Journal of Power Sources 580 (2023) 233377

Contents lists available at ScienceDirect

JOURNAL OF

POWER
SOURCES

Journal of Power Sources =

ELSEVIER journal homepage: www.elsevier.com/locate/jpowsour

L))

Check for

3D strongly anisotropic intrinsic thermal conductivity of
polypropylene separator

Qusai Alahmad ', Mahya Rahbar ! Amin Karamati, John Bai, Xinwei Wang

Department of Mechanical Engineering, 271 Applied Science Complex II, Iowa State University, Ames, IA, 50011, USA

HIGHLIGHTS GRAPHICAL ABSTRACT

o Polypropylene (PP) separator has 3D
anisotropic intrinsic thermal conductiv-

lty k). > L “ i) Paralle] -
o The k in the parallel direction is 5 times I I I
that in the normal direction. Coated PP siver Paste v (N :
e The k in the thickness direction is less & 2/ /
than 60% of that in the normal g —0
direction. S B odbe
e The sample and air in it follow parallel N
configuration in the thickness direction. '/" /
o Anisotropic micro/nanoscale structure /> "T;"s‘mm
of PP separator and anisotropic k of bulk
PP. t(s)
ARTICLE INFO ABSTRACT
Keywords: In this work, the thermal conductivity in every direction is reported for the first time for the dry separator
Lithium-ion batteries component made out of polypropylene (PP) that is used in lithium-ion batteries. Herein, a PP separator film is

Polypropylene separator

Transient electro-thermal (TET) technique
Differential thermal resistance (DTR) technique
Anisotropic thermal conductivity

studied dry and in vacuum, as an example of polyolefins separators. These separators are crucial for performance
parameters, including cycle life, thermal management, energy and power density, and safety. Hence, a better
understanding of the thermal conductivity k in different in-plane directions (parallel and normal direction to the
stretching direction in fabrication) as well as the out-of-plane direction is crucial to the overall performance. k of
dry PP separator, measured in vacuum, is found four times bigger in the parallel direction (0.217 W-m 1.K™1)
than that in the normal direction (0.043 W-m~1.K~1), all for the in-plane direction. This strong anisotropy can be
explained by the macroscopic and microscopic anisotropic structure and intrinsic anisotropic thermal conduc-
tivity of aligned PP. Moreover, the out-of-plane k of the dry PP separator is measured to be 0.036 and 0.025 W-
m~1.K! in the air and vacuum, respectively, suggesting good parallel structure of PP in the thickness direction.

1. Introduction and separator are the four basic components of LIBs [1-4]. Knowledge of
the thermal characteristics of LIBs components, like thermal conduc-

Lithium-ion batteries (LIBs) are one of the most used and studied tivity, is pivotal for their performance and safety [5-8]. The separator
storage units in engineering applications. Cathode, anode, electrolyte, component is crucial when evaluating performance parameters,

* Corresponding author.
E-mail address: xwang3@iastate.edu (X. Wang).
1 Equal contribution authors.

https://doi.org/10.1016/j.jpowsour.2023.233377

Received 22 April 2023; Received in revised form 14 June 2023; Accepted 29 June 2023
Available online 8 July 2023

0378-7753/© 2023 Elsevier B.V. All rights reserved.


mailto:xwang3@iastate.edu
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2023.233377
https://doi.org/10.1016/j.jpowsour.2023.233377
https://doi.org/10.1016/j.jpowsour.2023.233377
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2023.233377&domain=pdf

Q. Alahmad et al.

including cycle life, thermal management, energy and power density,
and safety [9-13]. This thin microporous film facilitates ion flow in the
cell and avoids physical contact between the anode and cathode.
Microporous films used as separators are required to have a broad range
of characteristics [9], such as being homogeneous in thickness, me-
chanically and dimensionally stable, and with low electrolyte (ionic)
resistance. Most LIBs use microporous membranes made of polyolefins,
such as polyethylene (PE) and polypropylene (PP), for they provide
excellent mechanical properties [9]. Polyolefins have been developed
and used extensively in LIBs. The composition can consist of many forms
like PE, PP/PE, or PP/PE/PP, mainly because PE has a lower melting
point than PP and could work as a shutoff agent in case of battery
overheating [14,15]. A more in-depth breakdown of the requirements of
LIBs separators are provided in Refs. [9,16], like thickness that is rec-
ommended to be < 25 pm, dimensional and chemical stability, and
thermal stability.

