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Abstract

:

The safety of lithium-ion batteries has to be guaranteed over the complete lifetime considering geometry changes caused by reversible and irreversible swellings and degradation mechanisms. An understanding of the pressure distribution and gradients is necessary to optimize battery modules and avoid local degradation bearing the risk of safety-relevant battery changes. In this study, the pressure distribution of two fresh lithium-ion pouch cells was measured with an initial preload force of 300 or 4000  N . Four identical cells were electrochemically aged with a 300 or 4000  N  preload force. The irreversible thickness change was measured during aging. After aging, the reversible swelling behavior was investigated to draw conclusions on how the pressure distribution affected the aging behavior. A novel test setup was developed to measure the local cell thickness without contact and with high precision. The results suggested that the applied preload force affected the pressure distribution and pressure gradients on the cell surface. The pressure gradients were found to affect the locality of the irreversible swelling. Positions suffering from large pressure variations and gradients increased strongly in thickness and were affected in terms of their reversible swelling behavior. In particular, the edges of the investigated cells showed a strong thickness increase caused by pressure peaks.
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1. Introduction


Lithium-ion batteries (LIBs) are increasingly widespread, largely due to the growing sales of electric vehicles (EVs) [1]. LIBs inherently suffer from safety risks and pose different hazards such as electrical, chemical and thermal hazards when abused [2,3,4]. To ensure high safety standards, the mechanical behavior of batteries throughout their service life must be investigated [5,6].



One of the critical mechanical parameters to address is the pressure distribution, which affects not only the performance but also the safety of the battery [7,8,9,10,11,12,13]. The influence of the pressure distribution is even more pronounced in next-generation Li-metal batteries, which experience larger volume changes than conventional LIBs [14,15,16]. An inhomogeneous pressure distribution may lead to a localized pore closure which promotes the occurrence of higher local current densities resulting in hot spots and a local overcharge causing a localized lithium plating [7,17,18,19,20,21,22]. Hot spots and lithium plating can lead to an accelerated inhomogeneous aging [23,24] and an increased risk of internal short circuit potentially culminating in a thermal runaway [25].



Lithium plating describes the deposition of metallic lithium that occurs preferably under specific conditions (e.g., low temperature, high current density) and was reviewed in the literature for instance by Lin et al. [26]. An accumulation of lithium ions exceeding the mass transfer limitations and the resulting inhomogeneity of the lithium distribution or a large overpotential trigger lithium plating [27]. Lithium plating is partly reversible, and the plated lithium can be reactivated under specific conditions [28,29]. Long resting periods after electrochemical cycling recover the homogeneity of the lithium distribution and favor a reactivation of metallic lithium encapsulated by passivating layers resulting in a recovery of the capacity [30,31]. An anode overhang by a geometrical overlap with respect to the cathode functions as a lithium-ion sink, compensates the high local current density [32] and can therefore prevent lithium plating especially on the border of the anode [33].



The pressure applied on the cells inside a module is highly affected by their continuous reversible and irreversible volume changes during their use [11,34]. Reversible swelling (a reversible volume change) is a result of lithiation and delithiation of the electrode’s active material [29,35,36,37,38]. Irreversible swelling (an irreversible volume change) is mainly caused by morphology changes, interphase growth, the formation of gas and passivating layers [11,29,34,39]. Graphite increases its thickness by about 10% [40,41] upon lithiation. However, the thickness increase considering reversible swelling decreases with the state of health (SOH) as a result of the loss of lithium inventory (LLI) [42,43].



LIBs cells for automotive applications are commonly assembled in a module to retain mechanical stability, safety and durability [44]. The module battery housing must withstand both external mechanical stresses (e.g., shock and vibration) and internal stresses (e.g., irreversible and reversible swelling) [37,45,46,47,48,49,50,51]. The initial preload force imposed by the battery housing directly affects the resulting internal pressure over the battery lifetime [44,47]. An excessive preload force should be avoided as it leads to a greater deterioration in battery life [17,18,37,45,52,53,54,55,56]. Similarly, a minimal or total absence of preload force also reduces the battery lifetime as it is necessary to maintain contact between the cells in order to prevent their deformation and a delamination of the layers [57,58,59,60,61,62,63,64,65,66,67]. Thus, maintaining the preload force within a certain range is beneficial to the long-term performance of the battery [8,45,53,54,68,69,70,71,72,73,74,75,76].



