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Li-ion cell safety monitoring using mechanical parameters, Part 1: normal battery operation

The increase of the energy density of the Li-ion batteries is associated with the use of more reactive electrode materials, operating at extreme potentials. This leads to the appearance of safety issues when the cells approach or exceed the boundaries of their normal operating conditions. Such significant and severe safety issues are the thermal runaway and the subsequent battery fire processes. They can be triggered by a variety of external or internal mechanical, thermal and electric abuse events like cell crushing and piercing, overheating, short-circuiting or overcharge [1 -3]. The prevention and the early detection of the thermal runaway are amongst the critical tasks of each Li-ion battery management and monitoring system (BMS). These tasks are carried out classically by the measurement of the cell voltage, current and battery proximity temperature and the subsequent data processing by the BMS software [4]. The battery parameters set can be further extended taking into account the mechanical behavior of the cells related to the phase changes in the electrode materials during the cycling and the ageing [5]. Two particular techniques amongst those discussed by Pop et al. in [5] are very attractive for practical use in medium and large scale Li-ion packs -the battery case deformation measurement and the acoustic ultrasound interrogation using piezoelectric transducers. Since the latter are rather inexpensive and compact, they have become an object of several recent experiential [START_REF] Lambert | electrec website[END_REF]7] and theoretical [8] topic of interest. The lithium-ion batteries undergo significant deformation during their regular operation due to the dynamics of the Li ions intercalation and extraction from the corresponding host materials. In the case of the so-called prismatic pouch-cell technology, the deformation practically coincides with the variation of the cell thickness. The corresponding relationship between the electrochemistry and the mechanics, which remains pretty much straight-forward, has been an object of intense experimental [9][10][11][12][13] and theoretical studies [14]. On the other hand, the pouch-cell technology allows assembly of battery packs using external compression in order to reduce the electrodes damage to the cyclic change of the thickness. The impact of this approach has been evaluated by the study of the evolution of the cell strains [15][16][17]. When the Li-ion cells employ cylindrical construction the evaluation of the electrodes geometric can be carried out by strain gauges attached on the cell surface [18][19][20] or integrated inside the jelly-roll stack [21]. In this case, the interpretation of the results becomes more complex due the confining impact of the cell casing on the jelly-roll expansion process during the discharge and vice-versa. Since the medium and large-scale battery pack manufacturing employing cylindrical cells has been demonstrated as successful technological and business strategy by Tesla Motors, it is interesting to study further and in more detail the mechanic behavior of this type of cells [START_REF] Lambert | electrec website[END_REF]. The focus of this work will be set on the normal battery operation, in order to get a background in the study of the kinetics of several abusive processes carried out in part two and part three of this series.

Experiment and methods

Lithium ion cells

The experiments have been carried out on commercially available cells from type INR18650 MJ1 manufactured by LG Chem (Republic of Korea). The nominal capacity of the cells is considered to be equal to 3400 mAh, and the rated values of the charge and discharge current are further referred versus this value. According to the product datasheet information, the cells can operate safely in the voltage range 2.5  4.2 V using charge current limit equal to 3.4 A (1C, where C stands for the nominal capacity) and maximum discharge current of -10 A. The operating temperature rage in charge mode is from 0 to 45 °C, while the discharge can be carried out from -20 to +60 °C. The nominal energy density is equal to 252 Wh.kg -1 and 748 Wh.L -1 . The charge/discharge experiments have been carried out using potentiostat-galvanostat BioLogic VSP (France). The experiments has been carried out in climate chamber or at room temperature. The cell skin temperature has been monitored during all experiments using K-type thermocouples attached with adhesive tape. The electrochemical tests have been comprised of constant current / constant voltage charge-discharge cycling with current varying from 3.4 A (1C) to 0.34 A (C/10h) as well as cyclic voltammetry with linear sweep rate of 50 µV.s -1 . The cell components has been characterized after the tear down analysis of completely discharged cell, using electronic microscopy coupled with EDX spectroscopy, thermal analysis (DSC), infrared spectroscopy (FTIR), X-ray diffraction, differential scanning calorimetry, and gas chromatography coupled with mass spectroscopy.

Stain gauge sensors and measurement equipment

The deformation of the cell casing is monitored by a general purpose rectangular rosette strain gauges type "C2A-06-062LR-120" manufactured by the company Micro-Measurements. The same company provided also the corresponding kit and instructions for metallic surface preparation and gauge bonding with cyanoacrylate glue, as well as a multi-channel measurement system. Detailed information about the gauge is presented in the supplementary information (S1). It is comprised of three encapsulated linear gauges reported on polyamide Kapton® substrate with a nominal resistance equal to 120 Ohm. The middle gauge (denoted as "J2") is orientated perpendicularly to the length of the sensor, while the other two sensors (denoted as "J1" and "J3") are inclined to 45° against the axe of the middle gauge (J1 stays on the side of the negative terminal). The gauge is made of constantan, a copper-nickel binary alloy that has a constant resistance over a large temperature range (i.e. the resistance changes due to the temperature variations can be related only to thermal expansion phenomena). The rosette is positioned in the middle of the cell length with measurement axis of gauge "2" perpendicular to the cell length, in order to detect the changes in the cell jelly-roll diameter with the best accuracy. During the cell deformation process the gauge pattern resistance increases proportionally to elongation according to the equation:

 K L L K R R     (1)
Where L and L are the gauge pattern length and its variation, R and R are the gage resistance and its resistance variation, K is the gauge factor and  is the strain, which is expressed in µm.m -1 or in ppm. The main advantage of the rosette gauge is related to the fact that it does not need to be positioned precisely with a perfect reproducibility taking into account all three signals together. Apart from the strains 1, 2, and 3, two deformation parameters D and r can be calculated as follows:

D = (1 + 3)/2 (2) 2 3 2 2 2 1 ) ( ) ( 2 1         r (3)
The graphic representation of the r(D) function allows rapid semi-quantitive interpretation of the deformation mechanism [START_REF] Avril | Encyclopédie Vishay d'analyse des contraintes encyclopédie[END_REF].

