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Abstract 

Electrification is the new normal of the upcoming world. Electrified vehicles 

require a system to store the electrical energy and Li-ion battery systems are one 

of the top contenders for energy storage because of their high power densities and 

repeatability in charging and discharging of the battery. Need for increasing the 

efficiency of the Li-ion batteries requires close packing of the cells in the battery 

which results in difficulties in thermal management of the Li-ion batteries. The 

objective of the thesis work is to experimentally verify if Thermal Barrier Coatings 

(TBC) can be used for preventing the thermal propagation in the Li-ion batteries 

and thereby stopping the accidents in electric vehicles owing to Thermal Runaway 

(TR). Yttria Stabilised Zirconia (YSZ) is coated on aluminium plates by 

Atmospheric Plasma Spraying (APS) and Suspension Plasma Spraying (SPS). The 

two coatings are tested thermally and mechanically, and the results are compared. 

APS coating shows better mechanical properties due to the presence of the 

polymer filling the pores in the coating whereas, the SPS coating shows better 

thermal properties.  

 
 
 
 
 
 
 
 

Keywords: Atmospheric Plasma Spraying (APS), Suspension Plasma 
Spraying (SPS), YSZ, Thermal Runaway. 
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1 

Introduction 
 

In today’s world, transportation sector is rapidly growing, with the growth of the 

transportation sector, greenhouse gas emission increases polluting the air we breathe.  

According to the official European Union (EU) website, the major greenhouse gas that is 

emitted is the Carbon Dioxide (CO2) and Light Duty Vehicles (LDV) like passenger cars and 

vans constitute for around 12.5% of the total EU emission of CO2 and the Heavy-Duty Vehicles 

(HDV) including lorries, buses and coaches contribute 6%. To reduce the emission of this 

greenhouse gas, EU adopted regulations and fixed the EU fleet-wide CO2 emission targets for 

passenger vehicles for the period of 2020-2024 to be 95 g CO2/km for cars and 147 g CO2 /km 

for vans. The emissions become stringent for the following years accounting to 15% reduction 

from 2025 and 37.5% reduction from 2030 for cars, and 15% reduction from 2025 and 31% 

from 2030 for vans. Failing to abide by the standards will result in huge penalties of €95 per 

g/km of target exceedance for LDV and €4,250 per gCO2/tkm for HDV [1]. The automotive 

industry is shifting towards electrical power trains and hybrid vehicles to achieve the emission 

targets set by the EU. Lithium-ion (Li-ion) batteries are one of the top contenders for energy 

storage owing to its high energy and higher power densities [2] than compared to lead-acid and 

Ni-MH batteries and excellent cycling performance during charging and discharging of the 

batteries.  

Energy saving and efficient usage of the available energy source has become the aphorism 

of the new and the upcoming world. Li-ion batteries comprise of individual cells stacked to 

form a battery module and several batteries are stacked to achieve the desired range for the 

vehicle. The demand for light weight vehicles and efficient power output has ensured the close 

packing of the cells in the batteries. The close packed arrangement has impacts on the thermal 

management of the batteries. If a cell is under thermal, electrical, or mechanical abuse, the cell 

increases its temperature rapidly. This local excessive temperature rise in Li-ion batteries may 

lead to thermal runaway (TR) of individual cells or an entire battery pack. The rapid increase 

in temperature can lead to fire hazards with smoke and explosion. There are many cases of 

electric vehicle explosions reported in the past [3-7]. The details of the accidents are given in 

Table 1. These accidents can be categorised into thermal abuse, electrical abuse or mechanical 
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abuse and the classification is given in Table 2. The different primary causes led to TR of 

batteries and resulted in explosion in some cases. 

 

S. No. Date Location Vehicle Possible Cause 

1 June, 2008 Columbia, US Modified Pirus Battery overheating [4] 

2 May, 2011 Burlington, US Chevy Volt Coolant damage [5] 

3 May, 2012 Shenzhen, China BYD E6 taxi Collision created high 

voltage circuit and ignited 

25% cells. 

4 Jan, 2013 Boston, US Boeing 787 Internal short circuit [6] 

5 Jan, 2013 Takamatsu, Japan Boeing 787 Internal short circuit [7] 

6 Oct, 2013 Seattle, US Tesla model S Short circuit 

occurred and ignited some 

cells 

7 April, 2015 Shenzhen, China Wuzhou Dragon 

Ev bus 

Overcharging of the 

battery Pack to TR 

8 Jan, 2016 Gjerstad, Norway Tesla model S Short circuit during 

charging. 

9 April, 2016 Shenzhen, China Wuzhou Dragon 

Ev bus 

Short circuit caused by 

wire deterioration 

10 June, 2016 Beijing, China iEV5 Overheat caused by loose 

connection  

11 July, 2016 Nanjing, China EV Bus Water immersion brought 

short circuit 
Table 1: List of accidents due to Thermal Runaway of Li-ion batteries from year 2008 to 2016 

 

Accident No. Type of Abuse 

1, 7 Thermal abuse 

2, 3, 10, 11 Mechanical abuse 

4, 5, 6, 8, 9 Electrical abuse 
Table 2: Classification of the accidents based on the cause 
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1.1 Thesis Objective: 

The aim of this project is to find out the mechanisms that can prevent thermal propagation 

and delay the thermal runaway of batteries. In addition, it should also be investigated 

experimentally whether thermal barrier coatings (TBC) can be used for TR prevention. 
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2 
Lithium-Ion Batteries 

 

Electrochemical energy is obtained from the conversion of stored chemical energy to 

electrical energy. The chemical reaction between the reagents through redox reactions (a 

combination of reduction and oxidation reactions) converts the chemical energy into electrical 

energy. This electrochemical energy can be obtained from batteries and fuel cells. The 

classification can be seen in Figure 1. Fuel cells provide the electrochemical energy by 

converting the chemical energy of the fuel and an oxidizing agent to electrical energy through 

the redox reactions in the cell. The reactions will sustain as long as the fuel (chemical consumed 

at the anode) is supplied from the outside. The main difference between the primary and 

secondary cell is that in primary cell, when the initial reactants are exhausted, the primary cell’s 

useful life will be over. In contrast, the secondary cells can be recharged to trigger the reverse 

reactions and can be used indefinitely. Batteries consist of anode, cathode, and electrolyte. In 

the case of primary batteries, the cathode and anode are not interchanged during the charging 

and the discharging cycles, but in secondary batteries the cathode and anode are interchanged.  