It has been shown that a pressure inhomogeneity causes localized aging and severe degradation, leading to safety-relevant changes in the battery cell. However, the literature has mostly focused on measuring the battery cell thickness globally or the force evolution during the electrochemical cycling, while the change in locality has so far only been investigated sporadically [8,53,77]. An in-depth understanding of the evolution of reversible swelling due to aging can be useful both for aging modeling and for improving the module design to optimize battery life and safety. This study aimed to investigate the influence of cell aging on the magnitude and locality of reversible swelling (i.e., thickness increase between 0% state of charge (SOC) and 100% SOC).




2. Materials and Methods


The pressure distribution at 0% SOC and 100% SOC of two fresh pouch cells, taken as reference, was measured under a preload force of 300  N  and 4000  N  applied at 30% SOC. The pressure distribution was used to correlate the change in the reversible swelling behavior with the aging mechanisms. Four other fresh pouch cells were electrochemically cycled with a preload force of either 300  N  or 4000  N  and a flexible bracing realized with springs. After cycling, the local thickness was measured on the aged cells and on the two fresh reference cells. The local thickness was measured without contact with high-precision capacitive distance sensors.



2.1. Specimen


The analyzed battery cells were commercial 60   A  h   pouch cells with nickel–manganese–cobalt oxide cathode (NMC622) and a graphite anode. An overview of the cell specifications is given in Table 1. The outer dimensions of the cell were 300 × 110   m m  . The jellyroll had dimensions of 260 × 90   m m   and a nominal thickness of 14.5   m m  , according to its data sheet. The cells had 31 cathodes and 32 anodes with a total thickness of 172   μ m   and 208   μ m  , respectively. The separator had a thickness of 15   μ m  . A dissection of the cell revealed that separator sheets were placed between two anodes and one cathode or between two cathodes and one anode to form an electrode stack. One electrode stack after the other was wrapped inside a long separator sheet to form the jellyroll.




2.2. Pressure Distribution


The pressure distribution was measured with a pressure mapping sensor (Tekscan 5511). The pouch cells were fixed at an SOC of 30% with a preload force   F pre   of 300  N  or 4000  N  with a compression stamp with a velocity of 0.02   m m   s  −1. After applying the preload force, a relaxation time of 30  min  was kept to account for mechanical relaxation [78]. After mechanical relaxation, the pouch cells were discharged with an electric load (Elektro-Automatik EA-EL 9080-340 B) using a constant current–constant voltage (CC-CV) protocol to a voltage of 2.5  V  corresponding to 0% SOC. A discharge current of 30  A  (0.5 C) and an abort current of 3  A  (0.05 C) were used. The pouch cells were consequently charged with 0.5 C with a power supply (Elektro-Automatik EA-PSI 9080-340) to 30%, 60%, 90% and 100% SOC with a relaxation time of 15  min . The charging procedure followed a CC-CV protocol when reaching the upper voltage limit of 4.2  V . The tests were repeated two times for each preload force and were performed with two fresh reference cells (F1, F2).



The test setup consisted of two aluminum plates and a test bed with an electric motor to apply a preload force. The pouch cells were placed between the aluminum plates and two compression pads (PORON® 4701-60 Polyurethane) with a thickness of 2   m m   that were placed on the top and bottom of the pouch cell. Figure A1 illustrates the compression force deflection curve of the used compression pads. The compression pads were slightly smaller (250 × 80   m m  ) than the pouch cell’s surface to avoid an influence of the edges. Below the compression pad at the bottom, a sheet of phenolic paper (Pertinax®) with a thickness of 3   m m   was placed to provide electrical insulation between the pouch cell and the aluminum plate. The pressure mapping sensor was placed above the compression pad at the top. The test setup is illustrated in Figure 1.



