in the performance of an electrical connector. This value determines the lifetime and reliability of the connector [20,29]. The investigation of the contact resistance can also support the evaluation of damage mechanism [20] (p. 869). For that reason, tactile resistance measurement methods are applied for the electrical characterization of a surface [14,29,46]. Therefore, in this study the instrument KOWI 3001 is used to measure the electrical resistance locally.



The focus of the measurement is the determination of the electrical resistance distribution within a wear zone. For this analytical method, the surface is tactilely scanned by a gold-tipped probe with a defined contact force. Each time the gold tip is placed on the surface, a low electrical voltage is applied and the contact resistance is measured using 4-wire measurement technique. By scanning the surface at pre-defined intervals, quantitative contact resistance mappings can be generated.




2.8. Raman Spectroscopy (RS)


Raman Spectroscopy (RS) is an analytical method that enables molecular structure investigation of materials and determination of the chemical composition of surfaces. The inelastic scattering of light on molecules can be defined as a basic principle of Raman analysis [13] (p. 82). Thus, Raman Spectroscopy is a valid tool for the determination and characterization of oxides [54]. In this study, the measurements are carried out with a DXR2 Raman Microscope by ThermoFisher Scientific.




2.9. Auger Electron Spectroscopy (AES)/X-ray Photoelectron Spectroscopy (XPS)


The Auger Electron Spectroscopy (AES) is a method for the analysis of thin surface layers and for determining the oxidation and binding state of corresponding surface coverings through the use of electron stimulation. Also, the chemical composition, as well as binding and oxidation states of thin surface layers can be investigated by means of X-ray Photoelectron Spectroscopy (XPS). XPS uses the stimulation of electrons with X-ray [50].



In the case of tin coated surfaces, fundamental distinctions of the surface protection layers could be made with the help of both methods [47,55,56]. However, the analysis of degraded surfaces from fretting corrosion tests by AES or XPS has not been documented in detail. This is due to a high degree of complexity of testing and evaluation. Therefore, in the context of this work, no further attention is given to these methods.





3. Results


In this section, the methods of material and surface analysis are presented in detail. For this purpose, exemplary measurement results for tin coated electrical connectors are reported.



3.1. Light Microscope (LM)


A magnified image of the contact zone of electrical connectors stressed by fretting corrosion tests can be displayed by light microscopy, Figure 1a,b. This allows an initial evaluation of degradation based on visual true color representations. There is a possibility to differentiate between wear of the tin layer (Figure 1a) and the wear scars on the copper substrate (Figure 1b). The indicator of this qualitative evaluation is the black or copper-colored discolorations of the surface and the wear tracks.



Additionally, the light microscope can be used to measure the contact opening dimension of electrical contacts as a quantitative indicator for mechanical stress relaxation (Figure 1c). By measuring the contact opening dimensions of a stressed and a new electrical contact, the influence of the mechanical stress relaxation after a lifetime test can be quantitatively determined. The combination of the spring stiffness relation and the deflection of a spring element of the contact spring is shown in Figure 1d. Therefore, the contact force for a new and a stressed electrical contact can be estimated. Consequently, conclusions about thermally induced stress relaxations and the reduction of contact force can be drawn. Alternatively, CT examinations can also be used for measuring the contact opening dimension.




3.2. Topographic Measurement (TM)


In this study, a confocal white light microscope was used to visualize the topography of a stressed contact system. As a result, topographic surface images (Figure 2a), as well as profile lines of different directions within the contact zone, were realized, Figure 2b,c. Quantitative estimations of wear depth and volume can be made. Thus, the topography investigations show the wear of the tin coating and the agglomeration of wear particles at the edge of the contact zone. Especially for noble metals, the wear of the coating is critical.




3.3. Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDS)


A Scanning Electron Microscope is an important imaging tool used to evaluate the degradation mechanisms of electrical connectors. Especially, the high magnifications and the good depth of focus are advantageous. Figure 3a shows the wear zone of a contact after fretting corrosion test. The resulting wear particles can also be identified as a qualitative indicator of fretting corrosion, Figure 3b.



