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ABSTRACT

The increasing reliance on Li-ion batteries for Electric Vehicle (EV) propulsion brings
forth significant safety challenges, particularly in ensuring battery resilience under
mechanical abuse and accidental impacts. A critical concern is the potential for internal
fracture within battery cells, which can trigger short circuits, leading to thermal runaway
and explosions. Consequently, understanding battery behavior under various loading
conditions and developing predictive models for failure is essential for enhancing safety
and optimizing protective structures in EVs. This dissertation presents a comprehensive
analysis of Li-ion battery behavior under multiple loading scenarios, supported by two
novel modeling approaches: a universal homogenized model for cylindrical cells and the
Sahraei Failure Criterion for short circuit prediction.

The first part of this research focuses on the development of a universal homogenized
model for 18650 cylindrical battery cells, capable of accurately predicting cell behavior
under axial, lateral, and three-point bending loads. Unlike previous models that addressed
one or two loading conditions, this model incorporates uncoupled axial and lateral property
calibrations and employs anisotropic crushable foam modeling for enhanced accuracy. The
model is validated through experimental data and demonstrates superior performance in
predicting cell response, particularly in axial and bending scenarios.

The second part introduces the Sahraei Failure Criterion, a universal failure model
designed to predict internal fractures and short circuits in both cylindrical and pouch cells.
This criterion, derived from microstructural simulations of the electrode-separator
assembly, is implemented in commercial simulation software, including Altair RADIOSS

and Ansys LS-DYNA. The failure model is validated under various loading conditions,
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such as hemispherical and rod indentations, in-plane loading, and three-point bending. By
defining the jellyroll’s failure strain based on the interaction of compressive and tensile
strains, the model accurately predicts the onset of internal fractures, providing a critical
tool for battery safety analysis. Furthermore, real physics has been added to the base failure
criteria. By testing battery cell’s mechanical response under different physical conditions,
enhanced failure criteria have been built and validated.

Together, these models offer a robust framework for understanding and predicting Li-
ion battery behavior under mechanical stress, contributing to safer EV designs and more
effective protective structures. This research advances the field by combining detailed
material calibrations and computational modeling, offering a comprehensive solution to

address the safety concerns associated with Li-ion batteries in electric vehicles.
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CHAPTER 1

INTRODUCTION

1.1 Background

Electric vehicles (EVs) make it possible to use clean energy resources for transportation.
This is one of the most promising ways to respond to the world’s energy challenge. As a
major energy storage unit, batteries play an important role in many industries, including
vehicle manufacturing'>. Among all options, Li-ion batteries currently show the best
prospects for EV applications. They have high specific capacity, high efficiency in
charging and discharging, long cycle life and an acceptable cost®. As typical form factors
for Li-ion battery cells, 18650 cylindrical battery cells and pouch/prismatic cells have
geometry and electrical capabilities that make them one of the most common cells used for
EVs’. However, it should be noted that Li-ion batteries are sensitive to impact and crushing,
which means ensuring their safety is a major challenge for the EV industry. Manufacturers
designing EVs must consider the potential abuse conditions on batteries from various
sources, such as overcharging/discharging, impact, crush, and mechanical vibration®. An
impact on the battery can cause deformation and failure of interior components such as
electrodes and separators and can possibly lead to an internal short circuit inside a battery
cell. Depending on the chemistry of the cell, an internal short circuit may generate huge
amounts of heat and increase the pressure inside the cell, leading to a violent thermal
runaway in extreme cases. For a single battery cell, this procedure is irreversible and can
easily spread to adjacent cells causing fire and explosion in a battery pack and the whole
EV’ !, Therefore, the safety design of Li-ion batteries is a key factor. To get a better

understanding about the limitations of the battery under different loading cases, many
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experiments have been designed to quantify battery behavior under mechanical abuse'>!?.

Furthermore, those test results have been used to generate Finite Element Models (FEM)
which can simulate a car crash or accident during the design cycle of an EV. Such models
are an essential tool to reduce the costs of vehicle design by reducing the number of
required tests. Additionally, they provide a tool to improve understanding of the ongoing
processes within a Li-ion cell during mechanical loads. This highlights the need for having

a proper model to get accurate prediction on deformation and internal failure of the battery.

1.2 Review of the previous models for Li-ion battery cells and failure

models

1.1.1 Cylindrical & Pouch cell models

Battery manufacturers usually do not provide any information on the mechanical
properties of cell components. Therefore, researchers have addressed the needs for testing
and modeling mechanical properties of the batteries. In 2012, the first set of mechanical
tests on full cylindrical and pouch lithium-ion cells with first homogenized models to
predict their deformation and failure were published by Sahraei et al'*!°. Over the past ten
years, several other models had been proposed with different materials'® and failure models
for the jellyroll/electrode stack and shell casing of the cell!”1827:19-26 Additionally, there
had been studies focused on testing and modeling deformation and failure of single
components of a battery cell like electrodes and separators®® >, Other researchers had
extended components and cell level models into evaluation of the response at the battery
pack level?®3!32 Relation between failure strain and state of charge had been discussed by

Xu et al, 2016*. The most insight into the fracture mechanism of the jellyroll/electrode



stack comes from studies of deformation at the micro structural level, which is the basis of

the research presented in this work?%34-38,

1.1.2 Failure models

Here, we will first review the most common failure models discussed and used in the
literature in general and then focus on the ones that have been applied to the
jellyroll/electrode stack of lithium-ion batteries. One typical type of failure model is the
simple single parameter one, where defining a single indicator for failure, like strain value
or stresses value is identified as the criterion. For body-centered cubic (BCC) materials,
maximum principle stress is commonly used as indicator of the brittle fracture
predictions®**°, Maximum shear stress is one of the oldest failure criteria used for rock or

soil!!

. Maximum principal strain failure model has also been very popular for battery
simulations. From the first use by Sahraei et al*’, lots of studies had been using the
principle strain as the failure indicator'**'*3, For this model, the failure strain is calibrated
from through-thickness loading experiments. This model then predicts failure accurately
for dominantly through-thickness compressive loads, such as local indentations with a
hemispherical/flat punch or rod indentation. The problem with this single parameter failure
model is that it cannot have a good prediction in cases with major tensile loading or when
loads are not in through-thickness direction, such as three-point bending and in-plane
loading. Another very common type of failure model is the universal failure model. This
model usually defines failure strain or stress as a function. Typical examples are Johnson-
Cook (JC), Cockcroft-Latham (CL) and modified Mohr-Coulomb (MMC) models. These
models define failure strain as a function of triaxility or both triaxiality and lode angle

parameter. It has been proved that failure strain for metals behave differently under
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compression and tension. For battery models, failure of shell casing, as the major load
bearing metal component of the cylindrical and prismatic cells, had been predicted

accurately with such models**

, where the cell has been modeled with two major
components, a homogenized jellyroll and a metal casing. Wang et al 2019 also used this
method to account for the failure of shell casing in their detailed models*. Those failure
criteria can also be used for the jellyroll metal components, such as metal current
collectors**#¢*8_ However, this kind of criteria has not been reported to be successful in
prediction of failure for a homogenized model of the jellyroll/electrode stack. Since the
electrode stack/ jellyroll is comprised of several layers of porous polymeric/granular
materials in addition to the metallic ones, a universal failure model, considering the
complexities of all layers and the interactions between them in various types of loadings,
must be identified to make accurate predictions for a homogenized material representing
all layers.

Table 1 shows the previous battery cell models with failure criteria coupled. Many
previous works predicted the jellyroll failure with single parameter criteria. The most
popular one is maximum principal failure strain criterion. For this model, a single failure
strain value is calibrated, usually from simulation of a hemispherical punch loading case,
using the location of force drop, which coincides with location of voltage drop for the cases
with voltage measurements, as the exact position of element erosion. This failure model
has been validated with a few loading cases including the ones with major through-
thickness compression loading. However, when the loading becomes more complex, the

failure will not be predicted correctly with this failure model. In some past studies, to track

the changes in failure strain for different load cases, the failure strain was recalibrated.



However, this cannot be considered a universal failure model when a new calibration is
needed for a new load case. The past work of some of the current authors mostly fall under
this category?>**7#% In an attempt to find alternative failure models, Chung et al proposed
using stress-based Mohr Columb criteria and validated that again for dominantly through-
thickness compression cases of hemispherical and punch indentations?’. Greve et al and
Zhang & Xu et al proposed their own failure criteria based on modeling various loading
cases and monitoring the stress conditions, but the proposed models lack implementation
and validation'®*’_In 2016, Sahraei et al used a model of a Representative Volume Element
(RVE) of a cell and proposed a failure model based on simulations of deformation and
failure of layers of electrode-separator assembly under various complex loading scenarios.
They verified this model for two load cases. However, that model had remained
unvalidated to this date as well’. A summary of the above studies has been presented in
Table 1. One may see under validation section three different notations, V: meaning
validated, RC: meaning recalibrated for prediction, which in essence means no universal
validation, and N: meaning no validation simulation was performed. It can be observed
that to the author’s knowledge, no published work in literature before the present work has
been validated in all the loading scenarios without recalibration of the failure parameters

in different loading cases.
1.3 Failure model development

The objective of this research is to calibrate the Sahraei failure model with homogenous
modeling for different types of Li-ion battery cells, validate with different cells under
different circumstances. To achieve that, materials of components must be calibrated.

Material property and failure behavior of the shell casing of cylindrical cells has been



calibrated from Zhang 2015’s work*, which we used here and built up the material model
in LS-DYNA and RADIOSS in section 3. Material of the jellyroll for through-thickness
direction calibration can be found in Sahraei’s 2013 work>'. For this study, modeling of
the axial property of the jellyroll will be discussed in section 3. The general idea of Sahraei
failure model of the jellyroll came from Sahraei’s 2016 work>’; further calibration and
validation can be seen in section 3&4. Eventually we need to develop, calibrate and
validate our failure criteria under different temperatures, State of Charge (SoC), strain rate

and aging effects.

1.4 Effects of temperature, SoC, strain rate and aging

1.4.1 Effects of temperature

Temperature has a significant impact on the performance and lifespan of Li-ion
batteries. Capacity will be reduced at both extremely high and low temperatures. At low
temperatures (below 0°C or 32°F), the chemical reactions within the battery slow down,
reducing the amount of energy that can be delivered. At high temperatures (above 40°C or
104°F), the capacity can degrade due to accelerated chemical reactions, which can cause
irreversible damage to the battery. Temperature affects the efficiency of a Li-ion battery.
The internal resistance of the battery increases at low temperatures, leading to energy losses
and reduced performance. At high temperatures, increased self-discharge rates can also
reduce overall efficiency. Frequent exposure to high temperatures can significantly reduce
the lifespan of a Li-ion battery. It accelerates the degradation of the electrode materials and
electrolyte, leading to capacity loss and decreased cycle life. Excessive heat can even cause

thermal runaway, which can result in catastrophic failure®*>’.