The compression force was measured continuously with a load cell (Megatron KMB38) to calibrate the measured pressure distribution. The pressure mapping system was triggered externally to have time-synchronous signals. Additionally, cell voltage and tabs temperature were measured and logged throughout the process.




2.3. Aging Procedure


Four pouch cells were constrained in a constant-force spring-based bracing, shown in Figure 2, with a preload force   F pre   of either 300  N  (12.8   kPa  ) or 4000  N  (170.9   kPa  ) at 30% SOC. Two pouch cells were used for each preload force level (i.e., 300  N  and 4000  N ).



The test setup consisted of two aluminum plates that were guided with four shafts on the edges. Four springs were used to account for a realistic bracing. An overall spring stiffness of 31   N   m m  −1 was chosen for the preload force   F pre   of 300  N . For the preload force   F pre   of 4000  N , an overall spring stiffness of 261   N   m m  −1 was chosen. The spring stiffness was chosen to imitate the stiffness of commercial compression pads used in battery modules. Four load cells (Burster 8438-6010) were attached on the guiding shafts to set the initial preload force and measure the force evolution. An inductive displacement transducer (Schreiber Messtechnik SM210.10.1.K) was attached in the center of the top aluminum plate to measure the thickness of the pouch cell during electrochemical cycling.



The cycling procedure was conducted with a cell tester (Digatron MCT 200). The cycling procedure was performed inside a thermal chamber (Binder MK240) at 35     ∘  C   and consisted of several phases: reference performance test (RPT), cycle life test (CLT) and waiting phases.



RPT was defined in accordance with the USABC protocol [79] and was also used in other publications [80,81]. The RPT protocol consisted of 3 charge and discharge cycles between the upper and lower voltage limits of the pouch cells to determine the actual capacity. The cells were charged with 0.33 C and an abort current of C/20 within a CC-CV procedure. The discharge was performed with a CC procedure with a current of 1 C. After the 3 cycles, a discharge pulse with 3 C and a duration of 30  s  was applied.



The CLT consisted of a specific number of charge and discharge cycles, see Figure 3. Charging and discharging were performed with CC-CV with a charge rate of 0.5 C and an abort current of C/20 and with a CC with a discharge rate of 1.2 C, respectively. The voltage limits were set according to the RPT test to cycle the cells between 0% and 80% SOC. This SOC range was selected following preliminary studies in which rapid degradation was found while cycling over the entire SOC range (i.e., from 0% to 100% SOC), this result is also in line with the scientific literature [82]. Therefore, to reduce the effects of degradation, a reduced SOC range was chosen.



Figure 3 illustrates the overall cycling procedure. An RPT cycle was used to define the voltage limits for the following CLT phase. After the CLT, the cell was brought to 100% SOC and, after a waiting period of 24  h  or 48  h , the procedure continued with the RPT phase. Different waiting periods were selected to check the influence of different waiting periods on the capacity recovery [30]. This procedure was repeated until either 300 cycles were reached within the CLT or 85% SOH was measured within the RPT phase. The pouch cells A1 and A2 were cycled with an initial preload force   F pre   of 300  N  and had a waiting period of 24  h  or 48  h . The pouch cells B1 and B2 were cycled with an initial preload force   F pre   of 4000  N  and had a waiting period of 24  h  or 48  h .




2.4. Local Thickness


A novel surface measurement method was developed to measure the local thickness in a contactless manner and determine the reversible swelling behavior of fresh and aged pouch cells. The pouch cells were fixed in a fixture that allowed a reproducible placement. Two opposing high-precision capacitive sensors (Micro-Epsilon CSE3) with an accuracy of ±0.012   μ m   were attached to a sensor holder. Alignment errors were reduced and the accuracy was increased by the use of two opposing sensors. Both pouch cell fixture and sensor holder were attached to a special test bed consisting of two movable axes. This allowed us to scan the pouch cell’s thickness at different locations. A reference length   R e f   was set with a gauge block to be able to calculate the thickness t of the cell from the distances   d 1   and   d 2   measured by the two capacitive sensors, see Figure 4a. The thickness was measured at 175 different points divided into 7 rows and 25 columns. The measured surface area covered 240 × 70   m m  , as shown in Figure 4b. The complete cell surface could not be measured due to the sensor diameter (20   m m  ).