Furthermore, one element that plays a crucial role in the safe oper-
ation of the battery is having good heat distribution of the separator.
This can mitigate heat accumulation at high temperatures [10,11]. This
leads us to study a significant characteristic in designing a safe battery
separator: thermal conductivity [10]. Uniform and stable thermal con-
ductivity is essential to preserve the batteries’ mechanical integrity at
high temperatures [9] in order to achieve high ion flow and mitigate
overheating that could lead to damage or internal short-circuiting.
Thermal conductivity was discussed in many previous studies of LIB
separators in different directions, out-of-plane or in-plane, and states of
either soaked in an electrolyte or dry [17-24]. Table 1 summarizes a
breakdown of some of these studies. As shown in Table 1, none of the
aforementioned studies addressed the thermal conductivity anisotropy
of separators while this characteristic is critical to understanding sepa-
rators’ structure and heat conduction capacity. This study aims to
investigate the intrinsic thermal conductivity of separators, and shows
that LIB separators have highly anisotropic thermal conductivities.
Herein, a PP separator film is studied as an example of polyolefins
separators to show the thermal conductivity of LIB separators is very
different in the two in-plane directions (parallel and normal directions to
the stretching direction in fabrication) as well as the out-of-plane di-
rection, which is explained by detailed anisotropic structure. Two
techniques will be used to measure the thermal conductivity, the tran-
sient electrothermal (TET) [25] technique for in-plane thermal con-
ductivity measurement, and the differential thermal resistance (DTR)
technique [26] for out-of-plane thermal conductivity measurement.
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Both techniques were developed, calibrated, and validated by our lab.
2. Experimental section
2.1. Materials

Herein, the Celgard® 2500 separator, with a thickness of 25 pm
made from a monolayer microporous membrane of PP, is studied. It is a
low-cost and relatively inert polymer made for high-rate and low-
temperature applications. It is insoluble in most solvents at room tem-
perature and resistant to extreme pH settings. When soaked in polar
solvents such as carbon tetrachloride, it swells. One significant advan-
tage is that no solvent is required for the film’s preparation. Four main
processes (extrusion, cooling, stretching, and cooling again) are used in
this PP film production. First, PP is extruded into films with high melt
stress. When cooling, the polymer chains are aligned, which causes the
production of lamellar microcrystallites. Then, just below the melting
point, the film is stretched by 50-300%. The amorphous phase between
the crystallites deforms under stress, forming slit-like holes that make up
the Celgard membrane. Finally, the film is tensioned while cooling [27].

2.2. Measurement of in-plane thermal diffusivity

The TET technique is used to measure the in-plane thermal con-
ductivity. The TET technique was first developed by our lab back in
2007 [25]. It has been proven very successful in measuring the thermal
diffusivity of fiber- or film-like materials with a high sensitivity (better
than 5%). Micro/nanoscale fibers/films of semiconductive, metallic,
polymer, and dielectric materials have been measured successfully by
using the TET technique [28-32]. A schematic of the TET approach is
shown in the inset of Fig. 1(a). In this technique, an abrupt voltage in-
crease is induced by Joule heating using a step DC current. The transient
temperature variation over the sample is then used to compute the
thermal diffusivity. Due to the sample’s high length-to-thickness ratio, it
is reasonable to infer that the heat conduction is one-dimensional. In the
end, the transient temperature response over the sample and the
one-dimensional heat transfer model can be used:

2
Woal) (7T, W
where p is the film’s density, ¢, specific heat, k thermal conductivity, and
g is the sample’s electrical heating power per unit volume. This

