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Mechanical properties of separators have a great impact on the electrochemical performance of lithium ion
battery, such as capacity, charge/discharge behavior, charging cycles and among others. In the present study,
two typical widely commercialized separators, Celgard 2400 and Celgard 2340, are the investigation objects
with single layer and three-layer structures respectively. Firstly, to investigate material anisotropy and strain
rate effects, tensile tests conducted on MTS and Instron at various strain rates from 0.01 to 50 s−1 are carried
out with samples prepared at three different directions: transverse direction (TD, 0°), machine direction (MD,
90°) and 45°. The failure strain decreases while failure stress increases with the strain rate for materials in all
three directions. Material anisotropy is observed within the porous structure with nanofiber reinforced in the
polymer matrix. Secondly, the environmental solvent effect is also examined: dimethyl carbonate (DMC)
solution has a negative effect on themechanical property of the separatorwhilewatermay exert a positive effect.
Furthermore, DMA Q800 is employed to study the viscoelasticity of separators at various temperatures and
frequencies. A simple viscoelasticmodel based onKelvin–Voigtmodel is proposed for the two types of separators.
This researchmay serve as a solid step towards the comprehensive understanding of LIB separator and shed light
on the future research of unveiling physical relation betweenmechanical properties and electrochemical perfor-
mance of LIB.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Generally, the current widely commercialized separator in lithium-
ion batteries (LIBs) is a type of porous polymermaterial placed between
cathodes and anodes to separate the two electrodes and thus to avoid
short circuit while providing channels for the transportation of lithium
ions [1–5]. Separators usually consist of a polymeric membrane with
one or multiple microporous layers [2,3] and they are required to be
chemically and electrochemically stable as well as mechanically robust
during the electrochemical reaction [6]. Regarding themechanical prop-
erties, the separator should be strong enough to withstand the possible
tension and compression of winding operation during LIB assembling
[1]. Catastrophic consequences could follow with the failure of the
battery separator such as short circuits, fires and even explosions [7].
Moreover, mechanical failure or deformation of separator is critical for
evaluating the electrochemical performances including cell life and
capacity degradation [8]. Therefore, mechanical properties of the
separator have attracted much research attention with respect to the
otive Engineering, School of
ity, Beijing 100191, China.
LIB safety. Previous studies have mainly focused on the essential
properties of the separator such as porosity [1,2,9–11], pore size [1,2],
thickness [1,2], chemical stability [1,2,12], permeability [1,2], mechani-
cal strength [1,2,8,9,12], wettability [1,2,13,14], thermal stability [1,2,
9] and thermal shutdown [1,2,9], and which factors dominate are also
discussed. A comprehensive and detailed review can be referred to Ref
[1,2]. On the other hand, other researches [15–18] investigated the
fabrication process with various composite materials and the physical,
electrochemical, and thermal properties of some new materials were
thoroughly discussed. Moreover, the composite polymer with various
fillers as inert ceramic oxides (SiO2 and TiO2), ferroelectric material
(Al2O3), super acid oxides, Nunes-Pereira et al. [19], single polymers,
composites and polymer blends based on PVDF and its copolymers
[20], whosemain properties were summarized and comparedwith cor-
responding pristine polymer to find a method of increasing the perfor-
mance. Well-designed experiments to explore the mechanical
properties of the separators were reported in 2011 by Xiao et al. [8].
They conducted creep and frequency sweep experiment on single
layer polypropylene separator and discovered the anisotropy of the sep-
arator due to the complexity of the material itself with oriented rein-
forcement fibers. To study the mechanical behaviors of the separator
under compression, Arnold et al. [21] designed compression tests with
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Fig. 1. Field emission scanning electron microscope image of (a) Celgard 2400 and
(b) Celgard 2340.

Table 1
Experiment designs for coupling of strain rate, anisotropy and environment solvent of
Celgard 2400 and Celgard 2340.

