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Abstract

:

Lithium-ion batteries have found various modern applications due to their high energy density, long cycle life, and low self-discharge. However, increased use of these batteries has been accompanied by an increase in safety concerns, such as spontaneous fires or explosions due to impact or indentation. Mechanical damage to a battery cell is often enough reason to discard it. However, if an Electric Vehicle is involved in a crash, there is no means to visually inspect all the cells inside a pack, sometimes consisting of thousands of cells. Furthermore, there is no documented report on how mechanical damage may change the electrical response of a cell, which in turn can be used to detect damaged cells by the battery management system (BMS). In this research, we investigated the effects of mechanical deformation on electrical responses of Lithium-ion cells to understand what parameters in electrical response can be used to detect damage where cells cannot be visually inspected. We used charge-discharge cycling data, capacity fade measurement, and Electrochemical Impedance Spectroscopy (EIS) in combination with advanced modeling techniques. Our results indicate that many cell parameters may remain unchanged under moderate indentation, which makes detection of a damaged cell a challenging task for the battery pack and BMS designers.
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1. Introduction


Lithium-ion Batteries (LIB) have high power/energy density, long cycle life, and low self-discharge rate [1,2], which make them the preferred power source in a wide range of applications such as in cell phones, electric vehicles, marine vessels, and airplanes. However, the uncontrolled release of a significant amount of energy in abuse conditions makes the safety of these batteries an important concern [3,4]. Accidental or abusive mechanical loading of these batteries become an issue when they are used in high-speed mobile applications such as vehicles. In the case of a vehicle crash, damage to the battery may cause a potential thermal runaway [5]. Researchers have studied the extent of mechanical damage that can create an internal short circuit in pouch and cylindrical batteries [6,7,8,9,10,11,12,13,14,15,16,17,18,19]. Mechanical failures in cell components have also been studied in several recent publications [20,21,22]. There is a critical depth of deformation that can cause a battery cell to reach its mechanical failure criteria where the principal strains in the components exceed their fracture limit [23,24]. Sahraei et al. performed the first set of extensive mechanical characterization tests on Lithium-ion batteries where voltage and temperature of the cell were monitored during the tests to investigate the correlation between mechanical and electrical failure [9,13,25]. Their tests on several pouch and cylindrical cells showed the voltage and temperature of cells remain relatively constant during mechanical deformation until the point of fracture is detected with a drop in mechanical force. Simultaneous with the drop of force, a drop in voltage and a rise in temperature confirmed an internal electric short circuit in the cells. On the other hand, experiments reported by Kalnaus et al. [26] showed that the force drop and short circuit are not necessarily simultaneous in the case of stack of cells and battery modules. These observations showed that a battery cell involved in a mechanical abuse scenario may sustain considerable deformation before it can lead to an electrical short circuit that can be detected by a drop in voltage. In most battery packs used in electric vehicles, there is no way to visually inspect the cells inside a pack for mechanical damage after an accident or mechanical abusive loading, and if no change in voltage or temperature is observed in a dented cell, such damage may remain undetected.



On the other hand, researchers have shown that micro-cracks can be observed in electrode coatings and significant thinning can be observed in battery separators, long before a full fracture happens in the components [20,27,28,29]. What is completely missing from the current state of the art is how mechanical deformations that do not lead to immediate failure and short circuits can affect the electrochemical performance of a battery cell. In the current study, the authors investigate whether by measuring the electrical response of a cell, one can provide a tool to detect mechanical damage, after a vehicle sustains accidental abusive loading or impact. The goal is to shed light on the extent of mechanical damage in which a battery can be categorized as safe or potentially dangerous. The state of the current practice in battery pack manufacturing is to discard any cell suspected of mechanical damage (such as accidental drop) even if no visual damage is observed to avoid any risks associated with latent failure [30,31]. The current study will assist in evaluating such cells for potential future use.



The electrical response is often used to identify parameters of the LIB, with a focus to estimate the State of Charge (SoC) and State of Health (SoH) of the batteries. In this research, we aim at identifying the effects of mechanical damage on these parameters. In the following, we review some of the relevant work on estimating parameters of LIBs. Several studies have concentrated on estimating the state of charge of LIBs for battery management systems, largely to control charge and discharge cycles. Most recent studies aim at the real-time estimation of SoC, which is typically done using simple electrical components and in particular using a Thevenin model of the battery [32,33,34]. However, modeling failures in batteries require a more detailed analysis of their response, and nonlinear models with more complex components are more suited for fault detection.



