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Performance and safety monitoring of the batteries is of major importance for most of applications. However, present methods of battery monitoring embedded in the Battery Management Systems (BMS) are usually only based on temperature and electrochemical parameters measurements (cell voltage, applied current, Coulomb counting…). Thus, they do not provide relevant enough information to detect the mild signs of improper operation that could lead to irreversible degradation of the performance and even safety issues.

To address this fact, we considered the use of acoustic methods and thermal analysis as relevant characterization techniques for an advanced monitoring of the batteries that could allow improving the BMS to optimize use of the battery, increase their life cycle and prevent safety issues. Acoustic characterization and thermal analysis techniques are evaluated as non-electrochemical, noninvasive and in-operando methods to complete the usual electrochemical monitoring of batteries. The main objective is to detect subtle materials and interfaces changes during operation and aging. First, experimental setups are defined for different commercial-type batteries characterization. Then, we evaluate the ability (and limitations) of these techniques to determine different status indicators such as the State of Charge (SoC) during usual operation, State of Health (SoH) related to aging mechanisms, and the State of Safety (SoS) with the possibility to prevent safety issues by detecting the early warning signs of damaging during abusive operation (thermal runaway, overcharge and over-discharge …).

Introduction

Both product developers and end users often see the battery as a black box component just supplying power, without seeking to know what is happening inside. This way of viewing a battery is probably not quite wrong if considering the leadacid battery which is continuously maintained fully charged and doesn't require a battery management system to balance the charge of the cells or prevent safety issues. The lead-acid battery may basically be considered to present only three different status: 1-good ("does the job" such as supplying power to start up the combustion engine of a vehicle), 2-not good (can't do the job, but it is due to a low state of charge; the battery can be recharged), 3-battery is dead. Unfortunately, all types of batteries are not so easy to operate. Aqueous batteries (Ni-Cd, Ni-MH, Ni-Zn, Ni-Fe) require a light BMS to optimize the performance and the durability. For Li-ion batteries, BMS is mandatory for both charge balancing and preventing safety issues. With nomadic objects and electric vehicles development, the Li-ion battery has taken a growing share of the electrochemical storage market, and rapidly, safety concerns appeared. We can point out several emblematic events of recent years such as the incidents due to batteries burning and smoking that grounded all of 50 Boeing 787 in 2013 [1] .

Only in 2016, more than 500 thousands of hover boards were recalled in North America, due to fire hazard [2] , hundreds of thousands of laptop computers batteries were recalled [START_REF]D%5Bmonth%5D=&field_rc_date_value% 5Bmin%5D%5Byear%5D=&field_rc_date_value%5 Bmax%5D%5Bmonth%5D=&field_rc_date_value% 5Bmax%5D%5Byear%5D=&combine=computer[END_REF] , as well as 1.9 million of Samsung Galaxy Note 7 phones [4] … Even though some defects of the battery components could have been involved in these occurrence, a bad battery management is many times the main source of over-heating. The high performance of the batteries (fast-charging, full cycling) are often developed at the expense of safety and lifetime. Development of BMS that allows a better understanding of the reactions occurring inside the batteries is required to increase the safety and the lifetime of the batteries, as well as their performance. Indeed, an accurate monitoring of the battery could allow to adapt constantly the operation limits of the battery (voltage range, max charge and discharge current) to the specific conditions of operation, instead of using arbitrarily fixed values, conservatively defined for new batteries. Such a management of the battery requires collecting relevant information under operation from the battery behavior. We present the underestimated potential of two different characterization techniques for battery monitoring: acoustic emission and thermal analysis.

Acoustic emission

Electrochemical reactions that occur in batteries usually lead to important structural changes of materials. Indeed, charging and discharging cycles are an important source of mechanical stress which is often at the origin of the performance decrease. Acoustic techniques of characterization are recognized non-destructive test (NDT) methods, widely used to detect and locate defects in materials and structures exposed to mechanical stress. Two main techniques exist. -The first one, so called acoustic emission (AE), is a passive monitoring technique. Relaxation of mechanical stresses in materials and at interfaces (e.g. due to volume change associated with lithium intercalation [5,6] , cracks in the passivation layer of the electrodes, gas evolution during electrolyte degradation, etc…) emit transient elastic waves. They propagate throughout the battery materials to the surface and are recorded by sensors.