The EDS method enables the investigation of chemical elements for the evaluation of damage mechanisms. Thus, the element concentration in the wear zone of electrical connectors can be investigated qualitatively by using element mappings, Figure 4b–d, or quantitatively by a line scan, Figure 4e. The tin signal shows a reduction and an equally increased copper concentration is present. This could be due to the fact that the tin layer has been worn through by the fretting movements. Furthermore, an increased concentration of oxide has been detected. That is an indication that fretting corrosion has occurred. The advantage of element mapping is that a holistic evaluation of the contact zone is possible. However, line scanning enables locally high-precision measurements and conversions to quantitative element concentrations in atomic or mass percentage.




3.4. Focused-Ion-Beam (FIB)


For electrical connectors, the layer thickness and materials structure can be examined using FIB technique. By comparing the layer structures of new and stressed electrical contacts, it is possible to evaluate the diffusion processes and phase transitions induced by temperature loads. The layer thickness and material structures (size/shape of grains) are used as qualitative and quantitative indicators.



On the basis of the FIB cross-sections, an electrical connector stressed by temperature cycles is investigated by using electron beam stimulation (Figure 5a) and ion beam stimulation (Figure 5b). The layer components (Coating: Sn; Bulk: Cu; Intermetallic compounds: Cu3Sn and Cu6Sn5) become much more visible by ion beam stimulation in comparison to electron beam stimulation. The classification of the layer components was done by EDS measurements, Table 2. The element concentrations of the intermetallic compounds are comparable to the results of Braunovic [17] (p. 338). However, slight deviations of element concentrations compared to the phase diagram of tin and copper can be identified [57]. The electron and ion beams stimulate a volume of material despite the focusing during the analysis. This excited volume can rise a few micrometers into the material depending on the acceleration voltage. This could lead to slight deviations in the exact element composition. To reduce this effect, TEM analyses can be performed. However, the phases show different grain structures, which also makes a qualitative distinction for material experts possible by using this imaging tool.



Furthermore, the Cu6Sn5-layer has already grown to the top of the surface because of the temperature induced diffusions processes. Only small parts of the tin layer are left. Therefore, an increase in the electrical contact resistance due to growth of intermetallic compounds can be assumed. A comparison of the diffusion behavior at different temperatures, layer structures and substrate materials is made possible by this method.




3.5. Wavelength Dispersive X-ray (WDS)


A quantitative evaluation of the oxide debris within the wear zone of damaged electrical contacts can be carried out by using Wavelength Dispersive X-ray analysis. By means of calculations, the oxide layer thickness of the stressed electrical contacts can be quantified. This is exemplified by two different contact areas in Figure 6. The contact zones are characterized by an oxide layer thickness up to 70 nm. In the unloaded area, oxide layers of a few nanometers are identifiable. These findings are in good agreement with the study of Tamai [44]. Other contamination layers, like carbon or sulfides, can also be calculated.




3.6. Transmission Electron Microscopy (TEM + EELS/EDS)


The possibilities of the TEM analysis on the basis of an electrical contact stressed by temperature loadings are shown in the following Figure 7. The TEM analysis shows the prepared lamella in cross-section by visualizing different material and grain structures, Figure 7a.



By means of coupled EELS measurement, chemical elements can also be assigned to the structure, Figure 7b. Thus, the tin layer, the intermetallic compounds and the copper substrate can be identified by qualitative element mappings. However, iron dispersions are located at the phase boundaries of the base material to the intermetallic compounds (Position 1). These iron dispersions are related to the alloy type and can be responsible for increasing stiffness.




3.7. Contact Resistance Measurements and Mapping (CM)


The result of an electrical resistance mapping in an electrical contact stressed by fretting corrosion is shown in Figure 8. The electrical contact resistance is increased (Figure 8a) within the degraded contact zone (Figure 8b). Outside the contact zone, a low resistance can be observed. Thus, the observed resistance distribution is an indicator of fretting corrosion. The implementation of this method is useful when the contact resistance in a connector is unstable which could be due to the localized oxide zones within the contact area. The extent of degradation due to small pockets of oxides in the contact area are, at times, not visible and also not clear from the measured contact resistance. In such cases, contact resistance mapping can be applied to identify the extent of degradation.