The pouch cell’s surface was scanned at 0%, 30%, 60%, 90% and 100% SOC. The pouch cells were discharged with a CC-CV protocol with 0.5 C and an abort current of 0.05 C to 0% SOC. The surface was scanned after a relaxation time of 10 min. This strategy was used since the thickness tends to decrease after the charging/discharging phase. The cause of this phenomenon is the presence of thermal expansion and the diffusion of lithium ions [12,83]. The pouch cell’s thickness did not change significantly after the observance of the relaxation period, as found in a preliminary study. Charging was done with 0.5 C and a CC-CV protocol with an abort current of 0.05 C when the upper voltage limit was reached. The surface was measured on two fresh reference pouch cells (F1, F2) and on the four aged pouch cells (A1, A2, B1, B2) and were repeated twice to validate the measurement results.



The thickness in the center of the pouch cell was measured continuously during charging and discharging. Additionally, the voltage and temperature on the tabs was monitored with the same measurement equipment used for the pressure distribution. The same electric load and power supply as for the pressure distribution measurement were used for the charging and discharging of the pouch cells.



An evaluation method had to be defined to make statements about the homogeneity of the pouch cell’s surface. Figure 5a illustrates exemplary results for a thickness distribution. A pointwise evaluation of the thickness was conducted, and a histogram was created based on the measured thickness. A narrow histogram indicated a homogeneous surface. The histograms were transferred into a boxplot to make the comparability between measurement results easier, see Figure 5b. Q1 and Q3 were used to indicate the first and third quartiles of the evaluated data.



The percentage local thickness increase   Δ  t local   ( x , y )    was calculated with respect to the measured average thickness at 0% SOC    t avg   ( SOC = 0 )    and is described in Equation (1).


  Δ  t local   ( x , y )  =    t local   ( x , y )     t avg   ( SOC = 0 )     



(1)







   t avg   ( SOC = 0 )    was calculated by the arithmetic mean of the 175 measurement points. The local thickness    t local   ( x , y )    was the measured thickness at the different x- and y-coordinates on the cell’s surface.





3. Results and Discussion


3.1. Pressure Distribution


Figure 6 illustrates the pressure distribution of the two fresh reference cells (F1, F2) at 0% and 100% SOC for the two different initial preload force levels   F pre   of 300  N  and 4000  N . At an initial preload force   F pre   of 300  N , most of the surface was unloaded at 0% SOC. This was also indicated by the boxplot with a median of 0   MPa   for both cells. On the bottom and top edge of the surface at around   y = 210  m m  , two small pressure peaks of 0.15   MPa   could be observed for cell F1. The applied preload force was not large enough to flatten the unevenness of the pouch cell. When the pouch cells were charged to 100% SOC, a pressure could be measured along the edges and in the central area of the surface. The boxplots indicated a median of 0.03   MPa   (  Q 1 = 0  MPa  ,   Q 3 = 0.09  MPa  ) and 0.04   MPa   (  Q 1 = 0  MPa  ,   Q 3 = 0.10  MPa  ) for cells F1 and F2.



The pouch cells constrained with an initial preload force of   F pre   of 4000  N  showed a large pressure on the pouch cell’s edges at 0% SOC. The central area of the surface was for the most part mechanically loaded at 0% SOC as indicated by the boxplot with a median of 0.11   MPa   (  Q 1 = 0.03  MPa  ,   Q 3 = 0.18  MPa  ) and 0.11   MPa   (  Q 1 = 0.02  MPa  ,   Q 3 = 0.18  MPa  ) for cells F1 and F2. However, the right and left edges were not subjected to a mechanical load. Potential irregularities in the thickness, density and resulting mechanical properties of the compression pad might affect the observed pressure distribution. At 100% SOC, the pressure overall increased along the measured area. The boxplots indicated a similar interquartile range with a median of 0.25   MPa   (  Q 1 = 0.13  MPa  ,   Q 3 = 0.34  MPa  ) and 0.25   MPa   (  Q 1 = 0.13  MPa  ,   Q 3 = 0.35  MPa  ) for cells F1 and F2.



