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� Mechanical behavior of three types of Li-ion battery separators investigated.
� Strain rate sensitivity studied in two orthogonal directions.
� Inhomogeneity of strain distribution determined by digital image correlation.
� Separators show very different failure modes and strength.
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a b s t r a c t

Anisotropic mechanical properties were experimentally determined and compared for three types of
commercially available Li-ion battery separators: Celgard 2325, Celgard PP2075 dry-processed polymer
separators, and DreamWeaver Gold 40 non-woven separator. Significant amount of anisotropy of
properties was determined, with the Young's modulus being different by up to a factor of 5 and ultimate
strength being different by a factor of 10 between orthogonal directions within a polymer separator layer.
Strain rate sensitivity was investigated by applying strain rates ranging from 1,10�4 s�1 to 0.1 s�1.
Significant strengthening was observed and the strain rate strengthening coefficients were determined
for both elastic modulus and yield stress in case of polymer separators. Digital image correlation tech-
nique was used to measure and map the strains over the specimen's gage section. Significant strain
concentration in bands running perpendicular to the tensile axis was observed in polymer separator
samples oriented in transverse direction. Such localized necking allows for extremely high strains close
to 300% to develop in the material. The failure mode was remarkably different for all three types of
separators which adds additional variable in safe design of Li-ion batteries for prevention of internal
short circuits.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Successful electrification of automotive drivetrains depends in
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large part on improvement of safety of on-board energy storage
systems, which nowadays are almost exclusively represented by
lithium-ion secondary batteries assembled in packs. These systems
store significant amount of energy and the rapid release of it, such
as in the event of a short circuit, can lead to catastrophic events
such as thermal runaway. In a liquid electrolyte-based Li-ion cell of
any shape factor the charge is transported between the electrodes
by ions, while the electrons carry the charge through the elec-
trodes, metal current collectors, and to the external circuit. The
component that prevents the electronic current occurring between
the electrodes, i.e. prevents the direct contact between them, is
termed a separator. This component thus should address the
following requirements: a) it should be porous to allow liquid
electrolyte to carry lithium ions, and b) it should have sufficient
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strength to prevent contact between the electrodes. The latter is
typically assessed by a puncture strength parameter. There are also
additional requirements such as low thermal shrinkage.

The second requirement (mechanical strength) is the primary
subject of the present study. Currently two major measures are
used to address this: Young's modulus in machine direction (MD)
and puncture strength [1]. Machine direction is chosen for dry
processed separators since it is the direction of windings during
jellyroll processing and thus the material should withstand tension
fromwinding machine. The puncture test follows the ASTM D4830
standard [2] which describes puncture strength as amaximum load
applied to a needle with 1 mm tip radius at a penetration rate of
0.5 mm/s. The current requirements are 100 MPa for the Young's
modulus and 300 g for puncture strength [3].

While the above parameters may be sufficient to address
integrity of separators during battery manufacturing and transport,
they do not provide a full understanding of mechanical behavior of
these membranes. For instance, as demonstrated in the current
report, the elastic modulus of polymeric separators appears to be a
function of loading rate, which is not reflected in a 100 MPa
requirement. Better understanding of mechanical properties of
separators is especially relevant when the behavior of the battery
under external mechanical loading (such as in the event of crush or
drop) is considered. Constitutive models describing mechanical
behavior of separator can be used in numerical models for better
predictions of battery response and improvements in safety [4,5]. In
addition, during battery charging and discharging, separator can
deform due to swelling of electrodes and thus change the effective
properties in terms of ionic conductivity [6].

There are number of studies on Li-ion battery separators
addressing the mechanics that have been published relatively
recently [7e12]. The early study [7] first reported changes in
porosity due to mechanical load and investigated the separator
safety shutdown mechanism as a function of temperature. In other
reports, tensile and compressive experiments on commercial sep-
arators have been discussed [8e12]. Such experiments usually
involve a single type of separator, often extracted from a com-
mercial Li-ion cell after its disassembly [4,5] and thus providing
limited knowledge of the separator type, manufacturer, and its
composition. Most studies involve polymer separators, for example
Celgard 3501 in Ref. [12] or Celgard C480 in Ref. [9]. Both dry and
wet experiments in compression were performed in Ref. [12] and
the poroelastic model was subsequently proposed in Ref. [13] to
describe the effect of liquid filling the separator pores under
compression. The probably most comprehensive study is reported
in Ref. [11] where separators from three manufacturers were tested
for crack propagation under tension in different directions with in-
situ atomic force microscopy (AFM). Finally, thermomechanical
behavior of several polymer separators was studied in Ref. [10].