Acoustic ultrasound interrogation set-up

The acoustic measurements are carried out in ultrasound interrogation mode using a pair of lead

F o r R e v i e w O n l y zirconate titanate (Pb[ZrxTi(1-x)]O3 -PZT) ceramic,
piezoelectric transducers, one operating as an emitter of ultrasound and the second as a receiver. In one first series of experiments, the acoustic coupling has been carried using high-end piezo-electric transducers R15- (black / narrow bandwidth / emitter) and F15- (white / wide bandwidth / receiver) manufactured by Euro Physical Acoustics. Same type of experiments have been repeated using low cost sensors from the type EPZ-20MS64W (6.4 kHz, 400 ohms), which possess similar footprint. The acoustic coupling set-up with both type of sensors attached on cells with strain gauges is presented in the supplementary information (S2). The acoustic signals were generated using WaveGen software (company Mistras) allowing defining the characteristics (frequency, duration, amplitude) of the electric signal by an electronic wave generator ARB-140. For the R15- / F15- transducers, signal emitted was a frequency sweeping between 100 and 200 kHz, 200 ms long, with a signal amplitude of 0.1 V. For the low cost EPZ-20MS64W transducers, the emitted signal had to be adapted to the and the frequency sweeping was only ranging between 120 and 150 kHz, while the duration was increased up to 1.5 ms and a signal amplitude of 1 V. The electric signal is converted in acoustic wave by the piezoelectric transducer operating in emission mode. The received acoustic signal is the transformed into voltage by the opposite piezoelectric transducer. The received signal is pre-amplified using a PCI2 module (company Mistras). The data acquisition is carried out using AEWin software and analyzed further using Noesis software and in-house developed machinelearning software [START_REF] Oca | [END_REF]. The supplementary data (S3) presents the routine of the data analysis starting with the spectral transformation of the detected acoustic waveform and the subsequent clustering and mapping of the power spectra. The in-house developed machine-learning software allows pairing a given State of Charge (SOC) point to a corresponding power spectrum presented as a particular color in the 2D map.

Results and discussion

Lithium ion cell components

The inspection of the cell casing with SEM and EDX indicated that the iron and nickel are the main constituents of this component. The characterization of the separator material with DSC and FTIR showed that the material is composed of polyethylene. Its surface facing the negative electrode is coated with alumina. The separator thickness is about 8 µm. The results from the chromatographic analysis of the electrolyte indicated that the solvent is comprised of ethylene carbonate, dimethyl carbonate and propylene carbonate in approximate molar ratio of 6:3:1, being in good agreement with the literature [25]. The analysis of the positive electrode material with XRD, SEM and EDX showed that its principal constituent is LixNi0.83Mn0.07Co0.1O2 composition. It is fairly close to the commercial materials from the type NMC 811 having a specific capacity of about 200 mAh.g -1 [START_REF]Lithium Nickel Manganese Cobalt Oxide (NMC811) electrode sheets[END_REF]. The measured surface loading is equal to 20.2 mg.cm -², resulting in an approximate specific capacity of 4.04 mAh.cm -². The same type of analysis applied on the negative electrode showed that it is comprised of graphite containing minor silicon content (detected as SiO2). The surface loading of the negative electrode is 11.9 mg.cm -². The theoretical capacity of the negative active material is about 335 mAh.g -1 , considering a utilization of the graphite equal to 95 % (C6 conversion to LiC6) and the use of 5 % of conductive and binder additives. Thus, the specific capacity of the negative electrode should be about 3.99 mAh.cm -². This value is close enough to those of the positive electrode, allowing the assumption that both electrodes are "balanced" electrochemically.
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Mechanic behavior of the cell during charge/discharge cycling Figure 1 presents the evolution of the ensemble of battery parameters monitored during a short-term galvanostatic cycling with 2h-rated current at 25°C maintained in a climate chamber. During cycling, the cell skin temperature varies between 26 and 31°C, because the MJ1 technology corresponds to the so-called "energy" type and the applied current is close to the tolerance limits. The parameter SOC is calculated posteriori using amp-hour counting. Prior to this cycling, the cell has been completely recharged using constant current / constant voltage sequence (CC / CV, 1.7 A / 4.2 V) terminated when the current during the CV stage decreases to 0.17 A. After 30 min long rest period the strain signals measurement equipment has been reset. Thus, the reference point corresponding to zero deformation has been set to SOC = 100%. The data plotted in Figure 1c show that the strain evolution of all three gauges follows repeatable cyclic pattern that correlates well with the state of charge of the cell, being in good agreement with the literature [5, 18,19]. The amplitude of the signal from the gauges J1 and J3 is roughly twice of the amplitude of the central gauge J2. This is an indication that the main type of cell deformation is due to the jellyroll diameter shrinkage during the discharge and expansion during the charge. It can be explained well with the fact that the graphite constituting the negative electrode material occupies largest volume fraction of the cell and it experiences most significant crystal lattice expansion due to the lithium ions intercalation (about 17%, [5]). A closer inspection of the strain signal pattern shows that the relationship between the deformation and SOC is not perfectly straightforward. From one hand, there are small excursions of the strain in the initial and final stages of the discharge (i.e. the discharge starts and ends with short expansion periods). From the other, there is significant mechanical relaxation during the rest periods following the termination of the charge process. A hypothesis suggesting that the relaxation is linked with the temperature cool down could be rejected taking into account the fact that the heating is more intense in the end of the discharge where the amplitude of the relaxation is much smaller. Figure 1d presents the evolution of the received acoustic signal strength during the constant current cycling measured by the couple piezo-electric transducers R15- / F15-. The selected parameter (the integrated voltage signal of entire waveform) allows a first order assessment of the mechanism of interaction of the cell with the probing ultrasound waves. It can be seen that the ultrasound interrogation results correlate with SOC in a way similar to the case of the strain evolution. This correlation suggests that the jellyroll shrinkage enhances some dampening effect or an increased absorption of the ultrasound waves and vice versa (the charging increases the jellyroll compacting which may enhance the passage of the ultrasound). The results presented in Figure 2 illustrate the impact of the cycling current on the mechanic behavior of the cell. It can be seen that the evolution of the strain and the strength of the received acoustic signal follow similar pattern and amplitude, despite the increased cell temperature during the last cycle with 2 h rated current. The latter supports the above hypothesis that the impact of the Joule heat on the mechanic behavior of the cell during the 2 h -rated cycling is relatively small. The decrease of the cycling current leads to the appearance of much better pronounced regions (local minimums and maximums, changes of the slope) in the strain transients, which should correspond to the lithium ion insertion and extraction inside the different crystallographic phases, formed in the electrodes during the charge/discharge operation. The most significant impact of the current can be seen in the end of the charge process and the subsequent rest period. While the strain maximum reached at the moment of the current cut-off (4.2 V) remains rather constant, the subsequent relaxation process depends on the cycling
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rate. It can be related to the fact that the lower charge current injects higher number of Amp-hours corresponding to slightly larger jellyroll diameter at steady state. The strain data shown in Figure 2c have been subjected to the parametric analysis described (Equations 2 and 3). The corresponding results are plotted in Figure 3 together with a guiding diagram for qualitative interpretation of the deformation mechanism [START_REF] Avril | Encyclopédie Vishay d'analyse des contraintes encyclopédie[END_REF]. The data points corresponding to the rest periods between the charge and he discharge stages have been removed for the sake of simplicity. The results show that the deformation mechanism does not depend much on the applied cyclic rate, the only exception being the end of the charge domain. This finding is in fair agreement with the results of Ki-Yong Oh et al. [10], who reported relatively small change of the pouch cell swelling pattern going from 0.4C to 1C discharge. The deformation pattern during most of the charge and discharge duration corresponds to a process combining cylindrical shrinkage and compression, i.e. isotropic growth of cylindrical body. The data corresponding to the charge and the discharge processes are clearly separated by an hysteresis loop which is related to the energy dissipation due to the lithium ion insertion and extraction from the host matrix of the positive and the negative electrode materials, as well as due to the changes of the separator porosity and the corresponding electrolyte displacement [14]. Since the strain values return rather close to their initial points in the end of each cycle the hysteresis can be considered as "elastic" type. Figure 4a presents the results from the clustering and 2D mapping of the received ultrasound signal obtained during cycling with various charge rates and discharge rate fixed at C/2h at 25 °C. The measurements has been carried out with R15-/F15- couple of piezoelectric transducers. The different colors account for different types of waveforms defined from their power density spectra (same color = same DSP). Three waveform samples corresponding for different SOC values close to 0, 50 and 100 % are shown. The coupling of the acoustic and the electrochemical data is shown in Figure 4b and 4c using two type of x-axis in order to take into account the evolution of the data as a function of the time and SOC keeping the same color-code. It can be seen that nature of the transmitted acoustic signal changes with the change of the battery SOC almost independently on the applied charge rate. This result remains quite reproducible and it is consistent with the data presented in Figure 3c. The comparison of the data plotted in Figure 4 with those in Figure 2d shows that the acoustic interrogation is able to provide reliable and accurate data about the battery state without the necessity to development of precise physical mode representing the interaction of the cell jellyroll with the probing ultrasound.