Piezoelectric sensors sensitive to ultrasonic wave or vibration (frequency range between 50 kHz and 1 MHz) are placed in contact with the outer surface of the battery (see Figure 1) to detect these acoustic events and record the waveform. These acoustic signals provide a wealth of information on the dynamic structural changes inside the batteries. The frequency of occurrence of the acoustic events is interesting in itself, highlighting active features such as crack growth. However, acoustic phenomena are generally generated as sets of noncoherent acoustic waves and the acquired signals need careful data processing and treatment considering many parameters of the waveforms recorded (amplitude, energy, shape, frequency) to identify and selectively ascribe acoustic events with specific internal physical and chemical phenomena arising from phenomena such as SEI formation [7,8,9] , lithium intercalation [START_REF] Kircheva | Acoustic Methods as a Tool for Management of Electrochemical Process of Energy[END_REF] or aging mechanisms [11,12] .

-In contrast to AE, Ultrasound characterization (UsC) is an active characterization method in which acoustic waves of a defined wavelength are injected from a transducer within the battery material (Figure 2).

The acoustic waves interact with the materials and can be absorbed or reflected by defects. Comparison of the reflected and transmitted acoustic signals allows detecting changes in the acoustic impedance of the battery (e.g. produced at an interface between two materials). Attributes of the waveforms recorded by the sensor (e.g. Time of Flight, amplitude, frequency, presence of any echoes, etc…) can be analyzed to identify physical changes in the battery.

It was recently demonstrated that significant variations of the acoustic impedance of the batteries could be observed during aging [13,14,15,16,17] and battery cycling [START_REF] Hsieh | Electrochemical-Acoustic Time of Flight: In Operando Correlation of Physical Dynamics with Battery Charge and Health[END_REF][START_REF] Steingart | Apparatus and method for determining state of change (SOC) and state of health (SOH) of electrical cells[END_REF][START_REF] Bhadra | Anode Characterization in Zinc-Manganese Dioxide AA Alkaline Batteries Using Electrochemical-Acoustic Time-of-Flight Analysis[END_REF][START_REF] Gold | Probing lithium-ion batteries' state-of-charge using ultrasonic transmission -Concept and laboratory testing[END_REF] . These two techniques allow monitoring of material fatigue or/and aging through nonintrusive, non-destructive and in-operando approach.

Thermal analysis

An accurate measurement of the heat released by the batteries during operation is of major importance for thermal modelling of batteries and battery packs, and the sizing of the cooling system. Skin temperature measurements using thermocouples placed on the surface of the batteries or IR thermal imaging are not proper to quantify the heat released. On the other hand, calorimeters are very accurate but they are bulky and cannot be used for on-board monitoring as input parameter for embedded BMS. An alternative option is to use heat flux sensors placed on the surface of the battery. The electrical signal recorded is directly related to the energy absorbed or dissipated as heat by the battery to the surrounding environment. It is then possible to identify endothermal and exothermal reactions occurring during operation and directly measure the calorific capacity (Cp) of the system. Accurate thermal management of the battery should improve the performance, the durability, and the safety of the system.

Experimental setup

Samples and battery cycling

Different Li-ion batteries format (e.g. cylindrical 18650 and 26650, pouch cell, prismatic, small battery packs) and chemistries (LFP/G, NMC/G, NCA/G, LFP/LTO…) were considered. Here, we focus the presentation on the results obtained for two types of cylindrical batteries (18650 and 26650) and a prismatic one. All the results addressed here are obtained on commercial cells.

Electrochemical measurements and battery cycling were performed using a multipotentiostat VSP 300 (Bio-Logic SAS) with 4 A/14 V booster. Batteries were placed in a Peltier-cooled incubator IPP 500 (Memmert GmbH) providing a very accurate control of the battery surrounding temperature (setting accuracy < 0.1 °C) in the 10 to 45 °C range.