Table 1
Measured thermal conductivity of different types of separators in different directions and under different conditions.
Separator Separator state under ~ Thermal conductivity Direction of study Thickness Reference
composition study (W-m LK™
Polyethylene Dry 0.10 + 0.04 Out-of-plane Undetermined by the [17]
terephthalate 0.12 + 0.01 study
0.12 £ 0.02
0.14 £ 0.03
Soaked 0.36 £ 0.03
0.36 £+ 0.02
0.31 £ 0.02
0.28 + 0.01
PP Dry 0.07 + 0.01 Out-of-plane 25 pm [17]
Soaked 0.14 + 0.03
PP/PE/PP Soaked 0.19 + 0.03 Out-of-plane 24 pm [18]
In-plane
PP/PE/PP Soaked 0.43-0.5 Undetermined by the study, but the study compared with ~ 20-50 pm [19]
out-of-plane references.
PP/PE/PP Soaked 0.35 Out-of-plane 50 pm [20]
PP/PE/PP Soaked 0.334 Out-of-plane Undetermined by the [21]
study
PE Extracted and dried 0.50 + 0.03 In-plane Undetermined by the [22]
study
PP Soaked 0.34 Out-of-plane 25 pm [23]
PP Soaked 0.3344 Out-of-plane 35 pm [24]
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Fig. 1. (a) Schematic illustrating the step current used in the TET measurement and the experimental concept alongside the methodology for determining thermal
diffusivity based on the transient curve of the experimental V-t signal. (b) A suspended PP sample (parallel direction) coated with iridium for TET measurement. (c)
TET signal (experimental data) for samples of different lengths (parallel direction). (d) The natural logarithm of PP TET voltage change (V-V;) with V; as the final
steady state voltage (experimental data) for samples of different lengths (parallel direction) along with the data fitting.

problem’s initial condition is T(x) = Ty (Tp: ambient temperature). Due
to the bulk aluminum (Al) electrode, which the sample is suspended on,
being a thermal reservoir, this would lead to T(x =0,t) = T(x =L, t) =
To. Equation (1) can be solved analytically. By assuming a linear R-T
correlation within the moderate temperature rise (AT, typically <4 K) of
each measurement, the normalized voltage rise V*(t) = [V(t) —Vy]/
(V1 —Vy) is equal to the normalized temperature rise T*(t) = [T(t) —
To]/(T1 — To), where Vj is the initial voltage, T and V; are the voltage
and temperature at the final steady state, respectively. The solution can
be spelled out as follows [25,28],

96 1 —exp[— (2m— 1)’y /L?]

T =—
ﬂ4 m=1 (2m - 1)4

: (2)

where a.f is the thermal diffusivity containing the radiation and coating
effect, and L is the sample’s length.

A new data processing method was introduced by Karamati et al.
[33] when the sample experiences a voltage rise (or drop), which reflects
the sample’s temperature change. After calculating the natural log of
this transient voltage change, they discovered that the data series closely
matches a line with a coefficient of b = — 7?aey/L?. The relation can be
expressed as In|V — Vi| = a— bt. Thus, it is feasible to determine the
fitting uncertainty by successfully utilizing the linear fitting rather than
the more common nonlinear raw data fitting. The aforementioned
method is used in this study for data processing to determine a. Please
note here the absolute temperature rise is not needed since the

temperature rise is proportional to the voltage rise. What is needed in
data reduction is the relative/normalized temperature change. Never-
theless, during the TET test, the temperature rise is commonly less than
10 K when the voltage is increased by 3% or less [34]. In this work, for
this TET measurement the temperature rise is less than 5 K. Knowing the
thermal expansion coefficient (acx,) of pure PP as 14.8 x 1076/°C at
room temperature [35], taking the sample in Fig. 1(b) with a length of
2825 pm, and solving for the change in length as: AL = a.,LAT, where L
is the sample’s length, and AT is the temperature rise, AL is obtained as
0.2 pm when taking AT as 5 K. So it is safe to neglect the thermal
expansion effect on the sample, as well as any stress or tension caused by
it.

