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ABSTRACT

Abuse response of lithium-ion batteries has been extensively studied over several
decades. Most studies on the onset and propagation of battery fires following
mechanical deformation are focused on understanding the onset of thermal events
following quasi-static loading. Using an array of cylindrical lithium-ion cells as
example, we report results from ultra-high strain-rate deformation mechanical
events (> 100 /s) that result in electrochemical short-circuits followed by thermal
events. We present a methodology that takes stock of gas compositions as a
function of state of charge and compute flammability limits. Finally, we discuss
implications for flame lengths and propensity for propagation of thermal events.
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1. INTRODUCTION

As lithium-ion batteries mature into larger
scale and variety of applications, the number
and frequency of safety events have been
increasing. [1] Our understanding of the
sequence of events that contribute to battery
failure and effective mitigation strategies is
complicated by the multitude of failure
events that occur in parallel, as well as the
difficulty in reproducing these failure modes
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accurately in laboratory tests. Overthe years,
mathematical models have been increasingly
employed [2,3,4,5] to simulate the complex
interplay of events such as response of
vehicle batteries following a crash event or
consumer electronic cells subject to
mechanical shocks. In this study, we focus
on the thermal response of cylindrical format
cellsunderultra-high strain-rate deformation.

There are several challenges unique to this
system that differentiate its response from
traditional lab-scale tests under quasi-static
loading. First off, the mechanical properties
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of the cell components (as well as the
packaging material) are significantly
different when measured under dynamic
loadingconditions. Secondly, the durationof
electrical contact between the impactor and
the battery is of the same order of magnitude
asthat forthe mechanical events. Thisresults
in a different set of electrical pathways for
shorting. The influence of strain-rates on the
electrical and thermal events that follow, is
well documented [6] even under quasi-static
nail-penetration tests: slower nail speeds
tend to result in longer durations across
which the short-circuit evolves. There are
additional factors such as the conductivity of
the nail and the likelihood of the indenter
acting as a thermal sink that complicate the
outcome of these tests. These effects are only
amplified under very high strain rates.
Finally, because of the high shear-rates, the
damage patterns across electrode layers are
also different under extreme dynamic
loading. This results in higher thermal
impedance for these shorts.

In a previous report, we discussed the
dynamic mechanical behavior of lithium-ion
pouch cells subjected to high-velocity
impact. [7] These results emphasized the
importance of packaging and how anchoring
of the electrodes within the cell in different
commercial cell formats influenced their
mechanical response. We also discussed the
differences between the response of
individual cells versus cells in a module.
Given that the pouch-format cells offer
inherently weaker mechanical resistance to
deformation compared to those with a metal
casing, these priorresults motivated a follow-
on study that focuses on cells with hard
casing.

In this study, we report some results from
mechanical deformation of cylindrical cells
subject to deformation from impact under
projectile loading with strain rates upwards
of 100/s. We implement a scalable approach
that allows for extension of the approach

presented here to realistic battery modules.
We also discuss pressure and temperature
build-up. We compute flame lengths as a
function of gas compositions that change
with the state-of-charge of the cells. We
conclude with a comparison on how the
abuse response changes with the type of
failure even across different cells within the
same module.

2. MODELING APPROACH

We use a 3P2S configuration of 18650
format cells as an example (Fig. 1) to
demonstrate that the detailed modeling
approach presented here can be scaled to
study propagation across multiple cells.

X

Figure 1: Geometry of the 3P2S configuration of
18650 cellsused in this study and direction of loading
under ultra-high strain-rates

We employ the explicit finite element code
LS-DYNA to symmetrically study the
deformation of the module under ultra-high
strain-rates induced by projectile loading. A
detailed discussion of the material properties
for the electrodes, alongside a complete list
of model equations to emulate the
mechanical response was provided in earlier
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publications. [7] The cell casing was
aluminum with 100 um thickness. We used
shell elements for the cell-casing with a
power-law representation of plasticity. The
mechanical model consisted of about 18000
shell-elements after mesh-refinement, while
the impactor was meshed with 54,228
tetrahedral solid elements. The
computational nodes at the bottom surface
were constrained with zero displacement and
velocity conditions. The initial translational
velocity for the projectile was set to 300 m/s
along the x-direction. Under the high-
velocity impact, the interactions between the
impactor and the cell-casing as well as those
between cells were defined by using the
ERODING_SURFACE _TO_SURFACE
card in LS-DYNA. The threshold for plastic
failure strain was set to 0.4876 for element
deletion.