3.8. Raman Spectroscopy (RS)


Raman Spectroscopy was also used in this study to determine the oxides formed on the surface of an electrical connector. First, a tin monoxide was measured as a reference powder and compared with a measurement of a stressed contact system, Figure 9. The results show that there are commonalities between the stressed contact system and the reference powder. Therefore, tin monoxide is present in the wear zone of electrical connectors stressed by vibrations and temperature cycling tests. However, other Raman signals can also be detected. Further contamination products could also be present on the surface. That is not discussed in this study.





4. Discussion


In this section, the different methods of material and surface analysis are compared and discussed with regard to practicability in relation to different modes of failure. Following, the various analytical methods are evaluated comparatively.



4.1. Comparison of Analytical Methods


4.1.1. Methods for Visualizing the Surface


In the first step, the imaging methods LM, TM and SEM for visualization of the surface are compared, Figure 10. FIB and TEM analyses are also imaging methods, whereby, these are used to examine the material structure in cross-section and are later considered separately.



Generally, the imaging methods provide qualitative and quantitative indicators that allow an evaluation of the degradation mechanism. Particularly, for LM, the true color representation is important, as it is the only analysis tool that shows dark discoloration caused by fretting corrosion or abrasion on the copper substrate visually in true colors, Figure 10a. Topography measurement is also an imaging method, whereby, it only takes into account the topography and cannot represent true colors, Figure 10b. Through this, quantitative estimation of wear can be obtained.



The SEM cannot display colors either, Figure 10c. However, the various visualizations of topography and material contrast by detecting different electrons, as well as the high resolution of SEM, are useful for visualizing oxide particles, cracks or microscopic delamination. The other imaging methods (LM and TM) do not achieve the required resolution for the visualizing of wear particles. This is only possible by using the SEM. The optical examination methods are non-destructive in nature.




4.1.2. Methods for Validation of Mechanical Stress Relaxation


Temperature-induced changes in the contact opening dimensions of the contact springs due to mechanical stress relaxation can be investigated by two methods. This includes LM and CT analyses. In particular, the simple handling and the fast procedure make the LM attractive. Although CT analyses can provide further information about the contact design, they are also associated with increased analysis and evaluation effort.




4.1.3. Methods for Analyses of Chemical Composition


In practice, the determination of the element composition of materials and surfaces is possible by various methods. These include EDS, WDS, RS, as well as AES and XPS. The oxide mappings of a degraded contact zone are represented by EDS (qualitative) in Figure 11a and WDS (quantitative) in Figure 11b. By means of EDS and WDS analyses, the elements are determined on the basis of X-rays. The differences between WDS and EDS are the analytical evaluation and the quantification of the geometric layer thicknesses. Nevertheless, the EDS method is one of the simplest and fastest analysis methods for element investigations and is often used in practice. AES and XPS analyses determine the element composition on the surface with a depth resolution of a few nanometers. Therefore, these methods are extremely surface-sensitive. The RS is suitable for the analysis of different materials structure and composition. Local mappings are also possible, but the interpretation is highly complex. Additionally, the chemical analysis methods are non-destructive.




4.1.4. Methods for Visualizing of the Layers and Material Structure


For detection of the material and layer structure, the imaging methods of FIB and TEM analysis can be used. Both allow qualitative indicators by the evaluation of the image. Figure 12 shows the comparison of the layer structure of an electrical connector by FIB and TEM analysis combined with chemical analysis in Table 3.



The FIB analysis represents the different layer structures by ion beam stimulation with a sufficient contrast in Figure 12a. Thus, a qualitative differentiation of the different components of layer components is possible. In the TEM, there is also a differentiation between substrate and coating feasible, Figure 12b. The contrast is not sufficient for the clear distinction of the interface between intermetallic compounds and base or coating metals. However, the grain and microstructure of the materials and coatings are pronounced. Both methods allow quantitative analyses by geometric measurements of the layer thicknesses or the combination with chemical analysis methods such as EDS, Figure 12 and Table 3.