Charging a Li-ion battery at temperatures below freezing can cause lithium plating on
the anode, which can be dangerous and decrease the battery's lifespan. Charging at high
temperatures can lead to capacity fading and can be harmful to the battery's health. High
temperatures can also accelerate self-discharge rates, which means the battery will lose
charge more rapidly when not in use. This can be a concern for devices or applications that
are often in standby mode. Extreme temperatures, particularly high temperatures, can pose
safety risks. Li-ion batteries can overheat and, in the worst case, catch fire or explode when
exposed to extreme heat. Many Li-ion batteries are equipped with safety mechanisms to
prevent such incidents, but there is still a risk >,

Mechanical failure and short circuits will also be affected by temperature. For 18650

cylindrical cell from -40°C to 60°C, the peak force at failure has a 50% difference under

rod indentation®’.
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1.4.2 Effects of SoC

State of Charge (SoC) refers to the current charge level or the amount of energy stored
in a lithium-ion (Li-ion) battery, typically expressed as a percentage. The capacity of a Li-
ion battery is directly related to its SoC. A fully charged battery has 100% SoC and
provides its maximum capacity, while a battery with a lower SoC will deliver a
proportionally reduced amount of energy. Voltage of a Li-ion battery is also affected by its
SoC. As the SoC decreases, the voltage also decreases. Monitoring the voltage can be a
way to estimate the SoC, and this information is crucial for various battery management
systems and applications. Li-ion batteries tend to have a longer cycle life when they are
operated within moderate SoC. Operating a battery continuously at high or low SoC levels
can lead to accelerated degradation and reduced overall lifespan*:6>-%8,

Overcharging and over-discharging can be dangerous for Li-ion batteries. Managing
the SoC within safe limits is critical to prevent overcharging, which can cause thermal
runaway, or over-discharging, which can damage the battery or even lead to safety hazards.
The performance of a Li-ion battery, such as its ability to deliver power, can be affected by
the SoC. Some applications may require a certain SoC to operate optimally. For example,
electric vehicles often perform best when the battery SoC is maintained within a certain

rangez’69’73.

1.4.3 Effects of strain rate

Strain rate effects can be important in the mechanical behavior of materials, including
Li-ion batteries. However, the significance of strain rate effects on Li-ion batteries largely

depends on the specific materials and designs used in the battery. Li-ion batteries are



typically housed in rigid casings or enclosures. The mechanical integrity of these casings
is important for battery safety. Under certain conditions, such as impact or crushing, the
strain rate (rate at which the material deforms) can affect the behavior of the battery. A
higher strain rate, such as that caused by a sudden impact, can lead to different deformation
responses compared to slower deformation®-6474,

The strain rate effects may vary depending on the type of Li-ion battery. Pouch cells,
which are commonly used in consumer electronics, are often more susceptible to
deformation and swelling under mechanical stress, and the strain rate can impact how these
cells behave when subjected to external forces. Cylindrical and prismatic cells, covered
with a strong metal casing, are generally more robust and less sensitive to strain rate
effects30:66.7576

Inside the battery, the anode, cathode, separator, and electrolyte materials can have
different mechanical properties and strain rate sensitivities. The relative movement and
deformation of these components under different strain rates can affect the overall
performance and safety of the battery. Li-ion battery manufacturers and designers take
strain rate effects into account when designing safety features. These may include
mechanical safeguards, such as reinforcing the battery casing or using materials that can

absorb and dissipate mechanical energy to protect the internal components%->>6268,

1.4.1 Effects of aging

During the whole battery lifespan, due to charging and discharging, the degradation of
cell components is known as aging. Aging has been extensively studied in the context of
electrochemical performance, but its impact on mechanical behavior is increasingly
gaining attention due to the rising importance of battery safety, especially under abuse
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conditions. As the cell ages, physical and chemical transformations will significantly
change the structural integrity and mechanical response’’.

The first effect of aging is the loss of material strength and ductility. In Wu et al 2017’s
study, anode, cathode and separator after aging shows this effect’. In this study, all
components are tested with fresh sample and aged sample, under compression, tension and
indentation. All components show material deterioration. Among all components, anode
has the most deterioration affected by aging where separator has the least impact. Cathode
has also been found that get more brittle and easy to obtain fracture after charging”. In
Zhang et al 2017’s study, a more specific study for aging impact on separators has been
reported. The material strength of the separator shows degradation due to cell cycles, thus,
the maximum force for the full battery cell to get short circuit under mechanical abuse is
also decreased after cycling’.

Another effect is the structural integrity of the cell. Electrodes will swell due to cycling,
for cylindrical cell, the expansion of electrodes will cause internal stress accumulation
when the electrodes reach the metal can. Stress concentration will ten happened at non-

uniform geometry location and cause buckling, metal inside anode and cathode will then

penetrate the separator and cause short circuit®®*?,

11



CHAPTER 2

METHOD

2.1 Introduction

This section will first introduce all batteries used in this research, including the
geometry and electrical properties. Then the experiments conducted will be discussed. The

RVE based failure model is also included in this section.
2.2 Battery Specification

Two commercial 18650 cylindrical cells and one commercial pouch cell were used for
model calibration and validation. The first cylindrical commercial cell, here referred to as
Cell A, had lithium cobalt dioxide (LCO) chemistry, with 2,600mAh capacity and 3.7 V
normal voltage '#; and a second cylindrical commercial cell, here referred to as Cell B, with
lithium-iron-phosphate (LFP), had 1500mAh nominal capacity and 3.2 V average capacity.
A full cylindrical cell model here contained two parts: shell casing and jellyroll. Each part
had been previously characterized and associated homogenized models were calibrated to
have good prediction of load-displacement and shape of deformation under lateral and axial
loadings as well as three-point bending**®. In this paper, the models were updated to use
the /FAIL/SAHRAEI failure criteria for fracture of the jellyroll. The full failure locus for
each cell was calibrated by using the failure strain and strain ratios for individual loading
cases.

The pouch cell used in this study was a commercial cell with NMC chemistry used
commonly in a manufactured electric vehicle. This pouch cell has a geometry of

11.43*110*310 (Thickness*Width*Length in mm). The nominal capacity and voltage are
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60Ah and 3.68 V. Discharge cut-off voltage for this cell is 3 V. Compared with cylindrical
cells, pouch cell doesn’t have the metal shell casing, it only uses a very thin polymer pouch
to carry the cell, which means the whole cell can be homogenized in one part. The pouch
cell model also was similarly coupled with a /FAIL/SAHRAEI criterion which was

calibrated to predict the failure in all loading cases.
2.3 Experiments

Here we provide a short summary of the experiments available for each of these cells

from the previous work of the authors'>*®

as well as new experiments performed for the
current study. Five tests were done for both cell A and cell B: rod and hemispherical
indentation, flat compression, three-point bending and axial compression. Both cylindrical
cells were fully discharged before conducting the experiments. Cell A was tested on a MTS
load frame with displacement control and a 10 kN load cell, using a Radio Shack Digital

Multimeter for voltage measurement'*

. Experiments of cell B and pouch cell were
performed on an Instron 5985 load frame with 250 kN load cell. LVDT deflection sensor
(model 2601-043) was also used to ensure the accuracy of the displacement measurement*®.
For all tests, displacement was applied at | mm/min rate, except for cell B’s three-point
bending test, where a 0.25mm/min rate was used to get better observation of the fracture.
All tests are performed twice to ensure repeatability. Six tests were performed for the pouch
cell, including 2 different hemispherical indentations, rod indentation, flat compression,
three-point bending and in-plane compression test. Batteries were charged and discharged

for 5 cycles and were tested with 0% state-of-charge. Experiment data for all cells were

summarized in Figure 1, a brief explanation of each test scenario is included below.
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2.3.1 Flat Compression

In the compression tests, a battery cell was laid on a fixed flat plate and compressed by
a moving flat platen on the top. Cell A has a 30 kN peak force at 6 mm displacement; cell
B has a 45 kN peak force at 6.8 mm displacement, see Figure 1(a). The cell was packed
into a plastic bag for safety protection. For the pouch cell, since the cell has a large
geometry, test force will be too high if the full surface of the cell is compressed. Therefore,
a flat cylindrical punch has been used for the pouch cell. The diameter of the punch is 40

mm. Pouch cell has a peak force of 90 kN at 3 mm displacement, see Figure 1(a).

2.3.2 Rod indentation

In this test, the cell was placed on a flat plate and indented by a rod indenter. There is
a slight difference between cell A and cell B’s rod indentation. The rod indenter is about
16 mm in diameter. The peak force of cell A is 6.4 kN at displacement 6.3 mm; cell B has
a 9 kN peak force at displacement 6.5 mm. The rod indenter for pouch cell is also 16 mm
diameter, and the peak force is around 60 kN with 2.7 mm displacement. See Figure 1(b)

for a summary of all rod indentation tests.

2.3.3 Hemispherical indentation

Both cell A and cell B are using a 12.7 mm hemispherical indenter for this test. For cell
A, 5.8 kN peak force was obtained at 7.4 mm displacement; for cell B, 8.1 kN peak force
was obtained at 7.2 mm displacement, see Figure 1(c).

Two different hemispherical tests were performed for the pouch cell, the small one used

a 12.7 mm diameter where the medium one had 25.4 mm diameter hemispherical indenter.
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Small hemispherical test had a 5.9 kN peak force at 3.2 mm displacement; the medium one

had 11.8 kN at 3.5 mm displacement, see Figure 1(c).

2.3.4 Three-point bending

The three-point bending test fixtures were different for each of the cells. Cell A was
bent between two supporting beams with 48 mm diameter, and the top indenting rod punch
had a 10 mm diameter, the distance between two supporting beams was 58 mm. For cell B,
the cell was bent between two supporting beams with 16 mm diameter, and top punch had
the same size with the supporting beam, the distance between two supporting beams was
48 mm. Cell A had a 2.4 kN peak force at displacement 5.3 mm, Cell B had a 3.65 kN peak
force at displacement 7 mm, see Figure 1(d). It should be noted that while for transverse
loading cases such as rod indentation, hemispherical indentation, and compression between
two flat plates, the force drop is due to jellyroll failure. For three-point bending, the first
drop of the force is due to buckling of the shell casing; then another drop of force is based
on shell casing failure, and the last drop is because of jellyroll failure.

For the pouch cell, the top rod indenter and two supporting beams had the same
diameter of 16 mm and the distance between two supporting beams was 140 mm. The peak
force of 0.35 kN happened at 3 mm displacement. Force drop after the peak was due to a

hinge formed in the middle of the cell, but there was no short circuit obtained for this test.

