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Abstract

:

Recent research focuses on replacing metal current collectors with metallized polymer foils. However, this introduces significant challenges during cell production, as manufacturing steps must be adapted. Currently, copper is used as the current collector on the anode side and aluminum on the cathode side. These current collectors are then joined within the cell with an arrester tab. This step, known as contacting, is carried out industrially in pouch cells using ultrasonic welding or laser beam welding. However, since the polymer foil is electrically insulating, the current contacting procedures cannot be directly transferred to the metal–polymer current collectors. In this work, ultrasonic welding, laser beam welding, and a mechanical contacting method are considered, and the challenges arising from the material properties are highlighted. The properties of the joints are discussed as a function of the number of foils and the coating thickness of the metallization. It is demonstrated that successful contacting by ultrasonic welding and mechanical clamping is possible, as both mechanical strength and electrical conductivity are ensured by the joint. Laser beam welding was unsuccessful. Additionally, the electrical resistance is one to two orders of magnitude higher than that of pure aluminum and copper foils, which necessitates further optimization. Furthermore, ultrasonic welding is limited to welding 16 foils or fewer. This does not match industrial requirements. Consequently, novel approaches for contacting metal–polymer current collectors are required.
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1. Introduction


A lithium-ion battery is typically composed of anodes and cathodes. These electrodes both consist of an active material coating deposited on a current collector. For electrochemical reasons, aluminum foil is used for the cathode, while copper foil is employed on the anode side [1,2]. The current collectors fulfill two primary functions: firstly, they serve as a substrate for the active material coating, and secondly, they conduct electrons out of the cell [3,4]. Therefore, it is essential that the stacked electrodes be contacted, i.e., joined, with an arrester tab. This process is referred to as internal contacting [3,5,6,7]. Two properties of the joint are crucial in this context. On the one hand, sufficient mechanical strength must be ensured [8]. On the other hand, it is imperative that the electrical resistance of the joint be as low as possible, as this directly correlates with the power dissipation and heat generation in the cell via Joule heating [9]. In pouch cells, ultrasonic (US) metal welding or laser beam welding is primarily employed to join the copper and aluminum foils, as both methods are capable of welding a large number of electrodes [2,8,10]. The resulting electrical resistances are well below one milliohm [11].



However, current research endeavors are focused on replacing the metallic current collectors with thermoplastic polymer foils that are metallized on both sides [12]. The metallization consists of aluminum for the cathodes and copper for the anodes. A primary reason for the substitution of the all-metal foils is the reduced amount of metal required, as the deposited metal layers are quite thin, about 0.5 µm to 1.0 µm [13,14,15]. This results in material savings, weight reduction, and an increase in the energy density of the cell [16]. However, the principal motivation for employing metal–polymer current collectors is the safety advantage provided by the thermoplastic polymer substrate. This substrate is designed to melt in the event of an internal short circuit within the cell due to the heat generated. This disrupts the electrical conduction path created by the short circuit and prevents the catastrophic failure of the cells by halting the thermal runaway of the cell (see Figure 1) [17,18].



But, the implementation of these innovative collectors is not without its challenges. A significant disadvantage of polymer-based current collectors is the potential inapplicability of conventional welding processes due to the temperature sensitivity of the foils. Therefore, transferring the processes to the novel polymer-based current collectors is challenging due to the electrically insulating thermoplastic core [19]. Despite the insulating substrate, the welding processes must ensure sufficient electrical conductivity [20]. Ideas to achieve this by welding on metal foils or modifying the current collectors are already patented [21,22,23,24]. However, to date, there have been no publications addressing the realization and the resulting joint properties of contacting metal–polymer current collectors.



The feasibility of welding thin plastic foils or fibers to metal foils using laser transmission welding or local heating has been demonstrated in other application areas [25,26,27]. However, this requires transparency for the corresponding laser wavelength and direct contact between the polymer and metal. This is not the case with metal–polymer current collectors.



