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Abstract

:

Recently, the use of prismatic cells in electric vehicles has increased significantly. Unlike the cylindrical or pouch format, the prismatic cell format has not been sufficiently investigated. In this study, quasi-static mechanical tests are performed on prismatic cells. The tests include a cylindrical and a hemispherical impactor that mechanically load the cells in all three spatial directions. In both in-plane directions, a cell stack consisting of three cells is tested to capture the influence and loading of the outer cells of a cell stack. It is found out that, in the in-plane tests, short-circuiting occurs first in the outer cells and subsequently in the middle cell, which is targeted by the impactor. This result can also be supported by computed tomography scans. The results illustrate that, when evaluating the crash safety of battery cells, several cells should always be tested in order to capture the different loading of the cells.
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1. Introduction


In recent years, the number of electric vehicles on the road has continued to increase. The battery of an electric vehicle can pose a fire risk in the event of a vehicle crash. To reduce this risk, the mechanical properties of the battery must be known so that the car body can be matched to the battery to be protected. With a matched body, the battery can be protected in a vehicle crash so that the fire risk remains low. In the past, there has been some research on the mechanical properties of a lithium-ion battery. Since many electric vehicles are equipped with cylindrical or pouch cells, these cell formats have been studied extensively. For example, a directional dependence of the mechanical properties due to the layered structure within a battery cell could be found [1,2,3,4]. When a cell is loaded in the out-of-plane direction, the load is primarily absorbed by the active materials, which can be compressed like a foam [5,6,7,8,9]. However, when a cell is loaded in the in-plane direction, the current collector foils come into play and the individual layers bulge and buckle [10,11,12]. It was also found that the mechanical failure of a battery cell coincides in time with the occurrence of a short circuit [13,14,15]. After a short circuit, a thermal runaway can be triggered especially at a high state-of-charge (SOC) of a battery cell [16,17]. Both the electrolyte and the gases generated inside the cell can be flammable [18,19].



Meanwhile, prismatic cells are increasingly being installed in electric vehicles, which is why this cell format is also being investigated. Prismatic cells with a capacity of 63 Ah were loaded both statically and dynamically in [20]. The loading direction was limited to the out-of-plane direction. In the study by Zheng [21], only the out-of-plane direction was considered as well, and the cells had a capacity of 5 Ah. In the study of Zhu et al. [22], all directions were tested, both quasi-statically and dynamically. Prismatic cells with a capacity of 234 Ah were used in the experiments. Both out-of-plane and in-plane, only one cell was tested in each piece of experiment. Prismatic cells were quasi-statically and dynamically tested in two of the three spatial directions in [1]. In the study of Xiao et al. [23], the lateral in-plane direction was analyzed. Prismatic cells with a capacity of 50 Ah were quasi-statically and dynamically loaded both with and without a lateral support. The investigations described always used one cell per test. It is assumed that, especially in the in-plane direction with larger impactors, it is important to also examine the neighboring cells, since each cell is loaded differently. In the study of Deng et al. [24], this is realized as a prismatic module consisting of five cells with 63 Ah capacity each being tested. All tests were carried out dynamically.



This leaves open how several cells behave under in-plane loading without additional components of a module such as the side- or endplates. Another aspect to be investigated with this work is the influence of the impactor on the intrusion tolerance. Various studies can be found in the literature, which also test different impactors. For example, in [14], the intrusion tolerance was compared between a spherical and a wedge impactor. In contrast, in [25], the influence of different diameters of a spherical impactor was evaluated. However, there is no comparison between spherical and cylindrical impactors with the same diameter for experiments in all spatial directions. The addressed gaps shall be filled with this research. In this study, prismatic cells are loaded with different impactors in the in-plane and out-of-plane directions. In the in-plane direction, three cells are tested at a time to investigate the consequences for all loaded cells.




