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ABSTRACT

The present research.aims to experimentally evaluate the safety behavior and failure mechanism
of 18650 cylindrical lithium-ion battery cells under dynamic impact loading. To this end, a pneumatic
impact testing apparatus was developed in accordance with the SAE J2464 standard to assess the
simultaneous effects of initial temperature. (25, 0, and -25 °C), state of charge (10% and 100%) and
state of health (fresh and aged.over 400 cycles). Experimental results derived from high-speed
imaging and thermal data analysis indicated that at ambient temperature, impact with a critical
velocity of 9.23 m/s on fully charged samples led to immediate separator rupture and extensive
internal short circuit. Under these conditions, the cell voltage dropped to zero within 290 ms, and
explosive thermal runaway occurred with a.severe temperature rise reaching 662 °C. In contrast, the
most significant finding of this study reveals a substantial enhancement in the cell's mechanical
resistance at sub-zero temperatures; remarkably; at -25 °C, no penetration or exothermic reaction was
recorded even at high impact velocities. Further analysis suggests that the partial solidification and
increased viscosity of the electrolyte at low temperatures act as an internal support with quasi-solid
behavior, thereby preventing local stress concentration and separator tearing.
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1. Introduction

The rapid transition towards Electric Vehicles has
established lithium-ion batteries as the primary energy
storage system due to their high energy density and long
cycle life)[1]. However, the safety of these batteries under
mechanical abuse, such as vehicle collisions, remains a
major concern [2]. Mechanical deformation can cause
internal short Circuits, leading to thermal runaway, fire,
and explosions [3]. Environmental factors, particularly
ambient temperature, .and the operational history of the
battery (aging) aresbelieved to influence the mechanical
properties of _battery components, yet comprehensive
experimental data remainsdimited [4,5].

Various testing standards and procedures have been
developed to evaluate battery safety, including nail
penetration, crush, and impact tests [6]. While existing
literature has extensively studied the quasi-static and
dynamic responses of batteries at room temperature [7],
the combined effects of extreme temperatures and
charge/discharge cycling (aging) on dynamic,impact
resistance have not been thoroughly explored.

The main contribution of this paper is to
experimentally bridge this gap by evaluating the. dynamic
impact response of 18650 lithium-ion batteries under a
combination of different temperatures (from 25°C down
to -25°C) and aging states (up to 400 cycles in 30°C’and
60°C). This study provides novel insights into how
thermal and cyclic history dictates the failure threshold
and thermal runaway of cylindrical cells under localized
impact.

2. Methodology

The overall experimental procedure, as illustrated in
the figure 1, involves new, unused batteries and batteries
subjected to 400 charge (8A) and discharge cycles (0.5
Ah) at constant temperatures of 30°C and 60°C (to
simulate batteries used in environments with specific
temperatures). These batteries are struck by an impact
testing machine under varying impact intensities, contact
cross-sections, states of charge, and ambient
temperatures. Consequently, following the impact, the
safety stability, temperature variations, and voltage drop
of the batteries are recorded and analyzed. Furthermore,
the effect of instantaneously applying cold temperatures
to the battery during impact on preventing catastrophic
events such as gas leakage, fire, and explosion is
investigated. battery cells used in the experiments are
Sony VTC6 with a capacity of 3 Ah and Gita 2565 with
a capacity of 2.5 Ah.
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Figure 1 - The overall experimental procedure in this
research

The experiments were conducted using an impact
testing machine (figure 2) on both cycled and fresh
batteries using an impact cross-section with a 6 mm
diameter, and on fresh batteries using a 3 mm diameter
impact cross-section (in accordance with the SAE J2464
standard mechanical penetration test) at various impact
velocities (3 to 10 m/s), state of charge (10% and 100%)
and different temperatures (25, 0, and -25 °C). Results
such as voltage drop, current, physical alterations, and
battery temperature were recorded using an oscilloscope,
a voltmeter and slow-motion and thermal cameras.

7

Figure 2 - The impact testing setup consists of: A -
pneumatic jack along with/a compressor, pressure
gauge, and battery holder, B - multimeter, C<stand and
slow-motion camera, D - oscilloscope, E - thermal
camera, and F - adapter nut for.the impact cross-
section with a 3 mm diameter.

3. Results and Discussion

The results demonstrate a stark contrast between
battery behavior at room temperature and sub-zero
conditions.



e Impact at Room Temperature (25 °C): At
25°C, with a 3 mm diameter impact cross-
section (mechanical penetration test) and a
100% State of Charge, the battery reached its
mechanical failure limit at an impact velocity of
9.23 m/s. High-speed filming revealed that the
instantaneous deformation of the casing was
accompanied by the failure of the internal
Separatory The resulting internal short circuit, as
shown in the figure 3, led to a rapid temperature
spike (662°C),and a complete voltage drop in
less than 0.3 seconds.