2.3. Measurement of out-of-plane thermal conductivity

The out-of-plane thermal conductivity of the dry PP sample is
measured in the air and vacuum. Fig. 2(a) and (b) show the physical
principles of this measurement, respectively. In order to measure the
out-of-plane thermal conductivity of the sample in the air, the DTR
technique, first developed by our lab, is used. It has been successfully
validated by measuring the out-of-plane thermal conductivity of two
acrylic samples with different thickness in our previous work [26]. As
shown in Fig. 2(a), the sample is coated with a black tape and attached to
an Al substrate with another double side black tape. A 1550 nm laser
irradiates the top surface of the black tape, which causes the tempera-
ture of the sample to increase. An infrared camera measures the surface
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Fig. 2. (a) Physical principles of the DTR technique for out-of-plane thermal conductivity measurement in the air, and (b) in the vacuum. (c) Three configurations
used in this measurement. (d) Thermal resistance circuits for each configuration with the laser heating location. (Not to scale.)

temperature rise. Note that this temperate rise depends on the absorbed
laser power (Q), the thermal resistance of the sample (R;), the thermal
resistance of the two black tapes (R,), the thermal resistance of
radiation-convection (R;.) on the top of the sample, and the thermal
resistance of the substrate system (Rg), as shown in Fig. 2(d). The laser
spot is large enough to cover the entire sample, and irradiating laser
energy is measured by a power meter precisely. Also, the reason for
using a top black tape is to maximize the laser absorption with minimum
reflection. Two other configurations, including the reference case and
the black tape, as shown in Fig. 2(c), were designed to determine the
unknown thermal resistances of the black tape, Al substrate, convection
and radiation. The black tape is exactly the same as those used in the
sample configuration.

Three differential equations corresponding to each thermal circuit
provided in Fig. 2(d) can be solved simultaneously to obtain the sam-
ple’s thermal conductivity k. More details of experiment, including
differential equations can be found in the supplemental document. We
also extended the DTR technique to the vacuum chamber (P~20 pbar)
measurement, as shown in Fig. 2(b), to eliminate the convection resis-
tance and the effect of air inside the porous sample. Above mentioned
three cases have been placed in the vacuum, and the same procedure is
conducted. A ZnSe window on the vacuum chamber allows the laser to
come in. ZnSe is ~60-80% transparent for the 1550 nm wavelength
laser depending on the thickness and temperature [36,37]. Here we
directly measure the laser power inside the vacuum, so the transparency
of ZnSe window has been applied automatically. In addition, since we
are interested in temperature rise, the transparency of ZnSe window
affects the measurements very little and the effect is calibrated.

3. Results
3.1. Structure characterization

Fig. 3(a) depicts the scanning electron microscopy (SEM) results of
the PP sample. As seen in the inset, the material is stretched, and the
pores are aligned in the parallel direction (the stretching direction in
fabrication). It is also noticeable that the macroscopic structure of the PP
film is anisotropic. The pores have a quasi-elliptical shape with a minor

axis length that can go up to ~200 nm. The threads forming that quasi-
elliptical shape can have a diameter up to ~50 nm.

Moreover, as shown in Fig. 3(b), the film’s Raman spectrum matches
the isotactic polypropylene’s Raman spectrum. The peaks between 2800
and 3000 cm~! could be ascribed to stretching vibrations of C-H of the
PP membrane. In Fig. 3(c), the XRD results tell that the material is
crystalline with some amorphous structure within the film. To calculate
the crystallite size 7, the Scherrer equation is used [38]:

K
" pcos®

3

where K is shape factor, 1 x-ray wavelength, g full width at half
maximum of peaks (FWHM) in radian located at any 26, and ¢ the Bragg
angle. Solving Eq. (3), and taking the peaks in the first three planes
(110), (040), and (130), the crystallite sizes are found to be 10.2, 12.1,
and 10.6 nm, respectively, indicating the sample has quite sphere-like
crystalline grains. Please note that K and 4 are taking as 0.89 and
1.5432 A, respectively.