2. Materials and Methods


Prismatic cells with a capacity of more than 100 Ah are investigated. An overview of the tested configurations can be seen in Table 1. All spatial directions are tested with different impactors. The configurations are intended to simulate possible loads of a real car crash accident. In the study of Kalnaus et al. [26], a battery module consisting of several pouch cells was loaded in an out-of-plane direction. The test results and computed tomography scan (CT scan) have shown that all jellyrolls within the module exhibit similar deformation patterns and that a short circuit occurs first in the cell near the impactor. Therefore, only one cell is tested at a time in the u-direction (out-of-plane) in this work. In the v- and w-direction (in-plane), three cells are always tested in order to also investigate the effects on the neighboring cells. The cells in v- and w-direction are supported laterally. This support is intended to be rigid. Both the hemispherical and cylindrical impactors have a diameter of 100 mm. The cells at test have a state-of-charge (SOC) of 100%. All tests are performed quasi-statically at a velocity of 1 mm/s. Real crash accidents are dynamic and can cause much higher velocities. For dynamic tests, especially drop tower tests, it is difficult to precisely define the intrusion of the impactor. In order to examine the tested cells after the test with computed tomography, it had to be ensured in this work that a certain intrusion is not exceeded. Hence, a velocity of 1 mm/s is chosen for the impactor.



A change of the impactor always requires a lot of time. Therefore, all tests are first performed with the hemispherical impactor and then all tests with the cylindrical impactor. Finally, the bending test is performed in the u-direction. Table 1 also shows the short names of all the tests. The configuration with hemispherical impactor in v-direction was tested four times because QT03 and QT04 were unusable for data acquisition.



All tests were carried out at TUEV SUED Battery Testing GmbH. The test setup is described in Figure 1. This figure shows test QT01, in which a cell is loaded in u-direction with the hemispherical impactor. The hemispherical impactor is forced into the cell by means of a compression test rig. The impactor itself is wrapped with Kapton and insulating tape to prevent the impactor from short-circuiting the cell. The displacement of the impactor is measured by a linear potentiometer. Three load cells attached to the back panel of the impactor measure the force during the experiment. Three video cameras record the experiment from different perspectives. Photo cameras record all the important details both before and after the experiment. These images are important later for comparison with a simulation model. For each cell, the temperature and voltage are measured at three points. The temperature is measured at the positive terminal, at the negative terminal and at the vent. The voltage is measured first between the positive and negative terminals of the cell. In addition, the voltage is measured between the positive terminal of the cell and the impactor and between the negative terminal of the cell and the impactor. This is to check whether the insulation of the impactor remains intact during the test.



The tests were performed as follows: for each configuration, the first test is executed until the event. In this study, event always means a venting of the cell, which also resulted in a fire in all tests. The last test of each configuration is then no longer executed until the event but stopped beforehand. After a 30-min observation period, the deformed cell is then discharged and short-circuited so that it can be examined with a computed tomography scan.




3. Results


The evaluation of the voltage measurement between the impactor and the cells shows that the impactor did not trigger a short circuit in any test. In some tests, contact of the impactor to one of the terminals was detected, but never to both terminals. In the following, the directions are evaluated individually. Force, displacement, cell voltage, and temperature curves are evaluated, with special mention of new findings.



3.1. u-Direction (Out-of-Plane)


In Figure 2, the results for the u-direction are plotted. Due to confidentiality of prototype test data, axes are shown without numerical values. Exact numerical values are not necessary for this investigation, since the comparison between the impactors, the description of the curves, and the evaluation of the scatter between the experiments can be conducted without exact numerical values. The cylindrical impactor causes a significantly higher force than the hemispherical impactor. This was already expected due to the larger contact area of the cylinder. All curves are initially bent and then become linear. Finally, it is particularly noticeable in the three tests with cylinder impactors that the tests scatter only a very little amount. On the one hand, this is due to the measurement technique, but, on the other hand, it is also due to the fact that the tested cells all correspond to an advanced prototype status. This means that the difference between the individual cells is negligible due to high production standards. In Figure 2, a red triangle indicates when an event occurred during a test. The marker is set after the cell voltage drop in all representations. For the u-direction, cell voltage drop and force drop coincide closely.