Ultrasonic plastic welding of polymers and composite materials with metals has also been investigated [28]. This welding process has been successfully implemented [29]. Similar to the welding of two thermoplastics, the oscillation at the interface between metal and polymer causes the parts to be joined to heat up and the polymer to melt, resulting in a direct connection without the need for additives [30]. Direct contact between the thermoplastic of the first and the surface of the second joining part is a prerequisite here as well.



Extensive investigations, particularly at the chair of Heinz Palkowski at TU Clausthal, have been conducted in the field of metal–polymer–metal sheets for automotive engineering applications [31]. These sheets share a similar general structure with metal–polymer current collectors but differ in terms of materials and, most notably, thickness. They are intended for use in the car body. For this reason, the joinability was also considered, and laser welding proved to be suitable. The partial melting of the cover sheets was achieved without degrading the polymer core. The thickness of the cover sheets, 0.49 mm, ensures sufficient heat dissipation, and the molten pool does not reach the polymer substrate [32]. Nonetheless, a direct transfer to metal–polymer current collectors is likely to be difficult.



The lack of previous publications on the joinability and the resulting properties of (multilayer) metal–polymer current collectors or similar materials necessitates a fundamental consideration. Therefore, this work investigates the suitability of laser beam and metal ultrasonic (US) welding as well as an alternative contacting method for joining the novel metal–polymer current collectors by clamping. The suitability of the joining processes was investigated and the weldability was evaluated. Furthermore, electrical resistance measurements and mechanical tests were performed and evaluated as a function of the number of welded foils, coating thickness, and polymer substrate. The classification of the joint properties is carried out by comparing them to each other and to the properties of welds with full metal foil.




2. Materials and Methods


2.1. Materials


The polymer substrate foils used in this study are commercially available biaxially oriented polyethylene terephthalate (PET) as well as polyethylene naphthalate (PEN) foils with thicknesses of 8 µm (Al@PET), 12 µm (Cu@PET), and 6 µm (Cu@PEN), respectively. These foils were metallized with high-purity aluminum as a current collector for cathodes and copper as a current collector for anodes in a roll-to-roll process via electron beam evaporation at Fraunhofer FEP (Dresden, Germany). Within this coating process, different thicknesses of the metals were deposited. An overview of the produced foils is given in Table 1.




2.2. Manufacturing of the Specimens


Three different joining techniques were utilized to contact the metallized foils. Besides two welding processes, a mechanical clamping process was implemented. To produce the specimens, the metallized polymer foils were cut into 100 × 20 mm2 strips. Then, a defined number of the stripes were stacked and finally joined using ultrasonic welding, laser beam welding, or mechanical clamping.



Ultrasonic welding was performed with a Branson L20 ultrasonic metal welder (Danbury, CT, USA). The welding area was 11 × 7 mm2. The knurling of the horn was pyramidal with an edge length of 1.0 mm. The foils were welded to an arrester tab with a width of 10 mm and a length of 52 mm. The tabs were made of aluminum for the aluminum-metallized foils and nickel-plated copper for the copper-metallized foils. The thickness of the tabs was 0.2 mm in all cases. The arrester tab was placed on top of the foils to prevent adhesion of the metal–polymer current collector foils to the horn. A schematic representation of the materials to be welded and the location of the weld area is shown in Figure 2.



For laser beam welding experiments, a TruPulse 2020 nano laser from Trumpf (Ditzingen, Germany) was used to join the foils. The laser had an average maximum power of 200 W and a spot diameter of 70 µm. For the laser beam welding studies, waveform 0 was set with a pulse frequency of 200 kHz, resulting in a pulse length of 261 nm. The beam has a Gaussian shape with an M2 of 1.3 and a wavelength of 1064 nm.