Fig. 3(d) illustrates the heat capacity (c,) results based on differential
scanning calorimetry (DSC) done on the film. The temperature ranges
from —50 °C up to 150 °C. A linear behavior can be observed up to
around 140 °C, and then the curve starts an exponential growth toward
its melting temperature of approximate 160 °C [39]. The heat capacity
around the room temperature is found to be 1.45 J -g’1~K*1, which is
used in this study for thermal conductivity calculation. Previous studies
[23,24] used a c, of 1.978 J.g L.K™! for their soaked PP separators.
Furthermore, the density (p,0,,) measured for our PP film is 0.42
g-cm~3. The porosity of the PP film is calculated as ¢ =1 — Pporous/ Pbutics

where the bulk PP’s density (p,,;) is 0.907 g-cm~2 [40]. The porosity is
calculated as 54%, which is very similar to the value of 55% documented
by the manufacturer.

3.2. In-plane effective thermal conductivity

In our measurement, the sample is coated with an Iridium (Ir) film to
make it electrically conductive, and is connected to two Al electrodes
using silver paste to ensure sound thermal and electrical contacts [as
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Fig. 3. (a) SEM image of PP studied in this work. The inset shows details of pores within the separator. (b) Raman spectra for the PP at two selected locations. (c)
XRD patterns of the PP film. (d) DSC measurement of the specific heat of the PP film from —50 to 150 °C.

shown in Fig. 1(a)]. Fig. 1(b) shows one of the studied samples with a
length 2825 pm and width of 795 pm. In TET measurements, the sample
is housed in a vacuum chamber of 7 pBar pressure to make the con-
vection effect negligible. Fig. 1(c) shows the raw TET data measured for
three samples in the parallel direction, and Fig. 1(d) shows the data
fitting process of these samples to determine .. It is evident sound
linear fitting can be obtained with a relative fitting uncertainty in the
range of 0.25%. Fig. 1(d) shows longer samples have larger effective
thermal diffusivities. This is due to the radiation effect, and will be
analyzed in the next section.

3.3. Effect of radiation on in-plane thermal conductivity measurement

After a.y is determined, the intrinsic a value is determined by taking
out the radiation and Ir coating contributions, which have been dis-
cussed previously in Refs. [28,41]. Considering the radiation effect, we
have,

8ecT L?

hpe” @

Aefy = Aefr 1y +

where a.y - is the effective thermal diffusivity carrying the coating’s
effect, ¢ is the surface emissivity, o the Stefan-Boltzmann constant, D
sample’s thickness, and T the sample’s temperature. From Eq. (4), it is
evident that a.s has a linear relationship with the sample’s squared
length, where the slope is 8¢6T%/(x2Dpc,). In order to subtract the ra-
diation effect, multiple samples of different lengths are measured. Please

note for all these samples, the Ir coating thickness is 10 nm during TET
measurement. This is to ensure they have the same effect from the
coating on thermal diffusivity measurement. The coating’s effect will be
subtracted in the next section. Fig. 4(a) shows the results for the parallel
and normal direction measurement. Excellent linear relationship is
observed between a.; and 1% The y-axis intercept in Fig. 4(a) is the
value of a,r without radiation: agy ;. This is the thermal diffusivity
isolated from the radiation effect but still carrying the Ir coating effect.
aegr is found to be 3.65 x 1077 and 0.85 x 107 m?:s~! for the parallel
and normal directions, respectively. The fitting uncertainty for the a.y
intercept is 2.0% and 5.6% for the parallel and normal directions,
respectively. Using the relation between thermal diffusivity and thermal
conductivity [42] where k = a-pc,, the thermal conductivities (k. -) of
the PP film directions are determined to be 0.222 W-m !-K™! with an
uncertainty of 2.8% in the parallel, and 0.052 W-m~.K~! with an un-
certainty of 6.0% in the normal direction.

