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ABSTRACT 

This paper investigates the effects of vibration and high temperature, two typical 

transportation conditions, on the thermal runaway characteristics of 18650 NCA cells 

through simulation experiments. The aim is to explore the mechanisms by which 

transportation conditions affect the thermal runaway behavior and safety 

degradation of lithium-ion cells. The results show that both vibration and high 

temperature lead to slight capacity decay (a decrease of 0.49% and 0.38% 

respectively) and a significant increase in internal resistance (an increase of 24.59% 

and 20.49% respectively), thereby increasing the risk of thermal runaway. The 

thermal runaway venting temperature of NCA cells subjected to vibration and high 

temperature is raised by 12.04°C and 6.08°C respectively, with the venting time 

occurring earlier. The thermal stability of the cells is reduced, while the thermal 

runaway temperature is significantly lowered, with the vibration and high 

temperature samples decreasing by 40.85°C and 31.28°C respectively. The critical 

time is also shortened by 232s and 211s respectively, indicating that the overall 

thermal runaway process is significantly accelerated. Material analysis reveals that 

vibration causes structural fractures, while high temperature promotes side 

reactions in advance, both of which lead to accelerated thermal runaway reactions 

and intensified heat release. This is macroscopically manifested as a decrease in 

thermal runaway temperature and an increase in the highest temperature. 
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1. Introduction 

1.1. Background 

Lithium-ion batteries, due to their excellent high energy density, long cycle life, and environmentally friendly 

characteristics, have demonstrated broad application prospects in the field of electric energy storage and have 

become the preferred medium in the energy storage and supply field, widely used in the power supply fields of 

new energy vehicles and electronic products [1-4]. The global market demand for lithium-ion batteries continues 

to grow rapidly, significantly driving the rapid expansion of the industry worldwide. China, as the world's largest 

producer and consumer market for power lithium batteries, has a particularly prominent scale of product 

transportation. The rapid growth in global demand for lithium-ion batteries continues to drive the rapid expansion 

of the industry worldwide, especially in China. Statistics show that the annual transportation volume of power 

lithium batteries in China has exceeded one hundred billion kilowatt-hours, including both domestic and exported 

lithium battery products [5-6]. Among them, the inter-provincial transportation of batteries for new energy 

vehicles accounts for the main part and shows an increasing trend year by year. With the increasingly widespread 

application of lithium-ion batteries, concerns about battery safety are on the rise [7]. The transportation process is 

a continuous one that can affect its performance [8, 9]. 

However, during long-distance or complex condition transportation, batteries inevitably experience severe 

environmental conditions such as continuous vibration and temperature changes [10, 11]. These external factors 

may affect the safety, electrochemical performance, and service life of batteries. For instance, extreme 

temperatures can significantly impact the performance and lifespan of lithium-ion batteries, potentially leading to 

safety issues such as fires. Accidents during transportation occur from time to time [12, 13], and these external 

factors may affect the safety, electrochemical performance, and service life of batteries, which have become the 

focus of attention in both academic and industrial fields. 

1.2. Research on Safety of Lithium-Ion Batteries Under Transportation Conditions 

Batteries often undergo prolonged vibration during transportation, which may have an irreversible impact on 

their safety. Vibration refers to the mechanical oscillation in a system caused by dynamic forces, mechanical stress 

or external excitation. In engineering systems, vibration may be caused by operating machinery, external 

environmental factors, or inherent material behavior [14,15]. Zhang et al. [16] conducted vibration durability tests 

on NCA lithium-ion 18650 battery cells and studied the influence of vibration on the electrical performance of 

lithium-ion batteries based on mathematical statistical analysis. Vibration may cause minor changes in the internal 

structure of the battery, thereby affecting its electrochemical properties. At the same time, vibration will accelerate 

the aging process of the battery and reduce its service life. Hooper et al. [17] conducted vibration durability tests 

on nickel-manganese-cobalt oxide (NMC) lithium-ion 18650 battery cells and also found that vibration has a 

negative impact on battery performance. In his other study [18], the vibration input of high-voltage batteries in 

electric vehicles was characterized. Research has found that the vibration frequency and intensity generated 

during vehicle operation have a significant impact on the performance and safety of 18650 lithium batteries. Yuk 

et al. [19] investigated the safety of 18650 lithium-ion batteries under different vibration conditions. Research 