Acoustic emission setup

The acoustic emission data acquisition system, described on Figure 3, is composed of several components: the piezoelectric sensors (also called transducers), an amplifier, filters (band pass or high pass), and a data acquisition/digital signal processing system (PCI-2 AE, multi-channel board & system, Physical Acoustic Corporation, MISTRAS Group, Inc.). The AE signals were visualized and recorded by the software AEWIN for PCI2 (Physical Acoustic, MISTRAS Group, Inc.). -PVDF (polyvinylidene difluoride) polymer piezoelectric transducers are considered as less sensitive and present a broad resonance frequency range. However, the latter are smaller, highly conformable and less expensive than ceramic transducers. Moreover, the PVDF piezoelectric transducers can be screen printed on flexible sheet (polymer, paper…) and directly placed on the battery. Prior to measurements, the transducer-to-battery coupling was checked with the Hsu-Nielsen source (EN 1330-9). Ultrasound characterization (UsC) setup is composed of two transducers. The first one is excited by an electric signal generated by an ARB-1410 Arbitrary Waveform Generator Board designed on the WaveGen1410 Software (Physical Acoustic Corporation, MISTRAS Group, Inc.). The vibration produced by the first transducer is transmitted throughout the battery and detected by the second transducer. This vibration is converted into an electrical signal and recorded with the same measuring chain as for AE signals.

Heat flow measurement

To measure the heat flow exchanged by the battery with its surroundings, we used heat flux sensors produced by the company Captec (http://www.captecenterprise.com/). These sensors are composed of a thin thermoelectric component laminated between flexible plastic layers [20,[START_REF] Thery | Heat flux sensors[END_REF][START_REF] Sauer | Evaluation of a new, perforated heat flux plate design[END_REF] . Flat sensors are placed directly on the sides of prismatic batteries. For cylindricaltype batteries, special polygonal sensors were produced and wrapped around the batteries (18650 and 26650 sizes). Heat flux sensors were calibrated using a device composed of a heating film placed around an aluminum alloy cylinder (18 mm diameter, 65 mm long for 18650 battery size sensors or 26 mm, 65 mm long for 26650 battery size sensors). A linear calibration curve is obtained, plotting the heat flux sensor signal (voltage) versus the electrical power supplied to the heating film (U x I). 

Thermal flow measurement

Heat flux sensors were found to be very accurate to measure the variation of heat dissipated by the batteries 18650 and 26650 (in the mW range).

Thermal monitoring and management

The heat generation of battery cells during charge and discharge processes can be attributed to two main sources: the reversible heat Qrev and the irreversible heat Qirrev. The reversible heat is relative to thermodynamics of chemical reactions occurring in the battery and more precisely to the entropic term. Irreversible heat can be considered to be the heat produced by the Joule effect (RI², R is the ohmic resistance of the sample, I the applied current). As can be seen on Figure 6, during charge the heat flow measured fluctuates a lot, while the current applied is constant (at least during the first phase of the charging at C/20 and during discharge). We can even note that for the first 300 seconds of the charge (15 % of the full capacity of the battery), the heat flow measured is negative. This means that the heat absorbed by endothermal chemical reactions is higher than the heat generated by the Joule effect in the battery components. The thermal behavior is highly depending on the chemistry of the battery and the power profile applied during charge and discharge. An appropriate and accurate evaluation of the thermal behavior of the batteries with simple systems such as heat flux sensors appears as an essential step when considering a thermal management of battery packs.

Measurement of the specific heat capacity

When modelling the thermal behavior of batteries, the specific heat capacity (Cp) is often taken as a tabulated value, more or less close to the value of aluminum, one of the main component of the Liion batteries. Utilization of heat flux sensors was shown to be a very simple method to determine the Cp of the battery [START_REF] Murashko | Thermal parameters determination of battery cells by local heat flux measurements[END_REF][START_REF] Murashko | Determination of the entropy change profile of a cylindrical lithium-ion battery by heat flux measurements[END_REF] , compared to other existing methods [25,26,27,28] . The heat variation ΔQ exchanged by an object of mass m during a variation of temperature ΔT is given by the equation: Representing the heat flow measured (W or J.s -1 ) versus dT/dt (K.s -1 ), the slope of the regression line is mCp. On the example proposed on Figure 7 (18650-type battery, LFP/G), the mCp value is 50.3  1.8 J.K -1 .
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Detection of over-heating