The focus for laser welding was set on the surface of the foil stack. For this purpose, 10 foils were clamped together with an arrester tab underneath to achieve a zero gap, as shown in Figure 3. The weld length was set to be 10 mm at a scan speed of 10 mm/s. An AXIALSCAN-30-Y scanner (RAYLASE AG, Wessling, Germany) was used for this purpose. The laser power was varied between 10 W and 200 W. REMARK: It should be noted that it is not possible to achieve a welded joint due to the material properties of the metal–polymer current collectors (further details in Section 3.2).



As an alternative joining method to welding, joining based on mechanical clamping was considered. To contact the foils, a special arrester tab was designed. It consists of an upper and a lower part. The metal–polymer current collectors were positioned between the clamped parts. Both parts of the clamp are shown in Figure 4. The material used was 300 µm aluminum.



However, since the clamp could not contact all of the foils, 20 µm aluminum contact aids were alternatively stacked with the metal–polymer current collectors. Clamping was performed using two M4 stainless steel bolts and nuts with a torque of 3 Nm. The resulting joint is illustrated in Figure 5.




2.3. Testing Methods


2.3.1. Evaluation of the Joint Characteristics Using Non-Destructive Testing


One of the primary challenges in evaluating the ultrasonic welding process is the limited access for in situ measurement. Due to the sample being covered by the anvil and horn during the welding process, as well as the low total thickness of the specimens, optical in situ measurement is not practical. Consequently, efforts are focused on measuring vibration amplitude, such as using laser vibrometers in research, to control the welding process [33]. The relative movement of the tools could serve as a termination criterion [34]. However, there is insufficient data on this, especially for multilayer specimens. Therefore, the current industrial state of the art is to monitor the process using the system’s internal parameters (e.g., power) [35]. While this is suitable to ensure process stability, it provides limited information about the resulting weld properties, even for common full metal sheets [35,36,37].



Consequently, all joints were subjected to non-destructive testing after welding. This involved a visual assessment according to Figure 6. Three distinct cases were identified. Under-welding (a) resulted in welds with insufficient adhesion or a lack of fusion within the foil stack or between the foils and the arrester tab. These welds could be distinguished from properly welded joints (b). Additionally, damaged foils (c) could be identified when over-welding occurred, which was often accompanied by the sticking of the joint to the anvil.



In addition, computed tomography (CT) scans were taken to evaluate the internal structure of the welds. This enabled the detection of internal defects such as wrinkles and cracks. A computed tomography system (phoenix v|tome|x s 240 microCT) from GE Sensing & Inspection Technologies GmbH (Wunstorf, Germany) was used for this purpose.




2.3.2. Mechanical Testing of the Specimens


To determine the mechanical properties, tensile tests were conducted using a zwickiLine universal tensile testing machine equipped with a 1 kN load cell (ZwickRoell GmbH & Co. KG, Ulm, Germany). The specimens were clamped in rubberized grips at a distance of 60 mm on the arrester tab and foil stack and tested at a rate of 2 mm/min. The maximum force recorded was used as the result value, referred to as the fracture force.




2.3.3. Electrical Resistance Measurement


To measure the electrical resistance of the joints (weld resistance), four-point probe measurements were conducted using a Resistomat 2329 from Burster GmbH & Co. KG (Gernsbach, Germany). The inner probes were positioned one millimeter from the joint on the foil or tab to measure the voltage potential. The outer probes were placed 6 mm away from the inner probes (see Figure 7). The electrical resistance was then calculated as the quotient of the voltage difference between the inner probes and the current flowing through the outer probes. This method eliminates the influence of lead and contact resistances. The resolution was 10 µΩ.






3. Results


The weld characteristics of the laser-beam-welded, US-welded, and clamped specimens are shown below. In addition, the weldability as a function of welding parameters, coating thickness, polymer substrate, and number of foils welded is addressed.



3.1. Ultrasonic Welding


To investigate the weldability of metal–polymer current collectors by ultrasonic welding, a parameter study was conducted and the welded specimens were examined through visual inspection, CT scans, and electrical resistance measurements. During the study, the welding parameters of energy, force, and amplitude were varied to determine their influence on the welding process and the welded joint.