Another goal for estimating parameters of LIB has been on estimating their State of Health SoH to quantify aging of the batteries after going through electrical cycling in different environments [1,35,36,37]. State of health of batteries is usually defined as the degradation of battery parameters such as capacity over time. While some studies [38] use simple models such as Thevenin model to connect capacity fade to internal resistance for SoH estimates, most studies look for dynamical methods possibly with nonlinear elements to quantify battery parameters. Dynamical methods to estimate SoH can be divided into—(1) pulse tests followed by DC voltage measurement, and (2) Electrochemical Impedance Spectroscopy (EIS) [35,39]. As EIS provides more data in an extended frequency range, it is a method of choice for many advanced studies on Lithium-ion batteries. However, it should be noted that EIS measurements can be very sensitive to test conditions [35,40]. In recent literature [35,40], the influence of temperature and SoC on EIS measurements was investigated and shown that reducing temperature results in more spread out (wider) EIS plots. EIS measurements are also sensitive to other parameters including relaxation time of batteries after electrical loading [2]. While there is a rich literature on the degradation and characterization of intact batteries over time, to the best of our knowledge, there have not been any studies to characterize the effects of mechanical damage on the trend of changes in electrical parameters of battery cells.



In this research, we applied controlled mechanical forces on LIB cells and cycled them to compare performance and capacity fade of the physically damaged batteries compared to intact ones that underwent the same cycling profile. We use EIS to measure the health of the battery and monitor the changes in parameters of an equivalent circuit model, to draw conclusions about the effects of mechanical damage on the electrical response of the batteries.



The main contributions of the current study compared to state of the art can be summarized as follows:




	
Investigate the effects of mechanical deformation that does not lead to immediate failure of cells on the electrical performance of battery cells.



	
Collect data on charge-discharge cycling, capacity fade rate, and Electrochemical Impedance Spectroscopy to track potential changes in the response of the cell.



	
Use nonlinear modeling with distributed CPE elements to achieve very small fitting error to accurately represent impedance spectra of the cells and interpret the results.



	
Show trend of changes in cell parameters for mechanically damaged versus intact cells over low and high rate cycling.








The rest of the paper is organized as follows—Electrochemical Impedance Spectroscopy and the Equivalent Circuit Model (ECM) are described in Section 2. In Section 3, the experimental procedure is described. In Section 3.1 setup and procedure for the mechanical abuse procedure are described. Test procedure and apparatus for charging and discharging Lithium-ion cells as well as measuring their impedance spectra via Electrochemical Impedance Spectroscopy are described in Section 3.2 and Section 3.3. Results of the cycling and EIS tests and verification are presented in Section 4. Summary and concluding remarks are given in Section 5.




2. Modeling Using Impedance Spectra


In this study, we used equivalent circuit models with distributed elements to represent the dynamics of Li-ion cells. These models are motivated by electrochemical processes inside the cells as opposed to the simple equivalent circuit models used mostly in simulating the power or energy generation of the Li-ion cells. These models can represent the battery response in a wide range of frequencies and still have dependencies on the physical parameters of the batteries. We use impedance spectra as described in Section 2.1 to develop the model as described in Section 2.2.



2.1. Electrochemical Impedance Spectroscopy


Electrochemical Impedance Spectroscopy (EIS) is a test based on applying sinusoidal inputs (  E ( ω )  : potential) with frequency  ω  to the cells and measure current as a function of frequency,   I ( ω )   [39]. The ratio of the input   E ( ω )   to output   I ( ω )   and the phase shift between the two results in a frequency-dependent complex number   Z ( ω )   called impedance:


  Z  ( ω )  =   E ( ω )   I ( ω )   .  



(1)




EIS analysis involves plotting the Imaginary part of the impedance    Z I   ( ω )    versus its real part    Z R   ( ω )   , which is also known as Nyquist diagram. Typically, EIS is shown as the negative of the imaginary values versus the real parts.