Strong pressure gradients could be found for an initial preload force   F pre   of 300  N  when charging and discharging. Figure A2 illustrates the pressure distribution with an adapted scale in order to distinguish local gradients. The pressure gradients could be attributed to unevenness of the pouch cells that were not flattened by the applied force. At an initial preload force   F pre   of 4000  N , smaller pressure gradients could be found as the surface appeared to be flattened by the applied force. The force was not high enough to also flatten the right and left edges of the pouch cells. Evaluating the pressure distribution revealed that the percentage difference between the maximum and average value was smaller for a larger initial preload force   F pre   when charging the battery cells from 0% to 100% SOC, suggesting a more homogeneous pressure distribution.




3.2. Aging Procedure


The electrochemical aging procedure caused a capacity fade of the tested pouch cells (A1, A2, B1, B2). Figure 7a illustrates the capacity retention of the pouch cells over the energy throughput. Pouch cells A1 and A2 with an initial preload force   F pre   of 300  N  showed a linear degradation in the first cycles. After 59   k W  h   (225 cycles), pouch cell A1 stopped degrading and indicated a capacity retention of about 83.4% SOH. At the end of the aging procedure (86   k W  h  , 331 cycles), the capacity increased to 85.7% SOH. Pouch cell A2 showed a similar behavior with a linear degradation to 79.7% SOH upon reaching an energy throughput of 56   k W  h   (221 cycles). The capacity increased as well for cell A2 to 81.7% SOH at the end of the aging procedure (80   k W  h  , 323 cycles). Pouch cells B1 and B2 with an initial preload force   F pre   of 4000  N  indicated a stronger degradation when compared to the other tested cells. Cell B1 had a slightly stronger degradation than cell B2. Cell B1 reached the abort criterion after an energy throughput of 39   k W  h   (169 cycles) with a capacity retention of 67.1% SOH. The degradation rate for cell B2 increased after an energy throughput of 18   k W  h   (61 cycles) and was similar to that of cells A1 and A2 before reaching that energy throughput. Cell B2 reached the abort criterion after an energy throughput of 50   k W  h   with a capacity retention of 70.2% SOH. Table 2 summarizes the initial capacity measured after applying the preload force and the capacity retention at the end of the aging procedure.



Figure 7a shows a capacity plateau towards the end of the aging procedure for cells A1 and A2, initially constrained with a preload force   F pre   of 300  N . This capacity trend suggested that the aging was done at an optimal preload force. Conversely, in the case of applying too high (e.g., cells B1 and B2) or too low a preload force, the capacity would rapidly deteriorate [54]. A battery with an applied pressure too low is prone to delamination due to poor contact between the battery layers, whereas if the applied pressure is too high, it causes the separator pore closure and hinders ion transport, resulting in a high local current density and accelerated degradation [11]. Other effects such as the anode overhang effect or reversible lithium plating might superimpose the degradation mechanisms causing the observed capacity plateau, especially in combination with resting periods, and were found to cause a capacity recovery [30,31].



The reduced ion conductivity through the separator caused by a high preload force may also be the cause of the different initial cell capacities shown in Table 2, in which a difference in initial capacity between the cells with a preload force   F pre   of 300  N  and 4000  N  of approximately 1.6   A  h   was observed.



The results suggested that the waiting time of 24  h  or 48  h  between the CTL and RPT phases did not affect the capacity retention trend of the pouch cells. This was expected as relaxation occurred in a shorter time frame. Calendar aging caused by longer waiting times could be excluded as the total waiting time was significantly lower than the cycling time. The pouch cells with an initial preload force   F pre   of 4000  N  had different degradation behaviors at the beginning of the cycling but the behaviors became similar after an initial phase.