Simultaneously, the effective emissivity of the PP film ¢ can be
calculated from 8e6T®/(x2Dpc,), which is the slope of the two lines in
Fig. 4(a). The slopes are found as 0.04 s™! in the parallel direction and
0.041 s7! in the normal direction. Knowing the temperature (295 K),
thickness (25 pm), density and heat capacity we can solve for the
emissivity in Eq. (4), which is found as 0.52 with an uncertainty of 4.3%
for the samples in the parallel direction, and 0.53 with an uncertainty of
6.6% for the samples in the normal direction. The surface emissivity of
PP was previously found to be 0.965 by Franz et al. [43]. The difference
between this value and our value is caused mainly by two things. First,
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the Ir coating causes a reduction in the emissivity as Ir has a lower
emissivity than PP. Second, the radiation effect 8¢6T /(7> Dpc,) is based
on an assumption that the environment is large and can be treated as a
blackbody. This is true for the top side of the sample which faces the
inside the vacuum chamber under TET measurement. However, the
sample’s back side faces the aluminum-base electrodes. These Al bases
have a low emissivity (0.04 at 300 K) [44], and are not blackbody. This
will reduces the radiation exchange with the sample, hereby resulting in
a lower effective surface emissivity of the sample when 86T/ (72Dpc,)
is used to calculate the radiation heat loss from the surface.

3.4. Effect of iridium-coating on in-plane thermal conductivity
measurement

In this section, the process of subtracting the Ir coating effect will be
discussed in order to obtain k (the sample’s real thermal conductivity)
isolated from both radiation and coating effects. First of all, we measure
the electrical conductivity of the coating. Then the Wiedemann-Franz
law is used to calculate the thermal conductivity of the coating.
Finally, the coating’s contribution to k.- is calculated. To begin with,
two samples cut along the parallel and normal directions are coated with
Ir layer for several times. The sample in the parallel direction has a
length of 1740 pm and width of 921 pm, and the sample in the normal
direction has a length of 3685 pm and width of 628 pm. After each
coating thickness increment, the electrical resistance is measured. Fig. 4
(b) shows the relationship between the coating’s electrical conductance
(=1/R) and the coating thickness. We can relate the electrical conduc-
tance to the electrical conductivity (o,) of the coating as [29,45],

Dé o,

Ao,
= = 5
i3 AR ()

R—l

where o, is the electrical conductivity, §. the total thickness of the Ir
coating on top of the PP film. As can be seen from Fig. 4(b), the slope
values were found to be 7.5 x 105 Q@ '-m ! and 5 x 105 Q" '-m! in the
parallel and normal directions, respectively. o, is obtained from the
slope (Do, /L) as 1.45 x 10° Q!1.m~! with an uncertainty of 8.8%, and
3 x 10° Q~1.m~! with an uncertainty of 2.5% in the parallel and normal
directions, respectively. From the Wiedemann-Franz law, where a
metal’s electronic contribution to its thermal and electrical conductiv-
ities is correlated with its temperature [46] as,

S ©

Oc

where k. is the thermal conductivity of Ir. The Lorenz number Ljren; iS
taken as 2.5 x 1078 W-Q.-K~2 which is for our Ir coating at room tem-
perature, and has been validated broadly [47]. We can calculate k. to be

10.5 W-m 1-K~! with an uncertainty of 8.8% for the sample in the
parallel direction and 21.8 W-m~1.K~! with an uncertainty of 2.5% in
the normal direction. As can be seen here, the Ir coating’s thermal
conductivities in the two directions are quite different, reflecting the
anisotropic nature of the separator’s structure. Finally, we can relate the
thermal conductivities of the coating and the PP film as,

ke//,lr((sc + D) = kc(sc + ksD7 (7)

where k; is the sample’s real conductivity without the effect of radiation
and Ir coating. Knowing the coating thickness (10 nm) and the sample
thickness (25 pm), k; is found to be 0.217 and 0.043 W-m~-K! in the
parallel and normal directions, respectively. The parallel direction’s
thermal conductivity is four times bigger than that in the normal di-
rection, uncovering very strong anisotropy.