The current investigation expands the existing knowledge of
mechanical behavior of porous membranes used as Li-ion battery
separators by: i) comparing the behavior of three different mate-
rials (viz. Celgard 2325, Celgard PP2075, and DreamWeaver Gold
40); ii) investigating anisotropy and strain rate sensitivity; iii)
investigating inhomogeneity of strain distribution under tensile
loading and fracture mode. For that purpose, two porous polymer
membranes manufactured by Celgard LLC and one nonwoven
separator manufactured by Dream Weaver Inc were tested under
wide range of strain rates. Digital image correlation (DIC) technique
was used to observe strain distribution in samples as the test
progressed. In addition to reporting basic mechanical properties of
the materials, such as elastic modulus and yield stress, the paper
discusses significant differences in strength, strain distribution, and
failure mode among the three materials, which may provide
guidance for addressing the safety of Li-ion batteries.
2. Experiments

MTS load frame with 50 lbs (~0.2 kN) load cell with 0.1 N
measurement accuracy was used for the experiments. Wedge grips
were used to hold the sample; rubber inserts were placed inside the
grips to prevent tearing of separator (Fig. 1). Samples were 8 cm
long strips with width equal to 2 cm. The gage length was kept at
40 mm. Samples were cut from the as received sheets of separator
material using razor blade. Tests were done under displacement
control, dry conditions. Strain rates ranging from 1,10�4 s�1 to
0.1 s�1 were applied. Based on the reports on the measurements of
Li-ion pouch cell swelling during electrochemical cycling, the lower
strain rate may be considered as corresponding to 1C cycling of a
LiCoO2 vs Graphite pouch Li-ion cell [12]. Here the term C-rate is
used and C indicates the time required to completely charge or
discharge the battery, i.e. 1C represents charge in 1 h and 0.5C
would correspond to charge in 2 h. Digital image correlation was
used to measure the strain distribution. The speckle pattern for DIC
was mademanually by using a permanent marker ink. The decision
was made to use this method rather than commonly used spray
painting technique due to possible alteration of properties of
separator by paint or delamination of paint during the test. VIC 2D
software was used for image analysis and calculation of strains. A
small tensile load of approximately 0.1 Nwas applied prior to test to
keep the sample straight and avoid any droop. The reference image
for DIC was recorded in this initial state. Microstructure of sepa-
rators was observed using Hitachi S-4800 field emission scanning
electron microscope (FE-SEM) using 5 kV accelerating voltage. A
thin layer of gold was sputtered on the samples to avoid charge
build up in SEM.

Three types of separator were tested: Celgard 2325, Celgard
PP2075, and DreamWeaver Inc 40 mm thick microfiber-based
separator. Their description is arranged in Table 1 (porosity and
thickness was determined by the corresponding manufacturer).
Commercial films were obtained from Celgard LLC and Dream-
weaver International and were used in as-received condition. Two
Celgard separators were chosen to study the difference between
triple-layer and single-layer polymer membranes. While 2325
separator has three layers of Polypropylene/Polyethylene/Poly-
propylene (PP/PE/PP), the PP2075 is a high-porosity single PP layer,
developed by Celgard for high-rate applications. The DreamWeaver
Gold40 is a non-woven sheet made of Kevlar-type (para-aramid)
fibers with very high porosity (Table 1). All of the experiments were
conducted at room temperature in ambient atmosphere. Tensile
behavior was determined in two orthogonal directions, as shown in
Fig. 2(b). It is expected that there is a certain degree of anisotropy
due to the separator manufacturing procedure and the properties
in machine direction (MD) differ from those in transverse direction
(TD).
3. Results and discussion

Comparison of tensile strength of the three separators is pro-
vided in Fig. 2(a). The results shown in Fig. 2(a) correspond to
1,10�3 s�1 strain rate. Significant difference in behavior can be
observed with the polymer separators displaying high anisotropy
while the fiber-based DreamWeaver behaves isotropically. It is
interesting to note that tensile strength of a single-layer Celgard
PP2075 is higher than that of the triple-layer Celgard 2325. Overall,
the ratio of the tensile strength in MD over tensile strength of TD is
close to a factor of ten for Celgard 2325 and is higher for Celgard
PP2075. This ratio remained constant for all applied strain rates
used in the experiments. Such anisotropic behavior is consistent
with expectations for dry processed polymer separators for
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batteries [8]. The anisotropy of mechanical properties is expected
from the examination of microstructure, which is shown (Celgard
2325) together with designation of machine and transverse di-
rections in Fig. 2(b). The microstructure consists of thicker crys-
tallite lamellae running perpendicular to the machine direction
connected via thin fibrils formed by dry crazing process.