Kramers-Kronig relations state that if four conditions of causality, stability, linearity, and finiteness of the response are satisfied for a system, then the imaginary component and real component of the impedance are interdependent [39,41]. Therefore, one can compute imaginary (or real part) with information from frequency and the real component (imaginary component) of the impedance. Here we use Kramers-Kronig (K-K) transforms to validate the EIS results. We note that conditions such as linearity are good approximations for Lithium-ion cells only if the applied voltage is very small, as was the case for our experiments (<20 mV). K-K relations in the frequency domain can be described as follows [39,41]


       Z ^  R   ( ω )      =  R 0  +  2 π   ∫ 0 ∞     x  Z I   ( x )  − ω  Z I   ( ω )     x 2  −  ω 2    d x      



(2)






       Z ^  I   ( ω )      =   2 ω  π   ∫ 0 ∞      Z R   ( x )  −  Z R   ( ω )     x 2  −  ω 2    d x  .     



(3)




In (2) and (3),     Z ^  R   ( ω )    and     Z ^  I   ( ω )    are the expected values of measured parameters    Z R   ( ω )    and    Z I   ( ω )    based on K-K transforms, respectively.




2.2. Equivalent Circuit Model


To quantify responses of the cells over time, we used distributed Equivalent Circuit Models (dECM) that have the same impedance over the entire measured frequency spectra [42,43]. The model parameters are used to quantify the degradation of the cells over time and to compare the trends of changes in the indented cell parameters versus those of the intact control group. We used an adapted version of the widely used Randles circuit [42,43,44] that has a connection to the physics and does not have ambiguity in its parameters [39,43]. This circuit usually has seven components as shown on top of Figure 1e. For this study, a reduced version of the model is used as a voltage source connected to an inductor   ( L )   in series with a resistor   (  R 0  )  , and a CPE (Constant Phase Element) in parallel with a resistor   ( C P E ,  R 1  )   as shown in Figure 1e. The model offers a very good fit as shown in the results without introducing over-fitting.



Using distributed elements such as CPE in the ECM is essential in understanding and interpreting frequency spectra [39]. CPE elements arise from the distributed nature of the microscopic material properties of the cells. To find the model parameters, we derive the analytical impedance of the ECM. In the model of Figure 1e, L is the inductance,   R 0   is the internal resistance of the cell, and   R 1   is the dipole resistance. CPE is a non-physical distributed element, with the equivalent impedance of   1    ( j ω )  n  Q    in the frequency domain with n being its condition number or depression factor,  ω  the frequency in rad/s, and Q is a scaling factor that depends on the internal battery parameters such as dielectric constants, mean relaxation time, and the condition number n. Therefore, the model has 5 unknown parameters, namely   L ,   R 0  ,   R 1  ,  Q ,   and n. Using relations for CPE and using relations for parallel and series components, we arrive at (4) for the impedance of the equivalent circuit model:


  Z  ( ω )  = j ω L +   R 1   1 +  R 1  Q   ( j ω )  n    +  R 0  .  



(4)







To ensure an accurate representation of the experimental data with the ECM of Figure 1e, we used the weighted error   χ 2   in (5) as a measure for goodness of the fit, and required this parameter to be less than   10  − 4   .   χ 2   is defined as the weighted error of the fit parameters relative to the measured impedance [39].


   χ 2  =  ∑  i = 1  n      (  Z  i , R   −  Z  i , R E   )  2   Z  i , R E  2   +    (  Z  i , I   −  Z  i , I E   )  2   Z  i , I E  2    .  



(5)




In (5),   Z  i , R E    and   Z  i , I E    are the estimated values of the real and imaginary impedance of the ith measurement using the model parameters (calculated using (4)), and   (  Z  i , R   ,  Z  i , I   )   are the components of the ith measured impedance.





3. Experimental Procedure


The batteries used for this study were 18,650 energy cells with the chemistry of Lithium iron phosphate, a nominal capacity of 1500 mAh, and operating temperature of −20 to 60   ° C  . The battery had an Aluminum casing with a thickness of 0.25 mm. Experiments and measurements throughout this study were planned so that all cells undergo similar environmental and cycling conditions. Hence, any possible difference in the electrical response of indented and intact cells could be only attributed to the mechanical damage caused by indentation.



Six new batteries were picked for this study. Cells A-D were chosen to go through low-rate (0.5 C and 1 C) cycling, while cells E and F were cycled at higher rates of up to 10 A (6.7 C).