Mechanic behavior of MJ1 Li-ion cell in cyclic voltammetry mode

The cyclic voltammetry with low voltage sweep rate (50 µV.s -1 ) allows further assessment of the link between the kinetics of the charge/discharge reactions in the cell and its deformation. Figure 5 presents the evolution of the ensemble of battery parameters monitored during this type of test using another cell from the same purchase batch. The data are separated in two parts -the cathodic branch of the plots corresponds to the results measured during the voltage decrease from 4.2 to 2.5 V. Thus, the cathodic sweep can be considered as an alternative 10h rated discharge (its precise duration is equal to 9 h and 27 min). In the same way, the data recorded during the anodic voltage sweep from 2.5 to 4.2 V represent the kinetics of the charge reactions and the associated mechanic phenomena. The evolution of the three strain gauge signals is presented in Figure 5a. It can be seen that the amplitude of the deformation is lower in comparison with the previous case, however it remains in the same order of magnitude. In the voltage domain 3.5 -4.2 V the signals of the gauges J1 and J3 are nearly identical and they are twice lower than those of J2. These data indicated that the discharge process in this voltage domain
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corresponds to a cell shrinkage with relatively homogeneous spatial distribution of the local current density. This means than at high SOC values most of the deformation can be related to the lithium ion insertion and extraction from the graphite negative electrode. When the voltage is lower than 3.5 V, the discharge process continues with partial recovery of the cell volume (swelling), which can be linked with the lithium ion insertion in the host matrix of the positive NMC electrode. Here the difference between the signals of the gauges J1 and J3 indicates certain non-homogeneity of the current density distribution. Such type of artefact can be possibly related to the radial positioning of the strain gauge rosette, which cannot be predicted or controlled without preliminary X-ray tomography (e.g. rosette installed in close proximity to the jellyroll foil edge or coating ending). The parametric analysis of the strain pattern presented in Figure 5b remains similar to those shown in Figure 3. The data corresponding to the anodic and the cathodic sweep are separated by a hysteresis of nearly 60 ppm in direction of both axis, which is fairly close to the hysteresis observed in Figure 3 (about 50 ppm in both directions). The r(D) curve contains 4 kink points indicating drastic changes of the mechanism of the cell deformation. The origin of the points corresponding to cell voltage equal to 2.5 and 4.2 V is clear -it corresponds to the termination of the processes of discharge and charge. Both remaining points correspond to cell voltage values close to 3.5 V, i.e. they are located in the region of the transition from shrinkage to expansion and vice versa. The slope of the parametric function r(D) in both regions is distinctly different indicating different mechanisms of expansion and shrinkage of the positive and the negative electrode. It was already mentioned that at higher SOC values, the negative electrode contributes more to the cell deformation and the latter undergoes isotropic cylindrical expansion and shrinkage. In contrast, it can be seen that the deep discharge carried out in voltammetry mode reveals that the positive electrode contributes to deformation with spherical pattern. Both sweeps of the classic voltammogram has been separated in order to compare the current with the strain rate (the time derivative of the strain). Since the strain rate of all three gauges follows identic pattern only the parameter corresponding to the gauge J2 is presented in Figure 5c and5d. The comparison of the strain rate with the current is very convenient because both parameters are time derivatives of physical terms related to the size of the electrochemical cell (diameter, length and charge storage capacity). The sign of the strain rate indicates the deformation type (shrinkage or expansion), while the appearance of minimums and maximums indicates the occurrence of electrochemical reactions. It can be seen that there is a fair correspondence between the number and the position of the current peaks of the strain rate minimums and maximums, which is in good agreement with the theoretical considerations of Schiffer et al. [START_REF] Shiffer | [END_REF].