One observation that clearly distinguishes two Celgard polymer
separators needs to be mentioned. While the tensile failure of 2325
in machine direction proceeds as a straight tear perpendicular to
the loading axis (Fig. 2(c)), the 2075 separator fails by splitting into
multiple fibers (Fig. 2(d)). Such disintegration happens instanta-
neously as the separator shreds into thin strips. There is no
observable necking preceding such abrupt failure. The strips are
approximately 50e100 mm wide and show rather sharp edges
evident of tearing (Fig. 6(b)).

The tensile stress-strain curves of Celgard 2325 separator in
transverse direction are shown in Fig. 3(a). The curves are plotted
using engineering stress and strain. It is noted that conversion to
true stress and strain variables rigorously speaking would not be
valid, since the assumption of constant volume during the defor-
mation no longer holds in case of deformation via crazing, as dis-
cussed further in this section. Very high strains were developed in
TD samples, up to 300%. Some tests in TD were not terminated with
specimen rupture; rather either the boundaries of field of view of
the DIC camera were exceeded as the specimen was pulled or the
displacement limit of the crosshead was reached which stopped
the test. It should bementioned that it is hard to achieve replication
of the breaking tensile strain due to high sensitivity of the material
to the flaws which vary from sample to sample.

Some softening can be observed in TD oriented samples, where
a clear peak stress is followed by a quasi-plateau (cold drawing)
regionwherematerial flowswith very high plastic strains. It should
bementioned that these high strains are localizedwithin few bands
that run across the sample perpendicular to the loading axis. The
strain distribution (Fig. 3(a)) obtained via DIC demonstrates the
formation of such bands in a TD loaded Celgard 2325 under
_ε ¼ 5,10�3 s�1. The strain shown is ε22, i.e. normal strain in the
direction of tension; however localization is so pronounced that
Von Mises strain obviously shows similar behavior. It can be seen
from the strain map in Fig. 3, that the bands can accommodate
strain which is several times higher in magnitude than the matrix
strain. This scenario was observed under all of the applied strain
rates. The micro-crazes, developed perpendicular to the loading
axis, coalesce to form macroscopically observable bands accumu-
latingmajor part of the strain. On themacro-level this is manifested
by the formation of opaque and semi-transparent regions of the
separator under tension. Such crazing a known mode of
Fig. 1. Setup for separator tensile test.
deformation for semi-crystalline polypropylene [14,15] and occurs
perpendicular to the principal tensile stress. Crazing is associated
with formation of voids in the material thus violating the
assumption of constant volume during deformation. Further ex-
amination of the TD-deformed separator reveals distorted micro-
structure with stretched fragments of lamellae rows (Fig. 3(b)) as
well as formation of cracks in crystalline lamellae (Fig. 3(c)). Sig-
nificant opening of pores can also be observed.

Similar behavior was observed in TD oriented Celgard PP2075
separator for which the tensile curves and a representative strain
map are shown in Fig. 4. It should be mentioned however that the
material did not achieve strain levels as high as a triple-layer PP/PE/
PP 2325 separator. Nevertheless, strain localization in bands can be
clearly seen although the difference between the normal strain
within a band and matrix strain is not as pronounced. Such
behavior was observed in all of the cases regardless of the applied
strain rate. Unlike the triple-layer membrane, the single-layer PP
separator does not display a peak yield stress in tension and there is
no observable softening or hardening (Fig. 4); plateau stress re-
mains constant until failure.