2.3.5 Axial/In-plane compression

Axial compression tests were performed for each cylindrical cell between two flat
plates, see Figure 1(e). For cell A, end caps were removed to have a flat surface on two

sides of the cell. Cell A had a 9 kN peak force at 4 mm displacement, then the buckling
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happened for the shell casing which caused the force to drop to 6 kN before eventually
increasing again to 12 kN. Cell B had a 12 kN peak force at 8§ mm displacement before
buckling and then dropped to 9 kN before increasing to 12 kN at the end of the experiment.

For the in-plane compression test on the pouch cell, a confined set up was used, where
the cell is held between rigid flat plates on the large surfaces during in-plane loading. The
punch compression applied to the thickness of the cell continues until it has traveled
approximately one-third of the cell's vertical length, approximately 33 mm here. No force

drop was obtained during the whole procedure for the pouch cell.
2.4 RVE based Sahraei failure model

In 2016, Sahraei et al used computational homogenization to simulate deformation and
failure of a RVE for an elliptical cell. This method is a numerical technology used to
simulate the homogenous behavior of multi-materials structures by considering the
properties of microstructure®* %, The interior of battery cells is made of different material
layers including anodes, cathodes, metal current collectors and separators. The RVE is the
smallest unit that repeats in the cell and can make the whole cell. Homogenization provides
the possibility to obtain jellyroll behavior in macro-scale based on the response of the
various interior components in micro scale. In the absence of body forces, the mechanical
equilibrium for micro- and macroscale can be written as:

VP, =0,in V, RVE volume.

V Py = 0, in V,,, Domain volume.
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Here, P, is the first Piola-Kirchhoff stress tensor in microscale; Py, is the first Piola-
Kirchhoff stress tensor in macroscale. The relation between micro- and macroscale stress

tensor can be written as>>>0:

1
Py = V—OfVOPdeO

3)

Sahraei et al**

developed a micro-scale RVE for the battery cell by modeling each
component of the electrode-separator assembly individually, see Figure 2(a): separator
(yellow color), copper and aluminum (red/green color), coating of the electrodes
(blue/brown color). The porous anode and cathode coatings were modeled with crushable
foams, while the metal current collectors were defined by piecewise linear plasticity
models. The separator was modeled with a combination of crushable foam behavior under
compression and a plasticity model under tension. Each layer was assigned its material and
failure properties based on its own response observed in single layer tensile/compressive
and biaxial testing”. The thickness of the separator was 20 um and its failure criterion was
a principal tensile failure of 0.33 mm/mm. The aluminum foil layer was 16 um and was
assigned a failure value of 0.049 equivalent plastic strain. The copper layer was 9 um thick
and was assigned a 0.178 equivalent plastic strain. For the details of the material data for
each layer of the model, readers are advised to review the reference paper by Sahraei et
al®®. The RVE consisting of the layers of electrode-separator assembly was then used to
simulate deformation and failure under a combination of through-thickness
compression/tension and in-plane tension loads. A failure locus was plotted based on

simulation of five different cases of through-thickness in-plane strain ratios, ranging from

pure in-plane tension with no through-thickness compression to pure through-thickness

18



compression with no applied in-plane tension, See Figure 2(b). Kermani et al later added
simulation of in-plane compressive loads with a similar but longer RVE®” . These studies
showed that under pure in-plane tension, there is no interaction between different layers of
the RVE, therefore, short circuit is due to failure of the separator at a strain value equal to
that of the separator itself, which is 0.33 mm/mm, see Figure 2(b). When compression
between the layers increases, the interaction between the layers increases as well. Therefore,
the early failure of current collectors will localize the deformation of separators and lead
to an early failure of separator, causing short circuit at tensile strain values of about 0.05
mm/mm. Figure 2(c) and 1d show the sequence of failure of layers under combination of
tensile and compressive loads, while in Figure 2(c), they are dominantly tensile versus in
Figure 2(d) they are mostly compressive. In cases of through-thickness tension, the layers
just separate from each other, and no short circuit will be initiated. Also, in-plane
compression ultimately causes buckling of the layers but does not lead to short-circuit or
causing fracture in the layers. Pure shear also just causes sliding of the layers over each

other with no failure.
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To further understand the failure response of this RVE, additional simulations were
performed in this work. In a first attempt, additional strain ratios were simulated to generate
a total of eight points for the failure locus to make sure the function will not behave
significantly differently in the ranges of strain ratios that were not modeled previously.
Then, to understand the effects of friction between the layers, two extreme cases of friction
of 0.1 and 0.4 were simulated for all the above cases. Figure 3(a) shows the failure locus
for all the simulated cases with the two friction values. These simulations showed similar
trends with minimal changes for all load cases, hence confirming the stability of this failure
locus as a function between the two identified variables. To verify how changes in a
separator layer can affect the failure locus, additional simulations were performed for an
RVE with a separator thickness of 30 x and 12 u. These values were chosen based on the
thickness of commercially available separators on the market. To verify effects of current
collector failure, additional simulations were performed with aluminum current collectors
of 12 p and 20 u thickness. This variation again was chosen based on commercially
available aluminum current collectors on the market. Figure 3(b), and Figure 3(c) show the
observed changes in the failure locus based on the variations in the layers’ properties above.
The main purpose of these simulations was to observe the effects of changes in each of the
layers on the final shape of the failure locus. It can be observed that a thicker separator may
not have any significant effects on the failure locus, as the lower section of the failure locus
is limited to the failure of the aluminum current collector. The reduction in the thickness
of the current collector however reduces the contribution of its strength. Therefore, at the
onset of failure of current collector, a smaller shock is transferred to adjacent layers and

the localization of deformation in the separator is delayed. This change raises the lower
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limit of failure strain for the RVE with a thinner aluminum current collector. The above
simulations show that the RVE Based failure locus can connect the response of the
microstructure of the cell to its homogenized failure properties. In the next step, one needs

to evaluate whether this failure locus can predict the failure in full cell homogenized

models.
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CHAPTER 3

COMPUTATIONAL MODELING

3.1 Introduction

In this section, homogenous models for two cylindrical cells and one pouch cell will be
built up, to do simulation in commercial software RADIOSS and LS-DYNA. For
cylindrical cells, both shell casing and jellyroll material will be discussed while for pouch

cell there is only jellyroll material.

3.2 18650 cylindrical cell model

3.2.1 Shell casing material

The shell casing is the main cell level protection for an 18650 Li-ion cell. The
manufacturing procedure of the shell casing is through deep drawing which usually causes
anisotropy and a non-uniform thickness at different locations on the shell casing ®%.
However, for modeling purposes, we consider a uniform average thickness throughout the
casing. The dimensions of the shell casing are 65 mm in length, 18 mm in diameter, and
0.26mm in thickness. The manufacturing procedure will cause anisotropy in the metal sheet
which is formed into a cylindrical shell casing as a cylinder. Zhang and Wierzbicki
performed a detailed analysis and modeling of cylindrical shell casings in 2015 *.

Following that work, for plane stress cases, the Hill48 can be simplified as:

) Ro(1 + Rgg) ) 2R,
071 63 —

610, = (031/)2
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Here Ry ,R4s5 and Rgq represent the r values in different angles from the rolling
direction. To obtain the stress-strain hardening curve, Zhang and Wierzbicki 2015 used a
window shaped specimen cut from the shell casing to avoid flattening effect. Post necking
behavior was calibrated by using a combination of Swift and Voce laws:

oc=aAse"s + (1 - a)(B — C xexp(—D = s))
= 400£98* + 0.5(356 — 194.5  exp(—360 * £))

(5)

Where a, Ag,ng, B, C,and D are all constant parameters of the fit for the shell casing

hardening curve, see Table 2%,

Table 2 Parameters for combined Voce-Swift law and the fracture locus

a A, n,g B C D
0.5 800 0.084 356 194.5 360
c; Cy C3 A 1/ A,
0.2 425MPa 0.9 680MPa 0.047 550Mpa

3.2.2 Shell casing failure model

For uniaxial loading, strain-based or stress-based failure criteria can perform well with
a lower cost, however when loading becomes complicated, i.e. three-point bending, the
precision on prediction of cracks will be a major problem *°, 7. Among previous work on
modeling fracture of battery shell casings, Modified Mohr-Coulomb (MMC) has been
found to perform well on prediction of crack under various load conditions #+3-3,

To implement MMC, a damage indicator, AD(E}), is used as a function of the plastic

strain €p-
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(6)
&, 0) is the fracture locus for the material. The fracture locus was introduced in Bai
and Wierzbicki’s 2008 paper as a 3D surface generated for plastic strain at failure as a

function of triaxiality and lode angle parameter dependence.

" = A V3 on 1+¢f on 1. 06m ’
&, 8) = a [C3 + m(l - C3)(S€C(z) - 1)] X 3 cos(?) +c(m+ §sm(?))

(7)

1, C2, and c are fracture locus parameters that must be determined from experiments.

A and n are the parameters of a power law fit for the hardening curve of the material, see
Table 2. Zhang and Wierzbicki, 2015, did five different experiments to determine different
parameters and get the fracture locus for a battery shell casing following Luo’s work 44,

Using the values calibrated by these authors, Equation 7 becomes:

—0.047
14004 Bm o2 +1, o
3 cos( 6) 2(n 3sm( 3 )

= |eso V3 | o .
£, 0) = E[0'9+2_\/§( — 0.9)(sec(?) — )]X

3.2.3 Jellyroll material

The jellyroll includes all the layers of electrodes, separator assembly, wound inside the
cylindrical shell casing. The advantage of a homogenous material model for the jellyroll,
where the properties of all of its’ components are combined, is a significantly lower
simulation cost compared to detailed modeling. As a result, such a model can be used in

model-based design analysis for optimization and evaluation of battery packs and

25



protective structures “°. Yet, the most important feature for a homogenized model is its
accuracy in predicting a variety of complex loading cases. No single homogenized model
presented in the literature has been capable of simulating the response of a cylindrical cell
under lateral indentation, three-point bending, and axial compression with one set of
material calibration. The main reason for that is rooted in the highly anisotropic material
behavior of a jellyroll due to its multi-layer multi-material set-up embodying both
structural and material anisotropy. In this study, two different material models have been
used and compared to evaluate their capabilities and shortcomings in the prediction of the
above desired features. The first material used is a commonly used crushable foam with
isotropic behavior, and the second one includes an anisotropic honeycomb model.

Sahraei et al. 2012 proposed using an uncoupled crushable foam model for simulation
of lateral indentation of cylindrical cells *. The model does not follow the well-known
plasticity concepts such as traditional flow rules. Instead, the response is decoupled in the
three directions of principal stresses. A hardening curve is defined for the response of the
cell under compressive principal stress, and a tensile cut-off value is given for the tensile
principal stresses. The elastic response of the material follows Young’s modulus equal to
the highest slope of the compressive hardening law. Sahraei et al. proposed a power law
hardening curve for this isotropic material model as:

o = Aje" = 550 €2
(9)
Where A; and n; are the constants of the jellyroll hardening'*. This model can predict

the lateral compression and three-point bending for the jellyroll but has not been validated
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for axial compression. In the current study, this model will be evaluated for axial
compression prediction in addition to the previous loading cases.