indicates that vibration may cause short circuits or thermal runaway inside batteries, thereby leading to safety 

issues. Existing research indicates that vibration conditions can cause structural damage inside batteries, thereby 

accelerating battery aging, affecting electrical performance, reducing safety, and increasing the risk of thermal 

runaway. Brand et al. [20] demonstrated that vibration loads might cause unique internal damage that is typically 

uncommon in standardized tests. Research has found that prolonged vibration stress can cause internal structural 

failures in lithium-ion batteries, such as short circuits and material displacement, with cylindrical batteries being 

particularly at risk. He et al. developed an adaptive fuzzy reasoning model to evaluate the durability of lead-acid 

batteries under vibration, thereby enabling accurate real-time detection without causing severe damage. This 

highly adaptable method offers potential for evaluating lithium-ion batteries, especially when electric vehicles are 

exposed to more complex mechanical environments [21]. In the automotive field, the pre-consistency vibration 

test of lithium iron phosphate battery packs ensures long-term reliability by simulating real-world dynamic loads, 

thereby helping to maintain structural stability during the use of electric powertrains [22]. Research has found that 

internal damage to 18650 lithium-ion batteries, especially in the loosely designed mandrel, does not immediately 
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reduce performance under vibration. Researchers used computed tomography (CT) scans to visualize subtle 

structural faults that became severe over time, highlighting the necessity of robust internal cell design [23]. Bangal 

et al. used electrochemical impedance spectroscopy (EIS) to track the changes in the internal resistance of 

batteries under vibration force, which is particularly useful in the health diagnosis of electric vehicle batteries [24]. 

During transportation, extreme high-temperature weather is often encountered. Lithium-ion batteries are kept 

in closed packaging for a long time. Existing research indicates that storing lithium-ion batteries at high 

temperatures can significantly affect battery performance, including capacity degradation, increased internal 

resistance, damage to the solid electrolyte interface (SEI) film, and electrolyte consumption [25-28]. Lang et al. [29] 

investigated the influence of storage temperature on the aging mechanism of calendars and found that the 

capacity loss mainly resulted from the loss of recyclable lithium ions due to side reactions on the anode surface, 

which accelerated sharply with the increase in temperature. Sarasketa-Zabala et al. [30] reported that as the 

storage temperature rises, capacity loss will be significantly accelerated. Nemati et al. [31] observed that at a 

storage temperature of 55°C, the surface material of the anode fell off, and the active substances were further lost. 

Due to the poor heat dissipation inside the closed space, heat accumulation is prone to occur. In a high-

temperature environment, the internal chemical reactions of lithium-ion batteries accelerate, which will lead to an 

increase in the internal pressure of the battery, thereby affecting the battery's cycle life and safety. Feng et al. [32-

34] analyzed the common behaviors of thermal runaway using an adiabatic accelerated calorimeter (ARC) and 

divided the process into three stages based on the critical point of thermal runaway. Zhang et al. [35] analyzed the 

high-temperature storage of NCM (631) pouch cells at 60 °C with 100% SOC. They found that a decrease in the TR 

characteristic temperature indicates an increased possibility of TR occurrence in the battery. Cai et al. [36] studied 

18,650 NCM cells stored at short-term high temperatures of 60°C and 80°C. Based on the characteristic 

temperatures of battery thermal runaway, they indicated that the possibility of TR increased and its severity rose. 

Chombo et al. [37] used a 0.6kW heater to study the effect of heating on the performance of 18650 lithium-ion 

batteries. Research has found that high-temperature heating can lead to a significant decline in the 

electrochemical performance of batteries, including capacity attenuation and increased internal resistance. 

Moreover, high-temperature heating also accelerates the aging process of batteries and reduces their service life. 