Impact of the temperature on the mechanic behavior of MJ1 Li-ion cells

The impact of the temperature on the mechanic behavior of the MJ1 cells has been evaluated in two different types of experiments. During the first one, completely charged cell equipped with strain gauge rosette has been subjected to a short thermal cycling between -5 and +45 °C using the stair-case like profile shown in Figure 6a. The same plot presents also the evolution of the signals from the three strain gauges. It can be seen that the mechanical response to the change of the temperature is very rapid. It also includes strain relaxation effects with an amplitude increasing over the temperature. The strain vs. temperature plots presented in Figure 6b show that the thermal dependence of the deformation is not linear and it features a hysteresis effect which is more pronounced at the higher temperatures. The distinct difference between the inclined gauges J1 and J3 and the central gauge remains, which indicates
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that considerable part of the thermal effect on the strain signal is related to the mechanical changes of the cell. If we consider that the thermal dependence of the gauge factors remain close to linear, the parametric analysis of the r(D) function can be applied in order to analyses the deformation mechanism related to the changes of the temperature. The corresponding result presented in Figure 6c differs significantly from the data discussed in the previous paragraphs. It can be seen that temperature changes can be associated with nearly ideal shrinkage and expansion of the cell diameter. The hysteresis effects are also much smaller, which indicates that the hysteresis observed in Figure 3 and 5b are caused by the energy dissipation corresponding to the occurrence of the electrochemical reactions. Figure 7 presents the results from the clustering and 2D mapping of the received ultrasound signal obtained during cycling with 2h-rated charge and discharge current at three different temperatures (5, 25 and 45 °C). Again, the study has been carried out with R15-/F15- couple of sensors. As expected, the increase of the temperature increases the capacity and the energy efficiency of battery, the latter being directly evident as decreased voltage hysteresis. It can be seen that the temperature impacts also strongly the waveform of the received ultrasound signal at a fixed cell voltage (respectively fixed SOC value) indicating that the thermal expansion of the cell influences its interaction with the ultrasound. The increase of SOC increases the difference between the acoustic waveform patterns. A smaller variation of the waveform pattern at very low SOC can be seen in Figure 7d. These results can be further related to the fact that the cell jellyroll is the most compact when SOC is close to 0 %, and the additional shrinkage caused by the cooling will not alter substantially the transfer of the ultrasound waves across the cell.

Impact of the cycling aging on the mechanic behavior of MJ1 Li-ion cells

A MJ1 Li-ion cell equipped with strain gauge rectangular rosette and a pair of low cost piezoelectric transducers from the type EPZ-20MS64W has been subjected to charge/discharge cycling with 2h-rated current and depth of discharge equal to 100 % (DOD = 100 %) at room temperature (22 °C +/-1 °C). Figure 8a and 8b present the impact of the ageing on the classic battery parameter set (current, voltage, temperature and capacity). As expected, the capacity decreases and the internal resistance increases progressively without any significant change of the cell skin temperature. The strain data presented in Figure 8c-8e show that the cycle ageing takes place without causing any significant change of the overall deformation pattern. The most visible impact of the ageing is an increasing amplitude of the signal corresponding to increased cell swelling in charge mode followed by relaxation. In contrast, the strain measurements at open circuit in completely charged state increase with much slower rate especially until 400 cycles. This result indicates that the stress effects associated with the increased swelling of the cell (corresponding on its turn to the lithium ions intercalation in the graphite) are dynamic. This mechanic phenomenon is quite similar to the increased charge voltage due to the higher internal resistance of the cell. According to the works of Cannarella and Arnold [28] and Jones et al. [29] the Li-ion cell swelling due the cyclic deterioration can be related mostly to the processes associated with the growth of the passivation layer (so-called "solid electrolyte interface") between the graphite particles and the non-aqueous electrolyte. The parametric analysis of the strain data presented in Figure 8f shows that the predominant deformation pattern remains the isotropic growth and shrinkage of a cylindrical body. However the shift of the curves in right-hand direction indicates that the cell swelling caused by the cycling ageing follows a pattern corresponding to a spherical growth, which has been identified as an effect caused by the operation of the positive electrode. Another minor consequence from the ageing is a small decrease of the hysteresis
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of the r(D) plots. This effect can be explained supposing that that the hysteresis corresponds to a certain energy storage capacity. Thus, the large hysteresis corresponding to the charge/discharge cycling can be related to the large electric energy storage capacity (12.6 Wh) and the much small hysteresis observed during the thermal cycling will be due to the much smaller heat storage capacity (0.68 Wh considering Cp = 1 J.g -1 K -1 and T = 50 K [30]). Using the same consideration we can link the decreasing capacity with the decreasing hysteresis of the r(D) plots. The results from the ultrasound interrogation at different state of health using an acoustic set-up with low cost piezoelectric transducers are plotted in Figure 8g. It can be seen that in this narrow frequency range of acoustic interrogation (120 -150 kHz), the signal strength dependence on SOC follows an inversed trend -it decreases during the charge and vice versa. The range of this parameter is about one order of magnitude higher. This kind of differences can be explained by the different characteristics of the low cost transducers (e.g. frequency bandwidth, input impedance, coupling mechanism, etc….). No matter of this, the measurements remain rather stable. The effect of the aging is mostly visible at the plateau regions corresponding to the open circuit periods. In this case, the decrease of the capacity correlates with decrease of the signal strength. Figure 8h indicates that the correlation is close to linear, especially when the cell is completely discharged. This result is in good agreement with the work of Gaul et al, which studied bigger pouch-cell Li-ion batteries with similar methodology [7]. The continuous monitoring of both types of mechanical parameters during long-term cycling shows that the impact of the state of charge remains predominant, while those of the state of health cause a slow, rather monotonic drift of the observed mechanical characterization signals. The stability of the observed signals indicates that the approach can be used further in practical applications after minor changes of the sensors wiring and position. In the case of the strain gauges, it can be a transition from soldered wires towards sliding pins, which can contact the corresponding pins installed on the walls of the battery modules. The paired piezoelectric transducers themselves can be integrated inside the void spaces which are formed naturally between the cylindrical cells in the module. In it expected that such integration will be even easier at the forthcoming cell format 4280 [START_REF] Lambert | electrec website[END_REF].