Noticeable oscillations of tensile stress are present on the stress-
strain curve following the yield point of Celgard 2325 and 2075
polymer membranes. These oscillations can be clearly seen in the
inserts in Fig. 3(a) and Fig. 4 where parts of stress-strain curves are
magnified to better illustrate the phenomenon. Amplitude of such
jumps in stress appears to be higher in case of single-layer 2075
separator. For this separator, the magnitude of the stress oscilla-
tions is also a function of applied strain rate and is apparently
higher with higher rate of specimen extension (Fig. 4). Based on the
available research on the above phenomenon [16e20], the most
common rationale behind necking stress oscillations has been
proposed as a release of heat via a two-stage process. In the first
stage crystallization of the polymer causes strain hardening and
thus increases stress. This is followed by release of crystallization
heat and drop in stress [16]. It should be mentioned that heat
generation has been observed associated with polymer drawing
[18,19], and the thermo-mechanical model describing the process
has been evaluated [18]. At the same time, the X-ray micro-
diffraction experiments did not observe any significant difference
in degree of crystallinity among the bands developed as a result of
drawing in syndiotactic polypropylene [20] and therefore the stress
oscillations might not be the result of crystallization process.

Tension in machine direction results in a strikingly different
behavior for the two polymer separators under investigation. As
was mentioned above, there is an order of magnitude difference in
tensile strength (Fig. 2(a)) distinguishing the two orthogonal di-
rections. This can be explained by higher tensile strength of fibrils
produced via periodic crazing during the separator manufacturing.
Such pre-deformation during processing is analogous to strain
hardening in metals and increases the tensile strength by orienting
polymer chains.

The stress-strain response in MD is shown in Fig. 5 for Celgard
2325 and in Fig. 6 for Celgard PP2075. In both cases homogenous
distribution of tensile strain can be observed from the DIC strain
maps. Little variations (less than 1% difference across the sample),
comparable to errors of image processing can be detected; however
there is no evidence of large strain accumulation in bands leading
to micro-necking, characteristic of tension in TD. Strain distribution
remains uniform until failure, which in case of PP2075 occurs by
disintegration into multiple small pieces (Figs. 2(d) and 6(b)).

When stretched in machine direction, the load is mostly sus-
tained by the fibrils that run parallel to the loading direction, - these
fibrils have been already work hardened during the separator
manufacturing. The microstructure of Celgard 2325 after tension in
machine direction (Fig. 5(b)) is thus similar to that of un-deformed



Table 1
Separators nomenclature and description.

Separator Composition Thickness mm Porosity %

Celgard 2325 PP/PE/PP 25 39
Celgard PP2075 PP 20 48
DreamWeaver Gold 40 Non-woven para-aramid fibers 40 68
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separator; however widening of the lamellae under tension can be
observed. With extended deformation this widening may lead to
separation of lamellae with formation of new fibrils.

It should be noted, that when tested under _ε ¼ 1,10�3 s�1 the
Celgard 2325 separator displayed significant strain hardening
(Fig. 5). Fig. 5 shows a noticeable amount of work hardening that
follows the constant stress plateau of the stress-strain curve in
tension. This result appears to be repeatable (all three samples
tested under this strain rate displayed this behavior). Such work
hardening is in part expected due to deformation mechanism via
crazing, which explains original higher strength inMD compared to
TD. It is interesting to note however that such work hardening was
only present in triple-layer separators andwas observed under only
one strain rate. In addition, no stress oscillations were observed in
tensile stress-strain curves in manufacturing direction despite an
obvious presence of cold drawing. Further research is needed to
address this phenomenon in more detail.

Figs. 3e6 clearly show strain rate sensitivity in both polymeric
Celgard separators. In order to quantify this effect, the tensile
Fig. 2. Overall comparison of tensile strength and failure features. (a) comparison of tensil
Weaver); (b) designation of machine and transverse directions; (c) rupture of Celgard 2325
elastic modulus and yield was determined from the stress-strain
curves in both orthogonal directions at different strain rates. It
should be mentioned that MD stress-strain curves display several
linear regions with different slopes separated by bends, or “knees”
(Figs. 5 and 6) that can be mistaken for yield points. In order to
make sure the elastic regime is measured, the modulus is deter-
mined from the portion of the curve corresponding to the small
strains not exceeding 1.5%. This rule was used for processing data in
both machine and transverse directions; however the linear region
of the stress-strain curves in TD is clearly defined.

Determination of the yield stress in machine direction is rather
ambiguous since there are several points along the stress-strain
curve when a “knee” can be observed and a first non-linearity oc-
curs at a rather low strain (close to 1%). This is especially the case for
the Celgard PP2075 single-layer membrane where a yield point
cannot be clearly defined. For the Celgard separators loaded in MD,
the yield stress was defined as the maximum stress before the
plateau (cold drawing) region. While this definition is not neces-
sarily strict it allows comparisonwith the yield stress in TD, where a
e strength in orthogonal directions (CG stands for Celgard and DW is short for Dream
; (d) rupture of Celgard PP2075; (e) rupture of DreamWeaver Gold 40.



