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This paper considers the deformation properties of
the body of the lithium-ion power cell (LIPC) Panasonic
NCR18650B (LiNiy sCoy.15Alp 9503) exposed to the action
of static load at various techniques of fixing the cell.
Determining the properties of LIPCs under appropri-
ate conditions makes it possible to fill the gap in existing
studies, which will further ensure the safety of their use.

Based on the results of experimental studies, the
LIPC rigidity and temperature indicators were deter-
mined in accordance with the applied load. The most
dangerous variant, from the point of view of fire danger,
of applying a static load on the cell has been established.

It was experimentally established that, on average,
the Panasonic NCR18650B LIPC housing can with-
stand a load of about 80 kg-s/cm? (or 7.84 MPa) with-
out further ignition. An increase in pressure force in
the range exceeding 85-90 kg-s/cm? leads to an irre-
versible chain thermochemical reaction, which, with-
in 2-3 seconds, leads to LIPC ignition. Compressing
the LIPC evenly along its lateral surface showed the
occurrence of combustion at the load on the cell equal
to 150 kg-s/cm?. The average temperature of the cell
during combustion caused by the deformation of the
housing is 350-450 °C, and the maximum value is reg-
istered in the range of 580—-680 °C.

The mathematical model built on the basis of the
mathematical theory of thin shells adequately describes
the stressed-strained state of the cylindrical body of
cells under the action of a force concentrated and dis-
tributed load. The estimation model is satisfactorily
verified by experimental results, making it possible to
improve the strength and rigidity of LIPC housing by
choosing the appropriate steel grade for its body, the
geometric dimensions, and the structural technique of
its fastening
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1. Introduction

Modern heavy-duty batteries are not typical lead-acid
products with a voltage of 12—24 V and above. In the over-
whelming majority, rechargable batteries consisting of a
large number of lithium-ion power cells (LIPCs) of various
formats (sizes), capacities, chemical composition, etc. are
becoming increasingly popular and practical. Due to their
advantages, rechargable batteries, namely LIPCs, have be-
come widely used in modern electric vehicles, various power
tools and household appliances. A striking example of the
modern application of LIPC as rechargable batteries is the
production and ever-growing demand for cars such as Tesla,
Nissan Leaf, Chevrolet Bolt (Volt), and many others.

Safe and reliable operation is a key and main indicator
of LIPC efficiency. The safe working conditions of LIPC
are largely determined by the chemical composition of the
cells [1, 2], the working environment of operation, and re-
sistance to external factors, among which emergency power
loads on the housing are especially dangerous. Also, during
daily operation, LIPC may intentionally or accidentally
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experience cases of operation at elevated currents [3], me-
chanical damage [4], elevated external temperatures. Under
such conditions, this can lead to the burning of LIPC or even
an explosion [5]. One of the determining factors of LIPC
fire safety, in particular for an electric car, is the stability of
a geometric shape, that is, the rigidity of the LIPC body. As
a rule, LIPC housings serve as a protective layer aimed at
withstanding external mechanical stress and maintaining
the electrochemical integrity of the internal environment
of the cell.

To analyze the boundary working conditions of various
types of LIPC, safety standards have been developed and
appropriate tests to determine the productivity of their work
are aimed at meeting the necessary safety requirements.
For example, there are a number of national and interna-
tional standards in countries such as the United States,
China [6, 7], and others, thus they help implement strict
standards for the safe operation of LIPC produced and used.
Such tests are aimed at the safety of LIPC and conditionally
guarantee the absence of future problems with the safety of
LIPC under normal conditions of their use.




Therefore, the creation of a scientifically based basis for
determining the techniques and means for mechanical pro-
tection of vulnerable technical cells in various equipment
predetermines our research. Thus, taking into account the
mechanism of electrochemical reactions, the mechanical be-
havior of the LIPC shell material, the properties of materials
and adverse reactions occurring in LIPC is fundamental for
assessing their fire safety.

2. Literature review and problem statement

Earlier studies into determining the fire hazard of LIPC
Panasonic NCR18650B as a result of its mechanical dam-
age (due to piercing it with a sharp object) and the action
of excessive current [3, 4] show a relatively similar result.
Given the variety of probabilistic ways for disrupting the
stable conditions of LIPC functioning, the issue of LIPC fire
danger resulting from the action of mechanical deformation
of the cell housing remains unresolved.