Ubaldi et al. [38] identified key events and gas emissions during the thermal runaway process of NCA18650 

batteries through thermal abuse tests. The experimental results show that during the thermal runaway process, 

the battery releases a large amount of heat and gases, including hydrofluoric acid (HF), carbon dioxide (CO₂), and 

carbon monoxide (CO). Jones [39] explored the impact of high-temperature storage on the performance of 18650 

lithium batteries and found that high temperatures would accelerate the aging process of the battery, leading to 

capacity decline and increased internal resistance. Ren et al. [40] studied the disappearance of the exothermic 

peak of the negative electrode at around 300 °C after high-temperature storage, and believed that it was caused 

by the reduced lithiation degree of the negative electrode after aging. Zhang et al. [41] investigated the effects of 

two aging conditions, namely short-term high-temperature storage and post-storage recirculation, on the internal 

side reactions of NCM523 ternary lithium-ion batteries. Based on the DSC results, the authors mentioned that the 

heat generation of the reaction between the positive electrode and the electrolyte as well as the related side 

reactions of the negative electrode increased after aging, but neither was significant. Zhang et al. [42] investigated 

the effect of high-temperature calendar aging on the side reactions of NCM631 ternary batteries, indicating that 

the temperature for the SEI film decomposition reaction decreased. Research indicates that under high-

temperature storage conditions, the self-discharge rate of batteries significantly increases, and the decomposition 

reaction of the electrolyte intensifies, reducing battery safety. 

During transportation, vibration and high temperature are two key environmental factors that affect the safety 

and performance of lithium-ion batteries. Existing research indicates that continuous vibration can cause 

mechanical damage to the internal structure of batteries, leading to the shedding of electrode active materials, an 

increase in internal resistance, and accelerated aging, thereby increasing the risk of thermal runaway. Multiple 

vibration experiments on 18650 batteries based on NCA and NMC systems have confirmed that the complex 

vibration spectra in actual transportation conditions can significantly affect the electrochemical performance and 

safety of the batteries. On the other hand, high-temperature environments will intensify the side reactions inside 

the battery, promoting the decomposition of the electrolyte, gas production and an increase in internal pressure, 

resulting in capacity attenuation and a reduction in cycle life. Thermal abuse tests further indicate that high 

temperatures not only accelerate battery aging but also trigger the release of a large amount of heat and harmful 
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gases, significantly increasing the possibility of thermal runaway. However, most of the existing studies are based 

on laboratory conditions and have not simulated the vibration and high-temperature working conditions during 

transportation, thus failing to reflect the thermal runaway mechanism of batteries under transportation 

conditions. This type of research method has obvious limitations: The simple harmonic vibration mode adopted is 

significantly different from the random vibration spectrum actually encountered during transportation. Meanwhile, 

high-temperature experiments typically employ adiabatic accelerated calorimeters (ARC), under which the battery 

is in an adiabatic environment. Moreover, the experimental temperature is high and the duration is short, making 

it difficult to accurately predict the thermal safety performance of the battery in real transportation conditions. 

1.3. Research Content 

This study takes the 18650 lithium nickel cobalt aluminum oxide (NCA) cells with a state of charge (SOC) of 50% 

as the object and systematically investigates its safety under typical transportation conditions, including vibration 

and high-temperature environments. Immediately after the simulated transportation condition test, a thermal 

runaway test was conducted on the cells to analyze the influence of mechanical and thermal stress during 

transportation on the thermal runaway behavior of the cells. To further reveal its influence mechanism, the 

reaction was terminated by rapid cooling with liquid nitrogen at different stages of the thermal runaway process 

to retain the physicochemical state of the cells in this transient state. Microscopic characterization methods such 

as X-ray diffraction (XRD), scanning electron microscopy (SEM), and thermogravimetric - differential scanning 

calorimetry (TG-DSC) were employed. A systematic analysis was conducted on the structure, surface morphology 

and thermal stability evolution of electrode materials to clarify the intrinsic mechanism by which transportation 

conditions affect the thermal safety performance of lithium-ion cells. This study has for the first time established a 

full-chain research system covering transportation condition simulation, thermal safety testing, and microscopic 

mechanism analysis. Through multi-scale characterization, it has revealed the battery thermal runaway 

mechanism under the effects of vibration and high temperature during transportation, filling the gap in the 

research on the correlation between actual transportation conditions and battery safety performance. 

2. Experimental Objects and Methods 

2.1. Research Methods 

The technical route of this research is shown in Fig. (1), mainly including three core parts. Firstly, for the 18650 

NCA cells, experimental research was carried out to simulate extreme transportation environments. The vibration  

 

 

Figure 1: Experimental methods and platforms: (a) NCA cell; (b) vibration test bench; (c) high-temperature test chamber; (d) 

ARC test platform. 
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test was conducted in accordance with the ISTA 3E standard spectrum, and the high-temperature test was set 

under the storage condition of 85°C. By comparing the changes in cell capacity and internal resistance before and 

after the test, the influence of transportation conditions on cell electrical performance and its failure mechanism 

were analyzed. The second part focuses on the thermal safety of cells. Thermal runaway tests are conducted on 

cells treated under the above-mentioned transportation conditions using an adiabatic accelerated calorimeter 

(ARC), with a particular emphasis on the variation patterns of the critical temperature of thermal runaway and 

characteristic parameters. The third part focuses on the microscopic mechanism analysis at the material level. 