Conclusions

Two different types of non-invasive mechanical characterization methods have been used simultaneously for extended battery monitoring during its normal operation. Both type of parameters correlate well with the state of charge and the temperature in a stable and repetitive way. The use of rectangular strain gauge rosette and parametric analysis of the signals allows distinguishing two different deformation mechanisms corresponding to the expansion and shrinkage of each electrode due to the intercalation and extraction of the lithium ions. Both electrode shrinkage/expansion mechanisms differs from the deformation caused by the change of the temperature. The acoustic interrogation data show strong dependence on the state of charge and the temperature, especially when the results are analyzed with data-mining tools based on signal clustering and mapping of the power density spectra. It has been found that the method can be also applied successfully using low cost piezoelectric transducers, which provide accurate and stable data during long term cycling aging tests. The acoustic data during such tests undergo rather slow evolution indicating the robustness of the acoustic interrogation as a method for monitoring of the normal battery operation. The increase of the energy density of the Li-ion batteries is associated with the use of more reactive electrode materials, operating at extreme potentials. This leads to the appearance of safety issues when the cells approach or exceed the boundaries of their normal operating conditions. Such significant and severe safety issues are the thermal runaway and the subsequent battery fire processes. They can be triggered by a variety of external or internal mechanical, thermal and electric abuse events like cell crushing and piercing, overheating, short-circuiting or overcharge [1 -3]. The prevention and the early detection of the thermal runaway are amongst the critical tasks of each Li-ion battery management and monitoring system (BMS). These tasks are carried out classically by the measurement of the cell voltage, current and battery proximity temperature and the subsequent data processing by the BMS software [4]. The battery parameters set can be further extended taking into account the mechanical behavior of the cells related to the phase changes in the electrode materials during the cycling and the ageing [5]. Two particular techniques amongst those discussed by Pop et al. in [5] are very attractive for practical use in medium and large scale Li-ion packs -the battery case deformation measurement using strain gauges and the acoustic ultrasound interrogation using piezoelectric transducers. Both methods use rather inexpensive and compact sensors and transducers and do not require too sophisticated electronics for data acquisition and treatment. These advantages are the main reason for this study, which will focus first on the investigation of the mechanical behavior of cylindrical Liion cells under normal operation. The success of the Tesla Motors electric vehicles and the recently announced intention to keep the cylindrical cell construction with opposite terminals in their future energy storage products brought additional motivation to do this study using cylindrical cells [START_REF] Lambert | electrec website[END_REF].

Experiment and methods

Lithium ion cells

The experiments have been carried out on commercially available cells from type INR18650 MJ1 manufactured by LG Chem (Republic of Korea). The nominal capacity of the cells is considered to be equal to 3400 mAh, and the rated values of the charge and discharge current are further referred versus this value.

According to the product datasheet information, the cells can operate safely in the voltage range 2.5  4.2 V using charge current limit equal to 3.4 A (1C) and maximum discharge current of -10 A. The operating temperature rage in charge mode is from 0 to 45 °C, while the discharge can be carried out from -20 to +60 °C. The nominal energy density is equal to 252 Wh.kg -1 and 748 Wh.L -1 . The charge/discharge experiments have been carried out using potentiostat-galvanostat BioLogic VSP (France). The experiments has been carried out in climate chamber or at room temperature. The cell skin temperature has been monitored during all experiments using K-type thermocouples attached with adhesive tape. The cell components has been characterized after the tear down analysis of completely discharged cell, using electronic microscopy coupled with EDX spectroscopy, thermal analysis (DSC), infrared spectroscopy (FTIR), X-ray diffraction, differential scanning calorimetry, and gas chromatography coupled with mass spectroscopy.

Stain gauge sensors and measurement equipment

The deformation of the cell casing is monitored by a general purpose rectangular rosette strain gauges type "C2A-06-062LR-120" manufactured by the company Micro-Measurements. The same company provided also the corresponding kit and instructions for metallic surface preparation and gauge bonding with cyanoacrylate glue, as well as a multi-channel measurement system. Detailed information about the gauge is presented in the supplementary information (S1). It is comprised of three encapsulated linear gauges
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reported on polyamide Kapton® substrate with a nominal resistance equal to 120 Ohm. The middle gauge (denoted as "J2") is orientated perpendicularly to the length of the sensor, while the other two sensors (denoted as "J1" and "J3") are inclined to 45° against the axe of the middle gauge (J1 stays on the side of the negative terminal). The gauge is made of constantan, a copper-nickel binary alloy that has a constant resistance over a large temperature range (i.e. the resistance changes due to the temperature variations can be related only to thermal expansion phenomena). The rosette is positioned in the middle of the cell length with measurement axis of gauge "2" perpendicular to the cell length. During the cell deformation process the gauge pattern resistance increases proportionally to elongation according to the equation:

 K L L K R R     (1)
Where L and L are the gauge pattern length and its variation, R and R are the gage resistance and its resistance variation, K is the gauge factor and  is the strain, which is expressed in µm.m -1 or in ppm. The main advantage of the rosette gauge is related to the fact that it does not need to be positioned precisely with a perfect reproducibility taking into account all three signals together. Apart from the strains 1, 2, and 3, two deformation parameters D and r can be calculated as follows:

D = (1 + 3)/2 (2) 2 3 2 2 2 1 ) ( ) ( 2 1         r (3)
The graphic representation of the r(D) function allows rapid semi-quantitive interpretation of the deformation mechanism [7].