Experimental types Environment Direction (°) Strain rate (/s) loading
stress (MPa)

Quasi-static Dry 0/45/90 0.01/0.1/1
Water 0/45/90 0.01/0.1/1
DMC 0/90 10/50

Dynamic Dry/water 0/45/90 10/50
Frequency scan Dry 0 Scanning frequency

0.01–100 Hz
Temperature scan Dry 0 Scanning temperature

−120 °C–120 °C
Creep Dry 0 10/20/40
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multiple layers of sample stacking and studied the mechanical behav-
iors at low strain rates. More research has concentrated on the influence
of solvent [3,22] to reproduce the effect of the actual environment for
Fig. 2. (a)MTS criterion for quasi-static tensile test; (b) Instron E10000 for dynamic tensile test;
(e) the sample dimension of DMA; (f) Cutting tool; (g) the samples cut by cutting tool.
the LIB separator. Chen [23] explored LIB's failure and safety that is asso-
ciated with the mechanical behavior of separators. It was discovered
that LIB's capacity is attenuated under compression with the influence
of the closed pores of the separator. Recently, Yan et al. [24] explained
the influence of environment solvent on the separator on a molecular
scale using molecular dynamics simulation.

These pioneering investigations lay a concrete foundation for us
to understand the mechanical behaviors of the separators made from
specific materials at ambient conditions. However, the dynamic
mechanical behaviors [25] of the separator still remain blank where-
as the battery mechanical integrity usually fails [26,27]. Further-
more, the strain rate effect under ambient conditions and the
anisotropy in both mechanical properties and morphologies need
to be studied. This would help us to completely resolve the mechan-
ical responses of the separator under dynamic loadings [28], e.g., vi-
brations or impacts which would accelerate the degradation of
electrochemical performance, and on the other hand, the descrip-
tion of mechanical behavior at extreme loading conditions of LIB
as a whole remains unsolved. Therefore, the current study mainly
focuses on the investigations of the dynamic mechanical behaviors
of the separator. Dynamic strain rates from 0.01/s to 50/s are cho-
sen and mechanical properties from stress–strain curves are ana-
lyzed. Furthermore, the anisotropy and environment solvent
effects are also considered, and are coupled with the effect of strain
rate. This may reveal the mechanical behaviors in a more realistic
way. Finally, the viscoelasticity of the separator are studied with
temperature and frequency scanning sweep experiment on a DMA
Q800 machine. The acquired information may help to build a deep
understanding of mechanical behaviors of the separator and the
corresponding LIB performance.
(c) DMAQ800 for dynamicmechanical test; (d) the sample dimension of tensile test [30];



Fig. 3. Contrast stress–strain curve in dry condition with the strain rate of 0.01/s of two separators in (a) MD; (b) TD.
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2. Experiment

2.1. Materials

Celgard 2400 and Celgard 2340 (Celgard, LLC) as two typical separa-
tors in LIB were selected in the present study. Celgard 2400 is a single-
layer polypropylene (PP) separator of 20 μm thick, and Celgard 2340
is a three-layer PP/PE (polyethylene)/PP composite separator of 38 μm
thick. Field emission scanning electron microscope (FESEM) Quanta
200F was used to investigate the microstructure of the two separators
as shown in Fig. 1. Based on the distinct porous microstructure, 0°
direction as machine direction (MD) and 90° direction as transverse di-
rection (TD) are defined throughout the study.

2.2. Methods

A series of mechanical tests are designed by coupling the effects of
strain rate, material anisotropy and environment solvent, as summa-
rized in Table 1. Samples at different strain rates ranging from 0.01/s
to 50/s along 0° (MD), 90° (TD), and 45° directions are tested to explore
the coupled effect of material anisotropy and strain rate. Dry in air, wet
Fig. 4. (a) The tensile stress–strain curves with strain rate 0.01/s of Celgard 2400 at MD; (b) st
curves with strain rate 0.01/s of Celgard 2340 at MD; (d) stress–strain curves of Celgard 2340
inwater andwet in dimethyl carbonate (DMC) conditions are chosen to
investigate how the solvent influences the mechanical behaviors of the
separator. For dry conditions, samples are kept dry as obtained and the
humidity of the ambient environment is about 40%. For wet conditions,
samples are immersed in water or DMC solvent for up to 48 h to ensure
the materials are saturated. The samples in tensile test are designed
according to ASTM D638 testing standard for polymer material tension
(Fig. 2(d)) andDMA testing (Fig. 2(e)), and prepared by a custom-made
sharp cutter (Fig. 2(f)) that aims to reduce the flaw introduction. MTS
E44 is employed to investigate the mechanical behaviors of the separa-
tors at quasi-static to low strain rate loadings, i.e., strain rates of 0.01 to
1 s−1 with a load sensor of 200 N and accuracy of 0.001 N, shown in Fig.
2(a). Samples are fixed at two ends using specially designed fixtures for
thin films. Instron E10000 (Fig. 2(b)) is used for the higher strain rate
measurements, i.e., strain rates from 10 to 50 s−1.