Considering the scientific findings regarding the effect
of deformation (compression) of LIPC, it can be argued that
in this area authors are limited to the following conclusions:

— taking into account the statistical indicators of igni-
tion of lithium-ion power cells due to mechanical deforma-
tion, the authors of work [8] focused their attention on the
study of the deformation rate of LIPC 18650 NCA. The pa-
per reports experimental studies on deformation of a LIPC
housing at different load speeds of 1, 5, and 10 mm/min.
Taking into account experimental studies, a finite-element
model of the stressed-strained state of the modular cell
holder was built and tested. The analytical and experimental
results are the basis for the development and further study
of the strength and protective properties of a special LIPC
modular holder. It was found that the presence of a modular
holder effectively improves the distribution of the high-pres-
sure area under shock load but causes a dangerous local in-
crease in compression stresses. Among the factors affecting
the failure of the battery, the speed of the object facing the
obstacle, that is, dynamic characteristics, is decisive;

—in study [9], the authors solved a complex analyt-
ical and theoretical problem of studying the parameters
that control the flat deformation of the power cell. Some
analytical approaches are used in the work, as well as com-
putational models of a representative volume cell (RVE).
The resulting estimation models were tested on the basis of
experiments; the effectiveness of the proposed approach was
shown, which provides a tool for modeling battery failures
and designing effective protective structural cells for LIPC.
The importance of the proposed method is the fact that the
analytical and RVE models give an idea of the influence of
both geometric anisotropic and material properties of the
constituent inner layers on the level of the stressed-strained
state of the cell.

As a limitation of that study, it should be noted that
the proposed method is applicable only to flat sections of
prismatic and package LIPCs and cannot be fully applied to
cylindrical LIPCs;

— important theoretical and experimental results are re-
ported in [10], where researchers conducted a comprehensive
study of the effect of mechanical deformation of prismatic
LIPC on its mechanical properties. The authors conducted
a number of quasistatic and dynamic experiments aimed at
compressing LIPC at different speeds and degrees of LIPC

charge. The experiments were primarily aimed at obtaining
indicators of critical displacement of the inner layers of the
prismatic LIPC. The experimental results made it possible to
simulate the process under study on the Ls-Dyna computing
platform and further compare it with experimental data.
Based on the results of the research, the criteria for destruc-
tion were established as critically permissible deformations,
or compression stresses, depending on the level of battery
charge, which is of particular practical interest.

Based on the results of the research, the criterion of
destruction was established, which is determined by the ex-
trusion displacement of the cell of the prismatic lithium-ion
power cell; the corresponding critical pressure of destruction
is 5.652 MPa:

— unlike many similar studies, the authors in work [11]
focused their attention on the study of parameters of the ma-
terial for a shell of the cylindrical LIPC. A detailed study into
the properties of the LIPC shell during exposure to external
load, according to the researchers, plays a key role in ensuring
the rigidity of the lithium-ion power cell body under external
compressive load. The experimental studies involved the outer
shells of commercial LIPC 18650 NCA (nickel-cobalt-alumi-
num-oxide). Under laboratory conditions, the dynamic behav-
ior of LIPC shell material was investigated.

Based on the results of the research, both theoretical
constitutive analytical and numerical models were devel-
oped that can describe the mechanical behavior of the bat-
tery shell material under shock load. It was first revealed
that given the effect of the deformation rate of the shell
material, increasing the strength of the shell material may
even contribute to the occurrence of a short circuit in LIPC.
In general, the results of that scientific work lay a scientific
precaution regarding the safety of the LIPC structure as a
whole in the context of the choice of the material of the body
of cylindrical LIPC;

—an addition to the results of work [11] is the scientific
results reported in article [12]. The researchers, based on the
obtained experimental values of the degree of deformation of
the cylindrical LIPC, constructed a mathematical model for
a detailed analysis of the deformation reaction of LIPC to
the load. Using the resulting analysis and mathematical ap-
paratus, a description of the LLIPC deformation reaction to
the applied load was prepared, subject to static load, where
factors such as correlation of housing deformation and the
degree of LIPC charge were taken into account. In the end,
a satisfactory comparison of the obtained experimental val-
ues with the calculated ones according to the mathematical
model is carried out, which makes it possible, in the opinion
of the authors, to conduct a study into the LIPC parameters
under the dynamic load,;