 

Figure 1: Classification of electrochemical energy 

Electrochemical 
Energy

Batteries 

Primary batteries Secondary 
Batteries

Li-Ion Cell

Fuel Cells
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The Li-ion battery is a secondary battery with two electrodes and an electrolyte and with Li 

ions acting as the charge carriers. Intercalation is the working principle of Li-Ion batteries, it is 

a process where the Li+ ions are repeatedly transported through the electrolyte and inserted or 

extracted from the electrode host structure depending on the oxidation or reduction reaction 

taking place at the electrode. One of the electrodes is graphite or lithium titanate (Li4Ti5O12) 

[8,9], the other electrode is usually one of the three materials: a layered oxide (such as lithium 

cobalt oxide), a polyanion (such as lithium iron phosphate), or a spinel (such as lithium 

manganese oxide). The electrolyte for the Li-ion battery is a lithium salt dissolved in a solvent. 

The salts that are commercially used in Li-ion batteries are lithium hexafluorophosphate 

(LiPF6), lithium-hexafluoro-arsenate-monohydrate (LiAsF6), lithium perchlorate (LiClO4), 

and lithium tetrafluoroborate (LiBF4) dissolved in organic solvents like ethylene carbonate 

(EC), diethyl carbonate (DEC) [9]. The arrangement of the Li-ion battery consists of a 

perforated separator, separating the anode and cathode to prevent the internal short circuiting 

of the battery, while allowing the charged ions to pass through it. During charging, the charge 

carriers move from the cathode through the electrolyte and are stored in the graphite anode. 

The more Li+ ions are stored in the anode, the more electrical energy the battery delivers [10]. 

The cells reactions are [9], 

Cathode half-cell reaction:  𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2 ⇌ 𝐿𝐿𝐿𝐿1−𝑥𝑥𝑀𝑀𝑂𝑂2 + 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑥𝑥 

Anode half-cell reaction:  𝑛𝑛𝑛𝑛 +  𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑥𝑥 ⇌ 𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶𝑛𝑛 

Full cell Reaction:   𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2 + 𝑛𝑛𝑛𝑛 ⇌ 𝐿𝐿𝐿𝐿1−𝑥𝑥𝑀𝑀𝑂𝑂2 + 𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶𝑛𝑛 

During charging in the cathode, the lithium present in the cathode material is oxidised by 

losing an electron and becoming positively charged 𝐿𝐿𝐿𝐿+ ions. These Li+ ions travel through the 

electrolyte and are stored in the anode. During discharge, the 𝐿𝐿𝐿𝐿+ions are released from the 

anode, and they migrate back through the perforated separator to the cathode. The direction of 

the movement of the electrons dictates the direction of the current flowing in the circuit. The 

current flows in the opposite direction to the direction of the electrons in the outer circuit. 

2.1Thermal runaway of Li-ion 

Li-ion batteries are perfect candidates for energy storage owing to their energy and power 

densities. The energy of the batteries is a result of exothermic and gas-generating reactions 

[11]. The Li-ion battery is charged and discharged during its operation. During the initial 

charging cycles, the anode (graphite) of the Li-ion battery reacts with the electrolytic solution 
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and because of the reduction reactions of the electrolyte, a passive layer is formed on the 

electrode. The mechanism for the formation of the passive layer is not fully understood.  The 

passive layer formed on the anode is called Solid Electrolyte Interphase (SEI) and enables the 

reversible charging and discharging of the batteries by preventing the exfoliation of the graphite 

electrode and the decomposition of the electrolyte [12].  

The SEI layer consists of stable and metastable compounds formed from the reduction 

reaction of the electrolyte. According to Yang et al. [13], the metastable compound present on 

the graphite electrode decomposes exothermically when the temperature of the battery 

increases to 85oC and the graphite electrode is exposed without the passivation layer. This 

results in the formation of a secondary layer which decomposes simultaneously at 110oC. The 

rapid increase in temperature can result in evaporation of the electrolyte at 140oC and melting 

of the separator at 190oC. Li-ion batteries contain both fuel and oxygen. Evaporation of the 

electrolyte can result in vigorous combustion if oxygen is present in the vicinity. Because of 

the spontaneous reactions occurring in the battery, the temperature increases drastically to 

660oC, where the aluminium can melt [13]. The temperature increase of one cell can transfer 

to the nearby cells and this situation can result in TR where the temperature of all the cells in 

the battery increases and this situation can result in an explosion of the battery module. 

The temperature of the battery is determined by the amount of heat dissipated from the 

system. TR of the battery can be contained by finding the correct balance between the heat 

generated and the heat dissipated by the battery system. Achieving this balance is crucial 

because the exothermic reaction in the battery follows an exponential trend where the 

temperature increases rapidly, whereas the heat dissipation system follows a linear function. 

The amount of heat generated, if not contained, will result in TR of the system. 

2.2 Thermal behavior of Li-ion cell 

Heat in Li-ion cell is generated due to the chemical reaction taking place in the cell and 

the internal resistance of the cell. The heat generation varies during charging and discharging 

of the cell. Chakib Alaoui et al.,[14] explained that the heat absorption or release happens due 

to two different processes: 

1. Heat generation during the chemical reaction 

2. Heat generation due to internal resistance  
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2.2.1 Heat generation during the chemical reaction 

Heat energy is dissipated or generated during the charging and discharging of the batteries. 

Thermodynamically, the heat released can be given as change in Gibb’s free energy as,  

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥 − 𝑇𝑇𝑇𝑇𝑇𝑇 

Where, 𝛥𝛥𝛥𝛥 is the enthalpy change of the chemical reaction and 𝛥𝛥𝛥𝛥 is the entropy change during 

the chemical reaction and 𝛥𝛥𝛥𝛥 can be expressed as [15], 

𝛥𝛥𝛥𝛥 = 𝑛𝑛𝑛𝑛
δ𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒
δT

 

Here, n is the charge number, F is the Faraday’s constant and 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 is the electromotive force 

of the cell. The entropy change corresponds to the heat absorbed or released during the 

reduction reaction or oxidation reaction in the electrode while charging or discharging the 

batteries. The total entropy of the system is the summation of the entropy change at anode and 

the entropy change at the cathode. Appropriate sign conventions are used for 𝛥𝛥𝛥𝛥, positive (+) 

for exothermic and negative (–) for endothermic reactions taking place at the electrodes. 