Figure 3 shows the test data for the first test QT01. The upper part shows the force and cell voltage over time. Due to confidentiality of prototype test data, the time is only shown as a time period without any unit. The drop in force and the drop in cell voltage coincide closely. However, it is noticeable that the cell voltage does not drop completely but rises again slightly in the meantime and it takes a total of approx. 1 time period for the cell voltage to drop entirely. It is assumed that, due to the size of the cell, only a part of the layers was deformed and a large part remained intact until the fire affected the entire cell.



In the lower part of Figure 3, the temperature measured at the positive and negative terminals and at the vent is shown along with the force. Shortly after the drop in force, the temperature at the negative terminal and at the vent rises very sharply. The temperature at the positive terminal, on the other hand, rises much more slowly. This is attributed to the fact that the impactor has been pushed into the cell below the negative terminal and has probably also triggered a short circuit in that region.



In addition, in u-direction, the difference in the tests with cylindrical impactor and different support is interesting. Tests QT10, QT11, and QT12 were performed with a rigid barrier behind the cell. In test QT18, the cell is loaded by a three-point bending: the cylinder also enters the cell in the middle, but the cell is only supported by two square beams (50 mm × 50 mm), which have a corner radius of 7 mm. To illustrate the difference between these two load cases, the intrusion and the cell voltage versus time period are plotted in Figure 4. In test QT10, the cell voltage already drops at a low intrusion. In this load case, the layers are compressed by the cylindrical impactor until a short circuit occurs. In test QT18, the cell can tolerate around eight times more intrusion. The cell voltage drops here at a high intrusion. The videos of the experiment show that the cell makes contact with the rigid support during bending. The contact point is marked on the curve in Figure 4. From this point on, the individual layers are also compressed in this load case and, after a small additional intrusion, the cell voltage drops. Another difference between the two load cases is the drop of the cell voltage. In test QT10, the cell voltage drops rapidly, while, in test QT18, it takes more than one time period for the cell voltage to drop completely.




3.2. v-Direction (In-Plane)


Figure 5 shows the evaluation of force versus intrusion for the v-direction. In this direction, too, both tests with cylindrical impactor are above the curves with hemispherical impactors. The two curves with cylinders show clear differences. The first test with cylinder was executed until the impactor almost touched the lateral support. However, there was no event in this test. Therefore, the support had to be slightly shortened to allow the impactor to move further into the cell stack on the second trial to determine the event limit. The support was lessened in the region of the impactor hit, giving the cells more room to expand in the direction of the stack. This results in a decrease of stiffness at QT14. It is also noticeable that the event occurs significantly earlier with the hemispherical impactor than with the cylindrical impactor.



In the v-direction, it is also interesting to see at which cell an event occurs first. Figure 6 shows both the force and the cell voltage over time. The cell voltage of the middle and the right cell is shown. The cell voltage of the left cell remains constant in the depicted time range; this is why the curve is not shown. The force increases from the beginning up to approx. the 2.6 time period, after which the force drops abruptly. The drop in force is accompanied by a drop in cell voltage at the right cell. However, the drop in cell voltage is not as strong as the drop in force; it takes about 1 time period for the cell voltage of the right cell to drop completely. At first sight, this is surprising, since the event already takes place at the first dip at approx. a 2.6 time period in the video, and a fire can be clearly seen. The fact that it still takes around 1 time period for the cell voltage to drop completely could be related to the size of the cell. At this point, it is assumed that many layers are still intact at the start of the event that a voltage is still present between the positive and negative terminal.



All data of the experiments in v-direction show that the first event occurs—in each experiment with event—in one of the outer cells. What differs between the tests is the time between the first event in one of the outer cells and the next event. The shortest interval is about 0.5 time period, and the largest interval is about 1 time period.



In order to find the reason why an event occurs first in the right cell, Figure 7 is considered. The deformed cells after experiment QT06 show that the middle cell expands to both sides. It is assumed that this lateral expansion puts additional stress on the neighboring cells. A further analysis is made with the CT scans.