Beyond the characterization of the batteries and identification of thermal parameters for simulation calculations, the heat flux sensors can be used to detect abnormal thermal behavior during operation. An example is given on Figure 8, showing two different thermal behavior recorded on the same battery (Li-ion cylindrical 18650-type). An unexpected and unreliable important heat generation can be observed. The underlying causes of this unusual phenomenon remain unknown. However, it mainly appears on aged batteries and especially during the charge phase (end of charge). The direct consequences are an acceleration of the performance degradation and may lead to safety concerns (thermal runaway, venting, fire, explosion…).

To conclude, such a technique could be easily used for the characterization and the monitoring of the thermal behavior of the electrochemical cells. An optimal management of the thermal behavior could then be proposed to avoid sharp temperature changes inside the battery and prevent the collapse of performance often observed on batteries.

Acoustic emission

The acoustic emission technique was evaluated as a non-electrochemical method able to detect materials interfaces changes in batteries during real operation. Several topics were addressed: use that technique as an indicator for the state of charge (SoC) or state of health (SoH) of the batteries; use it to detect early signs of degradation in critical conditions of operation (over-charge, over-discharge, over-heating…) that may lead to the battery failure or safety hazards.

Estimation of SoC and SoH

On one hand, experimental results obtained during the project evidenced that the acoustic emission technique is not suitable to estimate the SoC, nor the SoH of most common lithium batteries such as NMG/G and LFP/G. Only very few acoustic events can be detected during cycling under normal operating conditions. However, such a technique could be used to estimate the SoC of other chemistries, showing a higher volume expansion of the electrodes during cycling (Li-Si, Li-S…). On the other hand, the technique has also been used for an in-depth study of the formation phase of the batteries during which the negative electrode is lithiated for the first time and the solid-electrolyte interphase (SEI) is formed. It was possible to correlate the acoustic emission events to the operating conditions of formation (temperature, C-rate) and also to the use of additives in the electrolyte and to the subsequent performance of the batteries (capacity, aging). It appears that acoustic emission is a very promising technique to study the formation phase of the batteries.

Detection of safety issues

Interestingly, this technique is very effective to detect the early signs of batteries materials degradation during operation at elevated temperature (i.e. 60 to 120 °C). Experiments conducted in the ARC apparatus (Accelerating Rate Calorimeter) to detect the onset temperature during over-heating demonstrated that the acoustic emission technique allows detecting the early signs of the irreversible degradation of materials that leads to thermal runaway. It was possible to detect the first warning signs up to 7 °C before the onset temperature. So, preventive measures can be considered to reduce the temperature before the temperature rise becomes unstoppable. Another example of the use of acoustic emission for safety management is proposed in Figure 9. The battery already studied in Figure 8 and presenting an abnormal heating at the end of the charge, was equipped by an AE sensor. We present the evolution of the heat flow measured during the charge and the cumulated energy of the AE events (given in aJ -10 -18 J). Two different types of AE signals can be identified. The "low energy" AE events (blue dots, mean energy of 2.1 fJ  1.7 %) are well distributed throughout the charge duration. But the beginning of the abnormal thermal behavior coincides with the apparition of "high energy" AE events (red dots, mean energy of 44.2 fJ  0.5 %). Then, the acoustic emission technique can easily be implemented in battery packs as a safety indicator, to detect the first signs of degradation and prevent the battery from going outside acceptable limits.

