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Abstract: Thermal management of the battery is essential for effective utilization in various environmental conditions
and for long-term usage. Failure of controlling and monitoring of battery over-heat leads to thermal runaway which
causes battery explosion. This paper emphasizes the overheating phenomena of lead-acid batteries in stimulated heat
situations. Heat is applied to the battery until the battery gets damaged. After the thermal damage to the battery, various
characterization methods were performed to analyze the thermal influence on the anode and cathode plates. The
characteristics methods are Differential Scanning Calorimetry (DSC) and Scanning Electron Microscope (SEM). DSC
method is used to find the change in glass transition temperature of anode and cathode materials, which can provide the
material thermal behavior over different temperatures. Likewise, SEM is used to investigate the structural morphology
of anode and cathode plates. The experimental results are indicating the material degradation improves with different
temperature range on both the anode and cathode plates. In particular, plate thermal influence varies at different
positions which leads to the change of plate conduction. Additionally, thermography heat distribution images are used to
identify the heat flow in the battery during the cycle period.

Keywords: lead-acid battery, thermography, differential scanning calorimetry, thermogravimetric analysis, scanning
electron microscope

1. Introduction

Batteries are used to store electrical energy to provide supply for various applications.' Energy storage is essential
in situations where electricity is inaccessible or when independent equipment needs to be powered without relying on
the main power supply.”” Batteries are classified into two categories such as primary and secondary batteries.* Primary
batteries, such as alkaline batteries, are electrochemical cells that cannot be recharged once they are depleted and are
commonly used in standalone devices. On the other hand, secondary batteries are composed of electrochemical cells
that allow their chemical reactions to be reversed by applying a specific voltage in the opposite direction. Secondary
batteries can be categorized based on their chemistry, including Lead-Acid batteries (LAB), Lithium-ion batteries,
Nickel Cadmium batteries, and Nickel-Metal Hydride battery.” The LAB is constructed using PbO, - positive electrode,
Pb - negative electrode and H,SO, - electrolyte.’ In theoretical practice, the charge-discharge reversible process
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exchanges the material.

Additionally, the malfunction of the LAB takes place in the positive electrode as a result of degradation, corrosion
of the grid, shedding, and softening, while in the negative electrode, it is due to the occurrence of hydrogen evolution
and the irreversible process of sulfation.” The positive active material undergoes degradation when the grid reduces
or when the coherence of PbO, within the particles weakens. This degradation occurs as a result of repeated cycles,
preventing PbO, from effectively engaging in the charge-discharge phase.” The negative electrode becomes the
limiting factor in the lifespan due to the rise in temperature and high-rate partial state of charge, resulting in shedding
and softening of the positive active material and the occurrence of irreversible sulfation,” the battery can function
indefinitely while operating at varying levels of charge, including participating in charge-discharge cycles with high-rate
partial charging and deep cycling.®

Even though PbSO, deposits quickly on the negative electrode surface, it is not converted into Pb and PbO,
entirely at the time of charging.'’ The formation of PbSO, significantly reduces the effective surface area of the negative
electrode, making the charge-discharge cycle of the electrode more complex and hindering the battery’s performance.
Additionally, the presence of PbO, decreases the battery’s capacity and eventually causes irreversible damage, resulting
in permanent failure. Furthermore, thermal runaway, which is associated with LAB failure, leads to the evaporation of
gases, thereby having detrimental effects.'’ Increasing acid concentration results in a greater loss of water, which alters
the reversible cell voltage, necessitating a higher charge voltage based on theoretical principles. This elevated charge
voltage causes the battery to become overcharged, exacerbating water loss and ultimately leading to thermal runaway of
the Lead-Acid Battery (LAB)."

Temperature plays a significant role in the degradation of batteries, with Lead-Acid Batteries (LAB) being
particularly susceptible to thermal issues. This is primarily due to their slower ionic diffusion and the electrochemical
reactions occurring within the active materials. In addition, exposing batteries to low temperatures has two adverse
effects. Firstly, it hampers the visibility of the electrochemical charge-discharge cycle, leading to a reduction in battery
capacity. Secondly, it promotes the formation of a persistent layer of PbSO, on the negative electrode, which can
ultimately result in irreversible battery failure."” In general, when batteries are arranged closely together to minimize
space usage, their temperature tends to rise more. This temperature increase can have adverse effects, such as heightened
grid corrosion and a significant reduction in endurance. If the generated heat in the batteries is not adequately addressed,
there is a risk of the temperature surpassing a specific threshold, leading to complete drying out or triggering a thermal
runaway scenario.'’ This is also applicable to valve-regulated batteries, when the battery is in the floating state, the
entire electrical energy is converted into heat as well as utilized for the recombination process.