DMA Q800machine (Fig. 2(c)) is employed for dynamicmechanical
measurements to analyze storage modulus (E′), loss modulus (E″) and
tangent delta (tanδ) under temperature and frequency sweep condi-
tions. In the temperature ramping experiment, the setting parameters
are: frequency of 1 Hz, a constant amplitude of 20 μm, a linear heating
rate of 3 °C/min. Frequency from 0.01 to 50 Hz at room temperature is
ress–strain curves of Celgard 2400 under different directions; (c) the tensile stress–strain
under different directions.
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chosen in the frequency sweep experiment. Meanwhile, creep tests are
carried out to quantify the viscoelastic properties of the separator. The
sample shape in dynamic mechanical tests is simply rectangular as
shown in Fig. 2(e) with 4.6 mm in width and clamp distance (effective
length) of about 16 mm.

3. Results and discussion

3.1. Material effect

Comparison of the material between the two separators under dry,
ambient conditions is shown in Fig. 3. Celgard 2400 has larger effective
modulus and failure stress than Celgard 2340 along both MD and TD,
and the failure strain is larger in MD for both separators while smaller
in TD. There could be two reasons for this phenomenon. Firstly, tensile
modulus and the tensile strength of PP (E=1.4 GPa, σf=33 MPa) are
better than those of PE (E=1.07 GPa, σf=20 MPa,) while as the
toughness (elongation at break εf=150% for PP, εf=1200% for PE) is
smaller. Secondly, three-layer structure of Celgard 2340 may have
weak interfacial strength.

3.2. Anisotropy

For large deformation tensile experiment, all the tests listed in
Table 1 are repeated for 4–5 times under the same condition to ensure
Fig. 5. Stress–strain curves under different strain rates (a) Celgard 2400 inMDwith dry conditi
(d) Celgard 2340 in TD with dry condition; (e) Celgard 2400 in MD with water condition; (f)
(h) Celgard 2340 in TD with water condition; (i) Celgard 2400 in MD with DMC condition; (j
(l) Celgard 2340 in TD with DMC condition.
the reliability of the experimental data. Fig. 4(a) shows the repeated
tensile tests for Celgard 2400 along MD direction at strain rate of
0.01 s−1 and the stress–strain curves are highly overlapped. Repre-
sentative stress–strain curves at three different angles show strong
material anisotropy, as illustrated in Fig. 4(b). The stress–strain
curves for samples prepared along MD direction display a rather
strong nonlinearity while as samples cut along TD direction show
an obvious plasticity enhancement after the strain reaches 0.1. We
define effective Young's modulus E as the slope of the initial linear
region shown in the subplot of Fig. 4(a), and then get EMD =
659 MPa and ETD = 253 MPa. The failure strain εf for samples from
MD and TD directions are also different with εMD≈1.2 and
εTD≈12. Materials' property is dominated by the mechanical behav-
ior of nanofibers along MD direction; and polymer matrix is
dominating along TD direction, since nanofibers align mostly along
MD direction within the samples. Along 45 degrees direction, the
samples exhibit balanced mechanical properties fromMD and TD di-
rections. Celgard 2340, as shown in Fig. 4(c) and (d), shows similar
material anisotropy with EMD = 528 MPa and ETD = 167 MPa, the
failure stress σMD=164 MPa ,σTD=17.7 MPa and the failure strain
εMD=0.9 ,εTD=17.4.