Thus, the identification of intermetallic compounds with the chemical investigation of the element composition is possible by using both methods. However, the additional EDS analysis shows that the element concentrations have slight differences, Table 3. This is due to the fact that the TEM has a much lower stimulation volume due to the penetration of a thin lamella than by FIB analyses. Thus, quantitative elemental analyses by the TEM are more detailed, as there are fewer scattering effects due to the excited volume. This is also illustrated by the fact that determined element concentrations of the intermetallic phases have a higher accuracy to the literature of the phase diagram of Fürtauer [57]. However, FIB and TEM are destructive analytical tools.




4.1.5. Methods for Electrical Investigations


In principle, surfaces can be electrically characterized by Atomic Force Microscope (AFM). However, this is considered unsuitable for the application of electrical connectors due to surface roughness and experimental boundary conditions. Therefore, the CM is the only method specified to characterize the surface locale resolved electrically. Nevertheless, it is also recommended to measure the contact resistance of an electrical connector in the contacted state.





4.2. Validation of the Methods


Each method is evaluated concerning to the availability and effort to execute, as well as the required expertise for interpretation of the results in Table 4. The availability is also correlated with the results of Section 2. Light Microscopy and Topography Measurements are widely used methods, whereby, low expert knowledge is required for the implementation and interpretation. SEM, EDS and FIB are applied in combinatorial analytics. In particular, the required expertise estimated is higher due to the more complex physical principles than that for Light Microscopy. The measurements of Contact Resistance Mappings also require medium expertise, whereby, the availability is rated lower than for SEM analysis.



CT, RS, AES, XPS, TEM and WDS are special analytical methods. These are used very rarely due to low availability and high effort. Furthermore, the required expert knowledge for the implementation and interpretation of these analyses is much higher. The complex physical principles are responsible for that. In addition to availability and the required expertise of the users, the application of such methods must also be considered in terms of the duration and the costs of the analysis. However, this cannot be evaluated in general, as this is dependent on the respective questions and the detail of the analysis.



In Table 5, the surface analytical methods are presented with regard to their applicability for the investigation of different modes of failure for electrical connectors. Fretting corrosion is due to a combination of wear and corrosion processes caused by relative motions. This is especially critical for non-noble coatings. The degradation mechanisms of fretting wear are based on relative motions, as well. However, for noble surface materials, the wear process and wear through of the coating is critical. By uncovering the non-noble base material, fretting corrosion occurs. The mechanism of relaxation is considered as mechanical stress relaxation as a result of operation at high temperatures. Oxidation and corrosion include chemical processes caused by the atmosphere or corrosive gases without a tribological load. Other surface damages include the growth of the intermetallic compounds, crystallization effects, structural phase transformations and other surface and material effects.



Light Microscopy is an elementary method for the analysis due to the representation of true colors with acceptable magnifications and the diverse applications. Topographic analysis by measurement of the surface geometry is suitable to investigate fretting corrosion and fretting wear of functional layers. Other degradation mechanisms cannot be investigated with this method. By investigation using SEM, high-resolution images of the surface with high magnification can be realized. Complementary chemical analyses using EDS make it possible to identify various contamination products. For fast and easy chemical analysis, EDS is preferable to WDS due to the ease of use. However, WDS has a very high energy resolution. Low element concentrations can be investigated by WDS in a better way than by EDS. FIB investigations are used for the investigation of specific failure modes by analyzing the material and the layer structure by local cross sections. Diffusion processes and phase changes caused by temperature influences can also be analyzed by FIB. However, the crucial property of electrical connectors is the contact resistance. Electrical resistance mapping is a valid method to electrically characterize the surfaces of electrical contacts after a qualification test. Especially if a measurement of the electrical contact resistance in the contacted state is not possible, contact resistance mapping is a possibility to examine the surface electrically. Furthermore, resistance changes due to phase transformations as a result of diffusion processes can also be quantified.