Figure 3 - Mechanical penetration test on a Sony VTC6
battery at an impact velocity (9.23 m/s) and 25°C,
resulting in the puncture of the battery casing, a short
circuit, and consequently an explosion (the first 2
seconds after impact)

e The Protective Effect of Sub-zero
Temperatures: One of the most significant
findings is the enhanced mechanical resilience
at -25 °C. Despite the identical impact energy,
batteries at -25 °C did not exhibit thermal
runaway. The analysis suggests that as the
temperature drops, the liquid electrolyte
undergoes a phase change or significant
viscosity increase. This "quasi-solid" state acts
as an internal cushion that supports the jelly roll
(anode / cathode / separator layers), preventing
localized stress concentrations that would
otherwise tear the separator.

e Influence of Aging: Aged cells (400 cycles)
showed a slight decrease in mechanical ductility
compared to fresh cells, making them more
prone to brittle-like failure of the casing,
although the thermal runaway intensity was
slightly lower due to the reduced energy density
in aged chemistry.

4, Conclusion

This study provides experimental evidence that the
safety of lithium-ion batteries under dynamic impact is
highly dependent on ambient temperature. While low
temperatures are generally detrimental to battery
capacity, they provide a surprising safety margin against
mechanical failure by stabilizing the internal structure.
These results are vital for the development of adaptive
Battery Thermal Management Systems and the design of
safer battery enclosures in electric vehicles.
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Figure 1: The chain process that enables ion by mechanically, thermally, and electrically
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Figure 2: Impact test setup and components of the pneumatic impact apparatus :
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Figure 4: Design of the impact system in Solidworks software (a) and its implementation (b) including
pneumatic cylinder parts (1), the lower base of the assembly covered with aluminum sheet (2), the jack and
battery support legs in one direction (3), the air pressure manual valve (4), the pressure regulator with
pressure gauge (5), the air compressor (6), the pipes and fittings (7) and in general the test and event
recording set (c) including the impact system (8), the multimeter (9), the thermal camera with the high
frame rate video camera with the support leg (10), the battery in parallel with the impact test battery to
record the voltage drop (11), the oscilloscope (12) and the computer with the oscilloscope software (13).
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Table 1: Mean and standard deviation of shaft head travel time to impact measurements.in
experiments
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Table 2: Uncertainties in the shaft-battery impact velocity
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Table 3: Amount of indentation created in the battery body due to impact with a 6 mm diameter impact
cross-section
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Table 4: Characteristics of the impact tests performed and.their results (For each regulator pressure and
test temperature, the impact test was repeated 3 times with different batteries, where blue means 100%
battery charge at the time of impact and gray means 10% battery'charge at the time of impact, green
means battery stability after impact, yellow means battery temperature increase after impact, and red
means battery explosion after impact.)
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impact speed of 2.9 m ich resulted in a puncture of the battery body and a short circuit.
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battery and the process of its temperature change in 2 to 1 & 5 sFigure, 7: Thermal images of the Sony
7 minutes after impact with a pressure of 5 bar and a 3 mm impact surface at.a temperature of 0 °C. After 4
minutes after impact, the freezing spray on the battery caused by'the impact began, stopping the process
of increasing the cell temperature and decreasing the temperature.
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battery cell after mechanical penetration test with a pressure of 5 bar regulator 7 . & s sFigure 8: Sony
and an impact velocity of 2.9 m/s at atemperature of -25 °C, where the battery was able to maintain its
resistance to penetration.
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Experimental Investigation of the Simultaneous Effect

of Temperature and Aging on Mechanical Safety and

Failure Behavior of Cylindrical Lithium-lon Batteries
Under Dynamic Impact

Mohammad Ali Ehteram”, Amir Nezhadsafar

Faculty of Mechanical and Energy Engineering, Shahid Beheshti University, Tehran, Iran

Abstract

The present research aims to experimentally evaluate the safety behavior and failure mechanism
of 18650 cylindrical lithium-ion battery cells under dynamic impact loading. To this end, a pneumatic
impact testing apparatus was developed in accordance with the yf£f > sl Standard to assess the

simultaneous effects of initial temperature (25, 0, and -25 °C), state of charge (10% and 100%), and
state of health (fresh and aged over 400 cycles). Experimental results derived from high-speed
imaging and thermal data analysis indicated that at ambient temperature, impact with a critical
velocity of 9.23 m/s on fully charged samples led to immediate separator rupture and extensive
internal short circuit. Under these conditions; the.cell voltage dropped to zero within 290 ms, and
explosive thermal runaway occurred with a severe temperature rise reaching 662 °C. In contrast, the
most significant finding of this study reveals & substantial enhancement in the cell's mechanical
resistance at sub-zero temperatures; remarkably, at-25°C, no penetration or exothermic reaction was
recorded even at high impact velocities. Further analysis suggests that the partial solidification and
increased viscosity of the electrolyte at low temperatures act'as an internal support with quasi-solid
behavior, thereby preventing local stress concentration and separator.téaring.

Keywords: Lithium-ion Battery, Safety, Mechanical Impact, Temperature Effect, Thermal
Runaway, Electric Vehicle
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