3.1. Mechanical Loading


The battery used for this study consists of a 17 mm (dia) jellyroll which is made of rolled layers of anode, cathode and separator (see Figure 1a). This battery does not include a central mandrel. Therefore, under indentation, the majority of load is carried by jellyroll layers which are being compressed under the indentor. These layers can also undergo tension in axial direction which causes higher stresses in current collectors due to their higher stiffness. To understand the critical limit in the mechanical indentation of batteries, two cells were tested under indentation loading until reaching the short circuit. An Instron 5985 universal load frame with a 250 kN load cell was used to apply the mechanical deformation. The testing was performed at room temperature with a displacement rate of 1 mm/min. A 15.8 mm steel rod was placed across the center of the cell to apply the indentation. Force, displacement, and voltage of the cell were recorded during testing. It was observed that the cells’ voltage remained constant while the depth of indentation and the force applied to the cells were increasing until the indentation reached a maximum value of 6.2–6.4 mm, where suddenly the force and the voltage started to drop, indicating short circuit in the cells. Figure 1b shows the change in force and voltage for one of the two batteries (labeled cell 0). Indentation test of cell 0 is shown in Figure 1c. The constant voltage before the short circuit showed that the mechanical indentation may not cause an immediate change in the electrical response of the cell until reaching the critical depth of the short circuit. However, to understand how the mechanical damage affects the cycling response of the cell, 6 additional cells were used for a controlled experiment.



The cells went under 5 charge/discharge cycles (at 0.5C rate) simultaneously. Two cells (Cells A and B) were indented to a depth of 4.7 mm, and were used for subsequent low rate charge-discharge cycling along with two control group cells (intact Cells C and D). Battery cycling continued for these cells up to 84 more cycles to determine if mechanical damage affected the electrical response of the indented cells compared to the intact control group.



An additional cell (Cell E) was indented to 5 mm depth and used along with a control (intact Cell F) for high rate cycling until the end of life. Variation of force and voltage for this cell is also plotted in Figure 1b. It can be observed that no change in voltage was recorded during the indentation.




3.2. Cycling Procedure


An MTI BST8-30A-CDS four-channel battery analyzer was used for low-rate battery cycling. Electrical data (voltage, current, capacity) were recorded every 60 s, 0.05 V, or 0.05 A changes. Surface temperature of each cell was also recorded using thermocouples attached to the middle of the cells. During the cycling process, cells were kept in a VWR 1500 EM incubator within a temperature range of 23.5 to   24.5 ° C  .



The charge/discharge cycling procedures followed for cells A-D are described in Table 1. For the first 63 cycles, the batteries were charged at a constant current value of 750 mA (0.5C) until they reached a voltage of 3.65 V. Charging was then continued at a constant voltage of 3.65 V until current dropped to below 0.01C. Discharge was also performed under constant current of 750 mA until the cells’ voltage reached a cut-off level of 2.5 V. After cycle 63, charge/discharge currents were increased to 1500 mA (1C) to accelerate degradation and study the effects of higher rates on performance of damaged and intact cells with fewer EIS measurements.




3.3. EIS Measurements


To measure the frequency response of the batteries, we used Bode 100, a vector network analyzer by Omicron [45]. The measured frequencies in our experiments were 1 Hz to 2 MHz. The cells underwent two sets of EIS after each charge and discharge during life cycling. All cells had a rest time of at least one hour before the first EIS, and the time between two consecutive EIS of each cell was one hour. The EIS test setup is shown in Figure 1d. The EIS responses were measured frequently by inserting and removing cells. To ensure consistency across the measurements, the EIS setup was fixed using straps and screws, and the cables were taped to the table. Therefore, only the cells were taken out and in of the holder without touching/changing the location of any of the other components or the battery holder. In addition, the battery holder was modified by adding a 3D printed part to ensure consistent placement of the cells. We ensured the angle of insertion of the cells inside the holder by marking a line on each cell and keeping it on the top. Additional tests were done with GAMRY Interface 1000E to confirm the validity of the results measured by Bode 100. This device was capable of testing EIS in frequencies ranging from 0.1 Hz to 2 MHz. An EIS measurement of cell B is shown in Figure 1f.