Raman Spectroscopy can be used as a further analysis method to investigate oxidation and corrosion processes for fretting corrosion, as well as for other surface contaminations. The use of RS for electrical connectors is only recommended for specific investigations. Furthermore, AES, XPS and TEM examinations are also methods that should only be used in exceptional cases due to the high effort and the enormous complexity. This is also reflected in the fact that the range of applications is limited in terms of the reasonable use for the mode of failures.




4.3. Analysis Workflow


Based on the investigations of this study, recommendations for an efficient workflow for analyzing causes of failure for electrical connectors are presented. However, a distinction is made between a fast basic analysis and a more complex, as well as time-consuming and financially intensive, analysis.



The basic analysis consists of five methods, which provide the most comprehensive information of the examined component, Figure 13a. These include Light Microscope, Topographic Measurements, Contact Resistance Mappings, SEM and EDS. Light Microscopy is suitable for an initial visual validation and documentation of possible failure modes, such as fretting corrosion, wear or other surface related degradations. Topography measurements can be used to quantify degradations such as wear-through of the coating. In addition, an imaging analysis with chemical investigations is possible by using SEM and EDS. Thus, oxides or particle contaminants on the surfaces of the contacts can be chemically identified. The electrical effects of such failure modes can finally be determined with contact resistance mapping. This allows the contact systems to be effectively examined for the most important failure modes. This also correlates with the analysis of the methods used in the literature (Section 2).



A comprehensive analysis is supplemented by other methods and can provide further information about oxide compounds, contamination layer thicknesses or microstructure of materials. This analysis process is shown in Figure 13b. The additional methods presented in the comprehensive analysis offer possibilities to investigate failure modes in more detail. However, the information derived through their application is rarely needed for the reliable analysis of electrical connectors.



The steps of the workflow can vary depending on the component and the specific problem. Likewise, this methodology can also be applied to other contact surfaces (noble coatings like gold or silver), whereby, the analyses should be directed with the focus to the correlated cause of failures for those surfaces.





5. Conclusions


This study deals with various methods of material and surface analysis for the investigation and evaluation of the lifetime and reliability of electrical connectors. In general, the lifetime of electrical contacts is influenced by various modes of failure. For investigation of those failure modes, a wide variety of analytical methods are used in research, whereby, not every method can be applied reasonably for each cause of failure.



Analytical results of various methods were discussed for tin coated electrical connectors. In particular, a focus of this study was placed on the practicability of investigation of various modes of failures, as well as the availability and the required expertise for implementation and evaluation of results. An analysis of stressed electrical contacts by Light Microscopy, Topographic Measurements, SEM, EDS and Contact Resistance Mappings can provide valuable information for determining the cause of failure.



Other methods, such as Raman Spectroscopy or TEM analyses, offer further insights into special topics. Furthermore, the exemplary results show the influence on the reliability of electrical contacts stressed by different tests. The study provides recommendations for an efficient and effective approach for analysis of failure modes of electrical contacts.
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Figure 1. Light microscopic investigations of electrical connectors stressed by fretting corrosion tests: (a) Wear on the tin layer; (b) Abrasion of the tin layer; (c) Measurement of the contact opening dimension for the evaluation of mechanical stress relaxation; (d) Contact force via spring deflection for the used electrical contact. 






Figure 1. Light microscopic investigations of electrical connectors stressed by fretting corrosion tests: (a) Wear on the tin layer; (b) Abrasion of the tin layer; (c) Measurement of the contact opening dimension for the evaluation of mechanical stress relaxation; (d) Contact force via spring deflection for the used electrical contact.