Acoustic ultrasound interrogation set-up

The acoustic measurements are carried out in ultrasound interrogation mode using a pair of lead zirconate titanate (Pb[ZrxTi(1-x)]O3 -PZT) ceramic, piezoelectric transducers, one operating as an emitter of ultrasound and the second as a receiver. In one first series of experiments, the acoustic coupling has been carried using high-end piezo-electric transducers R15- (black / narrow bandwidth / emitter) and F15- (white / wide bandwidth / receiver) manufactured by Euro Physical Acoustics. Same type of experiments have been repeated using low cost sensors from the type EPZ-20MS64W (6.4 kHz, 400 ohms), which possess similar footprint. The acoustic coupling set-up with both type of sensors attached on cells with strain gauges is presented in the supplementary information (S2). The acoustic signals were generated using WaveGen software (company Mistras) allowing defining the characteristics (frequency, duration, amplitude) of the electric signal by an electronic wave generator ARB-140. For the R15- / F15- transducers, signal emitted was a frequency sweeping between 100 and 200 kHz, 200 ms long, with a signal amplitude of 0.1 V. For the low cost EPZ-20MS64W transducers, the emitted signal had to be adapted to the and the frequency sweeping was only ranging between 120 and 150 kHz, while the duration was increased up to 1.5 ms and a signal amplitude of 1 V. The electric signal is converted in acoustic wave by the piezoelectric transducer operating in emission mode. The received acoustic signal is the transformed into voltage by the opposite piezoelectric transducer. The received signal is pre-amplified using a PCI2 module (company Mistras). The data acquisition is carried out using AEWin software and analyzed further using Noesis software and in-house developed machine-learning software [8]. The supplementary data (S3) presents the routine of the data analysis starting with the spectral transformation of the detected acoustic waveform and the subsequent clustering and mapping of the power spectra. The in-house developed machine-learning software allows pairing a given State of Charge (SOC) point to a corresponding power spectrum presented as a particular 

Results and discussion

Lithium ion cell components

The inspection of the cell casing with SEM and EDX indicated that the iron and nickel are the main constituents of this component. The characterization of the separator material with DSC and FTIR showed the material is composed of polyethylene. Its surface facing the negative electrode is coated with alumina. The separator thickness is about 8 µm. The results from the chromatographic analysis of the electrolyte showed that the solvent is comprised of ethylene carbonate, dimethyl carbonate and propylene carbonate in approximate molar ratio of 6:3:1, being in good agreement with the literature [9]. The analysis of the positive electrode material with XRD, SEM and EDX showed that its principal constituent is LixNi0.83Mn0.07Co0.1O2 composition. It is fairly close to the commercial materials from the type NMC 811 having a specific capacity of about 200 mAh.g -1 [10]. The measured surface loading is equal to 20.2 mg.cm -², resulting in an approximate specific capacity of 4.04 mAh.cm -². The same type of analysis applied on the negative electrode showed that it is comprised of graphite containing minor silicon content (detected as SiO2). The surface loading of the negative electrode is 11.9 mg.cm -². The theoretical capacity of the negative active material is about 335 mAh.g -1 , considering a utilization of the graphite equal to 95 % (C6 conversion to LiC6) and the use of 5 % of conductive and binder additives. Thus, the specific capacity of the negative electrode should be about 3.99 mAh.cm -². This value is close enough to those of the positive electrode, allowing the assumption that both electrodes are "balanced" electrochemically.

Mechanic behavior of the cell during charge/discharge cycling

Figure 1 presents the evolution of the ensemble of battery parameters monitored during a short-term galvanostatic cycling with 2h-rated current at 25°C maintained in a climate chamber. During cycling, the cell skin temperature varies between 26 and 31°C, because the MJ1 technology corresponds to the so-called "energy" type and the applied current is close to the tolerance limits. The parameter SOC is calculated posteriori using amp-hour counting. Prior to this cycling, the cell has been completely recharged using constant current / constant voltage sequence (CC / CV, 1.7 A / 4.2 V) terminated when the current during the CV stage decreases to 0.17 A. After 30 min long rest period the strain signals measurement equipment has been reset. Thus, the reference point corresponding to zero deformation has been set to SOC = 100%. The data plotted in Figure 1c show that the strain evolution of all three gauges follows repeatable cyclic pattern that correlates well with the state of charge of the cell, being in good agreement with the literature [5, 11,12]. The amplitude of the signal from the gauges J1 and J3 is roughly twice of the amplitude of the central gauge J2. This is an indication that the main type of cell deformation is due to the jellyroll diameter shrinkage during the discharge and expansion during the charge. It can be explained well with the fact that the graphite constituting the negative electrode material occupies largest volume fraction of the cell and it experiences most significant crystal lattice expansion due to the lithium ions intercalation (about 17%, [5]). A closer inspection of the strain signal pattern shows that the relationship between the deformation and SOC is not perfectly straightforward. From one hand, there are small excursions of the strain in the initial and final stages of the discharge (i.e. the discharge starts and ends with short expansion periods). From the other, there is significant mechanical relaxation during the rest periods following the termination of the charge process. A hypothesis suggesting that the relaxation is linked with the temperature cool down could be
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rejected taking into account the fact that the heating is more intense in the end of the discharge where the amplitude of the relaxation is much smaller. Figure 1d presents the evolution of the received acoustic signal strength during the constant current cycling measured by the couple piezo-electric transducers R15- / F15-. The selected parameter (the integrated voltage signal of entire waveform) allows a first order assessment of the mechanism of interaction of the cell with the probing ultrasound waves. It can be seen that the ultrasound interrogation results correlate with SOC in a way similar to the case of the strain evolution. This correlation suggests that the jellyroll shrinkage enhances some dampening effect or an increased absorption of the ultrasound waves and vice versa (the charging increases the jellyroll compacting which may enhance the passage of the ultrasound). The results presented in Figure 2 illustrate the impact of the cycling current on the mechanic behavior of the cell. It can be seen that the evolution of the strain and the strength of the received acoustic signal follow similar pattern and amplitude, despite the increased cell temperature during the last cycle with 2 h rated current. The latter supports the above hypothesis that the impact of the Joule heat on the mechanic behavior of the cell during the 2 h -rated cycling is relatively small. The decrease of the cycling current leads to the appearance of much better pronounced regions (local minimums and maximums, changes of the slope) in the strain transients, which should correspond to the lithium ion insertion and extraction inside the different crystallographic phases, formed in the electrodes during the charge/discharge operation. The most significant impact of the current can be seen in the end of the charge process and the subsequent rest period. While the strain maximum reached at the moment of the current cut-off (4.2 V) remains rather constant, the subsequent relaxation process depends on the cycling rate. It can be related to the fact that the lower charge current injects higher number of Amp-hours corresponding to slightly larger jellyroll diameter at steady state. The strain data shown in Figure 2c have been subjected to the parametric analysis described (Equations 2 and 3). The corresponding results are plotted in Figure 3 together with a guiding diagram for qualitative interpretation of the deformation mechanism [7]. The data points corresponding to the rest periods between the charge and he discharge stages have been removed for the sake of simplicity. The results show that the deformation mechanism does not depend much on the applied cyclic rate, the only exception being the end of the charge domain. The deformation pattern during most of the charge and discharge duration corresponds to a process combining cylindrical shrinkage and compression, i.e. isotropic growth of cylindrical body. The data corresponding to the charge and the discharge processes are clearly separated by an elastic hysteresis loop which is related to the energy dissipation due to the lithium ion insertion and extraction from the host matrix of the positive and the negative electrode materials. Figure 4a presents the results from the clustering and 2D mapping of the received ultrasound signal obtained during cycling with various charge rates and discharge rate fixed at C/2h at 25 °C. The measurements has been carried out with R15-/F15- couple of piezoelectric transducers. The different colors account for different types of waveforms defined from their power density spectra (same color = same DSP). Three waveform samples corresponding for different SOC values close to 0, 50 and 100 % are shown. The coupling of the acoustic and the electrochemical data is shown in Figure 4b and 4c using two type of x-axis in order to take into account the evolution of the data as a function of the time and SOC keeping the same color-code. It can be seen that nature of the transmitted acoustic signal changes with the change of the battery SOC almost independently on the applied charge rate. This result remains quite reproducible and it is consistent with the data presented in Figure 3c. The comparison of the data plotted in Figure 4 with those in Figure 2d shows that the acoustic interrogation is able to provide reliable and accurate data about the battery state without the necessity to development of precise physical mode representing the interaction of the cell jellyroll with the probing ultrasound. 