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑎𝑎 + 𝛥𝛥𝛥𝛥𝑐𝑐 

Here 𝛥𝛥𝛥𝛥𝑎𝑎 represents the entropy change at anode and 𝛥𝛥𝛥𝛥𝑐𝑐 represents the entropy change at the 

cathode. 𝑇𝑇𝛥𝛥𝛥𝛥 is the thermal energy of the chemical reaction and it can be expressed as the 

reaction heat 𝑄𝑄𝑟𝑟. 

𝑄𝑄𝑟𝑟 = 𝑇𝑇𝑇𝑇𝑇𝑇 

Therefore, the reaction heat 𝑄𝑄𝑟𝑟 can be expressed as, 

𝑄𝑄𝑟𝑟 = 𝑛𝑛𝑛𝑛𝑇𝑇(−
δ𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒
δT

) 

The reaction heat corresponds to heat released or absorbed during the intercalation of the Li-

ions into the electrodes.  

2.2.2 Heat generation due to internal resistance  

Eemf of Li-ion batteries varies from the equilibrium value during the charging and 

discharging cycles owing to the electrochemical polarisation of the battery. During the 

polarisation process, work is done by the battery and therefore heat energy is generated. The 

heat energy released or absorbed due to the polarisation per unit time can be given by 𝑄𝑄𝑟𝑟, 
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𝑄𝑄𝑟𝑟 = 𝐼𝐼2𝑅𝑅𝑝𝑝 

Rp is the polarisation resistance developed during the polarisation process. Similarly, heat can 

be generated by the ohmic resistance of the battery per unit time. Internal Ohmic resistance 

(Ri) generates heat according to Joules Law and the heat is given by Qj, 

𝑄𝑄𝑗𝑗 = 𝐼𝐼2𝑅𝑅𝑖𝑖 

The total heat generated by the battery during charge and discharge can be given by 𝑄𝑄𝑡𝑡𝑡𝑡 and 

𝑄𝑄𝑡𝑡𝑡𝑡 , 

𝑄𝑄𝑡𝑡𝑡𝑡 = −𝑛𝑛𝑛𝑛𝑇𝑇 �
δ𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒
δT

� + (𝑅𝑅𝑝𝑝𝑝𝑝 + 𝑅𝑅𝑖𝑖𝑖𝑖) 𝐼𝐼2 

𝑄𝑄𝑡𝑡𝑡𝑡 = −𝑛𝑛𝑛𝑛𝑇𝑇 �
δ𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒
δT

� + (𝑅𝑅𝑝𝑝𝑝𝑝 + 𝑅𝑅𝑖𝑖𝑖𝑖) 𝐼𝐼2 

During charging the current is lower and hence the reaction is endothermic which is the 

contrary during discharge. Depending on the charging and discharging rate, the cells fluctuate 

between endothermic and exothermic. According to Chakib Alaoui [14], the reaction is 

endothermic at a rate of ≤ (C/5) and exothermic at a rate of ≥ (C/5). 
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3 
Thermal Management of Li-ion 

batteries 
 

The temperature increase owing to the internal resistance and the chemical reaction of the 

cell can result in an increase in temperature of the entire battery module. If the heat is not 

removed from the system, it can lead to TR of the Li-ion battery. In the worst case, bad thermal 

management can result in explosion of the vehicle. With increasing battery size and compact 

packing of the cells in the battery, Battery Thermal Management (BTM) becomes more critical, 

because the surface area available for heat extraction becomes less, resulting in lower heat 

transfer rate per unit rate of heat generation [15]. Much work is ongoing to find the right 

thermal management system for the individual types of Li-ion batteries. Each thermal 

management system has its own advantages and disadvantages, and one system cannot be used 

in all the situations. For efficient performance, the battery temperature should be kept between 

15 and 35°C, so the cooling system should be perfectly designed for this. The cooling system 

should not be overdesigned (more than the required cooling) or under designed and many trade-

offs like cost, weight of the system and power consumption has to be made. 

BTM can be broadly classified into: 1. active BTM, and 2. passive BTM. The classification 

can be seen in Figure 2.  Active cooling refers to systems that require power to function and 

the extra power source acts as the parasitic power decreasing the range of the vehicle. Passive 

systems are beneficial in terms of power consumption because they do not consume electricity. 

But the limitation is that we do not have control over the system. If the temperature rises 

drastically, passive cooling is ineffective. The different types of cooling systems are listed 

below, and the predominant systems are explained briefly.  

 

 

 

 



 

 Public 

 

 

 

 

 

 

 

 

 3.1 Air Cooling 

An air cooling system comprises of a cooling fan located in the battery module. Air from the 

cooling fan is forced through the gaps between the cells to remove the heat from the system. 

Wang et al. [17,18] studied the battery cooling system with the forced air cooling and different 

cell arrangements to circulate the air through the system and maintain the optimum working 

temperature for the battery. According to Wang et al. [18], forced air cooling is effective for a 

temperature range between 20 and 35oC. If the temperature is beyond 35oC, higher flow speed 

is required, and higher parasitic energy is consumed by the cooling system. The other problems 

concerning the forced air cooling are, 

• positioning of the fan in the battery module 

• lower heat transfer coefficient compared to liquid and water 

• obstructed path for the air flow 

• temperature of the cooling air [19] 

Among the above mentioned limitations, the major contributor is the fan positioning. If the 

cooling fan is placed at one end of the battery module, higher temperature is detected in the 

center of the battery pack owing to the mutual heating of the cells. If the fan is placed at the 

top of the battery pack, the farther ends of the module records higher temperature. The air 

cooling system is accountable for maintaining the optimal battery temperature, but when the 

cells reach a temperature of 40oC, the air cooling becomes ineffective and because of this 

limitation, forced air cooling is not suitable for thermal runaway situations. 