From the above literature study, it is clearly shown that many authors discussed only thermal loading and its
failure but no one concentrated on anode and cathode material thermal influence changes. Also, no one has performed
the heat flux testing for the battery while high-temperature environment. To analyse of the battery anode and cathode
plate behaviors in terms of temperature is performed. This study will help the researcher to understand the behaviors
of batteries in high-temperature regions. In this paper, we are discussing battery failure, due to high external thermal
loading. After battery failure the anode and cathode plates are removed from the casing and subjected to different testing
like DSC and SEM analysis. Along with thermography is used to predict the real-time temperature variation of a battery.
DSC results will help us to predict the anode and cathode plate glass transition ranges. SEM analyses are performed to
identify the anode and cathode material morphology.

The following sections are as follows: 1. Experimentation, 2. Result and discussion, in this section Thermography
image analysis, DSC analysis and SEM analysis are discussed.

2. Experimentation

The experimental setup for the proposed work is to find the thermal analysis of LAB under varying harsh
environments specifically in higher temperatures. The battery used for this work kept in the chamber has a capacity of 12
V, 7 Ah with the dimensions of 151 x 50 X 94 mm, the normal operating temperature of this battery is 25 °C, and devices
purchased from commercial shops in Chennai. To mimic the higher temperature in harsh environment conditions, the
heating coils placed on both sides of the chamber which is powered by 230 V AC supply create the specific temperature.
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The charging and discharging process cycle is repeated in a constant time interval period at constant temperature.
The discharging of the battery is done through the DC motor. The ambient temperature is measured through K-type
thermocouples with an accuracy of + 2.2 °C. This temperature is stored for further analysis purposeusing NI Lab-View
is installed on the desktop through and NI DAQ card. The results obtained from the thermocouple are processed with
NI DAQ card. The final temperature is fed to Lab-View software to measure the continuous temperature of the chamber.
The thermal imager called IR thermography is used to measure the heat flux of the battery in a real-time environment.

2.1 Thermography

Infrared Thermography (IRT) is a non-contact type surface utilizing a grayscale (infrared colour images) to
measure temperature. The IRT image with a brighter area typically represents a high-temperature zone and a darker
area indicates a lower temperature distribution.”” The temperature gradients of the overall battery as well as the positive
and negative terminal of the battery are measured using FLUKE Infrared Thermography (IRT) instrument - TiX-580
under temperature-varying conditions. In order to eliminate the identification of radiation emitted or reflected by the
camera and operator,'® the battery is kept at a 45° angle with respect to the plane of the thermal detector. To facilitate
the experimental setup from the line of reflection and associated parameters, the battery is covered entirely with a black
cardboard box. The camera of the thermography is fixed on a stand in such a way that it focuses exactly on the battery
alone. The thermal image obtained from the IRT has two regions namely brighter and darker regions. The brighter
region typically denotes a high-temperature zone whereas the darker region indicates a lower temperature distribution.
Figure 1(a) shows the battery explosive starting stage, Figure 1(b) shows the battery thermal image during the
explosion.

(2)

Figure 1. (a) Battery starts to explosive due to heating, (b) While battery explosive temperatureduring explosion

2.2 Anode and cathode plate temperature influence

The temperature influence on the battery will have a tendency to alter the anode and cathode plate structure.
Structural changes happen mainly due to corrosion and internal chemical reactions. The change in structure causes
the battery lead collector to change into lead dioxide or lead sulphate. These changes mainly depend on the anode and
cathode plate potential, the nature of the chemical composition, the grid connection and the temperature of the cell. The
corrosion on the plates was initiated because of the high internal resistance generated in the cell. Increase in internal cell
temperature beyond the operating range could result in the disintegration of the anode plate. At this high temperature,
repetitive charging and discharge of the battery causes expansion of the anode active mass because during the discharge
cycle PbSO, is deposited in larger volume than the positive active material PbO,. During the charging cycle, the cell
restores most of the lead dioxide but less volume when compared with the original volume of the plate. This process
will result in the resistance increases in the anode plate and material disorientation. However, increases in resistance
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and orientation of the material will reduce the battery lifetime and total capacity.'” Figure 2(a) shows the anode plate
condition after the explosion of the battery and Figure 2(b) shows the cathode plate condition after the explosion.

(a) (b)

Figure 2. (a) Removed Anode plate after explosion of battery, (b) Removed cathode plate afterexplosive of the battery

Where 1 denotes the power terminal of the plates, 2 denotes the samples taken from near the terminal region and 3
denotes the samples taken from the bottom of the plates.

