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� Presents measurement of in-plane thermal conductivity and heat capacity of separator.
� Experimental data are in excellent agreement with analytical model.
� Measurements indicate very low thermal conductivity of the separator.
� Measurements indicate weak temperature dependence of thermal properties.
� Measurements presented here may facilitate high performance and safety.
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a b s t r a c t

The separator is a critical, multi-functional component of a Li-ion cell that plays a key role in perfor-
mance and safety during energy conversion and storage processes. Heat flow through the separator is
important for minimizing cell temperature and avoiding thermal runaway. Despite the critical nature of
thermal conduction through the separator, very little research has been reported on understanding and
measuring the thermal conductivity and heat capacity of the separator. This paper presents first-ever
measurements of thermal conductivity and heat capacity of the separator material. These measure-
ments are based on thermal response to an imposed DC heating within a time period during which an
assumption of a thermally semi-infinite domain is valid. Experimental data are in excellent agreement
with the analytical model. Comparison between the two results in measurement of the in-plane
thermal conductivity and heat capacity of the separator. Results indicate very low thermal conduc-
tivity of the separator. Measurements at an elevated temperature indicate that thermal conductivity
and heat capacity do not change much with increasing temperature. Experimental measurements of
previously unavailable thermal properties reported here may facilitate a better fundamental under-
standing of thermal transport in a Li-ion cell, and enhanced safety due to more accurate thermal
prediction.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Thin flexible substrates are frequently used in engineering ap-
plications such as flexible electronics [1,2], separators for Li-ion
cells [3e5], organic semiconductors [6], flexible displays [7e9],
etc. Compared to a thick rigid substrate, a flexible substrate offers
reduced weight, increased design flexibility, bendability, etc. [10].
In addition, thin substrates also often provide valuable
, Arlington, TX 76019, USA.
functionality, such as controlled ionic conductance through thin
separators in Li-ion cells [3]. The thin, flexible nature of the sepa-
rator in a Li-ion cell also makes it possible to roll the electrode-
separator assembly and compactly package it inside a high en-
ergy density cell [3]. Fig. 1 shows an image of the electrode-
separator roll from a Li-ion cell, and a schematic of various layers
in the assembly. The positive electrode is typically made of a
transition metal oxide, whereas the negative electrode is typically
graphite. Transfer of Li ions from one electrode to another enables
charging or discharging of the cell. The two electrodes are typically
separated by the separator, which is typically based on an electri-
cally insulating porous material and is about a few tens of microns
thick. The separator material plays a multi-functional role [5,11].
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Fig. 1. (a) Image of the electrode-separator roll in a Li-ion cell; (b) Schematic of various layers in the assembly.
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The primary role of the separator is to provide a pathway for Li ions
to migrate from one electrode to the other while blocking electron
transport [12]. The separator also provides mechanical strength
without deterioration at high temperature [13,14] and contributes
to conductance of heat generated inside the cell. A number of
studies have been carried out for understanding and quantifying
ionic conductance through the separator material [5,11]. A more
limited number of studies have investigated mechanical stresses in
the separator that may occur during cell operation [13e15]. Despite
the importance of thermal transport within the cell, however, there
is a lack of literature on measurement, modeling and optimization
of thermal transport properties of the separator. Heat generated
throughout the cell must conduct through the electrode roll to the
outer surface, where it is eventually dissipated to the surroundings.
This makes it important to understand the nature of thermal
conduction with the cell [16], and rate-limiting steps that deter-
mine the effectiveness of this process [17,18]. Among all materials
in the electrode roll including positive electrode (LiFePO4, LiCoO2,
etc.), negative electrode (graphite), current collectors (metal) and
separator, the separator is expected to have the lowest thermal
conductivity, and hence must be investigated in detail. In addition,
thermal contact resistances between the separator and electrodes
may also be important. A number of papers have addressed ther-
mal modeling within a Li-ion cell [19e22]. The accuracy of tem-
perature fields predicted by such models depends critically on the
accuracy of underlying thermal properties of constituent materials.
There is a lack of experimental data on thermal properties of the
separator, and most past work on thermal modeling [19e22] ap-
pears to use assumed values for thermal properties of the sepa-
rator. Given the importance of accurate temperature prediction on
battery safety, it is clearly very desirable to experimentally mea-
sure these properties. Such a measurement will contribute towards
the thermal engineering, and hence operational safety of Li-ion
cells.

The fundamental governing energy equation, the solution of
which determines the temperature distribution within a thermal
system is given by Ref. [23]

kV2T þ Q
000 ¼ rCp

vT
vt

(1)

where T is the temperature field and Q000 is volumetric heat gener-
ation rate. The two fundamental thermophysical properties that
appear in this equation, and that play a key role in determining the
nature of thermal transport through the separator material are its
thermal conductivity, k (W m�1 K�1) and specific heat capacity, Cp
(J kg�1 K�1) [24]. While k determines the rate of thermal conduc-
tion through the separator, Cp characterizes the extent of heat
storage within the material. The quantity k/rCp is often referred to
as the thermal diffusivity, a (m2 s�1). Note that equation (1) as-
sumes that k is an isotropic property, although in some materials, k
may be different in different directions [24].