Figure 8 presents exemplary CT scans of three different welds produced with different welding parameter sets, resulting in visually acceptable welds. The welded stack consists of 10 aluminum-coated PET foils (V1) and a 20 µm aluminum foil as an arrester tab.



The first specimen represents the specimen that was welded with the lowest energy input required to produce an acceptable joint. Consequently, it fractures via adhesive fracture (at 15 N fracture force). To produce this specimen, a welding energy of 50 J, a welding amplitude 35 µm, and a welding pressure force of 1.1 kN were applied. The second set of specimens was joined with medium (60 J; 40 µm; 1.1 kN), and the third with high (70 J; 40 µm; 1.1 kN) energy input. In the case of the third specimen, strong adhesion of the specimen to the anvil was already observed.



The CT images of the specimens reveal that, with increasing welding energy and amplitude, the wrinkles between the horn tips increase sharply until cracks appear in individual foils at the maximum welding parameters. However, the four-point measurements show only minor differences in electrical resistance (Figure 8b), with a tendency toward slightly decreasing resistances and lower standard deviations with increasing welding parameters. The fracture pattern of the tensile tests show that adhesive fracture occurs for the specimens that were welded with the lowest energy input. In contrast, a substrate fracture appears when the energy input is increased. In the subsequent examinations, the welding parameters were always optimized for substrate fracture without over-welding taking place.



To assess the influence of the coating thickness on the weld properties, four of the metal–polymer current collectors were joined with a 200 µm tab. The foils used were coated with copper on both sides. Copper coating thicknesses between 125 nm and 1000 nm were considered. A 12 µm PET (V2) was used as the polymer substrate. The results of the mechanical tests as well as the resistance measurements are presented in Figure 9.



The results of the tensile tests show the strength of the welds increases as the coating thickness increases. Since substrate fracture occurred in all specimens, this is likely attributed to the enhanced load-carrying capacity and strength provided by the additional copper coating. The gain in fracture strength average 55% between the 125 nm and 1000 nm coating thicknesses. It is at least 33.4 N for the copper-coated PET foil, which is still sufficient for the mechanical loads within the cell.



Simultaneously, there is a linearly decreasing trend in sheet resistance as the copper coating thickness increases. Conversely, the electrical resistance of the welded joint decreases exponentially from an initial value of about 195 mΩ at a coating thickness of 125 nm to 5.4 mΩ at a coating thickness of 1000 nm. Thus, the electrical resistance of the weld correlates exponentially with the sheet resistance. Since the lowest weld resistance was recorded for the foils with the lowest sheet resistance and, therefore, the highest coating thickness, it can be concluded that higher coating thicknesses are favorable for contacting with ultrasonic welding.



As an alternative polymer substrate, a 6 µm PEN foil (V3) was also coated on both sides, welded to the arrester tab, and compared with the metallized PET substrate. The comparison of weld resistances and sheet resistances for two coating thicknesses is given in Figure 10.



The diagram demonstrates that the sheet resistances of the two different polymer substrate materials differ at the same coating thickness (e.g., 24.1 mΩ/□ vs. 40.6 mΩ/□ at 1000 nm coating thickness). However, the weld resistances also vary and mirror this trend with resistances of 5.4 mΩ and 10.8 mΩ, respectively. This trend is also evident in the measurements for the lower coating thickness of 125 nm. Considering this, the two substrates exhibit similar behavior. Therefore, it can be concluded that changes in weld resistance are reflected in the changes in sheet resistance. Since the substrate material does not influence the sheet resistance, it can be assumed that slight variations in the morphology or actual thickness of the copper coatings between the polymer substrates are present that have not been detected. Given this, no differences between the two substrates can be identified regarding the weld properties.



For pouch cell contacting, it is important to investigate how many foils can be welded and to what extent the joint properties change with the number of welded foils. To investigate these effects, the V1 foil with an aluminum coating thickness of 1050 nm was chosen, as it was also used in the sensitivity studies of the welding process. Up to 16 foils were welded with optimized welding parameters to ensure substrate fracture regardless of the number of foils in the stack. The results of electrical resistance measurements and tensile tests depending on the number of welded foils, as well as an overview of the welding parameters, are presented in Figure 11.