2.3 Differential scanning calorimetry

The study utilizes the 200F3 Maia instrument to examine samples under a temperature range of -70 to 220 degrees
Celsius. The samples are then cooled from 220 to -70 degrees Celsius. The second heating phase involves raising the
temperature from -70 to 220 degrees Celsius while nitrogen is present. The heating rate is set at -264 degrees Celsius
per minute, and the samples are contained within an aluminum crucible with a sealed lid that has been pierced. It is
anticipated that thermal degradation will occur in the presence of nitrogen, with minimal thermo-oxidation due to the
small residual amount of absorbed oxygen.

2.4 Scanning electron microscope

To investigate the alloy changes in the battery under temperature-varying conditions due to electro-deposition
and corrosion during charging as well as discharging is analyzed using Scanning Electron Microscope (SEM)." The
equipment model using this analysis is Thermo-Fisher FEI Quanta 250 FEG (Field Emission Scanning Electron
Microscope-FE-SEM). The sample used for SEM image is taken by removing the anode and cathode plates of the
battery and washed using distilled water to naturalize the pH content. Further, these samples are dried over a day at 50
°C under vacuum conditions and then cut into triangle shapes with 2 mm thickness.

3. Result and discussion

The wrong usage of LAB leads to significant cause to grid corrosion. The temperature as well as charging voltage
plays a considerable contribution towards the endurance of the battery. In general, the influence of temperature on the
battery is always dealt with using the law in which elevated temperature produces a corrosion rate in higher. This is also
applicable to the battery which is used for this research work. The battery should be kept at 25 °C in order to achieve
the maximum lifetime of the battery at the time of standby service. The temperature of the battery and the environment
temperature are obviously different. If the higher battery temperature is not in the hand to control for maintaining the
battery life in a better way, meanwhile try to adjust the charging voltage as per the instruction manual given by the
battery manufacturer is required to eliminate the serious decline towards service of the battery endurance. On the other
hand, controlling the charging voltage is the pertinent requirement whether the battery temperature falls below 20 °C.
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3.1 Thermal analysis using thermography

Infrared thermography is one of the widely used non-destructive evaluation technique to sense thickness variation
and delamination. The principle of IRT is that electromagnetic radiation will be emitted by any material having a
temperature above 0 K."” The IRT consists of IR camera which sense the emitted infrared energy by the object and at
the same time shows the captured image (Figure 3) as a function of time. In the same way, any heat produced internally
must transfer to the surface by means of either conduction or convection.” The thermal image (thermogram) taken from
the IRT gives an exact relationship as a visual display among the intensity, emitted radiation spectral composition and
the surface of the body.

BG=28.0 BG=28.0
. 7=100% ; D=---- | 27/9/22 | 03:12:47 ' 7=100%

D=0.33m | 27/9/22 01:41:17

Figure 3. The thermography images on battery temperature variations at different timing
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In the context of discharging a battery, the current distribution typically remains constant and stable. However, in
experimental situations, there can be slight deviations from the steady state due to the delay in heat propagation. Figure
3 of the experiment demonstrates that the current density and distribution values vary from the actual values within
specific time intervals, primarily due to transients. Specifically, the current density doubles for every 10% increase in
water loss or every 10 degrees Celsius rise in temperature. Evaluating the battery’s performance requires considering the
dissipation of heat energy to the surrounding environment. Heat is dissipated through heat conduction in the battery’s
walls, which are solid mediums, as well as through convection with the surrounding environment. The voltage drop
across the positive and negative plates is higher due to the lower resistance offered by these respective plates.

From Figure 3(a-f) shows the temperature variations of the battery at different timing. This Figure 3(a) shows the
initial temperature of the battery connected to the load. Figure 3(d-f) show the high temperature exposure on the battery.
At this period, the battery charging and discharging times are recorded very less. This will affect the battery’s total
capacity and also lead to an increase the resistance and improper chemical reactions. Due to all these points the battery
is easily damaged and explosive. The improper chemical reaction causes corrosion on the plates and material deposition
or sediment increases which leads to an increasing the internal resistance of the battery. These resistance variations
block the electron moment in the plate which leads to temperature variations.