Fig. 3. Tensile behavior of Celgard 2325 in transverse direction. a) Stress-strain curves and the ε22 strain distribution showing accumulation of strain in bands; b) SEM image of
distorted microstructure after TD tension; c) High magnification SEM image showing cracks developed in lamellae under TD tension (the double-sided arrow indicates loading
direction).

Fig. 4. Stress-strain curves of Celgard PP2075 in transverse direction. The ε22 strain
distribution shows accumulation of strain in bands.
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highly pronounced sharp yield point is present.
Fig. 7 shows change in Young's modulus and yield stress in TD as

a function of applied strain rate for both materials. The strain rate
dependence can be described as [21,22].
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with the strain rate strengthening coefficient s1 and s2 easily
determined from Fig. 7 as s1;2 ¼ vðE; syÞ=vln _ε and _ε0 ¼ 1,10�4 s�1.
The corresponding parameters describing strain rate sensitivity for
both Celgard 2325 and Celgard PP2075 are arranged in Table 2.

The third type of separator investigated in the current report
was the DreamWeaver Gold 40, which is a highly porous (~70%
porosity) micro-fiber based membrane (Table 1) that was devel-
oped to minimize thermal shrinkage and provide high porosity for
better transport through electrolyte. This is apparently achieved
through combination of large and small fibers in themicrostructure
with large fibers providing load bearing capability and small fibers
network resulting in high porosity. The microstructure illustrating
this approach is shown in Fig. 8(a).

Tensile strength of this separator appears to be rather low
(Fig. 8(b)) and is very similar to that of Celgard separators when
tested in transverse direction (Fig. 2(a)). The fracture strain how-
ever is only 3%, - up to 100 times less than that of Celgard polymer
separators. The tensile properties were obviously isotropic and
there was no strain rate effect. It is interesting to note that the
separator does not break apart immediately upon reaching the
critical load, but is capable of still sustaining some load via fibers
pulled out from the mat (Fig. 8(c)). Thus the load decays gradually
instead of sudden drop as in full separation observed in Celgard
polymer separators manufactured via crazing. Similar observations
have been reported for other non-woven materials, such as



Fig. 5. Tensile behavior of Celgard 2325 in machine direction. a) Stress-strain curves
and representative ε22 strain distribution; b) SEM showing lamellae widening after
tension in MD (double-sided arrow indicates the loading direction).

Fig. 6. Behavior of Celgard PP2075 in machine direction: a) Stress-strain curves and
representative ε22 strain distribution; b) Strips of material observed during tensile
failure.
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polypropylene fiber mats [23,24].
During the normal battery operation the separator is not ex-

pected to sustain significant deformations, apart from those coming
from the strains developed in electrodes with electrochemical
cycling and from the cell stack pressure inside the battery pack. All
of the commercially available separators are expected to safely
deform under such strains without failure. Under mechanical abuse
scenarios the situation obviously changes creating multiaxial
stress-strain state which may lead to battery failure, i.e. internal
short circuit with possible subsequent thermal runaway. The failure
location and severity of the short circuit however has large degree
of variability, - the factor that was themain driving force behind the
development of new test procedure by the Battery Association of
Japan [25]. In this test procedure, a cell is disassembled and a small
conductive metal particle (nickel) is placed between the electrodes.
The cell is then carefully put back together and the internal short is
induced by applying pressure on the sell until the particle punc-
tures the separator. The test was slightly modified by Celgard LLC
[26]: instead of shorting the cell via nickel particle placed between
electrodes, the small hole was punched in separator and the short
was induced via direct contact between the electrodes under
externally applied pressure. In this scenario, the area of the she
contact is presumably known, which allows relating it with the
severity of the short circuit.

While the experiments with controlled short circuit provided
understanding on subsequent thermal behavior of cells up to
thermal runaway, the mechanism of the separator failure is still
rather poorly understood and is obviously dependent on the
loadingmode. An impact onto the electric vehicle (EV) battery pack,
such as occurring as a result of collision with road debris, can be
approximated by indenting the pack with a hemispherical rigid
object. In this scenario, very large deformations develop, including
significant tensile strains which ultimately lead to the failure of
separator. Such failure has been numerically simulated using ho-
mogenized material to represent battery cell [27]. It was shown
later however, that resolving the electrodes and separator in the
batterymodel leads to better predictive capability of the simulation
[28]. Ultimately, it is the area where separator fails under the
loading that determines the contact between the positive and
negative electrodes and thus the amount of current available for
rapid discharge. In this regard, the failure mode in which the
separator fails into multiple thin strips under critical tensile strain
will probably result in the largest contact area between the
electrodes.