The fracture forces increase with the number of foils in the stack. The maximum fracture force was recorded when 12 foils were welded. The continuous increase is mainly due to the larger number of foils welded and thus the overall higher load-bearing capacity of the foils. The fractures occur primarily in the outer area of the weld zone, where the material has thinned due to the welding process. For this reason, the strength does not increase linearly with the number of foils. For the 16-layer specimens, the fracture force decreases significantly while having an adhesive fracture in the specimens. Welding more than 16 foils is not attainable due to the weak adhesion between the arrester tab and the foil stack. This corresponds with the energy input required to produce the welds. From the welding parameters, it can be seen that the required energy input to achieve sufficient welds increases with the number of foils. However, if the number of foils is too high, a further increase in energy input cannot create high-strength welds as the adhesion between the layers is too low to create joints. Instead, the high energy input leads to a strong sticking to the anvil.



The measurements of the electrical resistances of the respective welded joints can be divided into two ranges. One range is between one and four Al@PET foil sheets, where the electrical resistance is relatively constant at about 7 mΩ. The other range, with an electrical resistance of about 11 mΩ, is between 8 and 16 welded sheets. The explanation for this is that, in the welds with up to four foils, the electrical paths are short, but the thermoplastic is not yet fully plasticized. Therefore, the electrical resistance is not significantly lower in the one-foil weld than in the four-foil weld. In welds with 8 or more foils, sufficient thermal energy is introduced to melt the PET. Simultaneously, however, the pressure generated during the process also pushes the PET out of the area of the horn tips. As a result, the length of the conduction paths does not change, and since the ratio of aluminum to PET remains the same, the electrical resistance is similar. Thus, the resistance depends only on the length of the conduction paths and whether the PET actually melts completely and the metallization fragments enter the polymer. The fragments are thereby small particles from the former aluminum coating that remain in the PET after the welding process.



The cross-section of an ultrasonically welded joint with 16 foils proves that the foil structure is destroyed and stochastically distributed conduction paths are formed, which are responsible for the electrical contact (Figure 12).



A change in electrical resistance that could have resulted from the altered fracture pattern is not discernible in the resistance measurements for 16 sheets. Nevertheless, the weld resistance is at least an order of magnitude higher than that of ultrasonically welded joints with conventional aluminum or copper foil [38].




3.2. Laser Beam Welding


Laser beam welding tests were conducted using the Al@PET foil (V1). It is important to note that no welding was achieved. Light microscope images reveal a strong formation of soot on the foils and a retraction of the foils from the laser beam area. This is evidenced by wrinkles at the edges. Additionally, the width of the cut caused by the foil retraction is approximately 100 µm, which is considerably larger than the laser beam spot diameter (70 µm) (see Figure 13). Furthermore, the heat input from the laser beam results in a large heat-affected zone, distinguishable due to the wrinkling and retraction of the foil in this area. This begins to occur at temperatures around 110 °C, at which point the foil starts to shrink. In this regard, the metal–polymer foil fulfills its function of retracting at elevated temperatures, which has a detrimental effect during fusion welding and thus renders it unsuitable for laser welding.




3.3. Mechanical Contacting as an Alternative Joining Process


Mechanical contacting by clamping the foils between electrically conductive interlayers could be an alternative to the welding process, despite the increased process effort. At the same time, this method could be independent of the number of foils to be contacted and thus not limited in this respect. In addition, the specimens can be produced without visible damage to the foils (as illustrated in Figure 14a).



The subsequent tensile tests were performed on specimens with 15, 20, and 30 foils made of material V1. Substrate fracture occurs due to high plastic strains in the foils. The bottom tabs also deform (see Figure 14b).