EIS measurements are shown to be sensitive to changes in temperature [35]; therefore, the temperature was kept constant in our study. EIS tests were done at   23.5 ° C  , and the excitation voltage was set to 10 mV. To verify the validity of the EIS measurements, Kramers-Kronig (K-K) Transforms as discussed in Section 2.1 were utilized.





4. Results


In what follows, we present the response of four Lithium-ion cells that underwent 89 charge/discharge cycles. Two of the cells were the controls and the other two were indented. In Section 4.1, the cycling response of the cells and the changes in the overall capacity are presented. In Section 4.2, frequency response and trend of changes in the equivalent circuit model are presented.



4.1. Battery Cycling Data


Figure 2a compares voltage vs. discharge capacity curves for all cells during cycle 5, before indentation. All curves follow similar trends, and the maximum capacity of all cells are very close to 1500 mA, as expected. After indentation of cells A and B and extensive cycling at 0.5 C and 1 C rates, similar comparison during cycle 89 shows no significant difference between the indented and intact cells (see Figure 2b). However, the capacity of all the cells had dropped to 1439–1458 mAh.



Voltage vs. discharge capacity is also plotted for various cycles. The plot for cell B (Figure 3a) shows how increasing the discharge current from 750 mA to 1500 mA causes slightly lower voltages for a given capacity. Increasing charge and discharge rates also significantly affected cell surface temperatures (Figure 3b). During discharge, the change in temperature increased from about 3   °  C to 6   °  C when the current was raised from 750 mA to 1500 mA. The maximum temperature occurred at the end of discharge time (120 min for 750 mA and 60 min for 1500 mA discharge rates). The temperature curves include a 60 min relaxation period during which they dropped to the room temperature. In all of the cases the surface temperature was slightly lower during charge, 2   °  C for 750 mA and 5   °  C for 1500 mA charge current.



Figure 3c plots the change in charge capacity of cells for all cycles. For all of the cells, capacities dropped about 5% after 89 cycles. The cycling was paused at certain cycle numbers at 0% SoC and 100% SoC to perform EIS tests which caused changes in voltages and capacities of the cells. The performance of EIS causes relaxation with some minor changes in voltage and capacity, hence, observed unsmooth points on the capacity curves of Figure 3c. Comparison of the curves for various cells shows that the capacities of the damaged cells were slightly higher than the intact cells from the beginning (before indentation) and followed the same trend after indentation. Overall, it can be concluded from the cycling data that there were no significant changes in the cells’ electrical data that can be attributed to the damage induced by indentation in cells A and B.




4.2. EIS Results


The experimental data were used to identify model parameters based on complex nonlinear regression least square fitting [39]. Figure 4a shows the comparison of the measured data to the expected values from the K-K transforms and the fitted model. K-K transform tests were performed to test validity of the experimental data, as discussed in Section 2.1. Figure 4a shows a comparison of the expected values from the K-K transform from (2) to (3) and the measured data, which proves validity of the measured EIS.



A Nyquist plot of measured impedance and model’s impedance are shown in Figure 4b. Figure 4c,d show the comparison of magnitude plot and plot of imaginary and real part of the impedance versus frequency on semi-log plots. It can be seen from these figures that the model predicts the measured impedance from EIS tests very well. More importantly, the weighted error as defined in (5) was less than   10  − 4    for all tests using electric circuit equivalent model of Figure 1e, which shows an acceptable estimation of the response. Therefore, this model with 5 parameters    R 0  ,     R 1  ,    L ,    Q ,   and n as in (4) was selected to analyze the data.



Figure 5 shows the evolution of ECM parameters with increased cycling when the cells are fully charged. The shown parameters are L,   R 1  , Q, and n. The estimated values for these parameters for the cells when fully discharged are shown in Figure 6. The batteries did not show any changes in the ECM parameters before and after the indentation in either charge or discharge states.



Figure 5a and Figure 6a show that the estimated inductance, L, does not indicate significant difference between the intact and mechanically damaged cells. Estimates for cell A were always greater than the other cells in the charged tests.



Figure 5b and Figure 6b show that   R 1  , the charge transfer resistance, becomes smaller with time. Cell A had a smaller   R 1   than the other cells; however, the trend remained the same for all batteries.   R 1   can be related to formation of Solid Electrolyte Interface (SEI). Our results corroborate other studies on aging of cells where this resistance reduces over time especially during the first 50–100 cycles [44].