Sahraei et al. later used an anisotropic material model in 2015%. This model also
behaves uncoupled in three directions. However, those directions come from the principal
directions of anisotropy of the material rather than the principal stresses. In this model, the
compression and tension are calibrated separately in each principal direction of material
anisotropy. Therefore, using this material model, in addition to the compressive response,
the authors calibrated the tension stress-strain relations in three directions of anisotropy,
using test data at cell and component levels *. This model showed advantages over the
isotropic model in prediction of the lateral indentation for a cell with central mandrill and
is superior to the isotropic model in prediction of anisotropic failure and crack in the
jellyroll. The tension calibration in this model includes two steps. In the first step, the
average response of the multi-layer electrode-separator assembly is calculated from tests

on each of the layers as:

2. Oit;

(0} =
averagel Z ti

(10)

Where 0gperqger 18 the homogenized tensile response in step one, o; represents the
stress in each layer of the assembly, i.e. aluminum and copper foils, active coatings, and
separator, and t; represents the corresponding thickness of the layer. The curve calculated
from this method has several softening steps, due to failure of each of the layers and transfer
of loads on the remaining components. To avoid instability in the model due to these

consecutive failures, a second step is used, by converting the average tensile curve into a
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power law hardening equivalent which has the same level of energy absorption during

deformation, using:

Ef

&f
E :f Gaveragez(s) de :f Acetde
0

0
(11)

Where 04perqgez 18 the homogenized tensile response in step 2, and A, and n, are the
parameters of the tensile hardening curve. This method was used in the two directions of
separator anisotropy, Machine Direction (MD) and Transvers Direction (TD). They
proposed using a shear response that is symmetric in tension and compression and is equal
to half of the normal compression strength **. The authors validated this model under two
loading cases, lateral indentation with a rod, and a hemispherical punch. In the current
study, the above model is extended with a refined calibration to simulate these additional
loading cases. The most important property for these cases is the hardening curve in axial
direction of the jellyroll. Previous studies have shown that the in-plane compression
strength of the cell is higher than the through-thickness strength by a constant increase,
equal to the buckling strength of aluminum and copper foils >*°. The foils do not have any
significant contribution to the strength when they are in series with softer components such
as active coatings and separators in through-thickness compression; but their role becomes
important when they are in parallel with other components, such as in-plane loading cases.
Therefore, in the current study, the in-plane compression hardening curve is calculated
from an axial compression test on a jellyroll without shell casing see Figure 4(a). The test
shows an increase in force up to 4,000 N, which is the buckling strength for the jellyroll
under axial compression. From this value, the buckling stress is estimated to be 20 MPa.

The in-plane strength of the jellyroll after buckling cannot be directly extracted from the
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axial compression curve because of the loss of stability after buckling. However, previous

studies show that the response after buckling should be parallel to the through-thickness

strength of the curve. Therefore, the full in-plane compression curve is built by adding the

20 MPa buckling strength to the through-thickness compression curve.
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Figure 4 Axial compression of the cylindrical cell
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In general, temperature and voltage are two main factors interconnected with the
mechanical integrity of the battery. When inside of the Li-ion battery has a fracture, a force
drop also can be observed and a short circuit may be initiated immediately. Usually this is
accompanied by a drop in voltage and a rise in temperature. In this study, the maximum
principal strain has been used to define failure for the isotropic crushable foam model. For
the anisotropic honeycomb material, a maximum tensile strain is used as the failure
criterion for the jellyroll. A failure in the test is considered at the onset of force drop. In the
cases of experiments that voltage was also measured, the force drop has consistently been
coinciding with a drop in voltage, indicating the development of an electric short circuit

with mechanical failure'.

3.2.4 Finite element modeling of Shell Casing and jellyroll

The cell model is composed of two parts, a jellyroll, and a shell casing, following the
measurements of the actual cell, see Figure 5. The model of shell casing was developed
assuming a uniform thickness of 0.26 mm along with the casing, ignoring the variations in
thickness due to the deep drawing procedure. Fully integrated shell elements of 0.4x0.4
mm were used. The Young’s modulus was defined as 160 Gpa**. Hill’s anisotropic model
was used for shell materials, the 3R values for the shell casing material were given by
Zhang and Wierzbicki 2015 as Ry = 0.77, R45 = 0.62 and Rgy = 0.66, Equation 4 then
can be written as follows **:

o7 03 —

0,0, = 0% + 1.0942 x 63 — 0.8701 x 6,0, = (c3)?

(12)
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(a) Discretization of the 18650-battery cell (b) 18650 battery cell without caps
without caps.
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Figure 5 FEM model and material inputs for isotropic/anisotropic of the jellyroll
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The hardening curve for this material was constructed for material input using the
parameters of combined Voce-Swift law, see Table 3. To implement the MMC fracture in
LS-DYNA, Generalized Incremental Stress State Dependent Damage Model (GISSMO)

feature was applied. The parameters for the fracture locus were used to develop the table

input for GISMMO, see Table 3.

Table 3 Material properties for cylindrical (cell A and B) cell’s jellyroll

Cell A
Elastic modulus for Shear modulus for three Young’s Modulus for bulk
three directions of directions of anisotropy material
anisotropy
500 MPa 250 MPa 79 GPa

Poisson’s ratio for | Yield stress for bulk material
bulk material

0.3 200 MPa
Cell B
Elastic modulus for Shear modulus for three Young’s Modulus for bulk
three directions of directions of anisotropy material
anisotropy
1000 MPa 500 MPa 79 GPa

Poisson’s ratio for | Yield stress for bulk material
bulk material

0.3 200 MPa

3.3 Pouch cell model

3.3.1 Jellyroll material model

The material property and calibration for pouch cell jellyroll is similar to previous

section 3.2.3. Input curves can be found in Figure 5.
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Table 4 Material properties for pouch cell’s jellyroll

Pouch cell
Elastic modulus for | Elastic modulus for machine | Elastic modulus for through-
transverse direction direction thickness direction
2460 MPa 2460 MPa 1290 MPa
Shear modulus for Shear modulus for Shear modulus for through-
transverse/machine machine/through-thickness thickness/transverse
1230 MPa 50 MPa 645 MPa

In the current project, the models were all moved to the commercial software
RADIOSS to couple the material model with the implemented /FAIL/SAHRAEI criterion
for predicting failure of jellyroll/electrode stack. The purpose was to evaluate whether
using a failure locus based on RVE simulations (/FAIL/SAHRAEI) that defines in-plane
tensile failure strain as a function of the ratio of through-thickness compressive strain over
in-plane tensile strain can predict the failure in all loading scenarios with one single model.
The HyperCrash software from ALTAIR HyperWorks was used for model conversion
from LS-DYNA to RADIOSS. The material model used for the jellyroll/electrode stack
was /MAT/HONEYCOMB material model in RADIOSS which is equivalent to
MAT HONEYCOMB which was used in LS-DYNA. The rigid indenter parts in LS-
DYNA were converted to elastic parts with a rigid designation in RADIOSS. Those
conversions were done automatically. However, after the model is converted using
HyperCrash, a series of manual changes were also performed to make the model ready for
solution by the RADIOSS solver. These included:

Converting the engineering stress-strain curves from LS-DYNA to true stress-strain
curves for honeycomb material in RADIOSS. Removing extra copies of the interface and

time history cards.
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For cells with metal casing that were modeled with Hill’s material model in LS-DYNA,
the Hill Tab model in RADIOSS needs to be defined manually.
The Modified Mohr Coulomb (MMC) failure criteria for the shell casing in LS-DYNA

needs to be updated to the BIQUAD failure model in RADIOSS.
3.4 Sahraei failure model

We introduced the Sahraei failure in section 2.4. To continue evaluation of this failure
criterion, in the current work, a user defined code was implemented in the commercial
software RADIOSS. This code, titled Sahraei failure criterion (/FAIL/SAHRAEI), defines
the failure of a homogenized jellyroll using the in-plane tensile strain to failure as a function
of the ratio of through-thickness compression strain over in-plane tensile strain. Then the
model was calibrated for two cylindrical cells, here named cell A and cell B and one pouch
cell to verify its capability in predicting failure in various loading cases.

A FORTRAN code is used to define the failure model based on the strain ratio. In the
code we define the &;4 as the through-thickness direction (x direction in Figure 6), looking
for compressive strain; &, as the hoop direction which is the machine direction of the

separator (y direction in Figure 6); &35 as the axial direction which is the transverse

direction of the separator (z direction in Figure 6). The ratios are calculated as ¢, = 1

€22

and ¢; = ? The code will then look for the corresponding failure strain value in each
33

direction of anisotropy (€s, and €s3) based on the current strain ratio at each time step. If

the plastic strain is greater than the defined failure strain value, the element will then be
deleted as an indication of failure. The code works are attached to Appendix A. The

governing equation of the failure model can be see below:

34



i =— i= 2and3

e, = f(c) i= 2and3

(14)

To get the failure curve, we need to run all different loading cases separately, obtaining

different failure strain value and the strain ratio value at each loading cases. A curve fitting

tool will then be needed to generate a reasonable curve based on the data points. In section

2.4, we have discussed the failure curve shape, that is higher tensile failure strain value
when strain ratio is low, lower tensile failure strain value when strain ratio is high.

3.5 Element orientation

Another important point is that the RVE based criterion is using the strains in three
directions of anisotropy of the cell, which are aligned with machine direction, transverse
direction and through-thickness direction of the separator. Therefore, a proper coordinate
system for identifying the orientation of battery layers is very important for correct
application of this failure model. In the previous models, the solid elements’ orientations
were defined based on the nodes on each element. With a relatively cylindrical mesh, the
elements on the exterior of a cylindrical cell could have minimal deviation from cylindrical
coordinate system. However, moving toward the center, their orientation was not strictly
following the cylindrical coordinate. As it can be seen in Figure 6(b), In the external layers’
elements have one radial, tangential, and axial direction, however for center square
elements, they get disordered. To fix this issue, a code was written and implemented in the
program to re-align all elements to have the same radial, tangential, and axial direction, as

seen in Figure 6(d). This alignment makes sure the jellyroll model is getting closer to the

35



reality where the layers are stacked and rolled up to form a cylindrical jellyroll. It should
be noted that the axial direction is not shown on Figure 6(b) and Figure 6(d), because the
axial direction is pointing perpendicular to the plane of the 2D figures. Such changes in
orientations were not needed for the pouch electrode stacks because the layers were
oriented in the planes of the elements of the solid elements.

The next section presents the results of the models for all cells simulated using
RADIOSS commercial software. Since the jellyroll failure model used was updated to
Sahraei failure criterion, no change of the cell model input decks was needed between
different loading scenarios. The only changes between different models were the indenter
and supporting plates or rods. The average simulation time for each model was about 2.5

hours on a local workstation with 20 CPUs.
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(a) Jellyroll before aligned in LS-DYNA (b) Elements before aligned. A:
tangential; B: radial; C: axial (

(c) Jellyroll after aligned in RADIOSS (d) Element after aligned. A: radial; B:
tangential; C: axial.