Thus, it is necessary to consider separators' anisotropy while
winding during LIB assembling, i.e., MD is a good winding direction
for its higher strength.
on; (b) Celgard 2340 inMDwith dry condition; (c) Celgard 2400 in TDwith dry condition;
Celgard 2340 in MD with water condition; (g) Celgard 2400 in TD with water condition;
) Celgard 2340 in MD with DMC condition; (k) Celgard 2400 in TD with DMC condition;



Fig. 5 (continued).
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3.3. Strain rate effect

Fig. 5 shows the representative stress–strain curves under different
strain rates varying from 0.01 to 50 s−1. Fig. 5(a) and (b) are the curves
in MD under dry condition for both Celgard 2400 and Celgard 2340,
which present different slopes under different strain rates. The flow
stresses σs and the failure stress σf increase with the strain rate, which
shows a typical strain-hardening phenomenon. At low strain rate of
0.01/s, the curve for Celgard 2400 along MD shows plasticity when the
strain reaches 0.9 while that along TD behaves elastically at high strain
rate of 50/s. Besides, the failure strain εf decreases with the strain rate:
strain at low strain rate εf_low≈140%, is almost twice as strain at high
strain rate εf_high≈60% for Celgard 2400 alongMD. Similarly, in Celgard
2340, εf_low≈100% and εf_high≈50% are the strains at low and high
rate respectively. The curves for samples (Fig. 5(e) and (f)) under
water and (Fig. 5(i) and (j)) under DMC wet conditions for the two
materials show similar characteristics as that under dry conditions.

Along TD, the curves under dry condition also exhibit strain rate
effect as shown in Fig. 5(c) and (d), and the performance differs strongly
under quasi-static and dynamic conditions. The failure strain εf
under dynamic loading is about 400%, much smaller than that under
quasi-static tensile test with εf≈1400%. The curves under water and
DMC conditions as shown in Fig. 5(g), (h), (k), and (l) exhibit similar
tendency to that under dry conditions.

The separators have obvious strain rate effect, its strength become
higher with higher strain rate, which makes sense in impact protection
and should be an advantage in designing a new battery.
3.4. Solvent implication

The dominant parameters, effective Young's modulus E, fracture
stress σf, under dry, water wet and DMC wet conditions, are extracted
from typical stress–strain curves, respectively. As Fig. 6(a)(d) shown,
linear trends are fitted, E and σf along MD with samples immersed in
water are larger than those under dry conditions. In other words, the
stiffness of the separator immersed in water is better than that in dry
conditions. Recent simulation results revealed that DMC molecules
would penetrate into the amorphous nanofiber, reducing local density
and Young's modulus of the sample; on the contrary, as a polar solvent
water would probably have an opposite effect to enhance Young's
modulus of the amorphous nanofiber [24]. This explanation could
stand for single layer PP (Celgard 2400) and composite layer of PP/PE/
PP (Celgard 2340). As shown in Fig. 6(e)–(h), the failure stress σf as
for two separators in water are larger than that in DMC along both
MD and TD.

3.5. Coupled effects

Fig. 7 shows the curves with error bar about typical parameters of
mechanical properties (modulus, failure stress) under coupled effects
from materials, strain rates, environmental conditions and intrinsic
anisotropy.

As shown in Fig. 7(a), modulus variations for the two separators at
different conditions are summarized. The slope of curves in magenta
and red is larger than that in blue and black, whichmeans the separator



Fig. 6.The effectivemodulus-strain rate curve under dry andwater condition inMD (a) Celgard 2340; (b) Celgard 2400; the fracture stress–strain rate curve under dry andwater condition
inMD (c) Celgard 2340; (d) Celgard 2400; the fracture stress–strain rate curve under water and DMC condition (e) Celgard 2340 inMD; (f) Celgard 2340 in TD; (g) Celgard 2400 inMD;
(h) Celgard 2400 in TD.
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shows stronger strain rate effect in water condition compared to dry
condition. This may be caused by the strain-rate dependence of the
aggregation behaviors of water molecules surrounding the nanofibers.
Similarly, the effectivemodulus of Celgard 2400hasmore obvious strain
rate dependence than that of Celgard 2340, and the effective modulus
enhanced more under water condition than Celgard 2340 as the curve
differ more obviously under dry and water conditions.