It should be noted, based on the reported results that the
polymer separators possess remarkable strength in machine di-
rection. This observation may challenge the general view that the
separator does not play a role in overall battery strength and load
bearing capability. When compared to the stress-strain response of
electrodes [29] it can be noted that the tensile stress at fracture of
an electrode is about 10e20 times smaller than that of a polymer
separator loaded in machine direction (Figs. 5 and 6). In transverse
direction, the strength of a polymer separator approximately
matches that of an electrode. The above indicates that battery
separator is not only a passive membrane separating positive and



Fig. 7. Strain rate sensitivity of elastic modulus of a) Celgard 2325 and b) Celgard PP2075; c) strain rate sensitivity of yield stress in transverse direction; d) strain rate sensitivity of
yield stress in machine direction.

Table 2
Strain rate strengthening coefficients of Celgard separators in two directions.

Celgard separator TD MD

E0, MPa s1 s0y , MPa s2 E0, MPa s1 s0y , MPa s2

2325 344.4 8.85 10�2 10.9 5.62 10�2 887.6 5.84 10�3 127.0 6.2 10�2

PP2075 224.4 7.61 10�2 3.65 0.23 1279.1 4.38 10�3 166.3 3.1 10�2
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negative electrodes but can also be a structural component in a
battery. As such there has been research demonstrated towards
enhancement of the battery strength through modifying separator
properties. The approach generally consists of coating commer-
cially available oxide particles (SiO2 and Al2O3) onto the separator
using polymer binder. These efforts mainly target thermal stability
of separators [30e33]; however benefits to the mechanical prop-
erties have also been reported [33]. It is reasonable to expect the
separator blended with ceramic particles to have higher stiffness in
compression due to contact between the particles. However in-
crease in tensile strengthwas also observed [33] which is critical for
the safety of batteries.

The results reported thus far clearly show significant difference
in strength, hardening, strain rate sensitivity and failure mecha-
nism among the three commercially available separators tested in
this investigation. It should be mentioned that the targets speci-
fying separator mechanical properties are largely based on pre-
vention of separator failure during the cell manufacturing [1]. The
major requirement is therefore high tensile strength in machine
direction since this is the direction of electrode stack winding. In
addition to strength, elongation in MD and corresponding
shrinkage in TD should be minimal (low Poisson's ratio) so that the
edges of the electrodes would not be exposed and come into direct
contact. A 0.2% offset yield stress of 6.9 MPa and higher in MD is
described as acceptable criterion for most winding machines [1]
and all three separators considered here satisfy this requirement.



Fig. 8. Tensile behavior of DreamWeaver Gold 40 separator: a) Detail of microstructure; b) Stress-strain curves; c) Failure mode with fiber pullout.
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However, targeting only one parameter of mechanical behavior
may not be sufficient, since as the results here show, while all
separators pass the winding strength check, their other mechanical
properties are quite different, which may have serious implications
in case of a battery deformation during for instance vehicle crash. In
case of multiaxial loading scenarios, strength in other directions
becomes important.

4. Conclusions

Mechanical behavior of three types of commercial Li-ion battery
separators (Celgard 2325, Celgard PP2075, and DreamWeaver Gold
40) was investigated in tension under a range of strain rates. The
strain distribution was monitored by digital image correlation
technique. The following can be concluded. Celgard separators
show strong anisotropy and display significant rate sensitivity.
Celgard 2325 exhibits cold drawing features in both directions,
although with an order of magnitude difference in stress level; at
the same time Celgard PP2075 behaves rubber-like in MD and
displays cold drawing without work hardening in TD. The failure
mode of Celgard PP2075 in MD significantly differs from that of
Celgard 2325 in the same direction. The Celgard PP2075 separator
fails by separating into multiple strips, while Celgard 2325 shows a
clear tensile failure line perpendicular to the loading direction. Both
of Celgard separators show non-uniform distribution of strain
when stretched in transverse direction, - evidence of necking due
to crazing. The DreamWeaver Gold 40 non-woven separator did not
reveal any strain rate sensitivity or anisotropy of mechanical
properties. Out of all three separators it showed the lowest elon-
gation and failure strain.
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