The deformed geometry was imported into
ANSYS/Fluent to perform the subsequent
thermal runaway reactions. An RNG k-¢
turbulence model [9] was used in the free-
stream region and a Darcy-Forchheimer
implementation [10-11] for the porous
region. A complete set of model equations
for the CFD simulations is provided in [8].
The electrode scale reactions are modeled as
lumped heat source terms in a generic energy
balance equation. Two different electrode
scale models are considered in this study: 1)
gas pressure models inside the cell casingand
i1) thermal abuse and gas generation models.
we use a lumped one-step kinetic rate
equation to represent thermal abuse and gas
generation. The cell undergoes a single-step
decomposition reaction notated as:

cell - x volatiles + (1 — x) remains (D

where volatiles are gases that are generated
during thermal abuse reactions. The value x,
the mass fraction of cell that turn into gas
volatiles, is obtained by measuring the mass
of generated gas from 18650 cell.

We modified the rate of abuse and heat
generation developed by Hatchard et al. [12]
for the one-step global expressions:

E

= A (@1~ @) exp (- ) exp (B ) (2)
. da
Sheat,ab = Hgp it 3)

where ¢ is the degree of reaction progress,
and H , is a specific heat release due to the

thermal abuse reaction. Note that these are
empirical lumped-form representations of
heat generation calibrated to experimental
datasets. [13]

Assuming that the rate of gas generation
is proportional to the rate of the thermal abuse
reaction, the volumetric rate of gas
generation due to devolatilization is
calculated as follows:

. da
Sm.ab =xW E (4)

where W is the initial density of the cell
content. If the volatiles react quickly, the
source term for each gaseous species can be
expressed as:

Sg,i,ab = Yi,eqsm.ab (5)

where Y, o is a mass fraction of a species-i at

its equilibrium composition. We used the
composition identified by Golubkov et al.
[14] consisting of 6 different gas species (Hy,
COQ, CO, CH4, C2H4, and C2H6).

We used asecond-orderupwindschemeto
discretize all state variables except turbulent
kinetic energy, turbulent dissipation rate and
pressure. A second-order central differencing
schemeisused for computingpressures at the
faces of cell elements. For turbulent kinetic
energy and turbulent dissipation rate, a first-
order upwind scheme was employed. A
bounded second-order implicit scheme was
used for time stepping. The PISO algorithm
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[15] is used for the pressure-velocity
coupling.

3. RESULTS AND DISCUSSION

Accurate representation of the cell
components without compromising
scalability of the models is an on-going
challenge for mechanical simulations.
Detailed representation of each layer of the
jellyroll invariably results in poor quality
computational elements in the mesh -
especially under dynamic loading conditions.
A lumped representation of the jellyroll is
often used as a first approximation [16];
however, it is difficult to specify failure
thresholds for individual components using
this approach. We reported [4] a
representative-sandwich (RS) based
approach in some of our earlier studies to
circumvent this issue. Subsequent efforts
point to the need for multiple such RS units
to adequately capture the deformation modes.
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Figure 2: Comparison of the estimates for the
resultant force versus time under dynamic impact
loading, when the jellyroll is represented using A) a
multiple RSmodelversus B)a lumped model

Some electrode-level simulation results are
shown in Figure 2: there is not a significant
difference in the resultant force between the
multi-RS and the lumped models. However,
the former captures details such as shear-
induced failure and/or buckling in the in-
plane direction better than the lumped
formulation. For cylindrical cells, these
failure modes are insignificant, compared to

other failure modes in the through-plane
direction under ultra-high strain rates. Either
of these approaches allow for a scalable
implementation of the mechanical models at
the module or pack scale, compared to the
individual, layer-by-layer representation of
the jellyroll.