XRD, SEM and TG-DSC tests are carried out on cell samples after the termination of different thermal runaway 

stages. Through the characterization results of material structure, morphology and thermal stability, the key 

features in the evolution process of thermal runaway under the influence of transportation conditions are 

extracted, thereby revealing the internal mechanism that leads to the reduction of cell thermal safety. The overall 

research follows a systematic analysis path from macroscopic performance to microscopic mechanisms. 

2.2. Transportation Condition Testing 

In this experiment, 18650 lithium-ion cells with a nominal capacity of 3.5 Ah and a NCA system were used. The 

measured capacity at a 1C rate ranged from 3.4 to 3.6 Ah. The specific performance parameters are shown in 

Table 1. The state of charge (SOC) of cell is usually controlled below 50%. Thermal runaway (TR) of lithium-ion 

batteries is related to their SOC, and an increased risk of TR has been observed at higher SOC levels [43-47]. For 

safety purposes, batteries are usually kept at a low SOC [48]. Therefore, in this study, 50% SOC is selected as the 

typical working condition. In the setting of transportation environment parameters, the vibration spectrum adopts 

the ISTA 3E standard [49], and the selected frequency band is 1-200Hz. This spectrum is constructed based on the 

vibration data collected in actual road transportation to simulate global transportation severely and realistically, 

especially the complex random vibration stress encountered in road transportation. The high-temperature 

conditions refer to the research of Guddanti et al. [50]. The extreme transportation temperature is set at 85°C, and 

the test time parameters are all 12 hours. The specific experimental parameters are shown in Table 2. 

Table 1: Specifications of the LIB. 

Terms Rating 

Cathode material NCA 

Anode material Graphite 

Nominal capacity/ Ah 3.55Ah 

Nominal voltage/V 3.6V 

cut-off voltage/V 4.2V/2.5V 

Size/mm 65.3mm×18.55mm 

Weight/ g 46±5g 

 

2.3. ARC Test 

This experiment takes the NCA cells that has undergone vibration and high-temperature transportation 

condition tests in Section 2.2 as the research object. The nominal capacity of the cell is 3.5 Ah. The cell numbers 

used in the test and the corresponding treatment conditions are shown in Table 3, where tOP represents the 

opening time of the cells safety valve and tTR represents the moment when the cell experiences thermal runaway. 

The thermal runaway characteristics of lithium-ion cells were tested by using an Accelerating Rate calorimeter 

(ARC), and the layout of the experimental platform is shown in Fig. (1d). The temperature rise behavior, key 

temperature characteristics and thermal runaway evolution law of the cell under thermal abuse conditions can be 

obtained through the ARC experiment. The specific experimental steps are as follows: 
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Table 2: Vibration test spectrum. 

Frequency (Hz) PSD(g2/Hz) 

1.0 0.00072 

3.0 0.018 

4.0 0.018 

6.0 0.00072 

12.0 0.00072 

16.0 0.0036 

25.0 0.0036 

30.0 0.00072 

40.0 0.0036 

80.0 0.0036 

100.0 0.0036 

200.0 0.000018 

 

Table 3: Test LIBs identification numbers. 

Test Condition Untested Vibration High-Temperature 

Unheated U-t0 V-t0 H-t0 

Vent Opening U-tOP V-tOP H-tOP 

Thermal Runaway onset U-tTR V-tTR H-tTR 

Post-Thermal Runaway U-t1 V-t1 H-t1 

 

1) Place the cell to be tested in the ARC sample cell and fix the armored K-type thermocouple at the center of 

the cell surface with high-temperature resistant tape to ensure the accurate collection of temperature signals 

2) The ARC is set to perform constant temperature heating at 200°C through the upper computer control 

program. The surface temperature changes of the cell are monitored and recorded in real time. Once the system 

determines that the cell has entered a thermal runaway state, the heating is immediately stopped. 