The achieved strength reaches up to 240 N, six times the fracture strength of the ultrasonically welded joint. This is enabled by the integrity of the foils during the joining process. This is not given with ultrasonic welding. The fracture strength is highest for 15 sheets and about 30% lower for 20 and 30 sheets. This may be due to the slightly eccentric force application. However, there is a large scatter in the tensile tests (see Figure 15).



In the four-point probe measurements, the resistance drops from 55 mΩ when contacting five foils to as low as 25 mΩ when contacting 20 foils. In addition, the high standard deviation at five and ten foils decreases. This can be attributed to the increasing thickness of the foil stack, which results in a higher surface pressure caused by the design of the clamps. Between 20 and 30 sheets, there are no significant differences in electrical resistance.





4. Discussion


To be suitable for contacting, a current collector must first be joinable or weldable. This was achieved with two of the three joining processes. Laser welding proved to be unsuitable due to the high heat input that melted the thermoplastic substrate and caused the foil to withdraw, preventing the formation of a viable joint. This circumstance rules out fusion welding processes for contacting, as they typically involve high temperatures that could damage the polymer substrate.



Ultrasonic welding was able to produce welds of sufficient quality for laboratory cells. However, it should be noted that the process window for ultrasonic welding with the metal–polymer current collector is significantly narrower than for comparable welds with conventional aluminum or copper foil, as adhesive fractures, cracks, and anvil sticking occur earlier compared to full metal foils. The melting of the polymer substrate is likely the cause of this. The molten polymer also ensures an adhesive attachment of the foils to the metallic arrester tab. Thereby, the polymer, especially PET, forms only low adhesion to the tab without prior surface pretreatment. Therefore, it is expected that the adhesion will not significantly change with the number of foils to be welded or the associated welding parameters. Furthermore, the molten polymer also adheres to the anvil, causing strong sticking. This results in a significantly reduced process window compared to metal foil welds and, in the limit case, lead to adhesive fractures during tensile testing.



Thus, the process is limited for large-scale applications. This is due to two main reasons: First, it was not possible to weld more than 16 current collectors. This falls significantly short of the requirements for industrial applications. Second, both the mechanical strength and electrical resistance of the weld tend to increase with the number of welded foils.



The tensile strength of the welded joints was adequate, but it did not increase proportionally to the number of foils. The molten polymer displacement during the ultrasonic welding process significantly reduces the thickness in the areas of the weld spots, causing the polymer to lose its rigid alignment and resulting in a loss of strength. Additionally, the foils may be partially perforated or torn, which promotes crack propagation. In combination, these factors lead to a substantial decrease in the mechanical load-bearing capacity.



The most important property is probably the weld resistance of the joint. The weld resistances measured were significantly higher than those of metal foil welds, ranging from five to twelve milliohm. The electrical contacting is possible by enabling electrical conductivity over multiple foil layers through the fragments in the molten polymer. The fine distribution and arrangement of these fragments ensure reproducible measurement results. Correspondingly, the high number of contact resistances between the fragments in the polymer increases the electrical resistance compared to a homogeneous coating, limiting the achievable electrical conductivity of the welds. Thereby, the weld behaves like a polymer with electrically conductive fillers. However, the filling effect is restricted in terms of the electrical resistance [39]. The achieved weld resistance would result in high power losses during fast charging and discharging, causing the cell to heat up considerably. Thereby, the biggest lever for reducing electrical resistance is to increase the thickness of the metallization. This improves the density and size of the electrical conduction paths following the welding process. However, achieving a resistance of less than one milliohm would likely require several micrometers of coating thickness. This is not feasible from either a process or economic perspective, as even depositing a coating thickness of one micrometer generates high temperatures during electron beam evaporation, necessitating specialized cooling. A further thickening of the coating would only be possible if the foils were coated in several passes. This would significantly increase costs, making metallic aluminum and copper current collectors more attractive from an economic standpoint. This also holds true for other coating processes such as electrochemical deposition.