For the in-plane thermal conductivity in the parallel direction, the
measurement uncertainties of the sample thickness, coating thickness,
density, the fitting when subtracting the radiation effect, and the un-
certainty of coating’s thermal conductivity are 2.0%, 5.0%, 2.0%, 2.8%,
and 8.8%, respectively, resulting the thermal conductivity uncertainty
to be 2.9%. Likewise, for the normal direction, measurement un-
certainties of the sample thickness, coating thickness, density, the fitting
when subtracting the radiation effect, and the uncertainty of coating’s
thermal conductivity are 2%, 5%, 2.0%, 6.0%, and 2.5%, respectively,
resulting the thermal conductivity uncertainty to be 7.0%.

Due to the complicated structure of the PP film shown in Fig. 3(a),
the above anisotropy in thermal conductivity is hard to explain quan-
titatively, but can still be interpreted based on the anisotropy in
macroscopic structure and intrinsic thermal conductivity. As shown in
Fig. 3(a), during stretching, pores form in the film, and the PP is broken
into many tiny fibers connected by some thick perpendicular structures.
Such structure will favor more heat transfer in the parallel direction than
the normal direction. As for the anisotropy in thermal conductivity,
during stretching, the lamellae in the semicrystal are aligned in the
parallel direction, making this direction having a higher thermal con-
ductivity. To put this into perspective, the thermal conductivity of bulk
and extruded semicrystalline PP studied by Choy and Greig [40] is
compared here. For isotropic PP with 65% crystallinity at room tem-
perature, the thermal conductivity is measured as 0.23 W-m~.K~!. For
extruded semicrystalline PP, the thermal conductivity becomes very
anisotropic. For instance, for PP extruded (62% crystallinity) with a
deformation ratio of 10.5 (the ratio between the cross sectional area of
the extrude before and after deformation), at 100 K the thermal con-
ductivity is 0.78 and 0.12 W-m~'-K~! in the direction parallel and
normal to the extruding direction (higher temperature data is not
available). This is because the lamellae are more aligned in the
extruding direction. For our PP separator, because of the stretching, it is
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expected the intrinsic thermal conductivity in the parallel direction will
be much higher (a few-fold) than that in the normal direction. This will
contribute to the observed thermal conductivity anisotropy here.

3.5. Out-of-plane thermal conductivity

Experimental details for both air and vacuum cases are summarized
in Table 2. It should be noted that T; and T, represent the temperature of
configurations before and after laser irradiation, and AT is the temper-
ature rise caused by laser irradiation. The sample’s thermal conductivity
is determined to be 0.036 and 0.025 W-m '-K~! in air and vacuum,
respectively.

As there is negligible air in the vacuum during the experiment, it is
reasonable that the thermal conductivity decreases in the vacuum. The
porosity level of the sample is 54%, and air is a poor conductive material
with a thermal conductivity of 0.026 W-m~1.K! at RT [44]. Under the
case that the air and PP are parallel with the heat transfer direction (here
the thickness direction), the decrease in thermal conductivity in vacuum
can be estimated as ¢ X kg = 0.54 x 0.026 = 0.014 W-m LKL Our
results show the thermal conductivity has been decreased by 0.011
W-m 1K' from air to vacuum, which is very close to this estimated
value, indicating that the air and PP are quite following a parallel
configuration in the thickness direction. This is more understandable
since holes form during stretching and they run through the thickness
direction to facilitate ion flow in LIB operation. Note this estimation
gives the lower bound of air’s effect on the effective thermal conduc-
tivity. The slight difference could be due to the fact that the air and PP
are not perfectly aligned in the thickness direction, which is true in our
case [shown in Fig. 3(a)]. There is radiation exchange among PP pore
walls. The equivalent thermal conductivity can be estimated as k, =
4e6T3A with A as the characteristic pore size in the heat transfer di-
rection. At 300 K and with an emissivity of 1 and at the upper limit of A
as 1 pm, k; is estimated to be 6.12 x 107® W-m1.K~!, which is very
negligible compared with that of air. If we take the parallel configura-
tion, and use the thermal conductivity measured under vacuum, the
intrinsic thermal conductivity of bulk PP in the thickness direction can
be estimated to be kjour = kour/(1 — ¢) = 0.054 wm kL A large
difference is observed between our results and those of Richter et al. for
dry PP [17], as it is reported in Table 3. This is mainly due to the dif-
ference in sample structure. Our sample has a porosity of 54%, while
their sample has a porosity of 41%. Having more air in our sample will
result in a lower thermal conductivity. In the out-of-plane thermal
conductivity in air experiment, the measurement uncertainty of the
thickness, area, temperature rise, and laser power are 1.8%, 0.2%, 0.1%,
and 0.4%, respectively, resulting the thermal conductivity uncertainty
to be 1.8%. Similarly, the measurement uncertainty in the vacuum of the
thickness, area, temperature rise, and laser power were 1.8%, 0.2%,
0.1%, and 0.4%, respectively, resulting the thermal conductivity un-
certainty to be 1.8%. Note that more details of uncertainty calculation