— scientific results of work [13] is the determination of
mechanical-electrical-thermal reactions of prismatic LIPC
of large capacity, subject to the action of quasistatic and
dynamic mechanical load. For a detailed study of the degree
of deformation of the LIPC, and especially the degree of
displacement of the inner wrapper (cathode-anode-separa-
tor) of the LIPC, the authors used a high-resolution X-ray
machine. Based on the results of the work, clear thermal
reactions were investigated depending on the applied load
directions. For example, the surface temperature of a fully
discharged LIPC under the deformation site quickly rose by
70 °C after a voltage drop;

— from the point of fire danger, the scientific results of
research are reported in [14]. The authors tried to investi-



gate the fire hazard indicators of cylindrical LIPC of various
formats and chemical composition (LFP, NCA) depending
on the mechanical damage to the LIPC. For research, two
types of mechanical damage to the LIPC were chosen — pen-
etration of the housing with a sharp object and deformation
of the LIPC under pressure. In general, based on the results
of research, it was found that due to mechanical damage,
intensive combustion of LIPC occurs with intensive release
of sparks and heat; the total temperature indicators fluctuate
in the range of 122-812 °C;

— the actual continuation and addition to works [11, 12]
are the scientific results reported in study [15]. Theoretical
and experimental research in the work was divided into sev-
eral stages. During the first stage, the dynamic characteris-
tics and parameters of the cylindrical LIPC material (outer
steel shell, cathode, anode) for tensile (deformation rate)
were experimentally and theoretically investigated. After
that, a numerical mathematical model of the process under
study was developed and an experimental study was carried
out to determine the degree of deformation of the LIPC,
subject to a dynamic load on it. A valid 3D model of the de-
formation behavior of the cylindrical LIPC, format 18650,
was also developed, subject to the influence of external load,;

—in [16], there is a systematic approach to modeling
progressive failures and predicting short circuits directly
in the cathode-separator-anode environment. The paper
experimentally investigated the deformation and progressive
behavior of the internal components of LIPC. In particular,
a sample (cathode-separator-anode) consisting of five layers
was selected for the study, under conditions of static defor-
mation. Based on the results of experimental research, three
different mathematical models were built, namely, a detailed
model of high accuracy, an intermediate homogenized mod-
el, and a fully homogenized model. The authors showed that
the resulting mathematical models can be used with varying
degrees of accuracy to simulate the progressive failure of a
multilayer battery sample.

Analyzing the results of scientific research aimed at iden-
tifying patterns and phenomena arising in LIPC as a result
of its deformation, we can unequivocally state the following:

— the issue of fire danger of the LIPC itself was not a
sufficiently thorough subject of consideration of the work;

— determination of the temperature indicators of the cell
was carried out within 100 °C.

Only in [14] the authors tried to outline the main tem-
perature indicators of LIPC during the penetration of the
housing or its deformation. However, there is no complete
physically and mathematically sound assessment of the
maximum possible load that the LIPC would withstand
until the onset of combustion, which covers all its physical,
mechanical, and geometric indicators, the method of loading
and fixing the cell.

The unifying factor of all studies is the attempt to obtain
scientifically based data that could improve the safety of
operation of LIPC and prevent their dangerous mechanical
deformation. Improving the safety of LIPC can be possible
if many factors change: the choice of steel grade of the LIPC
shell, special protective equipment, etc.

In most papers, in particular [11,12,15], cylindrical
LIPCs of format 18650 are comprehensively considered and
the process of experimental research is described. However,
the vast majority of studies do not consider or describe in
detail the process and parameters of combustion of LIPC
that should have been observed during the experiments.

The issue of physically and mathematically sound analyti-
cal determination of the maximum permissible load on the
18650 LIPC format until the occurrence of combustion
remains undefined and not covered. These issues should be
related to the degree and type of deformation of the LIPC
body, which has its own characteristics, namely as a cylin-
drical shell. Also, there are almost no temperature indicators
and combustion time directly due to the level of deformation
damage of the Panasonic NCR18650B LIPC.

3. The aim and objectives of the study

The aim of this study is to determine the patterns of
fire hazard formation in the LIPC Panasonic NCR18650B
(LiNip§Cog 15Al0.050-) provided its concentrated or distrib-
uted power load in terms of the danger of losing the housing
stiffness reserve. Such patterns in the form of mathematical
analytical dependences and experimental data would subse-
quently make it possible to carry out a reliable assessment of
the causes and to predict the conditions for the occurrence
of fires caused by LIPC of a similar format and chemical
composition.