Figure 5c and Figure 6c show that the estimated scaling factor, Q, increases with cycling, but the intact and indented cells show the same trend in the increased values. Figure 5d and Figure 6d show that the condition number, n, becomes smaller with increased cycling, and there is no significant difference between the intact and indented cells. Q and n define the shape of the compressed circle in the EIS plots, and   n = 1   represents a perfect semi-circle which is an ideal capacitor. Decrease in n results in more compressed circles and combined with increasing Q, it means that the CPE element loses capacity during cycling. Therefore, this element acts more like a resistor than a capacitor with increasing cycles. In electrochemistry, the reduced value of n is caused by the nonconformity of the surface roughness and porous structure. The loss of capacity was shown in our cycling study in Section 4.1 as well.




4.3. High-Rate Testing


In order to understand whether the trends that were observed at 0.5C and 1C can be translated to other C-rates, we performed a validation set of experiments using cells E and F, one indented and one intact as explained in Section 3.1. These cells were cycled continuously using another equipment setup, which included a BK precision power supply and electronic load with cycling software. The cells were tested inside a thermo-electric test chamber maintained at   25 ° C  . Temperature sensors were placed on top surface and insulated from ambient air. The cycling rates included 20 cycles for each of the following rates—0.5, 1, 2, 5 and 10 amps. Cells were out of useful life at the end of these set of cycling experiments.



The high rate experiments followed the same trends that were observed in Section 4.1. No substantial difference was detected between indented and intact cells in these rounds of testings (see Figure 7 and Figure 8). The voltage and temperature data for these two cells at all rates were identical. Additionally, we looked into the changes in DC resistance of the cells at the end of each rate of cycling (see Figure 7a). While the DC resistance significantly decreases with the increase in the cycling rate, there was no significant difference between the DC resistance of the intact and indented cells. Figure 7b shows the capacity changes for the two cells during high rate cycling. Again, as expected, the capacity decreases at higher cycle rates; however, the two cells E (indented) and F (intact) show very similar trends.



The last investigation performed on these high rate tested cells at the end of life was an EIS measurement in the range of 10 mHz to 100 KHz (see Figure 8a). It can be observed that the two cells have the same ohmic resistance (  R 0  ) and   R 1   resistance. The EIS plots are similar until reaching Warburg tail. There is a slight difference in the slope of the Warburg tail of the two cells. In order to see if this difference existed in the previous cells tested in Section 4.1 as well, new EIS tests were performed on cells   B , C ,   and D and plotted in the Figure 8b. It can be seen that the Warburg tail for those cells show no significant difference between indented and intact ones.





5. Discussion and Conclusions


After initial evaluation of four 18,650 Lithium-ion battery cells, two of the cells were mechanically damaged by a rigid rod indentor of 6 mm diameter. Then, all four cells underwent 89 charge/discharge cycles. Besides the parameters such as temperature, voltage, and current that are typically measured during cycling, we measured their frequency responses frequently during the experiments. We used nonlinear regression to find parameters of an Equivalent Circuit Model (ECM) that included a resistance series with an inductance and a parallel block consisted of a resistor and a constant phase element to estimate the frequency response of the cells. The validity of the results and the model were shown using K-K theorem and normalized least square error. Then the ECM components were used to infer information about the internal parameters of the batteries. All of the cells showed signs of aging both in the capacity measurements by the battery tester and with the ECM parameters. It was notable that the degradations in the parameters had very similar trends for all cells regardless of the applied mechanical indentation. There was no difference in terms of safety or capacity of the cells that were intact versus those indented. There were slight differences in the initial capacities of the cells; these differences remained unchanged during the indentation and the cycling as shown in Figure 3c and Figure 7b. Therefore, it can be concluded that the indentation did not change the cell capacity in a substantial way. With the same token there were slight difference in the initial ECM parameters of cells. Especially cell A had initial values that were higher than the other ones. However, its parameters followed the same trend as the others (see Figure 5 and Figure 6) and the difference between this cell and the others can be attributed to its initial conditions than the mechanical damage. A validation set of experiments performed with another set of cells of the same type with different equipment verified the trends even at very high rates of cycling up to the end of life of cells. Results from Section 4.3 and the deviation of the low frequency EIS plots from 45 degree Warburg tail for the indented cell underwent high-rate cycling suggest a direction for future research on the detection of mechanical indentation of LIB cells.