3) Implement differentiated cooling and sampling procedures for cells of different numbers: For the numbered 

tOP cells, immediately turn off the heater after the safety valve is opened, and inject liquid nitrogen into the 

reaction chamber for rapid cooling to freeze the material reaction in this state. For the numbered tTR cells, heating 

is stopped at the moment of thermal runaway and liquid nitrogen is also introduced for rapid cooling to preserve 

the material characteristics of the initial stage of thermal runaway. The above two groups of cells were 

disassembled in the glove box to obtain the positive and negative electrode active materials respectively, which 

were used for subsequent microstructure characterization. The cells numbered t0 was used as the control group 

and was directly disassembled without heating treatment to provide the reference sample in its original state. 

Cells No. t1 is not cooled after thermal runaway occurs and is allowed to cool naturally to record the complete 

temperature curve for analyzing the critical temperature of thermal runaway and the maximum temperature Tmax. 

2.4. Characterization of Electrode Materials 

For the cells of sequence tOP and tTR, after being heated to the corresponding characteristic points respectively 

by a unified heating method, they are immediately rapidly cooled by liquid nitrogen to terminate the reaction. 
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After the cells have returned to room temperature, it is disassembled in an argon-protected glove box, and the 

positive and negative electrode sheets are taken out respectively as test samples. Subsequently, the crystal 

structure, surface morphology and thermal stability of the electrode materials were characterized by X-ray 

diffraction (XRD), scanning electron microscopy (SEM) and thermogravimetric - differential scanning calorimetry 

(TG-DSC). XRD testing was conducted using a benchtop X-ray powder diffractometer (model: BRUKER D2 PHASER) 

produced by Bruker, a German company, to analyze the phase structure of materials. SEM observation was 

conducted using the Phenom ProX G6 scanning electron microscope from Phenom of the Netherlands. 

Microscopic morphology images of electrode materials were obtained under the conditions of an acceleration 

voltage of 15 kV and a uniform magnification of 5000 times. The thermal stability test was accomplished by 

connecting a synchronous thermal analyzer (model: NETZSCH STA449C) from Netzsch, Germany, to a mass 

spectrometer (NetzSCH-QMS403C). During the test, approximately 3 mg of the sample was placed in an alumina 

crucible and heated at a rate of 10°C ·min⁻¹ from 30°C to 600°C under the protection of a 50 mL·min⁻¹ high-purity 

argon atmosphere. The mass of the material and the changes in heat flow were recorded in real time. 

3. Results and Discussion 

3.1. Electrical Performance Test 

After the cell underwent transportation condition tests, the changes in cell capacity and internal resistance are 

shown in Fig. (2). For each test, three cells with similar capacities were selected for parallel tests (vibration test 

cells: V1,V2,V3; high-temperature test cells: H1,H2,H3). The values in the table are the average values taken after 

the three tests. The error bars and statistical significance analysis demonstrate that the battery performance 

degradation and thermal safety changes induced by the transportation conditions, as reported in this paper, 

represent statistically significant and reliable conclusions. The results show that both vibration and high-

temperature conditions lead to a slight decline in cell capacity (by 0.49% and 0.38% respectively). The internal 

resistance of the cell has significantly increased, with vibration causing an average increase of 24.59% in the cell's 

internal resistance. High temperatures increase the average internal resistance of cell by 20.49%. The increase in 

internal resistance will raise the Joule heat generated during short circuits within the cell, significantly increasing 

the risk of thermal runaway. 

 

Figure 2: Changes in cell parameters before and after testing: (a) capacity; (b) internal resistance. 

3.2. Critical Parameters of Thermal Runaway 

To clarify the influence of two typical transportation conditions, vibration and high temperature, on the thermal 

safety behavior of lithium-ion cells, this study conducted thermal runaway experiments on cells samples after 

different pretreatments and compared and analyzed the temperature evolution curves at time t1 (i.e., when the 

cell undergoes a complete thermal runaway process). To clarify the influence of two typical transportation 
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conditions, vibration and high temperature, on the thermal safety behavior of lithium-ion cells, this study 

conducted thermal runaway experiments on cell samples after different pretreatments and compared and 

analyzed the temperature evolution curves at time t1 (i.e., when the cells undergoes a complete thermal runaway 

process).  