Mechanic behavior of MJ1 Li-ion cell in cyclic voltammetry mode

The cyclic voltammetry with low voltage sweep rate (50 µV.s -1 ) allows further assessment of the link between the kinetics of the charge/discharge reactions in the cell and its deformation. Figure 5 presents the evolution of the ensemble of battery parameters monitored during this type of test using another cell from the same purchase batch. The data are separated in two parts -the cathodic branch of the plots corresponds to the results measured during the voltage decrease from 4.2 to 2.5 V. Thus, the cathodic sweep can be considered as an alternative 10h rated discharge (its precise duration is equal to 9 h and 27 min). In the same way, the data recorded during the anodic voltage sweep from 2.5 to 4.2 V represent the kinetics of the charge reactions and the associated mechanic phenomena. The evolution of the three strain gauge signals is presented in Figure 5a. It can be seen that the amplitude of the deformation is lower in comparison with the previous case, however it remains in the same order of magnitude. In the voltage domain 3.5 -4.2 V the signals of the gauges J1 and J3 are nearly identical and they are twice lower than those of J2. These data indicated that the discharge process in this voltage domain corresponds to a cell shrinkage with relatively homogeneous spatial distribution of the local current density. This means than at high SOC values most of the deformation can be related to the lithium ion insertion and extraction from the graphite negative electrode. When the voltage is lower than 3.5 V, the discharge process continues with partial recovery of the cell volume (swelling), which can be linked with the lithium ion insertion in the host matrix of the positive NMC electrode. Here the difference between the signals of the gauges J1 and J3 indicates certain non-homogeneity of the current density distribution. Such type of artefact can be possibly related to the radial positioning of the strain gauge rosette, which cannot be predicted or controlled without preliminary X-ray tomography (e.g. rosette installed in close proximity to the jellyroll foil edge or coating ending). The parametric analysis of the strain pattern presented in Figure 5b remains similar to those shown in Figure 3. The data corresponding to the anodic and the cathodic sweep are separated by a hysteresis of nearly 60 ppm in direction of both axis, which is fairly close to the hysteresis observed in Figure 3 (about 50 ppm in both directions). The r(D) curve contains 4 kink points indicating drastic changes of the mechanism of the cell deformation. The origin of the points corresponding to cell voltage equal to 2.5 and 4.2 V is clear -it corresponds to the termination of the processes of discharge and charge. Both remaining points correspond to cell voltage values close to 3.5 V, i.e. they are located in the region of the transition from shrinkage to expansion and vice versa. The slope of the parametric function r(D) in both regions is distinctly different indicating different mechanisms of expansion and shrinkage of the positive and the negative electrode. It was already mentioned that at higher SOC values, the negative electrode contributes more to the cell deformation and the latter undergoes isotropic cylindrical expansion and shrinkage. In contrast, it can be seen that the deep discharge carried out in voltammetry mode reveals that the positive electrode contributes to deformation with spherical pattern. Both sweeps of the classic voltammogram has been separated in order to compare the current with the strain rate (the time derivative of the strain). Since the strain rate of all three gauges follows identic pattern only the parameter corresponding to the gauge J2 is presented in Figure 5c and5d. The comparison of the strain rate with the current is very convenient because both parameters are time derivatives of physical terms related to the size of the electrochemical cell (diameter, length and charge storage capacity). The sign of the strain rate indicates the deformation type (shrinkage or expansion), while the appearance of minimums and maximums indicates the occurrence of electrochemical reactions. It can be seen that there is a fair correspondence between the number and the position of the current peaks of the strain rate minimums and maximums. 