These results have significant positive and negative implications in terms of battery pack design and battery diagnostics—(i) a battery pack that has gone through abusive accidental loading cannot be pronounced undamaged just by measuring electrical and frequency responses; therefore, other detection methods might be necessary to find out whether deformations happened in the cells. Otherwise, an undetected indentation may remain in the cell, and cause a failure when a small additional load moves the deformation to short circuit limits, and (ii) a battery pack that has been subjected to mechanical damage as observed in this paper may not pose an immediate safety concern to first responders, and may be suitable for use until reaching a repair station, (iii) there is a potential for weight reduction of protective structure of the batteries, since a controlled deformation in extreme scenarios seen in the current study may not have drastic consequences as long as the battery is not short-circuited. Therefore, a zero deformation design policy leading to extremely heavy battery packs may prove to be an overdesign, and (iv) it should be noted that the results reported in this paper are limited to this specific type of cell and this specific type of loading until further investigation verifies validity of these results for other types of cells and other loading scenarios. There is still an open question on what type of mechanical damage should necessitate an immediate safety intervention.
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Figure 1. (a) Disassembled battery showing jellyroll and casing, (b) Force-displacement and voltage of cell 0 and cell E, (c) Indentation test of cell 0, (d) Experimental Setup shows the Vector Network Analyzer, the battery cell, and a thermal camera, (e) The equivalent electrical circuit including an inductor, resistors, and constant phase elements (CPEs) (see text), (f) An example of the EIS plot (cell B). 






Figure 1. (a) Disassembled battery showing jellyroll and casing, (b) Force-displacement and voltage of cell 0 and cell E, (c) Indentation test of cell 0, (d) Experimental Setup shows the Vector Network Analyzer, the battery cell, and a thermal camera, (e) The equivalent electrical circuit including an inductor, resistors, and constant phase elements (CPEs) (see text), (f) An example of the EIS plot (cell B).



[image: Energies 13 04284 g001]







[image: Energies 13 04284 g002 550] 





Figure 2. (a) Voltage-capacity curves for cells A-D during discharge, cycle 05, (b) Voltage-capacity curves for cells A-D during discharge, cycle 89. 
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Figure 3. (a) Voltage-discharge capacity for various cycles, cell B, (b) Temperature change during discharge for various cycles, cell B (Temperature reaches maximum at the end of discharge time, i.e., 120 min for 750 mA and 60 min for 1500 mA discharge rates), (c) Variation of charge capacity during cell cycling. 
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Figure 4. Measured impedance spectra versus expected values, (a) Electrochemical Impedance Spectroscopy (EIS) plot, versus Expected values using K-K transforms, (b) EIS plot, versus the ECM model, (c) Bode diagram, versus the Equivalent Circuit Model (ECM) model, (d) Real and Imaginary parts of impedance versus the ECM model. 






Figure 4. Measured impedance spectra versus expected values, (a) Electrochemical Impedance Spectroscopy (EIS) plot, versus Expected values using K-K transforms, (b) EIS plot, versus the ECM model, (c) Bode diagram, versus the Equivalent Circuit Model (ECM) model, (d) Real and Imaginary parts of impedance versus the ECM model.



[image: Energies 13 04284 g004]







[image: Energies 13 04284 g005 550] 





Figure 5. Trend of changes in parameters for all cells with cycling, (a) L, (b)   R 1  , (c) Q, (d) n, charged. 
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Figure 6. Trend of changes in parameters for all cells with cycling, (a) L, (b)   R 1  , (c) Q, (d) n, discharged. 
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Figure 7. Testing batteries at high C-rates: (a) DC Resistance, (b) Capacity change over cycle number. 
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Figure 8. EIS plots of high-rate tested cells as described in Section 4.3. 
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Table 1. Cycling procedure.
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Charge Procedure

	
Discharge Procedure






	
Cycle 1–63

	
CC charge at 750 mA

	
CC discharge at 750 mA




	
CV charge at 3.65 V

	
cut-off voltage: 2.5 V




	
Cycle 64–89

	
CC charge at 1500 mA

	
CC discharge at 1500 mA




	
CV charge at 3.65 V

	
cut-off voltage: 2.5 V
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