-

(e) Pouch cell model under three-point bending set up

Figure 6 Finite element model of the jellyroll with element orientation
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CHAPTER 4

VALIDATION OF THE STRUCTURAL ONLY MODEL

4.1 Introduction

This section will show all the comparisons between experimental data and FEM
simulation results, including 2 different cylindrical cells and 1 pouch cell. The Sahraei
failure criterion will also be compared for the cases have material failure in experiments.

Further discussion and conclusions will also be provided in this section.
4.2 Comparison between simulation and experiment

Here the results of simulations for the cylindrical cells and pouch cell studied are
presented and compared to experimental data. For the two 18650 cell models, five loading
scenarios were simulated, including global compression between two plates in radial and
axial directions, local indentations with hemispherical and rod indenters as well as three-
point bending. Both cell models had a good prediction of force-displacement behavior,
onset of failure and deformation mode. It should be noted that the universal failure criteria,
/FAIL/SAHRAEI, was used and all loading cases had the same input file for the cell model
with only changing the punch type and load direction. The pouch cell was simulated under
six loading cases, including two different hemispherical indentations, one plane-strain rod
indentation, a flat through-thickness loading case, an in-plane compression and a three-
point bending scenario. The R squares for all simulation versus physical experiment results
can be seen in Table 5.

The through-thickness flat compression tests were dominated by global compressive

loadings, corresponding to higher compressive to tensile ratios (c; values), which per Fail
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Sahraei criterion should result in the smallest failure strains (€5;). For the cylindrical cell
A, the jellyroll failed at strain ratio ¢3=3.93 with a failure strain of €3 =0.09, see. For cell
B the jellyroll failed at strain ratio c3=18.92 with a failure strain €73 =0.02, see Figure 7
and Figure 8 For pouch cell, the compressing plate was a round flat plate, still the strain
ratio for this load was dominated by global compression, see Figure 9. The jellyroll failed
at strain ratio c3=4.2 with a failure strain €73 =0.07.

The axial/in-plane compressions for neither of the cells lead to fracture of the jellyroll
in the experiments. The simulations predicted the absence of failure for such cases for all
three cells. For cell A, the test data was shifted with 2 mm based on the unevenness of
surface in the physical test, as mentioned in section 2. The first peaks in the experimental
data of cylindrical cells were due to the buckling of the shell casings, which the models
predicted correctly. After the buckling happened, force began to drop, and the jellyroll
strength then became the dominating factor. However, as the largest dimension of the cell
was in axial direction, the strains in the jellyroll remained small even at the conclusion of
the experiments. This prevented an internal short circuit and failure in the jellyroll from
developing in such cases. It should be noted that these loading cases can still lead to short
circuits in the end cap or tabs of the cell; however, this type of external short circuit was
not the topic of the current study.

Hemispherical and rod indentation load cases included more localized deformations, with
both tensile and compressive components. Deformations were concentrated under the
contact aera between the indenter and the cell. The strain ratios for these cases were higher
than the strain ratios of flat compressions, and the failure strain is correspondingly smaller.

For cell A under rod indentation, the jellyroll failed at the strain ratio c¢3=0.9913 with a
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failure strain €73 =0.37; for hemispherical indentation it failed at strain ratio c¢3=3.05 with
a failure strain €53 =0.105. as for cell B, under rod indentation the jellyroll failed at strain
ratio c3=2.483 with a failure strain €73 =0.125; and it failed at strain ratio ¢3=3.04 with a
failure strain €73=0.11 for hemispherical indentation, see Figure 7 and Figure 8. For the

pouch cell, it had one rod indentation and two different hemispherical indentations. The

rod indentation had a strain ratio ¢; =0.9306 with a failure strain €75 =0.215; the

small/medium hemispherical indentations, both had a strain ratio ¢3=0.717/0.653, and
both had failure strains €73=0.2, see Figure 9. From the cylindrical cell simulation results,
rod indentation had more compression strain dominating which has a smaller strain ratio;
hemispherical indentation had more tension loading and a higher strain ratio. Similar trends
were observed for both cells A and B. For the pouch cell, all rod and hemispherical
indentations had very close strain ratio and failure strain values.

The three-point bending case creates areas of both in-plane tension and in-plane
compression combined with through-thickness compression. The shell casing models of
cylindrical cells already capture different behavior under tension and compression by the
implemented the Modified Mohr Columb failure criteria **. Looking at the bottom part,
where the failure of the jellyroll happened, the elements in that part were more controlled
by tension. Thus, the strain ratio was much smaller than any other cases and the failure
strain was higher. For cell A, jellyroll failed at strain ratio c3=0.136 with a failure strain

€r3 =0.77, see Figure 7; for cell B, jellyroll failed at strain ratio c3=1.275 with a failure
strain €73 =0.15, see Figure 8. The in-plane and three-point bending for the pouch cell

didn’t have jellyroll failure. The force drop was due to the formation of a hinge under the

punch rather than rupture of layers.
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Table 5 R square for all simulations

Cell A | R Square Cell B | R Square Pouch cell | R Square
3pb 0.9759 3pb 0.906 3PB 0.9625
Flat 0.9791 Flat | 0.981063 Flat 0.9973

Hemi | 0.9894 Hemi 0.984 S Hemi 0.9946
Rod 0.999 Rod 0.9867 Rod 0.9963

Axial 0.84 Axial | 0.8966 M Hemi | 0.99452

In-plane 0.9948

4.3 Discussion

4.3.1 Comparison of the failure criteria and anisotropy of casing material

A simple failure criterion may be enough when dealing with simple loading, but it
cannot predict the failure correctly when the loading becomes complex. See Figure 10(a).
The simulation used constant failure strain for three-point bending. Since the deformation
happened on the middle top of the casing first, the strain value in that area will accumulate
first. Elements will then be deleted if the strain value reaches the criteria. For such failure
criteria, failure will always be obtained on the top of the battery casing, which does not
follow the casing behavior in the test: from Figure 10(b), we see cracks first obtained from
the bottom of the cell.

The solution to this issue is MMC. This failure criterion provides different plastic
strains for tension and compression. In compression, the failure strain is quite large, which
is the deformation happening on the top middle of the bottom; In tension, the failure strain
is small, which is the bottom part deformation. In this way, the bottom part of the casing

will be easier to fail, while the top part of the casing element will stay, see Figure 10(c).
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Anisotropic model for shell casing provides different properties for different directions.
For three-point bending, the result is very similar until 4 mm displacement, see Figure
10(d), isotropic shell casing has a peak force for casing failure at 4.5 mm displacement,

whereas the anisotropic shell casing has the failure at 6 mm displacement, see Figure 10(d).

(a) Crack for three-point bending using (b) Crack from the test
maximum strain failure criterion

25

[N}

Z1s
X
T
©
S
—test
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iso casing/simple fail
0 /
0 1 2 3 4 5 6 7 8
Crosshead(mm)
(c) Crack for three-point bending using (d) Force-displacement result for three-point
MMC failure criterion bending comparison between anisotropic casing

material with MMC failure option and isotropic
casing with simple failure criteria

Figure 10 Comparison between different failure criteria

4.3.2 Comparison of the anisotropy of jellyroll material

The axial compression shows the main difference between the isotropic and anisotropic
material models, see Figure 11. All the other simulation cases are dominantly controlled
by the compressive properties in the lateral direction and/or by the tensile strength of the

layers. The properties of the isotropic crushable foam model have been fully calibrated for
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lateral loading cases, which does not take into account the additional strength from metallic
layers present under in-plane/axial loadings. The anisotropic material of honeycomb allows
calibration of this increased compressive strength in axial direction, which makes it

superior in prediction of load-displacement under this type of loading.
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(d) Force-displacement result for crushable
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foam material

material, first simulation is implicit-explicit,
second simulation with ‘explicit’ legend is explicit
only

Figure 11 Comparison between anisotropic and isotropic material for axial
compression

During axial compression, a buckling of shell casing happens. Therefore, the implicit-
explicit solver has been chosen to get the buckling peak force more accurately in this load

case. By using the implicit solver at the beginning of the analysis, a more accurate
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prediction of the critical buckling load is achieved. The simulation then switches to explicit
analysis to allow the solution of large displacements under dynamic loading. If only an
explicit analysis is performed, the accuracy of the prediction in the initial part of the
deformation slightly decreases, as the initiation of buckling will be controlled by the
numerical errors that come from explicit solver rather than the eigenvalues calculated from
the buckling analysis. This explicit only simulation is added for the case of the honeycomb
model for comparison.

The first peak in the curves corresponds to the buckling strength of the shell casing.
The implicit/explicit models with both honeycomb and isotropic crushable foam predict
this peak value closely, as it does not heavily depend on the jellyroll properties. However,
right after this peak value, the jellyroll strength becomes important. The isotropic model,
which does not take into account the additional strength from the foils under in-plane loads,
shows a much lower force value compared to experiments in displacements beyond the
first peak force. The anisotropic honeycomb model shows its superior capabilities in
predicting the cell response under this loading scenario, as this model predicts the higher-
level strength of the cell after the first peak in the load. This is because the contribution of
the foils’ buckling strength is added to the stress-strain input of the material model in this
direction. It should be noted that the first 2 mm of deformation in these experiments is
where the contact between the cell’s top and bottom surfaces and the punch are being built.
The details of the non-even surface of the jellyroll/casing are not included in these
homogenized models. Therefore, that delay in the engagement between the punch and the
cell is not simulated by the model. It should be noted that axial loading is a very important

case for batteries in EVs such as Tesla, where the cells are located under the passenger
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compartment in the vertical direction, and a ground impact moves such cells into axial
loading right away, which may cause failure and short circuit in the cells or battery packs

leading to thermal runaway and fire®!.

4.3.3 Comparison of failure curve

We applied Sahraei failure criteria to two cylindrical cells and one pouch cell to predict
short circuit under various types of indentation using homogenized models. All simulations
show good prediction of the force-displacement behavior and force drop and element
erosion at the onset of internal failure. The failure loci of 3 different cell models studied
here and the original curve data obtained from RVE model®® are plotted in Figure 12. The
common trend of these curves is having large failure strain (€7) value when the strain ratio
(c) is low and having small failure strain (¢5) value when strain ratio (c) is high.