Table 2
Experimental data for measuring the out-of-plane thermal conductivity of PP
separator in the air and vacuum.

Experiment data Fused glass Tape (2 layers) Sample
Length [mm] 8.08 7.85 7.70
Width [mm] 8.20 7.90 7.68
Thickness [mm] 1.59 0.66 0.028
Air

T; [°C] 23.4 23.2 22.9
T, [°C] 30.2 27.6 28.8
AT [°C] 6.8 4.4 5.9

Q [mW] 221 240 197
Vacuum

T, [°C] 23.3 23.2 23.5
T, [°C] 31.5 28.4 29.3
AT [°C] 8.2 5.2 5.8

Q [mW] 246 222 157
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Table 3
Comparison of out-of-plane k between the current and previous studies (all
samples are of 25 pm thickness).

Separator Separator Thermal Direction of Reference
composition state under conductivity study
study (W-m LK)
PP Dry 0.07 + 0.01 Out-of- [171
Soaked 0.14 + 0.03 plane
PP Soaked 0.34 Out-of- [23]
plane
PP Soaked 0.3344 Out-of- [24]
plane
PP Dry 0.036 Out-of- Current
plane (air) study
0.025 Out-of-
plane
(vacuum)

are given in the supplemental document.
4. Conclusion

Herein, the thermal conductivity in every direction was reported for
the first time for the dry separator component made out of poly-
propylene (PP) that is used in lithium-ion batteries. A PP separator film
was studied dry and in vacuum, as an example of polyolefins separators.
Two techniques were implemented in this study to measure the thermal
conductivity: the TET technique for in-plane thermal conductivity
measurement, and the DTR technique for out-of-plane thermal con-
ductivity measurement. The intrinsic thermal conductivity of PP sepa-
rators showed a very anisotropic behavior, stronger than the soaked
separators where the holes of the material are filled with electrolyte,
which make the anisotropic behavior obscure. First, the in-plane ther-
mal conductivity was obtained in a vacuum, and after subtracting the
radiation and Ir coating effects, the material showed two different
thermal conductivities, where the parallel direction has a thermal con-
ductivity four times bigger than that of the normal direction, a conclu-
sion that was never discussed previously. Moreover, the separator was
studied in the out-of-plane direction in both vacuum and air to show the
intrinsic thermal conductivity in that direction. Overall, under vacuum
condition, our PP separator was measured to have thermal conductiv-
ities of 0.217, 0.043, and 0.025 W-m~1-K~! in the in-plane parallel,
normal, and out-of-plane directions. This uncovers remarkably strong
anisotropy, and can be explained by the anisotropic macroscopic
structure and anisotropic intrinsic thermal conductivity. The material
showed a lower conductivity under vacuum than air. This difference was
quite close to the estimation based on a model of parallel structure in the
thickness direction, suggesting the pores run vertically all the way
through the thickness.
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