The thermal runaway valve breaking temperatures of NCA cells after vibration and high temperature increased 

by 12.04°C and 6.08°C respectively, but the valve breaking times were shortened by 332s and 306s respectively. 

This indicates that the thermal stability of cells under transportation conditions decreases, self-heat generation 

occurs earlier, and the heat generation is greater. The thermal runaway temperature was significantly reduced. 

The vibration and high-temperature samples decreased by 40.85°C and 31.28°C respectively, indicating that the 

transportation conditions exacerbated the side reactions or structural damage of the internal materials of the cell, 

causing thermal runaway to occur at a relatively low temperature. Meanwhile, the thermal runaway time was 

shortened by 232 seconds and 216 seconds respectively, suggesting that the evolution process of cell thermal 

runaway has accelerated. It is particularly worth noting that the maximum temperature of the cell under high-

temperature conditions reached 606.25°C, which was 91.82°C higher than that of the new cells and 70.90°C higher 

than that of the vibration sample. This indicates that the high-temperature transportation environment 

significantly intensified the intensity of the cells reaction. Meanwhile, the critical times were shortened by 232 

seconds and 211 seconds respectively, and the overall process of thermal runaway was significantly accelerated 

(Table 4). 

 

Figure 3: Critical temperature for cell thermal runaway. 

 

Figure 4: Cells thermal runaway temperature curve. 
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Table 4: Test LIBs identification numbers. 

Temperature/℃ Untested Vibration Tested High-Temperature Tested 

TOP 142.96 155.00 149.04 

TTR 235.85 195.00 204.57 

Tmax 514.43 535.35 606.25 

tOP 2475 2143 2169 

tTR 3172 2940 2956 

tmax 3176 2944 2965 

 

3.3. Material Characterization Material Characterization 

Fig. (5) shows the changes in XRD diffraction patterns of the positive and negative electrode materials of NCA 

cells treated under different transportation conditions at different stages of thermal runaway. Before heating, the 

cathode materials of all cells presented typical LiNiCoAlO₂ layered structure characteristic peaks (marked as A, B, 

and D peaks), while the anode was mainly composed of lithium-intercalated graphite, mainly showing 

characteristic diffraction peaks of LiC₁₂ and LiC₆. 

 

Figure 5: XRD patterns of cell materials at different stages of thermal runaway: (a) Negative electrode; (b) Positive electrode. 

By the time the safety valve opens (tOP), the diffraction peaks of the negative electrode material undergo a 

significant transformation: the intensity of the characteristic peaks of LiC₆ and LiC₁₂ weakens and gradually 

evolves towards the characteristic peaks of the (002) crystal plane of graphite, indicating that the lithium-

intercalating compounds of the negative electrode undergo a delithiation reaction, and the active lithium is 

continuously consumed due to its participation in interfacial side reactions (LiC₆ → LiC₁₂ → C). During this 

transformation process, the reaction degree of the cells treated under high-temperature conditions was the most 

significant, with its characteristic peak approaching that of pure graphite earliest, while the change range of the 

new cells was the smallest, indicating that the high-temperature environment exacerbated the loss of active 

lithium. Meanwhile, there are also signs of structural evolution in the cathode material: the characteristic peak of 

LiNiCoAlO₂ has shifted, among which the intensity of peak A, which represents the crystal plane of the layered 

structure (003), has decreased or even gradually disappeared, while the position of peak D has shifted significantly, 

especially in high-temperature storage cells, indicating that the cathode material has undergone phase 

transformation and degradation of the layered structure. At the moment of thermal runaway (tTR), the 

characteristic diffraction peaks of the cathode material completely disappear and transform into broad diffuse 

peaks such as NiO without lithium oxides, indicating the complete collapse of the layered structure, accompanied 

by the reduction of nickel elements and the formation of oxides. At this point, there is no diffraction signal of 

lithium compounds at the negative electrode. Only the standard diffraction characteristics of graphite crystals are 
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displayed, indicating that the active lithium has been completely consumed, while the main structure of the 

graphite is still retained. The above results indicate that as the thermal runaway process advances, the active 

materials of the positive and negative electrodes undergo continuous decay and phase transformation, and the 

high-temperature transportation conditions significantly accelerate this degradation process. 