To accomplish the aim, the following tasks have been set:

—to determine the temperature indicators of LIPC
during its combustion caused by mechanical deformation of
its body;

— to carry out an experimental study to determine the
maximum power load on LIPC until the occurrence of its
combustion, subject to various options for applying the load
on the LIPC housing;

—to construct a mathematical model of the process of
mechanical deformation of the LIPC housing until the oc-
currence of obvious signs of its combustion, which will take
into account the physical and mechanical properties of steel,
geometric dimensions, types of deformation, and techniques
of fixing the cell.

4. The study materials and methods

The main hypothesis of the study assumes that the LIPC
Panasonic NCR18650B (LiNiggCog.15Aly.0502) made in Japan
becomes the object of significant fire danger when its housing
is mechanically deformed. Accordingly, the object of our study
is the IPC Panasonic NCR18650B (LiNig sCoq.15Al0.0502).

During experimental studies, the LIPC was subjected
to mechanical deformation under various conditions of force
application. Taking into account [7], during experimental
studies, the cell was exposed exclusively to static load since
it is this type of load that is used by a number of world and
international standards for determining the reliability of
LIPC. In addition, the application of static load makes it
possible to better measure the necessary critical indicators
of the cell and subsequently build a mathematical model of
the process being investigated. Such experimental studies
should identify and make it possible to record indicators of
the fire hazard of the cell.

The laboratory bench for LIPC mechanical deforma-
tion (compression of the housing) was partially described
in [17], Fig. 1.

To obtain a source of static load on the LIPC housing, a
hydraulic press with a pressure gauge of 600 bar (kg-s/cm?) was
used, manufactured in accordance with the EN 837.7 standard.



The maximum measurement error of the pressure gauge is 1 %.
The use of such a hydraulic press made it possible to provide the
necessary static load on the sample under study and the subse-
quent registration of indicators with appropriate measurement
accuracy.

4

Fig. 1. Scheme of the laboratory bench for experimental
research to determine the critical indicators of Panasonic
NCR18650B exposed to mechanical compression:

1 — pressure gauge; 2 — Panasonic NCR18650B;

3 — hydraulic press; 4 — handle for changing the load on the
hydraulic press; 5 — secondary device regulator-meter PVI—111;
6 — personal computer

Registration of temperature indicators was carried out
throughout the experiment due to fixed chromel-alumel
thermocouples with the possibility of registering temperature
indicators from —50 to 1200 °C. Reading of indicators from
thermocouples and their subsequent processing was provided
by a secondary device with a regulator-meter PVI-111. One
thermocouple at each of the poles was attached to the LIPC.

During the experiment, a gradual compression of the
LIPC housing was carried out in increments of 11.1 bar
(according to the division price) and with a delay on each
division of the pressure gauge for 2—3 seconds until signs of
obvious combustion appeared.

For experimental studies, 20 LIPCs were selected. All
the samples studied were divided into five experimental
batches, respectively, four cells in each.
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tors of the fire hazard of the cell was carried out while a
concentrated vertical static load was applied to the LIPC,
which was placed in the horizontal plane, Fig. 2, a.

For point loading on the LIPC, a metal cylinder with
a diameter of 20 mm was used. According to our literary
review and analysis of the structure of the cell, such a me-
chanical load would have the most negative effect in terms
of the occurrence of combustion of the cell.

During subsequent experimental studies, the LIPC
housing was subjected to uniform static load on its side sur-
face when the LIPC was placed horizontally (Fig. 2, b) and
vertically (Fig. 2, ¢).

Conducting experimental studies using LIPC made it
possible to obtain several results. In particular, in accordance
with the first variant of the LLIPC load (Fig. 2, a), it became
possible to determine the temperature indicators of the LIPC
and obtain certain characteristics that make it possible to as-
sess the level of fire hazard of LIPC Panasonic NCR18650B
exposed to a static load. In particular, Fig. 3 generalizes the
temperature indicators of LIPC exposed to a point static load.

In accordance with Fig. 3, it can be noted that the
maximum LIPC temperature during its combustion was
580-680 °C, and the direct combustion time of the cell aver-
ages about 60—65 seconds. The above graphical dependence
clearly testifies to the fact that about 30 % of the studied
LIPCs may have a slightly different behavior from the total
number of cells.