Phase Change 
Material (PCM)

Cooling

Chill Plate 
Cooling

Metal Foam  
Cooling Fin Cooling

Passive 
Cooling

Air Cooling Liquid Cooling 

Copper Pipe 
Cooling Hybrid Cooling 

Active 
Cooling 

Figure 2: List of commercially available cooling systems available for LI-Ion batteries 
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3.2 Liquid Cooling 

 The heat transfer coefficient of a liquid is much larger than that of air, which makes the 

liquid cooling system better than the air-cooling system. The comparison of heat transfer 

coefficients of air, liquid and mineral oil can be seen in the Table 3[20]. The specific heat of 

water and mineral oil is larger than that of air, which makes the liquid transfer more heat and 

maintain the optimum temperature of the battery system and maintain temperature uniformity 

throughout the battery module. The efficiency of the system is outweighed by the complexity 

of the liquid cooling system. The liquid cooling system requires a pump to pump the coolant 

through the cells and transfer the heat from the battery pack to the coolant. The coolant reaches 

the heat exchanger, where the temperature of the coolant is transferred. The other disadvantages 

of the liquid cooling system are,  

• Variation of coolant pressure 

• Parasitic power to pump and heat exchanger 

• Coolant transfer system  

Variation of coolant pressure 

 The pump pumps the coolant into the battery module, when the pump malfunctions, the 

coolant pressure varies which disturbs the mass flow rate of the coolant. Decrease in the mas 

flow rate of the coolant reduces the amount of heat transfer. Decrease in the amount of heat 

transfer increases the temperature of the cell resulting in TR of the system. 

Coolant transfer system 

 The coolant from the heat exchanger is pumped into the battery module and the coolant is 

either transferred through copper pipes or metal blocks as seen in Figure 3. The copper pipes 

increase the complexity of the design and the cost of the system is increased. The metal block 

increases the weight of the battery module and reduces the range of the vehicle. 

S. No Cooling Medium Density Specific Heat Thermal Conductivity 

1 Air 1.225 1006.43 0.0242 

2 Water 1069 3323 0.3892 

3 Mineral oil 924.1 1900 0.13 
Table 3: Physical properties of different cooling mediums used in Li-ion cooling 
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3.3 Phase Change Material Cooling 

 The most popular method of BTM is phase change material (PCM) cooling. The PCM 

cooling uses paraffin wax to achieve a homogeneous temperature distribution, i.e. to reduce 

the excess heat generated by the cells during operation and regulate the temperature differences 

in the module. Paraffin wax has interesting physical properties some are contrasting to air and 

water used in the other cooling methods. The fusion point of the commercial paraffin wax (RT 

44HC) is between 42.76oC and 49.24oC and the latent heat is 270 𝐽𝐽 𝑔𝑔⁄  [21]. RT 44HC has a 

Figure 3: (A) Li-ion battery cooling with metal blocks; (B) Li-ion battery cooling system with copper pipes 

(B) 

Pump Heat Exchanger 

Copper Pipes 

Li-ion cell 

(A) 

Pump Heat Exchanger 

Metal Blocks 

Li-ion cell 
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specific heat capacity of 2250 J. kg-1. K-1 which is larger than the specific heat of air, and a 

thermal conductivity of 0.2 W. m-1. K-1, which is lower than that of water and mineral oil. 

Paraffin wax is chosen for PCM cooling depending on the latent heat of fusion, density of the 

wax and thermal conductivity. The organic PCM’s that are commercially used in the market 

offer higher latent heat of fusion, constant phase change temperature over a specified range, 

and reliable chemical characteristics such as non-toxic, non-corrosive combined with an 

economic advantage of lower price [22]. Aggregate of all these makes PCM an interesting 

choice for thermal management of batteries. Li-ion batteries are cycled during their operation 

for several times and PCM has the advantage that it can retain the properties over different 

charging and discharging cycles. PCM cooling is a passive cooling system, and it is not 

dependent on other parts of the battery module like blowers, pumps, heat exchangers, fans, 

pipes, and other accessories. 

3.3.1 Working of PCM 

During the discharge cycle when the temperature of the cell is increasing, paraffin wax 

absorbs the latent heat released by conduction. The released heat energy is stored in the PCM, 

thus the excess heat from the Li-ion cells is removed and the battery temperature is reduced to 

a nominal working temperature. The heat energy stored in the PCM increases the temperature 

of the PCM and it undergoes a phase change from solid to liquid isothermally [23]. During 

cooling, the stored latent heat is released through a natural convection process due to the 

buoyancy of the liquid and the liquid wax undergoes a phase transformation into the solid state. 

Thus, PCM cooling absorbs and stores heat depending on the required thermal load. PCM 

dissipates excess by conduction and convection and the heat dissipation characteristics of PCM 

is greater than the heat dissipation of air cooling by convection [23]. 

3.4 Hybrid PCM 

PCM cooling has advantages over the air-cooling due to its better heat transfer 

characteristics but is inferior when compared to liquid cooling systems. The liquid cooling 

systems has higher heat transfer rates due to the higher thermal conductivity of the liquid over 

the PCM. This conflict can be resolved by increasing the thermal conductivity of the PCM 

material. The thermal conductivity can be increased by adding other materials with higher 

conductivity than wax. The popular materials that are added to create a composite PCM are 

aluminium, copper, and graphite. These additives increase the conductivity and the heat from 

the cells is dissipated fast and can speed up the melting of wax [22].  
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4 
Cooling Method 

 

 The Li-ion batteries used for the current study is a rectangular type of battery of 

dimensions 236(length)*115(height) mm with a gap of 3mm between two cells. The cells are 

held in place with the help of the push pads at the ends and a cooling plate at the bottom of the 

module (see Figure 4.). 

 

 

 

 

 

 

 

 

The space available between each cell is 3 mm. A thermal pad is placed between the two 

cells for two different functions, 

• Thermal function 

• Mechanical function. 

4.1 Thermal Function 

Li-ion cells produce heat energy as a by-product of the chemical reactions taking place in 

the cells. The heat from one cell should not transfer to the neighboring cell, the padding is a 

ceramic pad of 3mm in thickness.  

4.2 Mechanical Function 

Intercalation of the electrodes in Li-ion batteries induces volume changes in the active 

materials of the cell. Volume changes in the active materials in addition to the gasses emitted 

3 mm 

Push pads 

Active Cooling plate 

Li-ion Cell 

Figure 4: Arrangement of different components in a Li-ion battery 
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during the chemical reaction create a stress on the walls of the aluminium cell cans. When the 

compressive stress exceeds the tensile stress of the cans, the aluminium can bulges causing the 

cans to swell. The swelling profile of the cans can be seen in Figure 5. 