A switch to other, more temperature-stable polymer substrates could therefore be advantageous. This would allow for a corresponding reduction in substrate thickness. However, even the use of a different polymer substrate (6 µm PEN instead of 12 µm PET) has not shown any significant impact on the properties of the welded joints for the copper-coated metal–polymer current collectors. Nevertheless, it is important to note that the PEN substrate is both thinner and more temperature-resistant than the PET substrate. These properties may counteract each other, as the length of the conduction path and the melting of the thermoplastics are two factors that influence the electrical resistance of the weld. Therefore, it is not possible to determine whether a PEN substrate of the same thickness would behave identically to the PET substrate.



Based on these findings, it can be stated that the potential for contacting metal–polymer collectors using ultrasonic welding is limited by both the high electrical resistance of the weld and the restricted number of weldable foils. Furthermore, the joint’s resistance to aging under the extreme conditions within a cell is not certain. The differing thermal expansion coefficients of aluminum and PET can induce critical mechanical stresses within the cell. This expansion can also disrupt electrically conductive paths, thereby increasing the electrical resistance. These factors, along with the chemical exposure of PET to the electrolyte, could negate the benefits of metal–polymer current collectors [40,41].



The alternative contacting process by clamping is presumed to be independent of the number of joinable foils. In this method, the foils are contacted on both sides over a large area without causing any damage. Consequently, the ability to join is assured. Electrical conductivity is achieved through the surface pressure between the current collectors and the aluminum contacting aids. These aids then conduct the electrical current via the screws to the bottom arrester tab. However, the electrical resistance remains unsatisfactory and is the limiting factor of this process. In some instances, the electrical resistance was several times higher than that of ultrasonically welded joints. This restricts the application of this method within battery cells. Thereby, the resistance steadily decreased up to the 20-foil specimens and then leveled off. At this point, a uniform surface pressure was achieved, which did not further increase with the number of foils. Therefore, from 20 foils onward, the electrical resistance is independent of the metal–polymer foils examined (see Table 2).



The electrical resistance can be further reduced by increasing the surface pressure and eliminating unnecessary contact resistances, such as between the contacting aid and screw, and between the screw and arrester tab, by employing alternative joining methods. Indeed, an adaptation of the design is necessary for use in cells. The positioning of the foils and the preparation of the clamped specimen were complex. Additionally, the use of steel screws in a cell would also be unsuitable for electrochemical reasons. Nickel or aluminum would have to be used on the cathode side, which would likely require a modified design. Therefore, a more effective approach might be to substitute the screws and utilize other joining methods, such as ultrasonic welding or laser beam welding, for contacting the aluminum aids and arrester tabs. These methods do not require any supplementary material and, consequently, do not add additional mass.



Nevertheless, the contact resistance of the current collectors cannot be reduced at will and will remain above one milliohm, even when applying the highest surface pressure. Conversely, surface pretreatment could significantly reduce the contact resistance [42], but would be a further inhibition threshold for the use of metal–polymer current collectors due to the fast cycle times in battery cell production.



The design used here achieved high fracture strength in the tensile tests. The slight decrease in fracture force for specimens with 20 and 30 foils is primarily due to the challenges of positioning the foils, resulting in an uneven stress distribution within the specimen. Nevertheless, the mechanical strength remains adequate. It is anticipated that the environmental conditions within the cell will not significantly alter the joint properties when clamping is employed.



Hence, compared to the ultrasonic welding process, the clamping process offers advantages in terms of the number of foils that can be joined and mechanical strength. However, in all other aspects (electrical resistance, process implementation, and effort), ultrasonic welding is more suitable.




5. Conclusions


It has been demonstrated that ultrasonic welding and mechanical clamping can be employed to join the investigated foils. In both cases, reproducible results have been achieved in terms of mechanical strength and electrical resistance.