Fig. (6) and (7) respectively show the SEM images of the negative and positive electrode materials of NCA cells 

under different working conditions and at different stages of thermal runaway. Before heating, from the 

perspective of the negative electrode, the active material of the cell that had not undergone the transportation 

condition test was evenly distributed. However, after the vibration test, obvious cracks were observed on the cell 

surface, which was very likely due to the shedding and fragmentation of the active material caused by the 

vibration condition. On the other hand, after the high-temperature test, some deposits appeared on the cell 

surface, which might be caused by the decomposition of the SEI film. From the perspective of the positive 

electrode, the positive electrode material that has not undergone the transportation condition test is evenly 

distributed. After the vibration test, some cracks were observed on the cell surface, which has similar 

characteristics to the negative electrode material. However, the positive electrode material that has undergone 

the high-temperature test shows local defects, which looks like the shedding of some materials. At the moment of 

gas generation, the adherents on the surface of the blocky graphite at the negative electrode disappear, and the 

outline becomes clearer. The blocky graphite gradually shatters into smaller particles. Among them, after high-

temperature storage, the negative electrode material of the cell gradually becomes powderized, and many 

deposits also appear on the surface. There is a relatively obvious powdering phenomenon in the cathode material, 

with the material particles becoming smaller. The surface particles of the vibrating cell fall off, cracks expand, and 

large particles in the deep interior are exposed. Many small particle deposits appear on the surface of the high-

temperature cell, which may be the side reaction products between the cathode material and the electrolyte. At 

the moment of thermal runaway, the negative electrode material is almost completely damaged, and the chemical 

reaction products caused by side reactions lead to a significant increase in particle deposits. The gap between the 

particles of the positive electrode material increases, and the intense reaction causes the material to completely 

shatter. 

 

Figure 6: SEM image of the negative electrode of the cells. 
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Figure 7: SEM image of the positive electrode of cells. 

Fig. (8) shows the TG-DSC analysis results of the cathode materials of NCA cells treated under different 

transportation conditions at each stage of thermal runaway. Similar to NCM materials, the thermal decomposition 

process of NCA cathode materials can be divided into three distinct weight loss stages according to its TG curve, 

with the two characteristic inflection point temperatures located around 150°C and 468°C respectively. 

 

Figure 8: TG-DSC diagrams of cathode materials at different thermal runaway stages: (a) TG; (b) DSC. 

The first stage (room temperature to 150°C) mainly corresponds to the evaporation of organic solvents 

adsorbed or remaining on the surface of the cathode material, as well as the melting and initial decomposition of 

the separator (such as PE/PP). This stage is manifested on the DSC curve as a series of complex endothermic and 

exothermic peaks, reflecting the competition among various physical phase transitions and chemical 

decomposition reactions. The second stage (150°C to 468°C) is mainly characterized by the decomposition 

reaction of lithium-containing cathode active substances (such as LixNiCoAlO₂). As lithium ions are released (x 

decreases), the stability of the layered structure decreases, the decomposition reaction intensifies, and the 

exothermic peak in the DSC curve gradually shifts towards higher temperatures, indicating an increase in the 

activation energy required for the reaction. It is worth noting that the new cell (which has not undergone 
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transportation conditions) has the lowest exothermic peak temperature and the highest peak intensity at this 

stage, indicating that its active lithium content is relatively high and the rate of side reactions is relatively slow. 

Cells that have undergone vibration or high-temperature pretreatment exhibit characteristics of forward reaction 

and right shift of exothermic peaks, reflecting the loss of active lithium and damage to the material structure. The 

third stage (above 468°C) mainly involves the further oxidation of transition metal elements (Ni, Co, Al) in the 

cathode and the formation of oxides, accompanied by a significant exothermic effect. The DSC curve of the 

thermal runaway cell shows sharp and concentrated exothermic peaks in this range, indicating that this stage is a 

key period for the concentrated release of energy during the thermal runaway process. 