The failure stress σf of the separator with coupled conditions are
shown in Fig. 7(b). The strain rate effect on failure stress is less obvious
than that on effective modulus in both MD and TD. Additionally, the
strain rate effect along MD is stronger than that along TD; and when
immersed in water and DMC, σf in MD changes even more than that
along TD. As for material types coupled with solvent, the failure stress
becomes larger in water and the effect on Celgard 2340 is larger than
that on Celgard 2400. As shown in Fig. 7(c), the failure strain along TD
decreases slowly at quasi-static strain rate, as decreases sharply in
dynamic tests. The failure strain along TD at strain rate 50/s is close to
that along MD, which can be well explained by the strain rate induced
brittlement.

3.6. Temperature and frequency sweep dynamic mechanical testing

For Celgard 2400, the storage modulus declines while the loss
modulus increases at first then decreases as well as tan delta with the
temperature and has a peak at about 5 °C and 13 °C respectively as
shown in Fig. 8(a). For Celgard 2340, as shown in Fig. 8(b), there is a
small turning point of tan delta at about −121.38 °C as a secondary
structural relaxation, which is considered as β-relaxation (an amor-
phous phase relaxation) [15]. Also, the storage modulus falls sharply
at the temperature range from −11 °C to 20 °C, namely the glass



Fig. 7. Curves with error bar under different materials, environment and directions
(a) effective modulus-strain rate curve; (b) the failure stress–strain rate curve; (c) the
failure strain–strain rate curve.
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transition zone, accompanied with the increase of tan delta with peak
located at 13.93 °C, followed by a new loss-peak which could not
complete. Therefore, another supplementary temperature scanning
test ranging from room temperature to 150 °C is further conducted as
shown in Fig. 8(e), with another peak appearing at around 85.39 °C,
and the sample failed at its melting point of about 135 °C (Fig. 8(f)).
According to the characteristics above of the dynamic mechanical
properties, the glass transition zone of Celgard 2340 which is caused
by α-relaxation of PP, should be from −15 °C to 20 °C. There is a loss-
peak between the glass transition zone and the melting point which is
suggested as the relaxation of the oriented amorphous structure
(meta-order). This is an intermediate structure between the long
range order arrangement of crystals and non-crystalline disordered
arrangement, which relaxes as subjected to mechanical stress and
above the glass transition conditions. As illustrated, the glass transition
temperatures of two separators are both within the range of daily use
temperature, and its storage modulus decreases sharply during glass
transition. Thus, the separator in low and high temperature may have
different mechanical properties which is not stable in use.

Comparing the results of two temperature ramp experiments as
shown in Fig. 8(e), the tan delta profile differs at the high temperature
region obviously. One reason could be the sample heterogeneity, name-
ly the sample for the first temperature sweep from−150 °C to 70 °C has
higher amorphous orientation in molecular structure. Another reason
could be that in the second experiment the sample is heated up directly
from room temperature so that the amorphous structure of the sample
doesn't have enough time to relax completely, which in turn is added to
the meta-order relaxation.

For frequency sweep experiment as shown in Fig. 8(c) and (d), the
storage modulus increases with the frequency and can be correlated
linearly with log (frequency) for both separators. On the other hand,
the loss modulus and tan delta have a valley at different frequencies.
At room temperature, the material finishes glass transition and that's
the reason why the sample has strong frequency dependence.

3.7. Creep responds and the viscoelastic constitutive model

To further investigate the viscoelasticity of the separators, a series of
creep tests are performed in the MD under dry condition. Samples are
loaded for 60 min and relaxed for another 60 min for unloading. Note
that preliminary experiments have proven such time period was long
enough for samples to get to equilibrium. The results are shown in Fig.
9(a) and (b). Creep recovery is not performed for higher stress than
40 MPa because the load is very large and the sample is plastically
deformed.

As shown in Fig. 9(a) and (b), the strain rises rapidly in the first few
seconds and then changes slowly with creep rate decreasing with time.
For the recovery part, the strain decreases in an instant followed with a
slow recovery without full recovery at the end of the experiment. The
larger the stress is applied, the larger the unrecovered strain is.

The elastic structure responds instantaneously and the viscous
structure changes slowly as a function of time. A five Kelvin–Voigt
elements model is used to describe the viscoelasticity of the separator
as shown in Fig. 9(c). The springs and dashpots represent the elastic
and viscous parts of the material respectively.