Next, we move on to discuss the cell-level
mechanical response. Figure 3 shows the
deformed geometry after 100 ms from the
onset of an ultra-high strain-rate impact at
300 m/s along the x-direction.
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Figure 3: Maximum shear stress (MPa) mapped on to
the deformed geometry ofa single cellafter 100 ms

In general, the simulation results capture the
experimentally  observed  deformation
patterns. Aninitial compressive failure in the
through-plane direction normal to the surface
of the can, is followed by in-plane tensile
failure in the radial direction. Contours of the
Tresca stresses show that the shear stresses at
the interface between the impactor and the
cell casing are high, as discussed in earlier
sections. Of particularinterest, is the factthat
the projectile is able to pass through the cell
and that the deformation of the cell can
normal to the incident angle, results in
secondary short-circuit pathways within the
jellyroll.

Simulations at the multi-cell level show that
cells not directly along the path of the
projectile are subject to some shear and
resultant deformation. For this set of
simulations, these forces were sufficiently
small not to result in any mechanical failure
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of'the cellwall in adjacentcells, reflecting the
highly localized nature of the mechanical
failure events. Cells 1,3 and 5, that were in
the direct trajectory, did undergo mechanical
failure, as anticipated.
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Figure 4: Multi-cell simulations showing the effect of
shear stresses on adjacent cells not directly along the
trajectory of the impactor

Comparison of the shear stresses for the
single cell example on Figure 3, versus the
multi-cell results on Figure 4 show that there
is nota significantslowdown of the impactor.
This was also reflected on the velocity of the
indenter when plotted against time (not
shown).
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Figure 5: Gas pressure build-up near the point of
incidence fora cell at 100% SOC: negative values
indicate ejection of volatiles outside ofthe cellcan

Build-up of gas pressure, for a single cell at
100% SOC is shown on Figure 5. As the
volatiles are ejected out of the cell, there are
localized areas showing negative pressure.
The composition of the gas-phase ejecta is

determined by the maximum temperature
within the cell (see equation 4).

Flammability limits (L) can be calculated
using the gas composition (S, 54,) knowing
the standard limits for the individual
components (L;):[17]

1
Lgas = 5 (6)

n °m.i

=1pL;

For cells not directly subject to mechanical
failure (Cells 2, 4 and 6) due to the impact,
the venting events are controlled by the rate
of temperature-rise due to venting of Cells 1,
3 and 5 as well as the maximum temperature
from the mechanical impact. Indirectthermal
failure resulting from propagation triggers
secondary venting events, along the cell
crimp once the internal pressure exceeds the
design value for the seals. Thus, the cell-
venting mechanism for Cells 1, 3 and 5 are
controlled by mechanical impact; whereas
that for Cells 2, 4 and 6 (in this case) are
purely thermal.
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Figure 6: Gas phase temperature outside the
individual cells 10 seconds after the onset of
mechanical failure in Cell 1

4. CONCLUSIONS

In summary, we have reported a scalable
framework to simulate the dynamic
mechanical behavior of cylindrical lithium-
ion cells subjected to ultra-high-velocity
impact. These results have implications for
design of battery modules in terms of
determining mechanical fixturing for the
individual cells, as well as design of vent
thresholds or thickness of the casing for the
cells. We did not consider other factors like
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cell sizing, spacing between the cells, the
effect of packaging, etc. in these simulations
— but the methodology can readily be
extended to these cases. Similarly, the results
presented here are specific to the angle of
incidence and velocity of the impactor; but
the framework is sufficiently generic.
Comparisons against experimental data is an
on-going effort; but previous studies have
extensively documented fragmenting of the
cell casing and temperature rise comparable
to results shown in here. The fire-safety
models can be extended to compare
mitigation strategies. At present, there are
also limitations to the publicly available
datasets. Nevertheless, this is the firstattempt
to predict outcomes at the module level for
abuse response of batteries subject to
mechanical deformation under ultra-high
strain-rate.
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