Fig. 2. Variants of applying static load to Panasonic NCR18650B
during experimental studies: @ — concentrated vertical static
load on a horizontally placed cell; 6 — uniform static load on the
side surface of the horizontally placed cell; ¢ — vertical static
load of a vertically placed cell
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Fig. 3. Temperature indicators of Panasonic NCR18650B cells exposed to a point static load



3. 2. Experimental studies to determine the maximum
power load on Panasonic NCR18650B

An important task was to determine the maximum load
pressure that LIPC can withstand until the onset of its com-
bustion. Due to the fact that the action of the concentrated
static load led to the occurrence of combustion of the LIPC,
it is quite natural and interesting to highlight the results of
the maximum applied load, which led to the corresponding
consequences (Fig. 4).

Fig. 4 shows the results of statistical processing of ex-
perimental data to determine the maximum load on the
Panasonic NCR18650B cell until the occurrence of signs of
its combustion. The results below (Fig. 4) indicate that the
increase in the sample confirms the presence of statistical
patterns and, accordingly, the expediency of mathematical
modeling of the process under study and verification of the
model based on experimental data.

Analysis of the magnitude of the point static load applied
to the cell indicates that most studied LIPCs withstood the
range of 65-85 kg-s/cm?. After that, an intensive increase
in temperature indicators and the release of sparks through
the poles of LIPC began. In some cases, it happened that the
cell withstood a load of only 4050 kg-s/cm?, as a result of
which there was a partial destruction of the body of the cell
and, ultimately, its combustion.

It should also be noted that after reaching a pressure of
90-95 kg-s/cm?, the cell self-ignited in 2—5 seconds. This re-
sult indicates that such a load causes a chain thermochemical
reaction in the cell as a result of the destruction of its inner
layer and constituent cells (cathode, anode, and separator).

§ 100
280
E
s 60
3
=40
&
£ 20
2
g
=%
1 2 3 4 5

Number of experimental samples

Fig. 4. Generalized histogram of the maximum load on the Panasonic
NCR18650B cell until the occurrence of signs of its combustion

Summing up the results of the first series of experiments,
the relative conditional deformation of the LIPC housing,
until the time of combustion, at the corresponding load point
was 38.5 % (110-120 mm). Accordingly, the output diame-
ter of the cell was 180 mm (Fig. 5).

Subsequent experimental studies of the effect of static
load on the LIPC, in accordance with Fig.2,b, ¢, showed
completely opposite results compared to the first experiment.
In general, the action of the static load according to the sec-
ond load scenario (Fig. 2, b) showed that all cells withstand
140-150 kg-s/cm? (Fig. 6, a). Upon reaching the correspond-
ing load, a short-term ignition of the LIPC occurs within
3 seconds without intensive release of sparks and flames. The
temperature indicators of LIPC in this case is 300-350 °C.

Comparing the level of deformation of the cell in Fig. 6, a
with Fig. 5, it can be argued that according to the second

scenario, the deformation of the LIPC was 50 % (final thick-
ness, 90 mm) of the original diameter.

Fig. 5. Deformation of the Panasonic NCR18650B cell based
on the results of exposure to a concentrated static load

Fig. 6. Results of the static load action on the Panasonic
NCR18650B cell in accordance with predefined scenarios:
a — uniform static load on its side surface; b — compression
of a vertically placed cell

The last scenario of the static load (Fig. 2, ¢), in contrast
to the two previous ones, showed a completely unexpected
result. In general, the deformation of the LIPC was
not accompanied by combustion and an increase
in temperature. The deformation and destruction
of the LIPC housing occurred almost after an
increase in the load from 30 kg-s/cm?, after which
the registration of the load indicators did not occur
because the material of the LIPC housing lost its
strength characteristics (Fig. 6, b).

5. 3. Mathematical modeling of the defor-
mation process of the Panasonic NCR18650B
housing caused by static point pressure

6 The mathematical model of the problem is

considered as a circular cylindrical shell with the
thickness §, the radius R, the length /, under the
action of the generalized load p; and p3 in the
corresponding coordinate system (Fig.1). For
the mathematical formulation of the initial ratios,
the main provisions and hypotheses of the momentary the-
ory of shells are used. Considerable attention is paid to the
theoretical and experimental study of the static and dynamic
mechanical behavior of cylindrical batteries, in some cases
even taking into account heating, in particular [18-22], but
this approach to the problem was not applied. An axisym-
metric stress state arises in the shell, which is described by
force factors integrated with respect to the corresponding
stresses (Fig. 7). Also highlighted are the loaded cells of the
median surface of the shell d0 dx (Fig.8, a, b) for further
integration. Accordingly, force factors are calculated.
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The equilibrium equation is written, where the first three
are identically executed:

DY=0, DM =0, > M, =0.