3.4. Mechanism Summary 

Based on the segmented thermal runaway experiments and the microscopic characterization analysis of 

materials, combined with the performance degradation and failure behavior of the cell after the transportation 

condition test and the changes in the critical parameters of thermal runaway, the mechanism of thermal runaway 

of power cells under transportation conditions can be summarized as follows: 

(1) The influence mechanism of vibration conditions: Mechanical vibration causes fatigue, shedding and even 

fracture of the active materials of the electrodes inside the cell (positive and negative electrodes), resulting in 

reversible loss of lithium ions, leading to a significant increase in cell capacity and internal resistance. The increase 

in internal resistance causes the cell to generate more Joule heat when an internal short circuit occurs, 

significantly raising the risk of thermal runaway triggering. Meanwhile, the material fragmentation caused by 

vibration increases the contact area between the electrode and the electrolyte, accelerating the kinetic process of 

interfacial side reactions. In addition, vibration may also cause uneven distribution of the electrolyte, leading to 

local heat dissipation differences in the cell under thermal abuse conditions, which is prone to form high-

temperature hotspots. This, on a macroscopic level, is manifested as a decrease in the thermal runaway trigger 

temperature (TTR) and an increase in the intensity of the reaction. 

(2) The influence mechanism of high-temperature working conditions: The high-temperature environment 

intensifies the side reactions at the electrode/electrolyte interface, especially causing irreversible decomposition 

and reconstruction of the SEI film on the negative electrode surface, continuously consuming active lithium, and 

promoting the premature decomposition and gas production of some low-melting-point and low-flash point 

electrolyte components. These processes cause the cells cell capacity to decline and the internal resistance to 

increase, and the negative electrode active material to lose the protection of the SEI film and be directly exposed 

to the electrolyte, thereby significantly accelerating the chain exothermic reaction in the thermal runaway stage. 

The above-mentioned microscopic-level changes are directly reflected in the macroscopic thermal behavior as a 

decrease in the thermal runaway trigger temperature (TTR), a significant increase in the maximum temperature (Tₘ 

ₘ ₘ), and a sharp shortening of the entire thermal runaway process. 

4. Conclusion 

This study systematically evaluates the performance evolution and thermal safety mechanisms of 18650 NCA 

lithium-ion batteries under vibration and high-temperature transportation conditions. The main conclusions are 

as follows: 

(1) Transportation conditions accelerate the degradation of battery electrical performance. Both vibration and 

high-temperature environments lead to capacity fade (0.49% for vibration group, 0.38% for high-temperature 

group) and significant increase in internal resistance (24.59% for vibration group, 20.49% for high-temperature 

group). The increased internal resistance exacerbates Joule heating during short circuits, elevating thermal 

runaway risk. Microscopic characterization reveals that vibration causes detachment of electrode active materials, 

while high temperature intensifies side reactions at the electrode-electrolyte interface, resulting in active lithium 

loss. 

(2) Vibration conditions significantly reduce battery thermal stability. After vibration testing, the venting 

temperature increases by 12.04°C, venting time advances by 332 seconds, thermal runaway temperature 
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decreases by 40.85°C, and the thermal runaway evolution process accelerates by 232 seconds. Material analysis 

indicates that vibration induces electrode material fracture, increasing the electrode-electrolyte contact area while 

causing uneven electrolyte distribution that creates local hot spots. These factors accelerate reaction kinetics, 

promoting thermal runaway at lower temperatures. 

(3) High-temperature conditions intensify battery reaction severity. After high-temperature testing, the 

maximum battery temperature reaches 606.25°C, representing increases of 91.82°C and 70.90°C compared to 

fresh batteries and vibrated samples, respectively. The critical times for thermal runaway are significantly 

shortened. Microscopic investigation demonstrates that high temperature promotes premature decomposition of 

the SEI film on the anode surface, eliminating its protective function and enhancing direct reactions between the 

anode and electrolyte. This accelerates the thermal runaway process and increases heat release intensity. 

This research reveals the underlying mechanisms through which transportation conditions affect battery 

thermal safety via multi-scale experiments, providing a theoretical basis for establishing safety standards for 

power battery transportation. 

Based on experimental data and mechanism analysis, this study proposes the following transportation safety 

suggestions: 1) State of charge control: It is recommended that the state of charge of power batteries during 

transportation be controlled within the range of 30% to 50%; 2) Packaging protection requirements: In view of the 

random vibration characteristics of road transportation, it is recommended to use composite cushioning materials 

with an elastic modulus of ≥5MPa, and design multi-layer irregular structures to attenuate the vibration energy in 

the 1-200Hz frequency band. 3) Transportation environment monitoring: Establish a full-process temperature 

control system. When the ambient temperature exceeds 65°C for 2 consecutive hours, the emergency heat 

dissipation mechanism should be activated, and vibration sensors should be installed inside the packaging to 

monitor the peak acceleration in real time. 
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