However, the joining mechanisms differ fundamentally. Ultrasonic welding involves melting the thermoplastic core, leaving small fragments of the metallization embedded in the PET that facilitate electrical conductivity. The coating thickness has proven to be a significant influencing factor in this process. But, the melting process severely limits the number of weldable foils due to sticking to the tools. Mechanical clamping, on the other hand, is independent of this limitation. Here, the electrical resistance stems from the contact resistances within the joint.



In both cases, the electrical resistance is in the range of several milliohms. Reducing it to the level of intermetallic joints will not be feasible. Therefore, while both processes allow for the contacting of laboratory cells, they will lead to substantial power and energy losses at high currents. Ultrasonic welding is already reaching its process limits in this regard. Clamping, on the other hand, still offers the possibility of reducing the electrical resistance, which would be necessary for industrial applications. Nevertheless, it remains questionable whether such a process can be integrated into the existing process chain for battery cell production. Laser beam welding was not suitable due to the high energy input required.



Hence, further research must focus on developing new and adapted processes. This includes multi-stage processes, such as pre-steps to ultrasonic welding that enable the formation of electrical conduction paths through the metal–polymer current collectors.
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Figure 1. (a) Principle of metal–polymer current collectors (inspired by [17]) and (b) metal–polymer current collector in a laminated cathode. 
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Figure 2. Concept of ultrasonically welded specimen. 
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Figure 3. Clamps for laser beam welding to achieve a zero gap. 
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Figure 4. (a) Contact aids and top, respectively, (b) bottom arrester tab design for mechanical clamping. 
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Figure 5. Specimen buildup for mechanical contacting by clamping. 
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Figure 6. Visual assessment of ultrasonically welded joints: (a) no joint achieved (under weld), (b) good joint achieved/good weld, and (c) anvil sticking and damage of foils (over weld). 
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Figure 7. Four-point probe measuring principle for electrical resistance measurement on ultrasonically welded specimens. 
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Figure 8. Dependence of the weld quality on the ultrasonic welding parameters: (a) CT scans of the welds, (b) electrical resistances of the specimens, and (c) fracture patterns after tensile tests. 
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Figure 9. Mechanical and electrical properties of ultrasonically welded metal–polymer current collectors in dependence of the coating thickness resp. sheet resistance (in mΩ/□). 
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Figure 10. Comparison of metallized foils with different substrate materials and coating thicknesses resp. sheet resistances (in mΩ/□) in respect of the weld resistance (in mΩ) after ultrasonic welding. 
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Figure 11. Impact of the number of foils welded with optimized parameters on the electrical resistance and fracture force of the welds. 
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Figure 12. Microscopic image of a cross-section from an ultrasonically welded joint with 16 foils of aluminum-coated PET foil (a) with 100× and (b) 1000× magnification. 






Figure 12. Microscopic image of a cross-section from an ultrasonically welded joint with 16 foils of aluminum-coated PET foil (a) with 100× and (b) 1000× magnification.



[image: Jmmp 07 00219 g012]







[image: Jmmp 07 00219 g013] 





Figure 13. Microscopic image of a foil after the welding experiment. 
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Figure 14. (a) Specimen manufactured by mechanical clamping and (b) same specimen tested. 
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Figure 15. Properties of mechanically clamped metal–polymer foil stacks. 
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Table 1. Overview of the investigated metal–polymer current collectors with its sheet resistance in milliohm per square (mΩ/□).
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	Variant
	Polymer Substrate
	Coating
	Sheet Resistance





	V1
	8 µm PET
	1050 nm Aluminum
	Approx. 40 mΩ/□



	V2
	12 µm PET
	Copper (varying thickness)
	241–24.1 mΩ/□



	V3
	6 µm PEN
	Copper (varying thickness)
	217–40.6 mΩ/□










 





Table 2. Evaluation of the investigated joining methods with regard to their suitability for contacting battery cells.
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	Process
	Joinability/Weldability
	Mechanical Load Bearing Capacity
	Electrical Resistance





	US welding
	✓
	O
	O



	Laser beam welding
	X
	-
	-



	Clamping
	✓
	+
	O/-
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