3.2 Differential scanning calorimetry analysis

From the Figure 4, the anode plate sample undergoes a gradual increase in thermal loading, while the corresponding
glass transition temperature is measured. Initially, as the temperature rises, the material shows an exothermic behavior
up to 150 °C. As the temperature continues to increase up to 375 °C, the material undergoes steady-state changes.
However, at 400 °C, the material begins to exhibit an endothermic peak. A complex peak is observed at 424 °C with
an onset value, a peak value of 432.1 °C, and a full degradation end value of 449.8 °C for the anode sample near the
terminal point.
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Figure 4. DSC analysis for anode plate at the point 2 position
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Figure 5. DSC analysis for anode plate at the point 3 position

The findings illustrated in Figure 5 depict the outcomes obtained from the lower section of the anode plate. The
recorded onset temperature is 404 °C, with a peak value of 434.5 °C and an end value of 452.5 °C. Based on these
observations, it is evident that distinct thermal property fluctuations occur within a single plate, with an approximate
temperature difference of 20 °C at the onset stage. These temperature variations can be attributed to changes in
resistance, chemical reactions, plate corrosion, and material removal. If the temperature rises to its maximum level, it
leads to an increased proportion of carbonates.
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Figure 6. DSC analysis for Cathode plate at the point 2 position
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The cathode material in Figure 6 displays a distinct, sharp peak indicating its crystalline behavior. Similar to the
analysis of the anode, the cathode plate initially exhibits an exothermic nature but transitions into an endothermic
behavior. The peak values are observed at 327 °C, with the onset temperature measured at 324 °C, indicating material
melting at this temperature. Beyond the onset temperature, the material consistently exhibits an exothermic condition.
Endothermic peaks at 250 °C and 260 °C suggest dehydration of hydrocarbonates, while the peak at 370 °C indicates
decomposition.”' It is essential for the positive plate to be sturdy enough to withstand mechanical stresses resulting from
different molar volumes of the active material. In Figure 7, a sample taken from the bottom of the cathode plate shows a
peak value of 326.3 °C and an onset value of 324.4 °C. These results provide clear evidence of structural transformation
and changes in the plate’s electrical properties due to charging/discharging cycles.
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Figure 7. DSC analysis for Cathode plate at the point 3 position

3.3 Scanning electron microscope

The volume of the electrolyte is reduced due to gas leaving the vent when overcharging. As a result, few of the
active materials pertaining to the battery lost contact with the electrodes. If the battery dried out completely or partially
tends to raise the internal resistance of the battery in turn produces heat at the time of the charging process as well as
accelerates water loss by means of evaporation. H,SO, is generated between the electrodes when charging. This higher
concentrated acid with greater relative density has the tendency to deposit at the bottom of the lead acid battery. Due
to privileged discharge at the upper parts of the battery as well as less ohmic resistance leads to acid stratification.
Consequently, electrolyte concentration is lower momentarily in the upper part of the battery compared to the bottom of
the battery. The concentration gradient occurs in the vertical direction directs towards poor usage of active mass as well
as reduces the battery life during PbSO, formation through an irreversible process, thus changing the morphology of the
nanoparticles” Figure 8(a) shows the anode material SEM images (sample taken from the portion (2)). The images show
the dry and large gap and discontinuity of the plate. This kind of material orientation leads to increasing the resistance
and reducing the electron mobility. In Figure 8(b) images are taken from the anode plate bottom, in this only fewer voids
and plate orientation are arranged properly.In comparison between Figure 8(a & b), the terminal was affected more due
to heat and material removal from the plate increased due to chemical reactions.
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Figure 8. (a) Anode plate near the terminal, (b) Anode material sample from bottom of the plate

Figure 9(a) shows the cathode plate sample taken from near the terminal region, the material corrosion and pores
are visible more compared with Figure 9(b). The reason behind this is the electrodes of the battery are not fully charged
due to either physical variation at the electrode terminal to get the required potential or incorrect procedure of charging
a battery. Thus, decelerate the battery capacity due to gradually increasing deposition of PbSO, in the active area.
The accumulation of PbSO, over the electrode surface forms an insulation layer called sulphation. This sulphation
occurs due to the standby of the battery in a discharge state very long time otherwise deficient charging state. During
the sulphation process, small PbSO, crystals produce large size crystals in turn increases the internal resistance of the
battery meanwhile it is very difficult to convert back to active mass when its charging. In order to improve the stability
of active mass, different nanomaterials are interfaced in the solid-solid interface section.”

(a) (b)

Figure 9. (a) Cathode plate near the terminal, (b) Cathode material sample from bottom of the plate

4. Conclusion

The thermal-influenced battery is dismantled like anode and cathode plates for thermal analysis. The test methods
considered for this analysis DSC and SEM. Both methods are providing thermal influence over anode and cathode
plates. DSC method provides the material temperature variations on plates under different conditions, results observed
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that entire anode and cathode plates are exhibiting different thermal characteristics. All these changes happen because
of temperature variations in the plate geometry. The SEM images are shown the anode and cathode plate conditions.
In anode plate, the voids and material orientation are changed considerably. Further in the cathode plate also structural
changes are observed. Maintaining a constant temperature will enhance the battery life. If the temperature increases
the battery plate gets influenced and reduced the electron conductivity. Which leads the internal resistance variations
followed by chemical changes in the battery.
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