 

 

 

 

 

 

 

 

 

The maximum swelling was measured to be 1.8 mm for a force of 25kN. From this, we 

can measure the strain on the aluminium cell cans. 

Force during swelling: 25KN 

Area considered: 10 x10 cm2 

Youngs Modulus of aluminium = 69 GPa 

Thickness of the aluminium can = 0.7 mm 

Stress =
25 ∗ 103

10 ∗ 10 ∗ 10−4
= 2.5 ∗ 106 𝑃𝑃𝑃𝑃 = 𝟐𝟐.𝟓𝟓 𝑴𝑴𝑴𝑴𝑴𝑴 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑔𝑔′𝑠𝑠 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
2.5 ∗ 106

69 ∗ 109
= 0.036 ∗ 10−3 = 𝟑𝟑𝟑𝟑.𝟐𝟐𝟐𝟐 ∗ 𝟏𝟏𝟏𝟏−𝟔𝟔 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝛥𝛥𝛥𝛥

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ
 

𝛥𝛥𝛥𝛥 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ = 36.23 ∗ 10−6 ∗ 0.7 ∗ 10−3 = 𝟐𝟐𝟐𝟐.𝟑𝟑𝟑𝟑𝟑𝟑 ∗ 𝟏𝟏𝟏𝟏−𝟗𝟗𝒎𝒎 

Figure 5: Swelling Profile of Aluminium cans used for holding the electrolyte and the electrodes 

https://polarion.scania.com/polarion/wi-attachment/S018/S018-2881/5-cell_swelling_YZ.png?revision=193145
https://polarion.scania.com/polarion/wi-attachment/S018/S018-2881/6-cell_swelling_3D.png?revision=193145
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The strain on the aluminium cells is 25.361 nm which is small. The strain from the above 

calculation is calculated considering a non-cyclic loading. The Li-ion cells expands and 

contracts during the operation resulting in a fatigue loading on the cell cans. In fatigue loading, 

the strain is accumulated on each cycle of the loading. The progressive localised strain adds up 

and the summation of the strain crosses the yield limit of the aluminium cans resulting in a 

plastic deformation of the material. 

The cooling mechanism should consider both the mechanical and the thermal aspect as 

discussed above. The cooling methods that are commercially available in the market require 

space between the cells to extract the heat generated by the cells. Air cooling and direct liquid 

cooling systems require the fluid to absorb the heat around the cells and to return to the heat 

exchanger for reducing the temperature of the fluid. Since, the space available around the cells 

is 3 mm, much fluid cannot flow through. The limitations also come with the need for other 

external elements like pump, heat exchanger, a leak proof design suitable to hold the fluid, the 

parasitic power of the accessories, etc. PCM systems do not have stringent requirements like 

the air- and water-cooling systems but the limitation comes with the amount of wax available 

to cool the cells. According to Giuliano et al. [23], the volume of the paraffin wax available is 

directly proportional to the cooling achieved. If the amount of wax is reduced, the effectiveness 

of the PCM is reduced. So, PCM cooling is not a suitable cooling method for this setup. Fin 

cooling is an effective way, but it increases the weight of the system by 40% [2]. 

The cooling system should not require more space and it should function well in thermal 

and mechanical situations. The system in consideration is an indirect liquid cooling method. 

The heat from the cells is prevented from transferring to the neighboring cells by providing a 

thermal insulation between the cells. The thermal insulation provides a thermal gradient path 

such that the heat is not allowed to transfer through the walls of the aluminum cell. Instead, the 

heat is removed at the bottom through a cooling plate with circulating water and glycol in the 

plate. The thermal insulation is provided by a TBC. The heat flow direction can be illustrated 

in analogy with an electrical circuit. The heat flow resembles the electrons in an electrical 

circuit, the electrons travel in the direction with the least resistance, similarly the heat transport 

in a path with least thermal resistance. The TBC provides the thermal resistance as the 

conductivity is low compared to the thick aluminum block with cooling channels.   



 

 Public 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Direction of Thermal Insulation 

Direction 
of heat 
removal 

Indirect Liquid cooling (Active) 

Li-ion 
 

Thermal Barrier 
Coating 

Figure 6: Direction of thermal insulation and heat removal in Li-ion batteries 
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5 
Thermal Barrier Coating 

 

The purpose of a TBC is to provide a thermal protection to the material that is underneath 

the coating and to increase the lifetime of the material [24].  The TBC should be actively cooled 

to remove the heat from the system. The typical properties of the TBC are low thermal 

conductivity, no undesirable phase transformation at the operating temperatures, high thermal 

stability, high melting point, corrosion resistant, etc., The TBC is typically a multi-layered 

coating consisting of a bond coat, a thermally grown oxide layer, and a top coat over the 

metallic substrate to be protected as seen in Figure 7. 

 

Figure 7: Microstructure of TBC with top coat, bond coat and substrate illustrated 

P.C: Anders Thibblin Doctoral dissertation, KTH, Royal Institute of Technology [26] 

5.1 Bond Coat 

Each layer has an intended role; the primary role of the bond coat is to provide bonding 

between the substrate and the top coat. The bond coat is an alloy of type MCrAlX where M 

represents the metal which can be Ni, Co or Fe. The X represents the oxygen active elements 

like Ti, Zr, Hf, Si [25]. The other roles of the bond coat are to provide a ductile layer to prevent 
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the crack propagation to the top coat [26]. The metallic bond coat layer is supposed to match 

the coefficient of thermal expansion of the substrate and the ceramic top coat.  

5.2 Top Coat 

The top coat is a ceramic layer coated to provide a thermal insulation to the other coating 

layers and the substrate. The top coat can be a single layer or a combination of layers to attain 

the required thermal and mechanical properties. The monolayer coating consists of one type of 

ceramic material coated on the bond coat. The multilayer coating consists of different materials 

or different types of microstructures coated on the bond coat material. The types of top coat 

material are explained below, 

5.2.1 Monolayer Coating -Yttria Stabilised Zirconia 

Yttria stabilised zirconia (YSZ) is the most used thermal barrier coating because of its 

unique properties such as low thermal conductivity of 2 𝑊𝑊/𝑚𝑚.𝐾𝐾 and its high coefficient of 

thermal expansion (CTE) of 8.9 𝑡𝑡𝑡𝑡 10.6 ∗ 10−6𝐾𝐾−1 when compared to other ceramics [29]. In 

addition to these, YSZ has the capability to inhibit the crack propagation by transformation 

toughening [27],[28]. Transformation toughening is a phenomenon in which the material 

around the crack changes from a tetragonal to a monoclinic crystal structure due to the stress 

created by the growing crack. This transformation leads to a 4% increase in volume, thus 

enhancing the fracture toughness of the material [29].  