Figure 6 also shows how long it takes for the cell voltage to drop at the middle cell. The interval between the drop in the cell voltage of the middle and right-hand cells is approx. 1 time period. It is important to note that the impactor continues to intrude for a short time after the drop in force, but only up to 3.2 time period. After that, the impactor retracted, which is why it is assumed that the middle cell reached the thermal runaway due to the heat of the right cell and not due to mechanical deformation. To verify this, the temperature sensors of the middle and right cell on the vent are evaluated. In addition, an image at 2.7 time period has been taken from one of the video recordings. Both can be seen in Figure 8. In the upper left corner of the image, the beginning of the event with fire can be seen. In addition, the temperature sensor on the vent of the right cell can be recognized at the bottom of the image. The temperature sensor on the vent of the middle cell is hidden in this picture. The short-circuit in the right cell causes both temperature measurements to increase from 2.7 time period onwards. The temperature of the right cell at the vent even rises somewhat faster, which was also expected due to the short circuit.




3.3. w-Direction (In-Plane)


Finally, the curves of the tests in the w-direction are evaluated. Force versus intrusion is shown in Figure 9. The curves of the tests pushed from above both show a curved course. With the cylindrical impactor, a clear increase can be seen at the beginning, but afterwards the curves level out somewhat. This can be attributed to the support in the two configurations. Although the cylindrical impactor has a larger contact area and therefore a greater increase in force at first, the support for the cells is open in the middle so that the cylinder can move into the cells. This makes it possible for the cells to move out of the way. On the other hand, in the test setup for the hemispherical impactor, the cells are fully supported at the sides, which means that the force increases only slightly at first, but then steadily. If one compares only the tests from above, then here too, like the v-direction, the event clearly takes place earlier with the hemispherical impactor. Only when the hemispherical impactor pushes from below does the event occur later.



In w-direction, it is also investigated at which cell an event occurs first. For this purpose, test QT07 is analyzed in more detail, in which the hemispherical impactor pushes into the cells from above. Figure 10 shows force and cell voltage versus time. The cell voltage is only shown from the middle and right cell, since the cell voltage of the left cell does not change in the time range shown. Between the start and 1.6 time period, the force increases steadily. From 1.6 time period, the force drops sharply and the cell voltage of the right cell also initially shows a smaller drop. From 2.3 time period, the cell voltage then drops completely. From the first drop in cell voltage of the right cell to the first drop in cell voltage of the middle cell, the 3.8 time period elapses. Only at approximately the 5.4 time period does the cell voltage of the middle cell begin to drop slowly, and, from approx. the 6.5 time period, it then drops completely. A similar pattern is also discovered in the other experiments in the w-direction where an event has occurred. In one of the outer cells, an event occurs first and then it takes some time for the middle cell to reach thermal runaway. For the load case with the hemispherical impactor from below, the interval is 2 time period, for the load case with the hemispherical impactor from above, it is a 3.8 time period, and, for the load case with the cylindrical impactor, it is a 37 time period. The fact that the time for the load case with cylindrical impactor is significantly greater than for the other two load cases is attributed to the support, which was not continuous in this load case to allow the cylinder to move into the cell stack. As a result, the cells diverge strongly due to the deformation and the heat can be released to the environment more easily.




3.4. Evaluation of CT-Scans


To understand the failure mechanisms of the battery cells during the different abuse scenarios, it is very essential to investigate the mechanical behavior of the battery cells. Therefore, the CT-Scans of the battery cells involved in the abuse tests have been carried out and the interesting and relevant findings of the CT-Scans follow. All CT-Scans were performed with a resolution of 70 µm. With this resolution, a section of approximately 60 mm of the battery cell could be analyzed.



Figure 11a shows the deformed cell in u-direction, which was loaded with a hemispherical impactor. A pictogram of the load case can be seen in the lower right corner. Figure 11b shows a uv-plane scan of the deformed cell. In the lower right corner, the pictogram shows the scanned section in red. The representation with the pictograms for the load case and the scanned section is adopted for the following figures. In Figure 11a, the deformed cell and the imprint of the impactor can be seen. In Figure 11b, it is obvious that the active materials of the jellyroll have been compressed. The thickness of the individual jellyroll segments is compared to the undeformed thickness. The difference is between 5% and 9% of the original thickness. Due to the static load case, an even distribution is expected. However, the deviations can be explained by the limitation of CT-scans resolution (70 µm). An exact selection of the jellyroll segments is not always possible, and the measured values differ.