[image: Technologies 10 00124 g001]







[image: Technologies 10 00124 g002 550] 





Figure 2. Topographic measurement of the surface of an electrical connectors stressed by fretting corrosion test: (a) Visual representation of the topography; (b) Vertical profile line within the contact zone; (c) Horizontal profile line within the contact zone. 
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Figure 3. Scanning electron microscopic images (BSE) of a degraded contact zone after a fretting corrosion test: (a) Overview of the contact zone (acceleration voltage 20 kV); (b) Detailed image of the formed wear particles within the contact zone (acceleration voltage 5 kV). 
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Figure 4. EDS analysis of chemical elements of electrical connectors after a fretting corrosion test (acceleration voltage 20 kV): (a) SE-Image of the contact area; (b) Element mapping of tin; (c) Element mapping of oxygen; (d) Element mapping of copper; (e) Line scan across the contact area. 
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Figure 5. FIB investigations of an electrical connectors stressed by temperature cycles for 200 h and a maximum temperature of 140 °C: (a) Electron-beam stimulation (acceleration voltage: 5 kV, detection: SE); (b) Ion beam stimulation (acceleration voltage: 30 kV, detection: SE). 
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Figure 6. WDS analysis of the resulting oxide layer (acceleration voltage 8 keV): (a) Example 1 for a contact area stressed by a vibration and temperature cycle test; (b) Example 2 for a contact area stressed by a vibration and temperature cycle test. 
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Figure 7. Analytical TEM investigations of electrical connectors stressed by temperature cycles over 200 h and maximum temperature of 140 °C (acceleration voltage 197 keV): (a) TEM imaging of the layer system; (b) EELS mapping for element investigation. 
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Figure 8. Contact resistance mapping and optical image of an electrical connectors stressed by a vibration and temperature cycle test (contact force 0.7 N; current 10 mA; limit of voltage 10 V): (a) Distribution of the electrical contact resistance; (b) Optical image of the contact area. 
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Figure 9. Raman Spectroscopy (laser-wavelength: 532 nm, power: 3 W) of a reference powder of tin monoxide (SnO) in comparison with an electrical contact stressed by vibration and temperature cycling test. 
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Figure 10. Comparison of imaging tools by analyzing an electrical connector after vibration and temperature cycling test: (a) Light Microscopy; (b) Topographic Measurement; (c) Scanning Electron Mircroscope (acceleration voltage 5 kV, detection: SE). 
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Figure 11. Chemical analysis of the wear zone of a tinned electrical contact after a vibration and temperature cycling test: (a) Qualitative EDS mapping of oxide (acceleration voltage 15 keV); (b) Quantitative WDS mapping of oxide with determination of geometric layer thickness (acceleration voltage 8 keV). 
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Figure 12. Comparison of the layer structure of an electrical connectors stressed by a vibration and temperature cycling test: (a) Ion-induced FIB analysis (voltage: 30 kV); (b) TEM analysis (voltage: 197 keV). 
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Figure 13. Recommendations for analyses workflows for the investigation and evaluation of failure modes of electrical connectors: (a) Basic analysis; (b) Comprehensive analysis. 






Figure 13. Recommendations for analyses workflows for the investigation and evaluation of failure modes of electrical connectors: (a) Basic analysis; (b) Comprehensive analysis.



[image: Technologies 10 00124 g013]







[image: Table] 





Table 1. Overview of methods of material and surface analysis used in scientific studies for the analysis of damage mechanisms for electrical connectors.
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	Material and Surface Analysis
	Scientific Studies





	Light Microscopy (LM)
	[1,2,4,6,8,10,12,14,21,26,29,30,31,32,33,34,35,36]



	Topographic Measurement (TM)
	[2,4,8,21,26,31,33,36,37,38,39,40,41]



	Scanning Electron Microscopy (SEM)
	[2,6,7,8,9,10,12,18,21,23,24,26,28,29,30,33,34,37,38,40,42,43]



	Energy Dispersive X-ray (EDS)
	[2,6,7,8,10,12,14,21,23,26,29,30,33,34,37,38,39,40,42,43,44]



	Wavelength Dispersive X-ray (WDS)
	[8]



	Focused-Ion-Beam (FIB)
	[8,9,28,30,37,39,41,42,45]



	Raman Spectroscopy (RS)
	[33,42]