Cell A had a significantly higher failure strain (¢;) value compared to all others in low
strain ratio region where the three-point bending case falls, and a narrower range of the
strain ratios, ¢ between 0 to 4. As this cell is not available anymore for investigation of
micro components, it is not clear what the source of such specific properties are. However,
it should be noted that this cell was a very early generation of the 18650 cylindrical cells
acquired in 2010 and with lithium cobalt chemistry. The range of strain ratios (c) of cell B
were from 0 to18, which is also similar to what we found in Sahraei’s 2016 work. For the
pouch cell, the shape of the failure locus looks like a combination of two parabolic curves.
In Figure 9(f), the hemispherical and rod indentations had very close strain ratios.
Considering the size of the pouch cell, these deformations are more localized in the center

aera and not affecting the whole cell. The similarity of strain rations for different size
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hemispherical punch loads explains how earlier literature reported one single value of
failure strain could predict all kinds of local hemispherical indentations, see Sahraei’s 2012
and 2014 work!>>1,

This failure model also worked for loading cases which didn’t have failure. In those
cases, like axial compression for cylindrical cells and in-plane compression for pouch cell,
elements were compressed and had high values of strain ratio, however the global
deformation generated a uniform deformation, thus the strains did not get localized and did
not reach the failure criteria. In the cases of the three-point bending loads, the strain ratio

(c) was very small, so the cylindrical cells had their largest failure strain (€¢) and the pouch

cell did not reach a failure strain at all.
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Figure 12 Failure curve comparison for cell A, cell B and pouch cell
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CHAPTER 5

ENHANCEMENT OF SAHRAEI FAILURE CRITERIA

WITH REAL PHYSIC EFFECTS

5.1 Introduction

Upon to this point, all tests and model simulations mentioned above were conducted
with pure discharged cell, at room temperature and under quasi static deformation.
According to our previous study, the materials and Sahraei failure model successfully
predicted mechanical force-displacement during different loadings. The next step to
improve the failure criterion is to add more factors to it. Here we listed four common factors
for Li-ion battery cell during deformation: Temperature, strain rate, state of charge (SoC)
and aging.

The current failure model with all material property calibrated has been validated with
short circuit predictions under room temperature, fully discharged and quasi-static loadings.
For future steps, we are trying to add more factors to the Sahraei Failure Criterion. To
achieve this goal, experiments for temperature, SoC, strain rate dependency must be
accomplished. These tests are designed to isolate the influence of each parameter and
capture the coupling effects that may arise between them. Aged cell test data will be
extracted from previous literature. The experimental results will guide the reformulation of
the governing equations from the original Sahraei failure model, enabling us to introduce
correction terms or scaling factors that account for these physical dependencies.

For model validation after experiments, we can use the same procedure in sections 3

and 4. The overall objective for this section is to develop an advanced failure criterion
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which can predict battery mechanical behavior under different temperature and different

velocity of the impact.

5.2 Method

5.2.1 Battery specification

The Li-ion battery cell used in this research of real physic effect is a lithium-iron-
phosphate 18650 cylindrical battery. The nominal Capacity is 1.5 Ah and nominal voltage

is3.2V.

5.2.2 Test method

For study of the temperature effects, indentation tests were performed using a steel rod
with a diameter of 15.8 mm, tested with different temperatures from -40 °C to 60 °C. A
thermal chamber was used to ensure the temperature at testing. Since the deformation
primarily occurs at the center of the cell, the terminals remain unaffected under this type
of'loading. An internal short circuit can be identified by a simultaneous drop in voltage and
force. A thermal chamber was used to maintain different temperatures during the test. An
INSTEK GDM-8341 multimeter was used to measure voltage, with two wires taped to the
battery terminals®!. Cells are fully discharged for this test.

In this test, we can see with the increase of temperature, the peak force and
displacement at failure also increased, in a range of 6.3 mm to 7.7 mm and 7 kN to 11.7kN,
shown in Figure 13. Among all 6 tests, only tests at 20 °C and 0 °C have a very similar
peak force, and 20 °C test’s peak force is a little higher than the 0 °C test, but the general

trend for this series of test is that with higher temperature, the peak force at failure is lower.
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Rod Indentation
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Figure 13 Rod indentation at different temperatures

For the SoC study, the same experimental setup used in the temperature-dependent
compression tests was employed for this investigation, ensuring consistency across test
conditions. Cylindrical rod intrusion tests were performed on cells at three distinct states
of charge (SoC): 0%, 50%, and 100%. A steel rod with a diameter of 15.8 mm was driven
vertically into the center of each cell at a constant rate of 1 mm/s. Prior to testing, cells
were carefully charged or discharged to achieve the targeted SoC levels, with voltage
verification to ensure accuracy.

The results clearly demonstrate that the state of charge significantly influences both the
mechanical response and failure characteristics of the cells. See in Figure 14, as SoC
increases, not only the peak force at failure decreases, but the stiffness of the cell structure
also increases, indicating a change in material behavior likely driven by internal pressure

and structural expansion of the jellyroll due to lithium intercalation.
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Rod Indentation Test
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(a) Test set up and deformed cell after test (b) Test result with 0%, 50% and 100% SoC

Figure 14 Rod indentation under different SoC

At 0% SoC, the cell exhibited a peak failure force of 8.7 kN at a displacement of 6.7
mm, reflecting relatively ductile behavior. In contrast, the 100% SoC cell displayed a stiffer
load-displacement curve and failed earlier, with a lower peak force of 7.26 kN occurring
at just 5.9 mm displacement. This suggests that cells at higher SoC levels are more
susceptible to brittle-like failure under mechanical intrusion, likely due to increased
internal stresses and reduced energy absorption capacity. The 50% SoC results fell between
the two extremes, further supporting the correlation between SoC and mechanical
performance.

In order to test battery’s behavior under different strain rates, dynamic rod impact tests
were performed on Gravity Impact Tester for Battery Testing (UN 38.3.4.6 & IEC 62133)-
MSK-TE902-UL, see in Figure 15(a). This machine has a 10 kg mass block on top, the
initial velocity at contact can be determined by the initial height of the mass block. The cell

was placed on the supporting plate with L shape brackets to align with the rod indentor
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attached to the bottom of the block. Voltage measurement is not available in this test since
the contact duration is less than 8 milliseconds, the voltage measurement tool was not
capable of getting enough data points.

When the experiment starts, the weight at a certain height will be released, and the mass
block will then have a free drop motion until the rod indentor hits the battery cell. During
the whole test, force is measured by the load cell underneath, acceleration is measured by
the 2 accelerators on the block and then converted to displacement in millimeters.

In this research, 3 m/s velocity at contact have been conducted. Cells are fully
discharged to ensure the safety of the experiment.

From the data shown in Figure 15(c), we can see under high-speed impact test, the cell
showed a stiffer behavior, the peak force for test at 3 m/s and 0.0167 m/s are 9.74 kN and
8.78 kN, however the displacement at peak force for those two tests are 5.77 mm and 6.53

mm.
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(a) MSK-TE902 machine (b) Test set up with cell.
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Figure 15 Dynamic rod impact test

55



5.3 Finite element modeling

In this section, we will discuss the development of the jellyroll material model with
SoC expansion and strain rate dependence. We will also discuss the development of

modeling the Sahraei failure criteria with temperature, SoC and strain rate effect.

5.3.1 Material modeling

The jellyroll model used honeycomb material in RADIOSS from our previous work, in
this work, we will add more features to the existing honeycomb material card and make it
more similar to battery jellyroll material®®. This new material will have the expansion
behavior due to SoC difference and strain rate dependence.

The jellyroll of the cylindrical cell will expand during charging and discharging”’. This
procedure will generate pre-stress even before external loading happens. To capture the
same behavior, a volume expansion feature must be added to the current material card.
From Mehdi’s paper about SoC and jellyroll expansion, 3% volume expansion was found
at 100% SoC of the 18650 Li-ion battery’s jellyroll used in this work. To achieve this
function, before the deformation happened, we let the SoC grow from 0%. At the same
time, the element will be expanding, once the SoC reached the desired value, expansion
will stop, and the deformation then will start. Further detail about the expansion calibration
can be found in Mehdi,2024%.

As observed in dynamic and static testing, cells usually behave stiffer under high strain
rate tests. To capture this behavior, we introduced strain rate dependent stress-strain curve
of the jellyroll as the strain rate effect, which makes it possible to have different material

stiffness between different tests with different speed.
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5.3.2 Failure criteria enhancement

The cell model and Sahraei failure criterion have been developed in author’s previous
works*?°. Modeling work in this research is coupling different features to model and
failure criterion. Temperature and SoC coupling were validated on RADIOSS, the dynamic
loading was validated on LS-DYNA.

Temperature, strain rate, SoC and aging effect can be edited to the failure card
/FAIL/SAHRAEI, where we add temperature, SoC, strain rate and aging as another factor
counting into the failure strain calculation.

The governing equation of the coupled failure model is shown below:

T—T,

Tm_ r

g (c,T,n,SoC, €) =£(c)*<1—( )n>*(1—cSOC*SoC)*

£
(1 —cgln —) * (1 — Ceyele * cycle)
Est

(15)

The mechanical behavior of lithium-ion battery cells under multi-physics conditions
was investigated through three independent variables: temperature, state of charge (SoC),
strain rate and aging. To comprehensively evaluate their individual effects, each parameter
was isolated within controlled experimental domains. The temperature range spanned from
-40 °C to 60 °C, encompassing extreme operational limits for electric vehicles in arctic and
tropical climates. SoC levels were validated at three critical thresholds: 0% (fully
discharged), 50% (nominal operating point), and 100% (maximum energy storage
capacity). Strain rate sensitivity was examined through dynamic rod indentation tests at 1
mm/min (quasi-static regime) and 3000 mm/min (high-rate dynamic loading), representing

scenarios from gradual mechanical abuse to catastrophic crash events. To investigate the
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aging effect, we benchmarked our model's predictive capability against previously
published studies, focusing on its ability to capture mechanical degradation over cycling.
This comparison ensures that the model accurately reflects early failure mechanisms driven
by electrochemical-mechanical coupling. Specifically, the model is validated across a
cycling range from 0 (fresh cell) to 1200 cycles, demonstrating its robustness in predicting
the progressive loss of structural integrity and potential onset of mechanical failure

commonly observed in aged Li-ion cells.

Table 6 Nomenclature in the equation

nomenclature
& | Strain at failure SoC | Current SoC
¢ | Strain ratio c. | Strain rate coefficient
T | Current temperature & Current strain rate
T, | Room temperature & | Strain rate for static test

T | Reference temperature | ¢y ¢ | Aging coefficient

n | Temperature exponent | cycle | Cycle number

Csoc | SoC coefficient

The fundamental FEM model of this research was introduced in Song’s 2024%°. This
model of cylindrical cell had 2 components, a metal shell casing and jellyroll. The model
was validated with Sahraei failure model under room temperature, 0% SoC and quasi-static
conditions. In this work, we will validate the model under different temperatures, SoCs and
strain rates conditions mentioned in the previous paragraph. For the strain rate study, we

provided a strain rate dependent honeycomb material!®.
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5.4 Model validation

In this section, we will compare all model simulation results to the experiments

mentioned in section 5.1 and provide the validation of the enhanced failure criteria.