The compression of active materials also elaborates the decrease in porosities of active materials, which resulted in squeezing out the electrolyte from the active materials, hence endorsing the nonlinear behavior of the jellyroll under compression as reported in Figure 2.



In addition, Figure 12 shows (a) the deformed cell and (b) the CT-Scans at uw-plane of compression test with a cylindrical impactor. The cross-section of CT-Scans in Figure 12b illustrates that the cell casing is plastically deformed at the top and the bottom. However, due to the impactor height, plastic deformation over the whole casing height was expected. The difference can be explained by the behavior of the electrodes, which seems to be only elastically compressed. Therefore, the deformation in the middle of the cell casing regresses. In contrast, at the top and bottom, the casing was plastically deformed, and this deformation is still visible.



Similarly, the CT-Scans of v-directional abuse tests are of special interest to reveal the initiation of short circuit, mechanical integrity of the cell casing as well as jellyroll, failure of separator and condition of welding joints at the current collector tabs.



First, the CT-Scans of the middle cell involved in the v-directional hemispherical indentation test were captured as shown in Figure 13. Figure 13a illustrates the deformed condition of the battery cell where an opening of the casing can be seen, which resulted in leakage of electrolytes during the abuse experiment. Furthermore, a sharp bend can be observed at the center of the battery cell casing; therefore, it is quite important to investigate the jellyroll in that region. Figure 13b reveals that the layers of the jellyroll seriously bulge at the middle of the cell but are different from the casing deformation.



Likewise, the horizontal cross-section near the loading position in Figure 13c possesses a similar trend, where it can be seen that the layers of electrodes are extremely bulged, but there is no sign of the development of cracks within the layers. In addition, there is no drop of cell voltage in the test data, which confirms that there is no failure of layers of jellyroll. Nonetheless, sharp kinks can be seen as well as delamination of layers. Furthermore, the current collector tabs are also examined through the CT-Scan process to detect the condition of electrical weld joints as shown in Figure 13d. It is found out that the joints were in contact with the tab, and the test data of cell voltage also validates this finding.



In addition, the left cell of v-directional hemispherical indentation test is depicted in Figure 14. Figure 14a shows the deformed cell with the opened casing at the loading position. In all CT scans in Figure 14b–d, a clear crack in the jellyroll is visible. With Figure 14d, the difference in loading between the two jellyrolls of the cell is apparent. The inner one near the impactor shows deformation and bulge, while the outer one seems to be almost unloaded. In Figure 14c, a scan in vw-plane is depicted. In the upper part of the jellyroll where the cell is loaded by the impactor, the jellyroll is deformed and pushed inside the cell. In contrast, the lower part of the jellyroll seems to have the origin position as before the test. In the transition region, the crack is apparent, which leads to the assumption that this crack is caused by tension loading of the layers through the different load force at the upper and lower part of the jellyroll. Although the crack is clearly visible, no cell voltage drop was measured during the test. Therefore, it is assumed that the separator layers in the jellyroll remain intact, hence only the physical contact of electrodes leads to short circuit. Again, the tabs of the cell were examined to inspect the electrical contacts, and Figure 14c provides the evident demonstration of the integrity of the electrical connections, as neither the current collector tears off nor the welded connection torn from the current collector.



Furthermore, CT-Scans of battery cells incorporated in a v-directional cylindrical compression test were carried out. Figure 15 depicts the different cross-sections of the middle cell at certain locations. At first, the CT-Scans in uw-plane in Figure 15b,c near the current collector tab highlights the significant rapture of several layers of electrodes at the bottom. From Figure 15a, one can also notice that the battery cell casing is severely damaged in the region close to the safety vent, as the buckling of the casing took place. Therefore, it is necessary to investigate the CT-Scans of jellyroll in the region of the safety vent and yet again the serious failure of electrode layers can be seen in Figure 15d. Figure 15e also contains the CT-Scans of the battery cell near the impacted region, which unveils the buckling and delamination of the electrode layers.