Ultrasound characterization

Whereas acoustic emission is a passive monitoring tool that only requires signal analysis and treatment, ultrasound characterization (UsC) is an active characterization methodology in which acoustic waves of a defined wavelength are injected from a transducer within a material to detect absorptive or reflective defects such as fatigue cracks. UsC uses the same piezo-electric elements as the acoustic emission, but one piezo element is used to generate a specific wavelength or wave packets directed toward the battery. According to their interaction with the materials, some wavelengths may be absorbed or reflected and/or transmitted. From this analysis, one can determine the existence of discontinuities within the sensed materials that prefigures the existence of cracks, defaults, bubbles etc… Optimizing the set of transducers and operating parameters allows analyzing very accurately different kind of batteries (Li-ion but also aqueous batteries such as Pb-acid or Ni-MH). It is then possible to detect differences in the recorded signal due to slight variations of the physical properties of the battery cell components during cycling and ageing. From these reversible and irreversible subtle variations of the signal recorded, it is possible to estimate the SoC and the SoH of a battery, independently of any electrochemical parameters (U, I, T) usually considered by the BMS. An example of the signal evolution during cycling of a phone battery cell (Li-ion prismatic 385368 3.7 V, 1400 mAh) is given on Figure 10. We can note relatively small differences between the waveforms recorded when the battery is fully charge and fully discharged. The main parameters to consider to compare these waves can the time of flight (ToF, delay between signal emission and reception) [START_REF] Sood | Health Monitoring of Lithium-ion Batteries[END_REF][START_REF] Sood | Health Monitoring of Lithium-Ion Batteries[END_REF][START_REF] Sood | Systems, methods, and devices for health monitoring of an energy storage device[END_REF][START_REF] Hsieh | Electrochemical-Acoustic Time of Flight: In Operando Correlation of Physical Dynamics with Battery Charge and Health[END_REF][START_REF] Steingart | Apparatus and method for determining state of change (SOC) and state of health (SOH) of electrical cells[END_REF][START_REF] Gold | Probing lithium-ion batteries' state-of-charge using ultrasonic transmission -Concept and laboratory testing[END_REF] , the signal amplitude [START_REF] Hsieh | Electrochemical-Acoustic Time of Flight: In Operando Correlation of Physical Dynamics with Battery Charge and Health[END_REF][START_REF] Steingart | Apparatus and method for determining state of change (SOC) and state of health (SOH) of electrical cells[END_REF][START_REF] Gold | Probing lithium-ion batteries' state-of-charge using ultrasonic transmission -Concept and laboratory testing[END_REF] , but also its frequency variations, the signal strength, duration, absolute energy, rise time etc… Variations of the main characteristics of the waveforms are attributed to physical variations of the materials and interface transporting the acoustic wave, such as changes in the density of the electrodes materials during lithiation and delithiation [START_REF] Sood | Health Monitoring of Lithium-ion Batteries[END_REF][START_REF] Hsieh | Electrochemical-Acoustic Time of Flight: In Operando Correlation of Physical Dynamics with Battery Charge and Health[END_REF][START_REF] Gold | Probing lithium-ion batteries' state-of-charge using ultrasonic transmission -Concept and laboratory testing[END_REF] . To take account of all the specific parameters of the waveforms that may be reversibly or irreversibly affected during the operation, we developed an analysis methodology for these data based on the comparison of the power spectral density (PSD) of the waveforms. Each signal is compared with all others in order to classify them according to their similarity. Classified data are mapped in a low dimensional space (typically 2D, 3D) and colored according to their position in this space. An example of classification result is presented on Figure 11. We can observe that the color of the dots changes during cycling and perfectly match for the two successive cycles. As the variation of density during lithiation of the insertion compounds are not necessarily the same at the positive and the negative electrode, a hysteresis phenomenon may appear during cycling: the measured variations are not strictly the same at load and discharge, as observed on Figure 11. 