The degradation mechanisms caused an irreversible thickness increase in the tested battery cells. Figure 7b illustrates the irreversible thickness increase over the energy throughput. The thickness increase considered referred to the absolute thickness increase measured at the end of the third RPT cycle relative to the thickness at the beginning of the cycling procedure. All cells indicated a strong thickness increase at the beginning of the aging procedure. This steep increase in thickness is already present in the scientific literature [52] and can be attributed to the reduction of the electrolyte on the surface of the anode, leading to the formation of the SEI layer on the outer surface of the carbon and causing an increase in volume [84]. This initial thickness increase appeared to be unrelated to the applied preload force and was not deterministic. This might be attributed to an additional mechanical relaxation caused by cycling. After the initial phase, the thickness increased linearly during cycling. The thickness increase rate was higher for pouch cells A1 and A2 with an initial preload force   F pre   of 300  N  than for cells B1 and B2 with a preload force   F pre   of 4000  N . For cells A1 and A2, at the end of the aging procedure, an increase in thickness of 5.46   m m   and 5.49   m m   could be measured, respectively. Cell A1 had a slight decrease in thickness after the initial phase, suggesting an additional relaxation. At the end of the cycling, cells B1 and B2 with an initial preload force   F pre   of 4000  N , increased their thickness by 5.27   m m   and 5.15   m m  , respectively.




3.3. Local Thickness


The local thickness was measured after removing the preload force   F pre   on the two fresh reference pouch cells (F1, F2) and on the four aged pouch cells (A1, A2, B1, B2). Table 3 summarizes the average thickness of the tested pouch cells at 0% SOC. The average thickness was determined by the arithmetic average of the thickness measured for two repetitions at the 175 measurement points distributed over the pouch cell’s surface. The two fresh cells F1 and F2 had a similar average thickness with 13.37   m m   indicating a low manufacturing scatter. The aged cells had an average thickness of 14.56   m m   meaning an increase of 1.19   m m   compared to the fresh cells. A small difference could be observed within the group of aged cells for the two different preload force levels during electrochemical cycling.



The increase in the thickness of the aged cells differed from the increase in thickness measured during the aging procedure. The difference was attributed to the fact that in the former case the cell was free to expand and was mechanically relaxed while in the latter case, the measured thickness referred to the cell under an applied preload force.



The local thickness of the fresh and aged pouch cells gave more insights on the effect of the pressure distribution during aging. Figure 8 illustrates the local thickness of the investigated pouch cells at 0% and 100% SOC. The boxplots allowed for a statement about the homogeneity of the measured surface. The fresh pouch cells indicated a rather homogeneous thickness for 0% and 100% SOC, indicated by the narrow width of the boxplot (difference between lower and upper quantiles). The boxplot width of the fresh cells was 0.05   m m   and 0.04   m m   at 0% and 100% SOC, respectively.



The aged pouch cells revealed an inhomogeneity in the local thickness indicated by the boxplot width of 0.1   m m  . The aged cells A1 and A2 had an increased thickness in the center and on the long edges of the cell. The pressure distribution measurement on fresh cells revealed a larger pressure in these areas. It can be assumed that pressure peaks influenced the local aging behavior and caused an accelerated degradation by mechanisms such as particle cracking or lithium plating [85]. A similar trend could be found for cells B1 and B2 even though another initial preload force was used during aging. This suggested that only pressure gradients caused the observed phenomenon. One hypothesis is that the evolution of the reversible swelling distribution is a consequence of the pressure distribution during aging.



Figure 9 illustrates the local percentage thickness increase from 0% to 100% SOC. The averaged local thickness at 0% SOC was taken as a reference. The fresh pouch cells F1 and F2 showed a rather homogeneous thickness increase as expected by considering the absolute thickness. On the edges, the fresh cells showed a reduced expansion. All aged cells indicated an inhomogeneity in the percentage thickness increase. A larger thickness increase could be observed in the central area of the cells and along the edges. Cells A1 and A2, aged with a preload force   F pre   of 300  N , showed a different behavior than that of cells B1 and B2 in terms of absolute values. The distribution and inhomogeneity were similar for the cells aged under different preload force levels   F pre  .