The right cell involved in the cylindrical compression test in v-direction was also examined through CT-Scans. Figure 16a shows the deformed cell with the opened casing near the impactor and the buckled casing caused by the deformation. Figure 16b shows the section view in uv-plane close to the impacted region, where the failure of electrodes layers is quite evident. Similarly, another section view in the same region illustrates in Figure 16e the phenomenon of delamination of electrode layers. However, the experimental data of cell voltage shows no drop, even though the failure of electrodes was quite predominant. In addition, with Figure 16b,e, the different loading of the two jellyrolls is apparent. While the jellyroll near the impactor shows buckling and delamination, the outer one shows nearly no deformation except for the failure near the cell casing.



On the other hand, the CT-Scans of the current collector tabs indicate in Figure 16 c,d that the electrical connections were almost intact; this could be the obvious reason for no drop in cell voltage. However, a small part of the yellow marked current collector shows failure. In Figure 5, it was quite interesting to observe that the battery cells involved in hemispherical indentation tests failed earlier by withstanding less resistance against the impact compared to the cylindrical compression test. The reason for this could be that the jellyroll during a hemispherical indentation test experienced tension as the hemispherical impactor was only indenting the topmost area of the cell, and the rest of the jellyroll was not affected by the impacted load. On the other hand, in the cylindrical compression test, the complete jellyroll is under compression, and there would be no tension force within the layers.



The abuse tests were also conducted in w-direction, first with a hemispherical impactor. The deformed cell and CT-Scans from the middle cell are shown in Figure 17. Figure 17b,c illustrates the CT-Scans in the uw-plane, where only delamination of several electrodes’ layers can be seen, but there is no sign of a crack in the electrodes. On the other hand, the casing of the middle cell shown in Figure 17 was plastically deformed, but the plastic material between the casing and the upper part of the jellyroll remained intact, which resulted in disappearance of a short circuit event. It is assumed that the first electrode failure will occur in the upper part of the jellyroll where a plastic component is pushed against the jellyroll layers.



Finally, CT-Scans of the cylindrical test in the w-direction were investigated, as Figure 18 contains different cross-sections of the middle cell involved in the abuse testing. Initially, the cross-section in the uv-plane illustrates in Figure 18d–e rupture within some layers of the jellyrolls. Similar to the deformed cell in Figure 18a, the cross-sections in Figure 18b,c show the significant damage of the battery cell casing. In addition, the difference between casing deformation and jellyroll deformation can be seen. As expected, the failure of the electrodes is quite noteworthy, as the crack propagated through the layers of electrodes.



The failure of the electrodes layers in the middle cell has augmented the importance of the CT-Scans investigation of the left cell of the battery stack involved in the w-directional cylindrical compression test. Therefore, similar locations were selected as for the middle cell and a similar kind of revelation can be observed in Figure 19. The layers of electrodes in the left cell were also damaged at several locations. In addition, delamination of jellyroll layers and great deformation of the cell casing is quite evident.





4. Discussion


The results of the cell tests correspond in part to the results of previously published studies. In [1,22,27], a change in the curve for a cell under out-of-plane loading was also determined and the causes analyzed. When evaluating the test results in u-direction, it was also noticed that the scatter of the tests was very small. The cells used for these investigations were of an advanced prototype status. In [1], it was recognized that the degree of maturity of a cell has an influence on the scatter of the measurement results. The closer a cell is to the series level, the lower the scatter of the measurement results. Automated processes in series production can be cited as a reason for this.



A three-point bending was already carried out in [2] with a pouch cell. In this investigation, it was found that the layers slid off each other and thus the load hardly increased. The same is assumed for the results presented in this paper. With three-point bending, significantly higher intrusions could be achieved until an event occurred. It is suspected that the layers of the jellyroll also slide apart from each other in the prismatic cells used here, thus allowing a higher intrusion. Compared to the pouch cell format, it is assumed that the stiffer casing for prismatic cells contributes to a higher bending stiffness.