Conclusions

We have presented the potential of two different characterization techniques that can be used for battery monitoring. Acoustic emission can be used in a passive way, recording continuously the acoustic events spontaneously generated by the battery material. We used this technique to detect the release of mechanical stress in the batteries during operation. Those measurements could be easily used to adapt continually the battery 1 https://www.ntsb.gov/investigations/accidentreports /pages/AIR1401.aspx 2 https://www.cpsc.gov/Recalls?field_rc_date_value %5Bmin%5D%5Bmonth%5D=&field_rc_date_val ue%5Bmin%5D%5Byear%5D=&field_rc_date_val ue%5Bmax%5D%5Bmonth%5D=&field_rc_date_ management in order to reduce the initiation of defects (cracks, harming gas evolution) inside the electrodes, ensure a longer service life, and prevent safety concerns. Ultrasound characterization is considered as an "active" method of characterization as an ultrasonic signal is transported throughout the battery materials, recorded and analyzed. This technique was shown to be very effective for SoC estimation from using physical data obtained independently from the usual electrochemical parameters (U, I, Q). This technique can also provide very important information's to detect early signs of reversible or irreversible degradation mechanisms. Finally, thermal analysis using heat flux sensors was found to be a wealth of relevant information's on the thermal behavior of the battery. This very simple sensor could be used to detect the variation of heat released by the battery during operation. Once again, the information's could be simply implemented into a BMS to improve the performance, the life cycling, and to detect early signs of abnormal behavior, preventing safety issues.
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 1 Figure 1: principle of the acoustic emission (AE) technique

Figure 3 :

 3 Figure 3: acquisition chain used for acoustic emission experiments. Different kinds of piezoelectric sensors can be used: -ceramic piezoelectric transducers made of PZT (Pb[ZrxTi1-x]O3), a ceramic perovskite material, are very sensitive and usually present a narrow resonance frequency range.-PVDF (polyvinylidene difluoride) polymer piezoelectric transducers are considered as less sensitive and present a broad resonance frequency range. However, the latter are smaller, highly conformable and less expensive than ceramic transducers. Moreover, the PVDF piezoelectric transducers can be screen printed on flexible sheet (polymer, paper…) and directly placed on the battery. Prior to measurements, the transducer-to-battery coupling was checked with the Hsu-Nielsen source (EN 1330-9).

Figure 4 :

 4 Figure 4: example of different types of piezoelectric transducers used. a) PZT sensor R15 installed on a cylindrical 26650-type battery; b) example of PVDFsensor fixed on a cylindrical 18650 battery; c) array of six screen-printed PVDF piezoelectric transducers placed on a cylindrical 18650-type battery. Array of sensors developed by CEA-Liten.

Figure 5 :

 5 Figure 5: polygonal heat flux sensor wrapped around a 18650-type cylindrical battery

Figure 6 :

 6 Figure 6: cell voltage and heat flow measured during a Li-ion 18650-type battery cycling at C/2 (1250 mA) at 25 °C. Top: charge at constant current C/2 (1250 mA) up to 4.2 V, then constant voltage up to C/20. Bottom: discharge at constant current C/2 (1250 mA), cut off voltage 2.5 V.

Figure 7 :

 7 Figure 7: measurement of mCp using the heat flow recorded by heat flux sensors (grey line) during a variation of temperature (red line). Experiments conducted on a cylindrical 18650 LFP/G battery.

Figure 8 :

 8 Figure 8: example of heat flow measured on the same battery during two successive cycles at the same rate (C/2) and the same temperature (25 °C). Cell voltage vs. time during charge (CC + CV + OCV) is given as the grey line; in green the heat flow measured while the cell shows a normal thermal behavior during charge; In red, the same measure but with unreliable abnormal thermal behavior probably due to occurrence of exothermal parasitic reactions at the end of charge.

Figure 9 :

 9 Figure 9: heat flows measured during charge of the 18650-type battery at C/2 and 25 °C already presented on Figure 8. Heat flow measured during normal thermal behavior is represented as green line, red line is the heat flow measured during abnormal thermal behavior. Dots represent the cumulated energy of AE events. Blue dots are the "low energy" AE events and red dots are the "high energy events".

Figure 10 :

 10 Figure 10: example of signals recorded by UsC during battery cycling (Li-ion prismatic 385368 3.7 V). Top: waveforms recorded for the battery fully charged and fully discharged; Bottom: fast Fourier transform of the magnitude of the waveforms presented below.

Figure 11 :

 11 Figure 11: example of result obtained using UsC technique. Top: evolution of the cell voltage versus time during two successive cycles charge-discharge at C/2.6 and 25 °C. Colored dots superimposed on cell voltage correspond to each UsC measurement. Coloration is related to the variation of the physical properties of the acoustic signal detected. Bottom: representation of the cell voltage vs. capacity for the same data.
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