Impact of the temperature on the mechanic behavior of MJ1 Li-ion cells

The impact of the temperature on the mechanic behavior of the MJ1 cells has been evaluated in two different types of experiments. During the first one, completely charged cell equipped with strain gauge rosette has been subjected to a short thermal cycling between -5 and +45 °C using the stair-case like profile shown in Figure 6a. The same plot presents also the evolution of the signals from the three strain gauges. It can be seen that the mechanical response to the change of the temperature is very rapid. It also includes strain relaxation effects with an amplitude increasing over the temperature. The strain vs. temperature plots presented in Figure 6b show that the thermal dependence of the deformation is not linear and it features a hysteresis effect which is more pronounced at the higher temperatures. The distinct difference between the inclined gauges J1 and J3 and the central gauge remains, which indicates that considerable part of the thermal effect on the strain signal is related to the mechanical changes of the cell. If we consider that the thermal dependence of the gauge factors remain close to linear, the parametric analysis of the r(D) function can be applied in order to analyses the deformation mechanism related to the changes of the temperature. The corresponding result presented in Figure 6c differs significantly from the data discussed in the previous paragraphs. It can be seen that temperature changes can be associated with nearly ideal shrinkage and expansion of the cell diameter. The hysteresis effects are also much smaller, which indicates that the hysteresis observed in Figure 3 and 5b are caused by the energy dissipation corresponding to the occurrence of the electrochemical reactions. Figure 7 presents the results from the clustering and 2D mapping of the received ultrasound signal obtained during cycling with 2h-rated charge and discharge current at three different temperatures (5, 25 and 45 °C).

Again, the study has been carried out with R15-/F15- couple of sensors. As expected, the increase of the temperature increases the capacity and the energy efficiency of battery, the latter being directly evident as decreased voltage hysteresis. It can be seen that the temperature impacts also strongly the waveform of the received ultrasound signal at a fixed cell voltage (respectively fixed SOC value) indicating that the thermal expansion of the cell influences its interaction with the ultrasound. The increase of SOC increases the difference between the acoustic waveform patterns. A smaller variation of the waveform pattern at very low SOC can be seen in Figure 7d. These results can be further related to the fact that the cell jellyroll is the most compact when SOC is close to 0 %, and the additional shrinkage caused by the cooling will not alter substantially the transfer of the ultrasound waves across the cell.

Impact of the cycling aging on the mechanic behavior of MJ1 Li-ion cells

A MJ1 Li-ion cell equipped with strain gauge rectangular rosette and a pair of low cost piezoelectric transducers from the type EPZ-20MS64W has been subjected to charge/discharge cycling with 2h-rated current and depth of discharge equal to 100 % (DOD = 100 %) at room temperature (22 °C +/-1 °C). Figure 8a and 8b present the impact of the ageing on the classic battery parameter set (current, voltage, temperature and capacity). As expected, the capacity decreases and the internal resistance increases progressively without any significant change of the cell skin temperature. The strain data presented in Figure 8c-8e show that the cycle ageing takes place without causing any significant change of the overall deformation pattern. The most visible impact of the ageing is an increasing amplitude of the signal corresponding to increased cell swelling in charge mode followed by relaxation. In contrast, the strain measurements at open circuit in completely charged state increase with much slower rate especially until 400 cycles. This result indicates that the stress effects associated with the increased swelling of the cell (corresponding on its turn to the lithium ions intercalation in the graphite) are dynamic. This mechanic phenomenon is quite similar to the increased charge voltage due to the higher internal resistance of the cell. The parametric analysis of the strain data presented in Figure 8f shows that the predominant deformation pattern remains the isotropic growth and shrinkage of a cylindrical body. However the shift of the curves in right-hand direction indicates that the cell swelling caused by the cycling ageing follows a pattern corresponding to a spherical growth, which has been identified as an effect caused by the operation of the positive electrode. Another minor consequence from the ageing is a small decrease of the hysteresis of the r(D) plots. This effect can be explained supposing that that the hysteresis corresponds to a certain energy storage capacity. Thus, the large hysteresis corresponding to the charge/discharge cycling can be related to the large electric energy storage capacity (12.6 Wh) and the much small hysteresis observed during the thermal cycling will be due to the much smaller heat storage capacity (0.68 Wh considering Cp = 1 J.g -1 K -1 and T = 50 K [13]). Using the same consideration we can link the decreasing capacity with the decreasing hysteresis of the r(D) plots. The results from the ultrasound interrogation at different state of health using an acoustic set-up with low cost piezoelectric transducers are plotted in Figure 8g. It can be seen that in this narrow frequency range of acoustic interrogation (120 -150 kHz), the signal strength dependence on SOC follows an inversed trendit decreases during the charge and vice versa. The range of this parameter is about one order of magnitude higher. This kind of differences can be explained by the different characteristics of the low cost transducers (e.g. frequency bandwidth, input impedance, coupling mechanism, etc….). No matter of this, the measurements remain rather stable. The effect of the aging is mostly visible at the plateau regions corresponding to the open circuit periods. In this case, the decrease of the capacity correlates with decrease of the signal strength. Figure 8h indicates that the correlation is close to linear, especially when the cell is completely discharged. The continuous monitoring of both types of mechanical parameters during long-term cycling shows that the impact of the state of charge remains predominant, while those of the state of health cause a slow, rather monotonic drift of the observed mechanical characterization signals.

Conclusions

Two different types of non-invasive mechanical characterization methods have been used simultaneously for extended battery monitoring during its normal operation. Both type of parameters correlate well with the state of charge and the temperature in a stable and repetitive way. The use of rectangular strain gauge rosette and parametric analysis of the signals allows distinguishing two different deformation mechanisms corresponding to the expansion and shrinkage of each electrode due to the intercalation and extraction of the lithium ions. Both electrode shrinkage/expansion mechanisms differs from the deformation caused by the change of the temperature. The acoustic interrogation data show strong dependence on the state of charge and the temperature, especially when the results are analyzed with data-mining tools based on signal clustering and mapping of the power density spectra. It has been found that the method can be also applied successfully using low cost piezoelectric transducers, which provide accurate and stable data during long term cycling aging tests. The acoustic data during such tests undergo rather slow evolution indicating the robustness of the acoustic interrogation as a method for monitoring of the normal battery operation. 
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