Another observation from the test results was the course of the cell voltage. In u-direction, the test with hemispherical impactor showed that the cell voltage initially drops, but then recovers somewhat and only then drops completely. In total, it takes about one time period for the cell voltage to drop entirely. In contrast, it was shown in Figure 4 that the cell voltage drops completely within a few seconds for the load case with cylindrical impactor in u-direction. For the results in v- and w-directions (see Figure 6 and Figure 10), the cell voltage did not drop abruptly, but dropped continuously without recovery. This different behavior was also found in other investigations [15,28,29]. In [17], it was found that the drop in the cell voltage is firstly initiated by the components touching each other, which causes a short circuit. Depending on which components are in contact, there is a slow drop (see Figure 6) or a fast drop (see Figure 4). According to [17], the further progress depends on whether one of the current collectors or the separator foils melts first. If one of the current collector foils melts, a soft short circuit occurs, in which the cell voltage recovers somewhat (see Figure 3). If, however, one of the separator foils melts, a hard short circuit occurs, in which the cell voltage drops very quickly (see Figure 4).



During the tests in v- and w-directions, it was noticeable that one of the outer cells always failed first. After reviewing the CT scans, it became clear that the loading situation of the individual cells in a cell stack can differ significantly. Additionally, in these experiments, it was found that the time duration between the first event in one of the outer cells and the second event in the neighboring cell ranged from the 0.5 time period to the 37 time period. The large difference between the times can be explained by the environments. The large duration of the 37 time period was measured in the experiment with cylindrical impactor in w-direction. Here, the lateral support of the cells was not continuous to allow the cylindrical impactor to enter the cell stack. It is assumed that this allows the temperature to be dissipated better to the atmosphere, so that the neighboring cells do not heat up so quickly.



Another aspect of this investigation was the influence of the impactor shape on the intrusion tolerance until event. All directions were tested with a hemispherical and a cylindrical impactor with a diameter of 100 mm. For the tests in w-direction, the results cannot be directly compared because the supports of the cell stack were different. While in the tests with hemispherical impactor the lateral support was continuous, for the cylindrical impactor, the support had to be interrupted so that the cylinder could enter the cell stack. In u-direction, the results showed that a slightly lower intrusion to the event was possible with the cylindrical impactor compared to the hemispherical impactor. This is consistent with the study [30], where the intrusion up to an event was also slightly lower with a cylindrical impactor than with a hemispherical impactor.



For the v-direction, on the other hand, the results showed that, with a cylindrical impactor, the intrusion until event is approximately twice as large as with a hemispherical impactor. Based on the CT-scan results, it was demonstrated that the hemispherical impactor loads the jellyroll differently than the cylindrical impactor and that the load of the hemispherical impactor causes a tensile load on the jellyroll only in the upper region of the cell, which does not occur with the cylindrical impactor.




5. Conclusions and Outlook


In this study, cell tests were performed in all spatial directions with a hemispherical and a cylindrical impactor. In the out-of-plane direction, only one cell was tested at a time. The cell was either pushed against a rigid support or was subjected to three-point bending. In the two in-plane directions, a test always includes a stack of three cells. This was done to investigate the influence of impactor shape and support on the intrusion tolerance as well as the behavior of a stack of cells. The results lead to the following conclusions:




	
By isolating the impactor, it can be excluded as the cause of a short circuit during a crush test.



	
In the out-of-plane direction, a short-circuit is significantly more likely to occur under compression load (rigid support) compared to three-point bending.



	
The experiments in both in-plane directions demonstrate that the outer cells of a cell stack should always be analyzed as well, since they can be loaded differently, so that the intrusion tolerance is lower than for the cell targeted by the impactor. This is illustrated by the CT-scans, which revealed significantly more cracks in the outer cells of a cell stack.



	
The two impactor shapes used (spherical and cylindrical impactor) show that the load on a cell and thus the intrusion tolerance also differ significantly with the impactor shape. Therefore, different impactor shapes should always be tested during compression tests of a cell stack.



	
Even in tests that were stopped before a critical intrusion and in which no change in cell voltage was observed in the measurement data, cracks in the jellyroll have been detected in the CT evaluation of the cells involved. This finding can help to better predict a critical load of a cell and is an important foundation for an appropriate simulation model.