YSZ layers can be produced by different thermal spray processes such as Atmospheric 

Plasma Spraying, Suspension Plasma Spraying, High Velocity Oxy Fuel and the properties of 

the coating can be tweaked by changing the microstructure to achieve the desirable properties. 

According to Li et al.,[21] YSZ coatings produced by plasma spraying with large segmentation 

cracks, have better strain tolerance. Segmentation coatings can be produced during hot spraying 

conditions. The segmented coatings have lower porosity and higher lamellar bonding which in 

turn has better mechanical properties attributed by the microstructure. The fracture toughness 

increases from 1.7 − 2.0 𝑀𝑀𝑀𝑀𝑀𝑀√𝑚𝑚 to 2.0 − 2.3 𝑀𝑀𝑀𝑀𝑀𝑀√𝑚𝑚 [5]. 

5.2.2 Multilayer Coating 

Multilayer coating consists of repetition of two layers coated by using various techniques 

like diffusion bonding, EB-PVD, APS. The layers can be ceramic/ceramic, ceramic/metal, 

ceramic/polymer depending on the properties required. Multi-layer coatings have better 

resistance to fracture compared to monolayer coatings [27]. The properties of the coating 
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depend on the properties of the individual layer, number of layers and thickness of each layer. 

Increasing the number of layers increases the interface between each layer. Increase in the 

number of interfaces, increases the effective barrier for crack propagation [27], [28]. The cell 

expands during its lifetime and during the expansion, there will be a tensile stress on the coating 

from the inside of the cell. Ceramic materials are not performing well under tensile loading 

conditions. The crack growth can be controlled by maximising the critical stress intensity 

required for crack propagation by including a ductile phase which remains intact, bridging the 

crack faces, in the wake of a growing crack [28]. Presence of a ductile layer in between the 

ceramic layers increases the toughness of the coating by accommodating the plastic strain [27]. 

When a crack propagates in the ceramic layer and reaches the metallic ductile layer, it activates 

the slip mechanism in the metal where a part of the fracture energy gets dissipated, and a new 

crack is nucleated in the hard ceramic layer to propagate further. For higher loads, the fracture 

of the ceramic layers is catastrophic, and the metallic layers are plastically deformed in the 

form of rotation, sliding, and twinning of the grains [27], [28].  
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6  
Coating Method 

 

Zirconia based ceramic material can be coated with methods that can produce higher 

energies to melt, evaporate or chemically fragment the ceramic material and deposit them on 

the substrate. Higher energies required for melting the ceramic can be produced by various 

methods like plasma spraying, High Velocity Oxygen Fuel (HVOF), detonation and one of the 

popular methods is plasma spraying [24]. The plasma spraying can be classified into 

Atmospheric Plasma Spraying (APS) or Suspension Plasma Spraying (SPS) based on the form 

of raw material used for coating. 

6.1 APS 

APS is a versatile thermal coating technique with a wide variety of coating materials that 

can be used. In APS, an electric arc is initiated between the tungsten cathode and water-cooled 

copper anode. The arc dissociates the gas, and the gas molecules are ionized. The electrons are 

taken to an excited state of energy. When the electrons return to a lower energy state, energy 

is released, creating a plasma. The plasma is accelerated towards the substrate with high 

pressure. The temperature of the plasma jet ranges from 500oC to 25000oC with a velocity of 

80 to 300m/s [24]. The coating material in the form of powder is injected into the plasma. The 

plasma with high pressure and temperature melts the powder particles and carries the molten 

powder to the surface of the substrate material. On collision with the substrate, the molten 

particles flattens and solidifies immediately called as splats (seen in Figure 8). Deposition of 

splats over one another creates a lamellar structure perpendicular to the direction of the 

substrate[26]. The obtained coating is porous in nature and the porosity can be controlled by 

changing the process parameters like type of carrier gas used, velocity of the gas, cooling of 

the substrate, nozzle diameter, powder size, feed rate, voltage between the electrodes. A visual 

representation of the APS system can be seen in Figure 9. The top coat used in this study is 

YSZ (5% Yttria stabilisation) mixed with a polymer to increase the porosity of the coating up 

to 40%. Increase in porosity decreases the thermal conductivity of the coating [32]. The 

ceramic material is coated on a plate of 100 X 100 mm plate of thickness 3mm. 
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6.2 SPS 

SPS has benefits over the APS process where particles of smaller size can be used for coating. 

The ceramic particles to be coated are suspended in a liquid and the suspended liquid is sprayed 

on the substrate. The principle of working is the same as the APS with a change in the type of 

raw material used. The suspended ceramic particles are fed into the plasma, the plasma 

atomises the suspension and the liquid used for suspension is evaporated and the ceramic 

particles are melted and carried to the substrate. The microstructure of the coating can be varied 

Plasma 
Gun 

Plasma Gun 

Powder Injector 

Molten Ceramic Powder 

Substrate 

Figure 8: Splats formed on the substrate during APS Coating 

P.C: Anders Thibblin Doctoral dissertation, KTH, Royal Institute of Technology [26] 

 

Figure 9: Visual representation of APS 
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by changing the parameters of the coating process. The different microstructures that can be 

achieved in SPS process are lamellar, columnar, and vertically cracked structures [31]. 

Thermal conductivity of the coating can be varied by varying the porosity of the coating 

microstructure, a thermal conductivity of 0.5 to 0.9 Wm-1K-1can be achieved in SPS [32]. The 

top coat used for the study is YSZ with 5% yttria.   
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7 
Experiments 

 

The coating system used to prevent the thermal propagation in Li-ion batteries should be tested 

for mechanical and thermal properties as discussed in section 4.   