The results indicated that aging changed the internal structure of the cells. The lower percentage thickness increase for aged cells when compared to fresh cells could be attributed to the lower content of cyclable lithium. Cyclable lithium is bound by degradation mechanisms such as lithium plating [86] causing an irreversible thickness increase. This is indicated also by the reduced SOH. Less available lithium leads to a lower potential of expansion, as the lithiation in active material and resulting structural lattice changes are the main cause for reversible swelling.




3.4. Limitations


The stiffness of the test bed was not evaluated and may differ from the stiffness of a real battery module. However, the stiffness of the test bed was expected to be very high when compared to the stiffness of the compression pads used. Therefore, the test bed stiffness was assumed to be negligible. The compression pads were used to get closer to the realistic boundary conditions imposed by the battery module. An example of an improved test bed is the one built by Deich et al. [47] being able to map different battery-module stiffness values.





4. Conclusions


In this study, the surface pressure distribution of two fresh pouch cells was measured with an initial preload force (300  N , 4000  N ) at different SOCs (0%, 100%). Four other fresh cells were electrochemically cycled with a specific aging procedure. Upon electrochemical cycling, the cells were constrained with an initial preload force   F pre   of 300  N  and 4000  N  to investigate the influence of pressure peaks on the degradation mechanism. The reversible swelling behavior was determined by local thickness measurements of the fresh and aged cells.



The pressure distribution revealed peaks up to 0.60   MPa   along the edges and in the central area of the fresh cells. These pressure peaks were expected to cause a local degradation resulting in a local increase in thickness.



The aging procedure was used to prove this hypothesis and showed a linear decrease in capacity for pouch cells with an initial preload force   F pre   of 4000  N . The capacity fading was faster than the one observed for pouch cells constrained with a preload force   F pre   of 300  N . At the lower initial preload force, first a linear capacity fading was observed, followed by a constant capacity retention over the energy throughput. Considering the irreversible thickness increase, a strong increase was observed in the beginning without having a deterministic behavior. After the initial phase, the cell thickness was increasing linearly over the energy throughput. The cells with an initial preload force   F pre   of 4000  N  revealed a slower increase in thickness when compared to the ones constrained with 300  N . From the local thickness measurements of unconstrained cells, the reversible swelling behavior was found to be different between fresh and aged cells. Fresh cells were characterized by a higher but more homogeneous increase in thickness, whereas a similar behavior was found among the cells that followed different aging procedures.



The following conclusion can be drawn from the presented study:




	
Thickness variations related to reversible swelling were conditioned by aging. An aged cell was characterized by a smaller increase in thickness and a different distribution.



	
The inhomogeneous irreversible thickness increase did not depend on the level of initial preload force and is expected to be dependent on pressure gradients during aging.



	
Positions with higher pressure were prone to irreversible thickness increase. In the case of the investigated pouch cells, these positions were along the edges and in the central area.








A homogeneous pressure distribution throughout the life cycle of the battery is essential to avoid large stress gradients throughout the cell surface. Pressure peaks might result in local degradation, leading to the generation of local hot spots and lithium plating. This results in the reduction of battery life and increases the potential of safety concerns associated with the battery. Hence, for both performance and safety reasons, it is crucial to optimize the automotive module design so that the pressure applied on the cells is homogeneous and kept in an optimal range. Further research is needed to investigate the causes leading to an inhomogeneous pressure on fresh and aged cells in order to reduce the associated risks.
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Appendix A


Appendix A.1


Figure A1 shows the compression force deflection curve of the compression pads used in the test setup shown in Figure 1.
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Figure A1. Compression force deflection curve of the compression pad PORON® 4701-60 Polyurethane used to measure the pressure distribution. 
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Appendix A.2