	
Thermal propagation in a cell stack depends strongly on the environment. The better the heat can be dissipated, the longer the propagation of the thermal runaway to another cell will take.








The tests in this study were all performed quasi-statically at a velocity of 1 mm/s. Further investigations could use much higher velocities to test the influence of strain rate dependence. In addition, the CT scans in this work were performed on deformed cells before an event. In order to observe not only cracks but also crack propagation, an in situ measurement would be necessary. Finally, the tested cells could be dissected in a post-mortem analysis. This would make it possible to determine which layers in the jellyroll are still intact and which have already failed. The results and findings of this work also provide the foundation for a mechanical simulation model that reproduces the behavior at the cell level. The results, opinions and conclusions expressed in this publication are not necessarily those of Volkswagen Aktiengesellschaft.
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Figure 1. Test setting for static crush test (a) u-direction with one cell; (b) v-direction with three cells. 
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Figure 2. Compression force over intrusion in u-direction. 
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Figure 3. Test data of test QT01: (a) compression force and cell voltage over time; (b) compression force and temperature over time (NT: negative terminal, PT: positive terminal). 
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Figure 4. Intrusion and cell voltage over time for two test configurations: QT10—cylindrical impactor with rigid support and QT18—cylindrical impactor with three-point bending. 
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Figure 5. Compression force over intrusion in v-direction (red triangle mark event. No triangle, no event). 
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Figure 6. Compression force and state of charge over time for middle and right cell at test in v-direction with hemispherical impactor. 
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Figure 7. Deformation of cells after test QT06 (v-direction hemispherical impactor), (a) at test rig, (b) middle cell after test and (c) right cell after test. 
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Figure 8. (a) V-direction with hemispherical impactor at event; (b) temperature over time for sensor at vent. 






Figure 8. (a) V-direction with hemispherical impactor at event; (b) temperature over time for sensor at vent.



[image: Energies 15 08330 g008]







[image: Energies 15 08330 g009 550] 





Figure 9. Compression force over intrusion for tests in w-direction. 
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Figure 10. Compression force and state of charge over time for middle and right cells at test in w-direction with hemispherical impactor. 
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Figure 11. U-direction with hemispherical impactor: (a) deformed cell; (b) CT-Scan at uv-plane. 
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Figure 12. U-direction with cylindrical impactor: (a) deformed cell; (b) CT-Scan at uw-plane. 
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Figure 13. V-direction with hemispherical impactor: (a) deformed middle cell; (b–d) CT-Scans. 
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Figure 14. V-direction with hemispherical impactor: (a) deformed left cell; (b–d) CT-Scans. 
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Figure 15. V-direction with cylindrical impactor: (a) deformed middle cell; (b–e) CT-Scans. 
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Figure 16. V-direction with cylindrical impactor: (a) deformed right cell; (b–e) CT-Scans. 
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Figure 17. W-direction with hemispherical impactor: (a) deformed middle cell; (b,c) CT-Scans. 
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Figure 18. W-direction with cylindrical impactor: (a) deformed middle cell; (b–e) CT-Scans. 
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Figure 19. W-direction with cylindrical impactor: (a) deformed left cell; (b–e) CT-Scans. 
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Table 1. Test configuration in u-, v-, and w-directions.
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Impactor

	
U-Direction

	
V-Direction

	
W-Direction

	






	
Hemispherical (Ø100 mm)

	
 [image: Energies 15 08330 i001]

	
QT01, QT02

	
 [image: Energies 15 08330 i002]

	
QT03, QT04, QT05, QT06

	
 [image: Energies 15 08330 i003]

	
QT07, QT08

	
 [image: Energies 15 08330 i004]

	
QT09




	
Cylindrical (Ø100 mm)

	
 [image: Energies 15 08330 i005]

	
QT10, QT11, QT12

	
 [image: Energies 15 08330 i006]

	
QT13, QT14

	
 [image: Energies 15 08330 i007]

	
QT15, QT16

	

	




	
Cylindrical (Ø100 mm) Three-point Bending

	
 [image: Energies 15 08330 i008]

	
QT18

	

	

	
 [image: Energies 15 08330 i009]
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