7.1 Thermal testing 

The thermal testing planned for testing the system heats the substrate from one direction and 

the heat transfer is measured on the other side of the sample. When the specimen is heated, the 

thermal energy can be dissipated in all the three directions and the conductive heat transfer 

through a material in 3 dimensions can be represented by the following equation, 

∂�i𝑄𝑄𝑥𝑥 + j𝑄𝑄𝑦𝑦 + k𝑄𝑄𝑧𝑧�
∂t

= −𝐾𝐾𝐾𝐾(�
𝑖𝑖 ∂T
∂x

� + �
𝑗𝑗 ∂T
∂y

� + �
𝑘𝑘 ∂T
∂z

�) 

Measuring the heat transfer in all the three directions is critical and therefore the setup is 

designed to measure the heat transfer in one direction by insulating the transfer of heat in other 

directions. One dimensional thermal conductivity can be given by, 

dQ
dt

= −𝐾𝐾𝐾𝐾 �
dT
dx
� 

Here Q is the heat flux through the system, K is the thermal conductivity of the sample, dT
dx

 is 

the local temperature gradient. The setup consists of a heating element insulated inside a 

thermal insulating material PEEK (seen in Figure 11) and a thermocouple (number 1) is 

positioned on top of the heating element to measure the temperature increase. The substrate 

material with the coating is placed on top of the heating element (seen in Figure 12). The 

temperature on the coating is measured using a thermocouple (number 2) and a heavy block of 

copper is placed on top of the coated material from which the temperature is measured. A layer 

of thermal paste is applied on the thermocouple in between the heating element and the sample, 

also, in between the Physical representation of the system is seen in Figure10. The 

thermocouples were connected to the thermocouple calibrators to measure the temperature. 

The temperature measurements were taken at an interval of 30 seconds. The setup measures 
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the thermal conductivity based on the non-steady state measurement technique which records 

the heat change during the heating process [33].  
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Figure 10: Visual representation of thermal test setup 

Figure 11: Thermal testing setup showing the heating element 

Heating element 
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Figure 12: Sample placed on the heating element 
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7.1.1 Sample Preparation 

The sample for the thermal testing is prepared by cutting the coated plates of 100 X 100 X 3 

mm to 30mm coins by water jet cutting (seen in Figure 13). The coins were cleaned in an 

ultrasonic cleaning machine for 10 minutes to remove dirt or grease if present on the material. 

The cleaned sample is grinded in the corners to avoid sharp edges.  

 

 

 

 

 

 

 

 

 

7.2 Mechanical Testing 

7.2.1 Drop Weight Test 

To understand the crack propagation in the coatings, impact testing is performed on the sample 

using drop weight test method (schematic representation is see in Figure 13). A load of 

1000g± 10g is dropped on the aluminum side with the coating facing downwards. Indents were 

made with different forces on the sample by changing the height from which the load is 

dropped. The load was dropped from heights varying from 20 cm to 100 cm. The coated sample 

with indents for varying load is seen in Figure 14. 

 

 

 

 

 

Figure 13: Coin Samples used for thermal testing 
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7.2.2 Bending testing 

Li-ion cells expand and contract during the operation. The expansion profile can be seen in 

Figure 5. To simulate the expansion of the cell, the maximum expansion of the cell is measured, 

and an indenter is designed specifically to match the dimensions of the swelling of the 

aluminium can. The indenter is loaded in a universal tensile testing machine and the sample is 

loaded repeatedly for a maximum force of 25 kN.  
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Figure 14: Position of indents corresponding to different drop heights 
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8 
Characterization 

 

8.1 SEM 

The coin samples used for the thermal testing are cleaned with ultrasonic cleaning to remove 

the thermal paste from the surface of the coating. The coin samples are cut into semi circles to 

measure the coating thickness of the coins in the SEM. The coins were mounted by hot 

mounting using thermo setting resin. The mounted samples are cleaned in an ultrasonic 

machine. The cleaned samples were loaded inside the vacuum chamber of the Zeiss SEM. Once 

the vacuum is reached, a voltage of 15 to 17 kV was used to focus the electron beam on the 

sample. Secondary electrons were used to determine the coating thickness of the samples and 

EDX is used for elemental analysis. 

8.2 Stereo Microscope 

Stereo Microscope Zeiss Discovery V12 was used for studying the cracked samples from drop 

weight test. The samples from the drop weight test are examined under the stereo microscope 

for understanding the crack propagation in the two different types of coatings. 
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9 
Results and Discussion 

 

9.1 Thermal Testing 

Thermal conductivity of a material depends on the porosity of the material [35]. The coating 

used for testing has varying porosity across the cross section of the sample and to compare with 

two different coatings, rather than measuring the thermal conductivity of the sample, the 

following parameter is measured and reported. 

dQ
−𝐾𝐾𝐾𝐾

= �
dT
dx
� 

The local temperature gradient can help us visualize the material’s ability to transfer the heat 

from one side to the other. The aluminum coin sample with the coating is heated from one side 

and the temperature is measured on coating side. The heating element is heated at three 

different heating rates corresponding to 8V, 12V, 16V.  Initially, aluminum coins were used to 

determine the maximum temperature that can be reached for the corresponding voltage. Figure 

15 shows the time taken to reach the maximum temperature corresponding to the applied 

voltage and the time taken to reach the temperature. The peak temperature was set to 120oC to 

remain within the peak working temperature of PEEK and this temperature was reached in 10 

minutes and longer time was taken for lower voltages.  
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Figure 15: Time taken for reaching 120oC for the corresponding voltage 
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A graph for local temperature gradient vs time was plotted for aluminum coin sample and is 

considered as the reference (seen in Figure 16). From the graph we can see that for a higher 

heating rate, the temperature reached on the surface of the coin sample is not uniform. For 16V 

the gradient is increasing steeply with time which denotes that a steady state is not reached 

within the coin. And for a voltage of 12V and 8V, a constant heating of the coin sample is seen. 

Therefore, for testing the samples, 10V is used.  