5.4.1 Failure validation of rod test under different temperature

As described in Section 2, rod indentation tests were conducted on cells across a
temperature range from —60°C to 40°C to evaluate temperature-dependent mechanical
behavior. he results reveal a clear trend: as the temperature increases, the peak force at
failure also rises, increasing from 7.22 kN at 40°C to 11.76 kN at -60°C. This behavior
reflects the temperature sensitivity of the cell materials.

For the purpose of finite element model (FEM) validation, simulations were
performed using a baseline (room) temperature of Tr, a melting temperature of Tm, and a
temperature exponent n, as prescribed in the thermal function. To isolate the temperature
effect, the influence of state of charge (SoC), strain rate and aging were intentionally
suppressed by setting Cso¢ ,Ce and cgy¢e in Equation 15. This allows for a focused
comparison between experimental and simulation data under varying thermal conditions.

The simulation results show strong agreement with the experimental data, particularly
in predicting the peak failure force. Notably, as temperature decreases, the model also
captures an increase in failure strain, which manifests as a delayed onset of the force drop

during rod indentation. The failure strain for each case is differently calculated with
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Equation 15, reflecting a decreasing peak force with the rise of temperature.
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Figure 16 Model validation for different temperature rod indentation test.

5.4.2 Failure validation of rod test under different SoC

Building upon the findings of Mehdi 2024’s work, two key differences in mechanical
response under rod indentation are observed across cells with varying states of charge
(SoC). First, the peak force at failure decreases as the SoC increases. To accurately capture
this behavior in the simulation model, a SoC sensitivity coefficient cg,, was implemented
in Equation 15, allowing the failure strain to vary proportionally with the SoC level. It is
important to note that within the model, SoC is represented as a normalized input, where 0
corresponds to 0% SoC and 100 represents 100% SoC.

The second major difference is related to material stiffness. Due to electrochemical

swelling and internal pressure buildup, cells at non-zero SoC levels exhibit increased

60



stiffness. This effect becomes more pronounced as SoC rises, reflecting the progressive
expansion of the jellyroll structure. To account for this behavior, volumetric expansion was
incorporated into the jellyroll material model. This addition enables the simulation to not
only reflect the structural stiffening but also capture the strain hardening behavior
associated with elevated SoC conditions.

For this SoC-focused validation, the effects of temperature strain rate and aging were
intentionally deactivated by setting the room temperature and current temperature equal
T:= T and the strain rate sensitivity coefficient, aging coefficient ¢,=cy =0 in Equation
15. This isolates the influence of SoC on failure behavior, ensuring a clearer interpretation
of SoC-induced mechanical variation.

In the validation we can see highly matched simulation result as compared to the test

data, both peak force, displacement at failure, and material stiffness matched well.
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Figure 17 Model validation for different SoC rod indentation test.
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5.4.3 Failure validation of rod test under different strain rate

The third validation in this work will be strain rate effect, from section 5.1, we can see
battery behaved stiffer during high-speed impact test, at 3000mm/s. By taking account of
the strain rate effect in Equation 15, we are able to get different material responses under
different testing velocities.

The failure is also validated in this model under different strain rates. While looking at
two test data, we can see the dynamic test has higher peak force at failure, however since
material gets stiffer, the failure strain is smaller, here we use ¢, in Equation 15 to control
the model has correct failure point, as same as all other model validation, temperature, SoC
and aging consideration is not active. For the dynamic impact model validation, a peak

force at 9.78 kN at 5.45 mm which is very close to the experiment.

Rod indentation

= w1 static test
1 O s dynamic test at 3 m/s
= i static test voltage “ 35
=3 s static simulation H ; />\
prd 8 dynamic simulation / =,
= 7 @
T 6 ) 2 &
: A1 .
& i -
54 | 2.5
OrT
0 i 2
0 2 4 6 8

Crosshead(mm)

Figure 18 Comparison between dynamic and static rod test

5.4.4 Model capability for aged cell prediction

Final validation with the enriched Sahraei failure criteria is the aging effect. Different

from other validations, due to the lack of experimental results, we are validating our failure
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criteria with previous literature results. In Zhang et al 2017, an elliptical cell was indented
with 0 cycle (fresh cell) and 1200 cycles. The material stiffness shows very similar result;
however the fresh cell has a peak force at failure 4.7kN and the cycled cell has a peak force
at failure 4.3 kN°. In our model, we use the cylindrical cell model to validate the ability of
aging effect prediction. The fresh cell at 0 cycle has a peak force at 9.2 kN and the 1200
cycle cell has a peak force at 8.19 kN, which is very close to the ratio compared with the

elliptical cell in the literature, see in Table 7.

Table 7 Aging effect comparison with literature

Literature elliptical cell | K2 cylindrical model
Peak force at failure for O cycle cell 4.7 kN 9.2 kN
Peak force at failure for 1200 cycle 4.3 kN 8.19 kN
cell
Peak force difference 10% 10%

Again, to isolate the aging effect only, room temperature and current temperature
should be same to deactivate temperature effect, cg,¢ ,c. are defined 0. The cycle number
is 1200 as aligned with the test, and a coefficient ¢,y is used.

For future work, we will perform indentation tests for cylindrical cell B, use the Sahraei
failure model predicted short circuit in modeling. The fresh cell has been charged with 1.5
A current (1C) and discharged with 3.0 A (2C) between a voltage limit of 4.1V and 2.0 V.
Two different stages of aging has been planned: one cell has 315 cycles and the capacity
now is 1.04 Ah which is below 75% of the fresh cell’s capacity; the other one cell has 580

cycles and the capacity now is 0.30 Ah which is close to 20% of the fresh cell’s capacity.
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Test data and simulation results will be shown in future publications.
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CHAPTER 6

CONCLUSION

In this study, a full homogenous FEA model was developed for an 18650 cylindrical
Li-ion battery, containing two parts, a shell casing, and a jellyroll inside that. The plastic
properties of shell casing were obtained from a window shape specimen test result reported
by Zhang and Wierzbicki 2015 and calibrated with a combined Voce-Swift law. MMC
failure criteria was then coupled to the casing material **. Two different material models
were used for the jellyroll an isotropic crushable foam model and an anisotropic
honeycomb model. Extra strength in axial direction was added on the anisotropic
honeycomb material for the jellyroll. The two models were then validated with different
mechanical loadings, including two plate compression, rod indentation, hemispherical
indentation, axial compression and three-point bending. All predictions were very close to
the experiments except the isotropic cell model under axial compression loading. The
isotropic model was not capable of predicting this loading condition because the additional
strength of the jellyroll due to its structural anisotropy and extra strength of metallic foils
under in-plane loading was not accounted for in the isotropic model.

Additionally, we calibrated and validated the Sahraei failure model for three different
cell models: two cylindrical cells and a pouch cell. The background on this failure model
was developed based on simulations of a small elliptical cell RVE in 2016. In the current
work, the model was coded in commercial software Altair RADIOSS and the failure loci
for the three cells were calibrated and then predictions of internal failure were validated.
The loadings included flat and axial compressions, rod and hemispherical indentations and

three-point bending for cylindrical cells. For pouch cells, the loadings included flat and in-
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plane compressions, rod and two hemispherical indentations and three-point bending. All
cell models coupled with failure models had good predictions of the force-displacement
and failure behavior, with R squares of about (give average) on average.

By taking the consideration of real physic effect on batteries, we add temperature, SoC,
strain rate and aging features to the developed Sahraei failure. We conducted several rod
indentation tests under different temperatures, SoC and strain rate conditions. For the aging
effect on battery’s mechanical response, we find the comparison from literature with fresh
and cycled cells. By establishing the governing equation with all the features mentioned
above, we enhance our base Sahraei failure criteria with the consideration of real physic
conditions. The failure criteria then added to the cell FEM model and then validated with
all experimental and literature data, shows highly robust result for all different real physic

conditions.
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CHAPTER 7

CONTRIBUTIONS

The contribution for Yihan Song is listed (with reference):

1. Sahraei failure coding in RADIOSS software user defined failure model for all
three different cells and cell model validations. (Paper ready for publish)

2. Computational modeling of cylindrical cell A*.

3. Sahraei failure model enhancement in RADIOSS user-defined material coding
coupled with temperature, SoC, strain rate and aging.

Contributions from others (with reference):

1. Experimental data for cylindrical cell A, RVE model development by Dr. Elham
Sahraei'**° (PI for EVSL, Temple University)

2. Experimental data for cylindrical cell B, material calibration and cell testing under
different temperature by Dr.Mehdi Gilaki*® (former EVSL member).

3. Experimental data and computational modeling for pouch cell by Huzefa Saifee
Patanwala (current EVSL member).

4. Software support from Marian Bulla and OPENRADIOSS!!.

5. General idea of material and failure calibration of the shell casing from Xiaowei

Zhang’s work**,
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APPENDIX

1. Slope

This document is aimed to help future work to modify the Sahraei failure model in
RADIOSS user material.
2. Tool

OPENRADIOSS

Install OPENRADIOSS using the following materials:

https://github.com/OpenRadioss/OpenRadioss

https://www.youtube.com/watch?v=Js_i17CnZty0

https://www.youtube.com/watch?v=Uo5SmiT_a-YY&t=841s

3. Introduction

Sahraei failure model defined the in-plane tension tensile failure strain as a function of
strain ratio, in honeycomb material, let assume &;, is the out pf plane strain component,
and €,, , £33 is the in-plane component.

gcompressive €33 €22
= =— 07" —

i
Etensile €11 €11

Where c; is the strain ratio. This is the base governing equation of Sahraei failure model.
When considering the temperature, state of charge, strain rate and aging effects, the

governing equation changes into more complex way:

* &(c,T,n,SoC,écycle) = e(c) * (1 — ( T )n) * (1 — cgpc * SoC) * (1 — cglnéi) *

Tm—Tr st

(1 — Ceycle * cycle)

This model is available now in EVSL backup folder:
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https://github.com/OpenRadioss/OpenRadioss
https://www.youtube.com/watch?v=Js_i7CnZty0
https://www.youtube.com/watch?v=Uo5miT_a-YY&t=841s

https://tuprd.sharepoint.com/:f:/r/sites/EVSLBackUP/Shared%20Documents/Y1han%

20Song/RADIOSS model/RADIOSS Sahraei failure code/sahraei failure 0712 aging

?2cst=1&web=1&e=rwlbol

4. File introduction

In the folder, there are different files, the lecr04.f and f04law.f are the starter and engine
file; the build userlib Windows Batch File is the batch file you need to be able to compile
the engine and starter file; the libraduser win64.dll is the new extension library you
complied, you need copy the .dll file to the same path with your model(0000.rad and

0001.rad), then you will be able to run simulations with your new user defined material.

build_userlib 3/25/2025 11:19 AM Windows Batch File 5 KB

build_userlib_wint4_gfortran_7.2 47272022 8:44 PM Windows Batch File 4 KB

E;,,' fOdlaw 8/21/2025 12:16 AM F File 11 KB
E;,' lecr04 7/14/2025 8:.05 PM F File 8KB
@ libraduser_wing4.dll 8/21/2025 12:17 AM Application extens... 1,402 KB

42?»3 libraduser_winb4.exp

2025 12:17 AM Exports Library File 11 KB

B libraduser_win64.lib 2025 10:07 AM Object File Library 20 KB

5. Coding for starter file (lecr04.f)
The starter file connected the input file and the engine file, it read from the input files
with all user parameter defined by the user, and assign the user parameter to the engine file.
Take user parameter SOC as an example:

In the starter file, we need first claim the format of the parameter SOC. As can be
found in line 33, the SOC has been defined as DOUBLE PERCISION.