	Contact Resistance Measurement (CM)
	[14,26,28,29,37,46,47]



	Auger Electron Spectroscopy (AES)
	[48]



	X-ray Photoelectron Spectroscopy (XPS)
	[44,45,47]



	Transmission Electron Microscopy (TEM)
	[41,44]



	Computed Tomography (CT)
	[12]
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Table 2. EDS analysis of chemical composition of the different layer after a temperature cycle test (acceleration voltage 10 kV).
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Position 1 (Sn-Coating)

	
Position 2 (Cu6Sn5)

	
Position 3 (C3Sn)

	
Position 4 (Cu-Substrate)






	
Elements

	
At.-%

	
Elements

	
At.-%

	
Elements

	
At.-%

	
Elements

	
At.-%




	
Sn

	
85

	
Sn

	
56

	
Sn

	
39

	
Sn

	
0




	
Cu

	
9

	
Cu

	
43

	
Cu

	
59

	
Cu

	
100
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Table 3. EDS analysis of chemical composition of the intermetallic compounds by a FIB-investigation (Position 1 and Position 2) and TEM-investigation (Position 3 and Position 4).
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Position 1 (Cu6Sn5)

	
Position 2 (Cu3Sn)

	
Position 3 (Cu6Sn5)

	
Position 4 (Cu3Sn)






	
Elements

	
At.-%

	
Elements

	
At.-%

	
Elements

	
At.-%

	
Elements

	
At.-%




	
Sn

	
56

	
Sn

	
39

	
Sn

	
49

	
Sn

	
29




	
Cu

	
43

	
Cu

	
59

	
Cu

	
51

	
Cu

	
71
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Table 4. Evaluation of the analytical methods with regard to accessibility and required expertise for the implementation and interpretation of the results.
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	Material and Surface Analysis
	Accessibility
	Required Expertise





	Light Microscopy (LM)
	Very high
	Very low



	Topographic Measurement (TM)
	High
	Low



	Scanning Electron Microscopy (SEM)
	Medium
	Medium



	Energy Dispersive X-ray (EDS)
	Medium
	Medium



	Wavelength Dispersive X-ray (WDS)
	Low
	Very high



	Focused-Ion-Beam (FIB)
	Medium
	High



	Raman Spectroscopy (RS)
	Low
	Very high



	Contact Resistance Measurement (CM)
	Low
	Medium



	Auger Electron Spectroscopy (AES)
	Very low
	Very high



	X-ray Photoelectron Spectroscopy (XPS)
	Very low
	Very high



	Transmission Electron Microscopy (TEM)
	Very low
	Very high



	Computed Tomography (CT)
	Low
	High
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Table 5. Evaluation of the use and combination of analytical methods in relation to the cause of failure for electrical connectors.
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	Material and Surface Analysis
	Fretting Corrosion
	Fretting Wear
	Relaxation
	Oxidation/Corrosion
	Further Surface Degradation





	Light Microscopy (LM)
	3
	3
	3
	2
	2



	Topographic Measurement (TM)
	3
	3
	0
	0
	0



	Scanning Electron Microscopy (SEM)
	3
	3
	0
	0
	2



	Energy Dispersive X-ray (EDS)
	3
	2
	0
	3
	2



	Wavelength Dispersive X-ray (WDS)
	2
	1
	0
	2
	2



	Focused-Ion-Beam (FIB)
	0
	1
	0
	0
	3



	Raman Spectroscopy (RS)
	2
	0
	0
	2
	2



	Contact Resistance Measurement (CM)
	3
	0
	0
	1
	2



	Auger Electron Spectroscopy (AES)
	1
	0
	0
	2
	2



	X-ray Photoelectron Spectroscopy (XPS)
	1
	0
	0
	2
	2



	Transmission Electron Microscopy (TEM)
	1
	0
	0
	1
	3



	Computed Tomography (CT)
	0
	0
	2
	0
	0







3 = necessary/2 = optionally feasible/1 = limited suitable/0 = unsuitable.
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