The Kelvin–Voigt model can be described mathematically as [29]

J tð Þ ¼ J0 þ
X5
i¼1

Ji 1− exp
−t
τi

� �� �
ð1Þ

where J0 is the instantaneous compliance; Ji is the creep constant and τi
is the retardation times associated with Kelvin–Voigt element i and i=
1,2,3,4,5.

The stress–strain function could be rewritten as [8]

σ tð Þ ¼
Zt

−∞

G t−sð Þdε tð Þ
dt

ds: ð2Þ

Modeling fittings are provided in Fig. 9(d) and (e) based on Kelvin-
Voigt model. The parameters are summarized in Table 2 for all cases.
Now, it is pretty convenient to employ the above suggested models to
for applications.

Moreover, the sensitivity study has been conducted. The current
research tuned each variable to its ±10% value range based on the
optimal fitting results, and draws the curve with error bars. Take the
Celgard 2340 under 10MPa loading as example, the sensitivity of differ-
ent variables is analyzed. The effect of creep constant Ji is larger than



Fig. 8. (a) Temperature scan results of Celgard 2400 at frequency of 1 Hz; (b) temperature scan results of Celgard 2340 at frequency of 1 Hz; (c) frequency scan results of Celgard 2400 at
room temperature; (d) frequency scan results of Celgard 2340 at room temperature; (e) contrast curves of two temperature scan tests under different ranges of temperature of Celgard
2340; (f) DSC test of Celgard 2340.
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that of retardation times τi, as shown in Fig. 10(a) and (b) (without loss
of generality, J4 and τ3 are compared) which shows the largest effect
variable among different τi and Ji respectively.

4. Concluding remarks

LIB separator serves as the core building blocks of lithium-ion bat-
tery and ensures the transient and long-term electrochemical perfor-
mance. In this paper, the mechanical properties of two typical
separators were thoroughly investigated with the focus on the dynamic
mechanical performances. Firstly, the anisotropy was found by testing
of materials prepared from various directions, and explained by
manufacturing method and FESEM images. The tensile stress–strain
curve was measured under different stain rates varying from 0.01 to
50 s−1, and the separators were proven to be highly strain rate
dependent in all directions. Besides, the effect of solvent where the
separators were saturated was studied, and water was shown to
strengthen the separators whereas DMC softened the separators. Fur-
thermore, the glass transition temperature was obtained from the
temperature ramp experiment conducted on DMA Q800,and the
storage modulus decreased with temperature and has a frequency-
dependence. Finally, creep tests were performed to investigate its visco-
elasticity, and a mathematical viscoelastic model was proposed for
engineering application. The results may shed light on the comprehen-
sive understanding of the complicated mechanical behaviors of separa-
tors, facilitating engineering design and fabrication for proper LIB
separators.
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Fig. 9. (a) Creep results of Celgard 2340; (b) Creep results of Celgard 2400; (c) schematic diagramof Kelvin linear viscoelasticmodel [8]; (d)fitting curves of Celgard 2340; (e)fitting curves
of Celgard 2400.

Table 2
Fitting data of two separators with different loading stresses.

Celgard 2340 10 MPa 20 MPa 40 MPa Celgard 2400 10 MPa 20 MPa 40 MPa

J0 4.162e−05 267.5 241.2 J0 155.1 203.3 2.22e−14
J1 422.5 267.3 241.6 J1 155.3 268.5 95.43
J2 1325 237.2 1677 J2 191 202.5 130.5
J3 1170 591.3 704.4 J3 335.7 138.4 492.1
J4 4.158e−05 1321 258.6 J4 241.7 385.4 2.22e−14
J5 590 725.9 645.2 J5 127.8 62.78 709.4
τ1 19.45 0.03219 0.05938 τ1 0.003225 1.214 17.2
τ2 2213 0.03445 1764 τ2 2.22e−14 0.001267 171.7
τ3 1.164 75.15 3.007 τ3 1641 64.75 2503
τ4 0.0326 1576 2.22e−14 τ4 1.264 1670 0.06235
τ5 175.2 2.645 82.45 τ5 71.1 0.0274 0.8918

Fig. 10. Fitting curves with error bar with the sensitivity study of: (a) retardation times τ3; (b) creep constant J4.
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