29 e

30 INTEGER TABLE ID1,TABLE ID2,TABLE ID3,TABLE ID4,TABLE ID5,PTHI
31 . ZAE1,NAE1,FAIL ORT,COMP DIR

32 DOUBLE PRECISION PLAMAX,VALUEX,VALUEY,EMA,ZERO,ONE,RATIO,EM05,
33 . VOL_STRAIN,MAX PRESSURE,SOC,TEMP,TEMP ROOM,TEMP MELT,T
EYil QTRATN RATE CTRATN RLATE ME ~ n ™ &
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https://tuprd.sharepoint.com/:f:/r/sites/EVSLBackUP/Shared%20Documents/Yihan%20Song/RADIOSS_model/RADIOSS_Sahraei_failure_code/sahraei_failure_0712_aging?csf=1&web=1&e=rwIbol
https://tuprd.sharepoint.com/:f:/r/sites/EVSLBackUP/Shared%20Documents/Yihan%20Song/RADIOSS_model/RADIOSS_Sahraei_failure_code/sahraei_failure_0712_aging?csf=1&web=1&e=rwIbol
https://tuprd.sharepoint.com/:f:/r/sites/EVSLBackUP/Shared%20Documents/Yihan%20Song/RADIOSS_model/RADIOSS_Sahraei_failure_code/sahraei_failure_0712_aging?csf=1&web=1&e=rwIbol

The next step is to give initial value of the parameter, sometimes if you don’t initialize

the value of the parameter, you will have computational errors. In line 75, the SOC has

been given value 0 as its initial value.

- o

J N D
= 0 0

C

ZERO =
ONE

EMO5

TABLE IDI1
TABLE IDZ
TABLE ID3
TABLE ID4
TABLE IDS =
SoC =

PLAMAX =

NFUNC =

TFUNC (
TFUNC (
IFUNC (
IFUNC (
IFUNC (
TEMP
TEMP_ROOM
TEMP MELT =

TEMP POWER =
SOC_COE =
STRATN_RATE =
STRATN_RATE_COE =
C_D =

— e e e

c e =

The next step is to read parameter values from the model input, here SOC is read from

card#2, column 0 to 20 as a DOUBLE PERCISION, can be found in line 99.

c! CARD #2
READ (IIN, ' (4520.0) ") S0C,S0C _COE,STRAIN RATE,STRAIN RATE COE
IF (EMA == ) EMA = ! no filtering
IF (RATIO == ZERO) RATIO = ONE
IF (PL == ) PLAMAX=

Then put the SOC as user parameter (UPARAM) (5)
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145 ol UPARAM (1) = PLAMAX
146 UPAREM(1) = TEMP

147 UPARAM(?) = TEMP ROOM
148 UPARAM(3) = TEMP MELT
149 UPARAM(4) = TEMP POWER
150 UPARAM (") = SOC

151 UPARAM(¢) = SOC COE

152 UPARAM(7) = STRAIN RATE
153 UPARAM(?) = STRAIN RATE COE
154 UPARAM(®) = c n

155 UPARAM(10) = c e

One last step is writing the SOC in the end

183 WRITE (IOUT, 1500)S0C

184 WRITE (IOUT, 1c00)TABLE ID1,TEMP,TEMP ROOM,TEMP MELT, TEMP
185 WRITE (IOUT, 1/00)c n,c e

186 1000 FORMAT (

187 & DX, e R
188 & 5¥X,' USER FAILURE PARAMETER W/,
189 & 5X,' «created 03.04.2025 by Marian & Yihan L,
190 & 5¥," for next Battery failure investigation.',/,
191 & DV, e L)
192 1100 FORMAT (

193 & 5X," FUNCTION ID 1. inaennnnnnnnan =',110/,
194 & 5X," FUNCTION ID 2. . v verienrnnnnnnnnennns =',110/)
195 1200 FORMAT (

196 & 5X," STRAIN RATE......tuiieinneannnnnnnn ='",E12.4/)
197 1300 FORMAT (

198 & 5X," STRAIN RATE COE.........ciuuunan... =',E12.4/)
199 1400 FORMAT (

200 & 5X," SOC COE +.vvrinnnnnnnnnnrnannnnnnss =',E12.4/)
201 1500 FORMAT (

202 & DX, B0 e ='",E12.1/)
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6. Coding for engine file (f04law.f)

The engine file defined the failure model following the governing equation. Here, still
takes SOC as example.

Define SOC as DOUBLE PRECISION (line 93)

83 (e

84 INTEGER I,J,LENG,NINDX,INDX (NEL),INDX1(NEL) ,NCYC,ELNUM,ZAE],NAEL,
85 . FAIL ORTO,COMP DIR,NINDX1,NINDXZ,FAIL ORT,INDX2 (NEL),

86 . INDX3 (NEL)

87 DOUBLE PRECISION PLAMAX,PLAMAX 2,SCAL 1,SCAL 2,S5CAL 3

88 DOUBLE PRECISION I1,I2,I3,

89 . E11,E22,E33,

90 E EQ,E EQ1,E EQ2,

91 Q,R,R_INTER,PHI,c n,c e,

92 ratio,ratio 2,VOL STRAIN LIMIT,VOL STRAIN,P,

93 TT,PTHICK,SOCLEMA,RATIOfZa

94 DENOMINATOR ,NUMERATOR,E00,MAX PRESSURE,UN,ZERO
95 DOUBLE PRECISION TEMP,TEMP ROOM,TEMP MELT,TEMP POWER,SOC COE,STRA
96 c! DOUBLE PRECISION EL LEN (NEL)

97 DOUBLE PRECISION VOL STRAIN LIMITZ2(NEL),DAMAGE (NEL) ,TDELE (NEL) ,DF
)8 CHARACTER* LINE

)9 LOGICAL :: IST DA

Since we define user parameter UPARAM(S) in starter file, we need to take the

UPARAM(S) to engine file.
141 TEMP = UPARAM(1)
142 TEMP ROOM = UPARAM ()
143 TEMP MELT = UPARAM (=)
144 TEMP POWER = UPARAM (%)
145 SOC = UPARAM (D)
146 SOC COE = UPARAM(©)
1477 STRAIN RATE = UPARAM( /)
148 STRAIN RATE COE = UPARAM(Z)
149 c n = UPARAM(9)
150 c e = UPARAM(10)

Then we need to define our failure strain based on governing equation. First
E11/E22/E33 were assigned to EPSXX/YY/ZZ. Then calculate the strain ratio, line 225-

229.
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Next calculate the tensile failure strain, first, find the failure strain value based on the

input curve; and calculate the final value (PLAMAX 2) based on the governing equation.

PLAMAY =FINTER(IFUNC(l),ratio,NPF,TF,DYDX)
231 PLAMAX 2=PLAMAX * (l-((TEMP-TEMP ROOM)/(TEMP MELT-TEMP ROOM))**TEMP POWER)
23 . * (1-SOC*SOC COE) * (1L -STRAIN RATE COE * TT)*(L - cn * c e)

Then we make a IF, if the strain value of the element is higher than PLAMAX 2, then

failure happens.

IF(E33 .GE.PLAMAY 2) THEN

23 OFF(I)=

23C print *, ' element fail basec
24 WRITE (LINE, " (A, T i

EIl model$ ',NGL(I),' and UVAE
A,E12.4,R,E12 )"

E11 = ",E11," with E22 = " E22,"with E33 =

ENG
244 CALL WRITE IOUT(LINE,LENG)

7. Compiling the extension library.

Use Intel OneAPI, go to the working dir.

C:\work\user_mat\2025_08_20_mod>cd C:\work\user_mat\sahraei_failure_0712_aging

Then use the command to compile.

C:\work\user_mat\sahraei_failure_0712_aging>build_userlib.bat /STARTER "lecr0uU.f" /ENGINE "fOuUlaw.f"

Complied completed.

C:\work\user_mat\sahraei_failure_0712_aging>echo off

e —
x* Generating Radioss Dynamic User Library **
e Winé4 oneapi *x
e *x
e e e e e e o o e e ke ek

Compiling: lecred.f

ng library libraduser win64.lib and object libraduser_winéd.exp
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Then you will see a new .dll file

build_userlib 3/25/2025 11:19 AM Windows Batch File 5KB
build_userlib_win&4_gfortran_7.2 4/2/2022 844 PM Windows Batch File 4 KB
ﬂ f04law 8/21/2025 12:16 AM F File 11KB
ﬂ lecrD4 8/21/2025 2:40 PM F File 8 KB
libraduser_ wint4.dll 8/21/2025 2:44 PM Application extens... 1,402 KB
E-..I;Jraduser_1.o'.rinf>4.e>cp 8/21/2025 2:44 PM Exparts Library File 11 KB
B |ibraduser win64.lib 42572025 10:.07 AM Object File Library 20 KB

Copy the .dll file into the same working dir with the model.

libraduser_win64.dll 771472025 8:06 PM Application extens... 1,404 KB
[ ] model_2.h3d 7/17/2025 2:39 PM H3D File 178,182 KB
u’ model_2_0000 7/17/2025 1:.06 PM OUT File 3,031 KB
u model_2_0000 7/17/2025 1:05 PM RAD File 10,339 KB
D model_2_0000_0001.rst 7/17/2025 1:.06 PM RST File 98,542 KB
u maodel_2_0001 7/17/2025 2:39 PM OUT File 583 KB
u’ model_2_0001 3/18/2025 7:54 PM RAD File 1KB

In model 0000.rad file, define failure as /FAIL/USER/11, note here, the number 11 is
corresponded to material 11, means you want to add the failure to material 11.

In line 101-102, card 1 is defined. In line 103- 106, card 2 is defined.

/FAIL/USER1/11
1 i Bl e At ol Bt el e Bttt Al et Bl e A L e
1 # 1I_shell Temperature TEMP_ROOM TEMP_MELT Temp_power
102 3000 10 10 1000 1
103 # soC soc_coe STRAIN_RATE STRAIN RATE COE
104 0 0.0008 1 0.0
105 # cycle coe_cycle
1 1200 0.000015
1 F---1l--=|---- e R el e el B L Jm=mm| === =B | = g====|=-=-=10----
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