The same experiment was repeated for aluminum coins with YSZ coated by APS and SPS and 

the results were plotted in the form of graphs (seen in Figure 17 and Figure 18).  
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Figure 16: Local temperature gradient vs time for aluminum coin sample 



 

 Public 

 

The coin samples SPS1 and SPS2 were taken from one plate and the samples SPS3, SPS4 were 

taken from another plate. Similarly, APS1 and APS2 were taken from one plate and APS 3 is 

taken from a different plate. The trend of variation of the local temperature gradient for all the 

samples was expected to be similar but huge variations are seen on the coins taken from the 

same plate. Table 4 shows the local temperature gradient for SPS1, SPS2, SPS3, SPS4 after 34 

minutes. It can be seen that SPS 2 has a better temperature gradient which signifies that the 

temperature on the aluminium side and the coating side of the coin is varying by a greater 

margin. This represents that SPS 2 is having a better thermal resistivity. Theoretically, coins 

0

50

100

150

200

250

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

ΔT
/Δ

X

TIME(MIN)

APS

APS 1 APS 2 APS 3Figure 18: Local temperature gradient vs time for APS 

-100

0

100

200

300

400

500

600

0
2,

5 5
7,

5 10
12

,5 15
17

,5 20
22

,5 25
27

,5 30
32

,5 35
37

,5 40
42

,5 45
47

,5 50
52

,5 55
57

,5 60
62

,5 65
67

,5 70

ΔT
/Δ

X

TIME(MIN)

SPS

SPS 1 SPS 2 SPS 3 SPS 4

Figure 17: Local temperature gradient vs time for SPS coating 



 

 Public 

taken from the same plate should have a similar thermal resistivity as the coating is uniform 

across a single plate. The difference can be because of two reasons; 1) Thermal bridges, 2) 

Different coating thickness across the plate. The greater margin of thermal resistivity across 

the plate shows that the heat is dissipated in other directions through thermal bridges.  

Table 4: Local temperature gradient for SPS1, SPS2, SPS3, SPS4 after 34 minutes 

Time (Min) SPS 1 SPS 2 SPS 3 SPS 4 

34 196.6667 340 100 176.6667 

  

The thermal paste having a higher thermal conductivity can act as a thermal bridge if the 

thermal paste is applied on the sample as seen in Figure 19. The thermal paste can occupy the 

outer surface area of the coin and the heat from the heating element rather than passing through 

the coin, it can choose a least resistant path around the sample through the thermal paste.  

 

 

 

 

 

 

 

 

The possibility of heat transferring through the thermal paste is avoided by applying a 

minimum amount of paste on the thermocouples, so the paste does not reach the curved surface 

of the coin. The coins are cut into half to determine the coating thickness in SEM. The SEM 

images for the different coatings are seen in Figure 20 to Figure 23. SPS2 sample has an average 

coating thickness of 270 µm whereas SPS3 has a coating thickness of 80 µm. The variation of 

the coating thickness is reflected in the thermal testing. We can see that SPS2 has better thermal 

resistivity than SPS3 which is seen in Figure 17. The surface of the substrate is uneven, as seen 

in Figure 22. The unevenness of the substrate leads to improper bond coat on the substrate. The 

SPS coating has detached from the substrate and the detachment is because of the improper 

Figure 19: Improper application of thermal paste 
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bonding between the substrate and the coating. A similar trend is uneven coating and can be 

seen in APS coating. APS1 coating has a coating thickness of 249.2 µm whereas APS3 has a 

coating thickness of 323.2 µm. The difference in coating thickness has its impact on the thermal 

performance of the coating, which is seen in Figure 18, where APS3 has better thermal 

resistivity when compared to APS1.  

Figure 2014: SEM image showing SPS coating on aluminum substrate of sample SPS2 

Figure 21: SEM image showing SPS coating on aluminum substrate of sample SPS3 
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Figure 22: SEM image showing the bond coat in SPS coating 

  

Figure 23: SEM image showing APS coating on aluminum substrate of sample APS1 
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Figure 24: SEM image showing APS coating on aluminum substrate of sample APS3 

EDX analysis was performed on the samples to differentiate between the bond coat from the 

top coat and the results are shown below. Figure 25 shows the SEM image used for EDX 

analysis at different locations in the image. The location of the bond coat is confirmed with the 

presence of elements like Ni, Co, Cr, and Al (seen in Figure 26). Similarly, the location of the 

substrate was confirmed by the presence of elements like Al and Mg in spectrum 10 seen in 

Figure 28. Spectrum 8 shows the presence of Zr and Y which confirms the location of top coat 

seen in Figure 27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: SEM image for EDX analysis 
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Figure 26: EDX results of spectrum 7 showing the bond coat 

 

Figure 27: EDX results of spectrum 8 showing the top coat 
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Figure 28: EDX results of spectrum 10 showing the substrate 

9.2 Mechanical Testing 

Drop weight test was performed to crack the coating present on the aluminum substrate and to 

study the propagation of the crack in two different coatings. The cracked coatings were 

analyzed in stereo microscope. Figure 29 and Figure 30 shows the cracked coating of APS and 

SPS, respectively. For a load of 1000 g dropped from a height of 60 cm from the base plate, 

APS coating cracked, and the crack propagation was observed across an area of 6.3 mm X 5.2 

mm whereas for similar conditions in SPS coating, the crack propagation was observed over 

an area of 10 mm X 12.5 mm. The reason for smaller area of crack is due to the presence of 

porosity and polymer in the coating.  
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Figure 29: Cracked APS coating for a height of 60 cm and a load of 1000 g 
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Figure 31 shows the crack propagation in APS, the crack has greater energy originating from 

the center of the crack and the energy for crack propagation dissipates as it moves away from 

the center. The path of crack propagation is obstructed by the porosity or the polymer seen as 

black dots in Figure 31. The porosity or the polymer absorbs the energy and deviates the 

direction of the crack tip. 
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Figure 30: Cracked SPS coating for a height of 60 cm and a load of 1000 g 
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Figure 31: Crack path obstructed by polymer present in the coating 
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10 
Conclusion 

 

The thesis work comprises of an experimental setup to determine the effectiveness of thermal 

barrier coatings when used as a method to control the TR of Li-ion batteries. The two different 

types of coatings compared are atmospheric plasma sprayed YSZ with a polymer filling in the 

pores and suspension plasma sprayed YSZ both coated on an aluminium plate of thickness 3.0 

mm. The experimental results shows that the APS coating performs better during mechanical 

loading when compared to SPS coated YSZ. The difference in the performance of the coating 

can be attributed to the presence of polymer in the pores of the APS coated material which 

restricts the growth of the crack when an impact loading is applied on the material. The SPS 

coated plate on the other hand has better thermal resistance. This comparison between the APS 

and the SPS coating is inconclusive because it is unfair to compare two different coating 

methods with two different matrix. Further experiments can be conducted with a polymer 

filling in both APS and SPS coating for a fair comparison between the coating techniques and 

thus we can determine if TBC can be used for prevention of TR in Li-ion batteries. 
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