Figure A2 shows the pressure distribution of cells F1 and F2 at 0% SOC and 100% SOC with preload force of 300 N and 4000 N. In contrast to Figure 6, a different scale was used between 0% SOC and 100% SOC thus making the gradient at these SOCs more noticeable.
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Figure A2. Pressure distribution   MPa   of the two fresh reference cells F1 and F2 at 0% and 100% SOC. (a) F1 and    F pre  = 300   N . (b) F2 and    F pre  = 300   N . (c) F1 and    F pre  = 4000   N . (d) F2 and    F pre  = 4000   N . 
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Figure 1. (a) Sketch of the test setup including the pouch cell (1), compression pads (2), phenolic paper (3) and pressure mapping sensor (4). (b) Area covered by the compression pads. 
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Figure 2. Sketch of the constant-force spring-based bracing used to apply the preload force on the cell upon aging. (a) Setup cross section, tested pouch cell (1), ring load cells (2), inductive displacement transducers (3), springs (4) and guiding shafts (5). (b) Setup top view. 
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Figure 3. Aging procedure with RPT, CLT and wait phase with repetition until either 300 cycles or 85% SOH was reached. 
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Figure 4. (a) Sketch of the measuring principle to obtain the cell thickness t. (b) Sketch of the 175 measurement points along the cell surface. 
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Figure 5. (a) Exemplary thickness distribution with the row- and columnwise evaluation of the thickness. (b) Transformation of the thickness histogram into a boxplot. 
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Figure 6. Pressure distribution in   MPa   of two fresh reference cells F1 and F2 at 0% and 100% SOC with (a) F1 and    F pre  = 300  N  , (b) F2 and    F pre  = 300  N  , (c) F1 and    F pre  = 4000  N   and (d) F2 and    F pre  = 4000  N  . 
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Figure 7. (a) Capacity retention over energy throughput during the aging procedure. (b) Irreversible thickness increase over energy throughput during the aging procedure. 
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Figure 8. Local thickness of pouch cells in   m m   for 0% and 100% SOC averaged over two repetitions. Boxplots of local thickness. (a) F1. (b) F2. (c) A1. (d) A2. (e) B1. (f) B2. 
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Figure 9. Local percentage thickness increase in pouch cells in % from 0% to 100% SOC averaged over two repetitions. (a) F1. (b) F2. (c) A1. (d) A2. (e) B1. (f) B2. 
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Table 1. Specifications of the tested cell.






Table 1. Specifications of the tested cell.





	
Parameter

	
Value






	
Nominal capacity

	
60

	
   A  h  




	
Dimension

	
300 × 110 × 14.5

	
   m m  




	
Cathode/anode material

	
NMC622/graphite

	




	
Min. voltage

	
2.5

	
  V 




	
Max. voltage

	
4.2

	
  V 




	
Anode thickness

	
208

	
   μ m  




	
Cathode thickness

	
172

	
   μ m  




	
Separator thickness

	
15

	
   μ m  




	
Layers of cathodes/anodes

	
31/32
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Table 2. Capacity retention of pouch cells after the aging procedure.






Table 2. Capacity retention of pouch cells after the aging procedure.





	
Cell

	
    F pre   

	
Initial Capacity under    F pre   

	
No. of Cycles

	
Capacity Retention




	
(  N  )

	
(Ah)

	
(-)

	
(%)






	
A1

	
300

	
59.5

	
331

	
85.7




	
A2

	
300

	
59.7

	
323

	
81.7




	
B1

	
4000

	
58.1

	
169

	
67.1




	
B2

	
4000

	
58.0

	
219

	
70.2
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Table 3. Average thickness    t avg   ( SOC = 0 )    measured at 0% SOC.






Table 3. Average thickness    t avg   ( SOC = 0 )    measured at 0% SOC.





	

	
Cell

	
     t avg   ( SOC = 0 )    

	
Average




	

	

	
(mm)

	
(mm)






	
Fresh

	
F1

	
13.36

	
13.37




	
F2

	
13.37




	
Aged

	
A1

	
14.59

	
14.56




	
A2

	
14.63




	
B1

	
14.52




	
B2

	
14.51
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