And the rest were obtained in the form:

After reduction by Rd0dx, infinitesimal values of higher
orders are not taken into account.

Fig. 7. General distribution of forces and moments on the
power cell during calculation: a — cylindrical shell under the
action of the load; b — selected side surface cell

From the first equation after its integration, we get:

N, =N+ pdx
0

where in most cases the load Ny on the left side of the shell
is known, and the problem of determining the forces Nj is
statically defined. The remaining two equations contain
three unknown static quantities, and the problem as a whole
is statically indefinite.

z Ql+%dx
D5 6.7(
M, P
N, : ON,
N, +—Ldx
< 1N o
0)
o M, +aM'dx
| ox
* R
a
Z
M, ¥ Ps M,
y. APRNE
2 2
b

Fig. 8. Selected elements of the Panasonic NCR18650B
housing for the calculation: a — selected element dx;
b — selected element df

To solve the problem, the longitudinal movements of a
point located at a distance z from the median surface are
considered:

u(x,z)=u(x)-z—, ©)

dw ) .
where I = o, is the angle of rotation of the normal, accord-

ing to a hypothesis similar to the Kirchhoff-Love hypothesis
in plate theory.

Longitudinal deformation, taking into account (5), takes
the form:

du(x,z) du d*w
P

=g +2k, (6)

where g1 — the elongation of the median surface;
d2
k= e the change in the curvature of the meridian
in the longitudinal direction.
The deformation of the fiber, located in the circular direc-
tion at a distance z from the median surface, will be recorded:

2n(R+z+w)—2n(R+z)7 w

" 2n(R+2) R+z @




It is taken into account here that cosa,=1. If we also
consider that the thickness is small compared to the radi-
us (z<R), then:

w

€y

We use the dependences of Hooke’s generalized law, tak-
ing into account temperature, which will make it possible,
if necessary, to take into account the temperature of the
battery:

E E
o, :m(.‘a1 +“82)_H0‘ L,
E E
G, ZW(SZ + g, ) —Eat, (9)

where temperature is an axisymmetric function t=t(x,z), is
the coefficient of temperature expansion.

Substituting expressions for deformations into formu-
las (9), stress is found:

o E (@_Zd2w+ g\\_Eat
1_1—;1de o MR) 1-p’
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where E is the modulus of elasticity, p is the Poisson coefficient.

By introducing these dependences into expressions for
efforts (1), (2), we obtained expressions for generalized forc-
es in movements:

Nl v
)
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Cylindrical stiffness is indicated here:
3
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and temperature dependences:
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From the equilibrium equations (3), the transverse force
is excluded:

dN,
dx

d*M,
dx?

+p,=0,

N,
~ =0, (11)

Substituting in (11) expressions for generalized forces in
movements, we get:

d*u udw_1—p2[dNL J

4 Rdr  Es \ax
ndu w© 8 d'w 1-p*( N, d’M,)

© - N, &M 12
Rax R 12dv B "R a4 ) (12)

When integrating this system, six arbitrary constants
appear, which are determined from six boundary condi-
tions — three at each end of the shell.

They can belong to longitudinal or transverse factors:

dw
to Ny or u, to Qq or @, to My or 6=a, for example:

— hard pinching (Fig. 9, a):

u=0, w=0, 0=0;

— leaning free (Fig. 9, b):

N,=0, w=0, M, =0;

— stationary hinged support (Fig. 9, ¢):
u=0, w=0, M,=0;

— free edge (Fig. 9, d):

N,=0, Q,=0, M,=0;

— joint of two shells (Fig. 9, e):
u®=u®, NO = N®, 0 =0,

dw®  dw®
dc  dx’

O _ @ oh_o®
M1 _M1 ’ 1 T Xt

Considering the force N; known from the solution to a
statically defined problem, after transformations, from the
second equation (12) we have:

d4
dx‘f +4B'w=f(x), (13)
where
Es  3(1-w’

B4:4D 2 :%, (14)

R R°5

1 1- d’M,
O (15
General solution to equation (13):
w(x)=e™(C,sinpx+C,cosPx)+
+€" (Cysinpa+C, cosPa)+w (x), (16)

where w*(x) is the partial solution to equation (12). For a
slowly changing load, the partial solution can be taken as a
deflection of a momentless shell: w*=w™.
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Fig. 9. Conditions for fixing the shell: @ — hard pinching; b — leaning free;
¢ — stationary hinge support; d — free edge; e — joint of two shells

For sufficiently long shells />2.5VR3 the deflection is
conveniently represented in another form, where, according
to the Saint-Venan principle, constants Cs, Cy4 in the left end
zone can be neglected.

Then:

w(x)=e™(C,sinBx+C,cosPx)+w (x). a7

Finally, according to relations (1), (2), (10), for exper-
imental verification by ring load p, the deflection, com-
ponents of moments and forces are calculated according
to formulas (18) to (21). The remaining components are
zero at this load while the temperature is not taken into
account:

_ _PRB 4
=55 ¢ (sinBx +cosPx), (18)
_TP e
M, = m e ™ (sinax +cosPx), (19)
M,=pM, 20)
Q, =%Rﬁe’ﬁ"'(sin[3x+cosl3x). (21)

Using numerical analysis, the Mathcad 15 software
system was used to find the relative values of the maximum
values for the forces maxw=711.4p/E, maxM=20.3 pE,
maxQ=6.87 p, (modulo), where the shell dimensions of the
battery are 2r=1.82:10"2 m, §=1.25-10% m, with the fixation
technique indicated in Fig. 5, d. Non-magnetic austenitic
sheet steel was selected as the material of the shell (battery),

according to the national standards AISI 321,
$32100 (USA), SUS321 (Japan).

Physical and mechanical characteristics
for calculations are selected at a temperature
of 20 °C [18-20]: modulus of elasticity, E=200 Gpa;
Poisson coefficient, p=0.3; one percent yield
strength, 6,300 MPa (if necessary, here you can
take into account the influence of temperature).

Comparison for the one percent yield strength
of theoretical calculations according to formu-
la (19) for maximum values with experimental
data (Fig.4) with an external load of 5MPa
showed a relative error of not more than 15 %. Ob-
taining such an error value is quite satisfactory, es-
pecially taking into account the statistical nature
of the experimental data. Given that the ignition
of LIPC corresponds to a load above 7.84 MPa, it
can be assumed that the danger of ignition occurs
when the load increases by more than 1.5 times.
On the other hand, reaching the one percent yield
strength of the battery shell material can be con-
sidered a sign of its loss of operational properties.

6. Discussion of results of investigating the
effect of static load on Panasonic NCR18650B
(LiNig.3Co0.15Al¢.0502)

A complete analysis of the results of exper-
imental studies to determine the assessment of
the effect of mechanical deformation of the LIPC
Panasonic NCR18650B housing showed that the place and
type of applied force greatly affects its fire hazard. Thus, the
concentrated static vertical load on the horizontally placed
element (Fig. 2, a) causes the destruction of the LIPC shell.
The corresponding load causes a thermochemical reaction
with intensive release of sparks and an increase in the tem-
perature of the cell to 680 °C. At the same time, the maxi-
mum allowable pressure on the LIPC at the time of combus-
tion is 80 kg-s cm 2 (or 7.84 MPa) with no visible signs of
combustion and temperature rise. All other types of load on
the cell under consideration (Fig. 2, b, ¢), in general, can be
attributed to those characterized by a short-term increase
in temperature indicators and a short thermochemical reac-
tion. Thus, the maximum load pressure on the cell increases
to 140 kg-s/cm? and a relatively low temperature of 300 °C
to 1second (Fig. 6, @). And even, in general, the absence of
signs of combustion and temperature increase as in the case
of vertical static load on a vertically placed LIPC (Fig. 6, b).
It should be noted that this type of damage to the LIPC,
unlike other options [3, 4], is relatively safe in terms of fire
danger. In general, the mechanical deformation of the LIPC
housing is characterized by a lower heating temperature of
the cell itself, lack of open combustion, and a small number
of sparks.

Our experimental results that are shown in Fig. 3, 4,
in contrast to [11, 12, 14, 15], fully determine the critically
permissible load on LIPC until signs of combustion are
detected. In particular, they make it possible to assess the
temperature indicators and the nature of combustion of
LIPC Panasonic NCR18650B. It should be noted that ear-
lier studies [21-24] also did not aim to determine precisely
the parameters of fire hazard of LIPC exposed to mechanical
deformation.



Despite the relatively small measurement error, the dis-
advantage of the study is the use of metrological equipment,
which allows the presence of a human factor during the ac-
quisition and analysis of relevant indicators. In future stud-
ies of this nature, it is necessary to use measuring equipment
that would make it possible to acquire research indicators
automatically, which can be achieved through the use of
appropriate software.

The mathematical model built has a physical and math-
ematical justification according to the requirements of the
theory of thin shells. The effectiveness of this approach is
confirmed by a satisfactory correlation with experimental
data until the yield strength is reached, while the error de-
creases as the stresses decrease from 15 % to 7 %.

The mathematical model has limitations in application,
namely the loss of shell stability. That is why there is no
absolute correlation with respect to the complete data of
the experimental studies carried out, in which the LIPC
was deformed even after the loss of stability of the shell. The
highest calculated accuracy of the model is usually achieved
within the elastic stresses associated with deformations ac-
cording to the linear law. Theoretical calculation shows that
an increase in temperature in the range of up to 100 °C does
not significantly affect the rigidity of LIPC.

The change in other geometric characteristics was not
considered, due to the need to comply with standard di-
mensions. You can increase the rigidity by changing the
steel grade, but other additional studies are needed here,
for example, electrochemical effects on corrosion. Special
additional LIPC fastening schemes can also increase rigidity
but this requires changing the structures of their fastening.
The proposed theoretical method further makes it possible,
in the calculated quantitative indicators, to increase the
deformation operational properties (shell rigidity) of the
battery and, accordingly, the fire safety of the LIPC itself.
The corresponding statement can be ensured by selecting
the appropriate steel grades according to their physical
and mechanical characteristics: the modulus of elasticity,
the Poisson coefficient, or an increase in the thickness of
the shell. In the absence of such opportunities, one has to
change, namely, calculate and choose the best way to fix the
battery. In further scientific research, it is necessary to focus
on another type of load, in particular dynamic since it is this
type of load and its impact on the fire hazard of LIPC that
remains insufficiently investigated.

7. Conclusions

1. The average temperature of the cell during combustion
caused by the deformation of the housing is 350—450 °C
and the maximum value is registered in the range of 580—
680 °C (point static load). Temperature indicators under
the condition of horizontally placed LIPC and the action
of a uniform static load on it on the side surface amounted
to 300-350 °C. Vertical static load on the vertically placed

LIPC showed no signs of combustion and a critical increase
in the internal temperature of the cell.

2. Our results of experimental studies showed that, on
average, the housing of the Panasonic NCR18650B LIPC
can withstand a load of about 80 kg-s/cm? without further
ignition. An increase in pressure force in the range of more
than 85-90 kg-s/cm? leads to an irreversible chain thermo-
chemical reaction, which within 2—3 seconds leads to the
occurrence of combustion of LIPC.

3. The resulting mathematical model is structural-
ly built on equilibrium equations for thin cylindrical
shells and the ratios between stresses and deformations of
Hooke’s generalized law; the integration after transforma-
tions of differential equilibrium equations made it possible
to write down analytical expressions to calculate permis-
sible deformations and loads for reasons of fire danger. In
contrast to the results of numerical modeling [10-16], our
analytical expressions made it possible to explicitly take
into account the influence of the geometric dimensions
of the cylindrical shell of LIPC and the physical and me-
chanical characteristics of its material on the deformation
resistance. The mathematical relations of the model take
into account the thickness of the shell, radius and length,
temperature, modulus of elasticity, and Poisson coefficient,
coefficient of temperature expansion, type and magnitude
of external load and the LIPC fixation technique. For ex-
ample, the calculations have shown that as a result of its
application, it is possible to recommend an improvement in
stiffness, namely the limit of the permissible load until the
steel yield is reached by 15-20 % by increasing the thick-
ness of the shell by 10 %.

In the theoretical and experimental studies, a degree of
charge of 90-100 % was adopted and the model does not
take into account the influence of a lower degree of charge of
the LIPC, but there is evidence [12] that the degree of charge
can affect the fire hazard. That is, when using a model at low
degrees of charge, one should expect a slightly overestimated
assessment of fire danger.
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