A number of experimental techniques have been reported in
the past for measurement of thermophysical properties of sub-
strates [25e29]. In general, the temperature rise in the material of
interest in response to a known heat flux is measured and
compared with a theoretical model to determine k and Cp. Heat
flux is imposed by either Joule heating due to an electric current,
or optically through a laser. Methods based on constant, time-
varying and periodic heat flux have been used in the past [25].
Two separate experiments are often required to measure both,
although two measurements within the same experiment have
also been used [27]. A vast amount of literature exists on the
measurement of thermophysical properties of thick, rigid sub-
strates, typically a few mm or thicker [25]. In addition, thin films, a
few mm or thinner, deposited on a thick, rigid substrate have also
been thermally characterized [30]. On the other hand, not much
research has been reported on measurement of thermophysical
properties of thin, flexible substrates. Neither of the approaches
outlined above for rigid substrates or thin films will work for a
substrate that is a few tens of mm, such as a typical Li-ion sepa-
rator. This necessitates a new approach for thermophysical prop-
erty measurement. A typical separator in a Li-ion cell is a few tens
of mm thick [11,15], which presents a challenge in measurement of
thermophysical properties.

An additional challenge in the measurement of thermophysical
properties of a flexible substrate is in the microfabrication of heater
and sensor elements. While microfabrication is carried out
commonly on rigid substrates such as Silicon wafers and glass
slides [31], fabrication of metal features on a thin flexible substrate
is not as well developed. The mechanical stiffness of a typical
separator of a Li-ion cell is even less than that of typical substrates
used for flexible electronics [1,2].

This paper presents a novel experimental method for mea-
surement of in-plane thermal conductivity and heat capacity of a
Li-ion cell separator. The method is based on measurement of
temperature rise in two parallel metal lines during a short time
following DC heating in one of the lines. This method is capable of
measurement on substrates for which experimental methods for
neither thick rigid substrates, nor thin films are applicable. Mea-
surements are in excellent agreement with an analytical model
based on the assumption of a semi-infinite domain. Both in-plane
thermal conductivity and heat capacity are measured at room
temperature and at an elevated temperature. Results from this
work are expected to contribute towards better thermal under-
standing and safety of Li-ion cells. Analytical modeling and exper-
imental method are presented in next two sections, followed by a
discussion of results.



V. Vishwakarma, A. Jain / Journal of Power Sources 272 (2014) 378e385380
2. Measurement technique

In this paper, the thermal response of a thin, flexible separator to
DC heating is measured and used to determine its thermophysical
properties. Since there are standard methods available for mea-
surement of density, the two thermophysical properties of primary
interest here are k and Cp. Generally, the measurement of thermal
conductivity involvesmeasurement of the steady state temperature
difference sustained by a given heat flow through the material of
interest. A straight-forward application of this approach is not
possible for the thin and flexible separator material. It is difficult to
insert standard thermocouples in this material. Similarly, applica-
tion of a known heat flux is also difficult using standard experi-
mental tools. In this paper, thin metal heaters and temperature
sensors are microfabricated on the flexible substrate, and thermal
response to DC Joule heating due to an electric current is measured.
Fig. 2 shows a schematic of the geometry under consideration. Two
parallel thin metal lines of length L are fabricated on the flexible
substrate of thickness tsubs. The heater and sensor lines are located
at x ¼ 0 and x ¼ x0 respectively. The heater line bisects the flexible
substrate into two halves, each of width w. The separator itself is
tethered on a thick, rigid substrate at both ends (y ¼ ±L/2).

Consider the thermal effect of a DC current I0 passing through
the heater line, which has an electrical resistance of R. The heat
generated in the heater line is given by:

Q0 ¼ I20R (2)

Assuming that this experiment is carried out in vacuum, no heat
loss occurs due to convection. Since the substrate is thin and free-
standing, therefore no thermal conduction takes place in the out-
of-plane z direction. Since the microheater line is long in the y di-
rection, heat conduction is one-dimensional in x-direction only.
Due to symmetry, half of Q0 passes through each half of the sub-
strate bifurcated by the heater line. The governing energy conser-
vation equation in the separator material is given by:

k
v2T
vx2

¼ rCp
vT
vt

(3)

where T is the temperature rise above ambient.
The governing equation is subject to the following boundary

condition:

�k
vT
vx

����
x¼0

¼ Q0

2A
¼ I20R

2Ltsubs
(4)
Fig. 2. Schematic of the geometry under consideration.
In addition, it may be assumed that the initial temperature is
zero everywhere, i.e. T ¼ 0 at t ¼ 0.

A solution for the temperature distribution may be determined
assuming the plastic substrate to be a semi-infinite medium for
thermal conduction. This assumption is valid as long as the thermal
penetration depth for the duration of the experiment, texp is much
lesser than w, i.e.

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
a$texp

p
≪w (5)

where a is the thermal diffusivity of the sample. Thus, for a given
value of w, the semi-infinite assumption will be valid as long as the
duration of the experiment texp satisfies

texp≪
w2

4a
(6)

Under this assumption, the solution for the transient tempera-
ture field may be derived by re-writing the energy conservation
equation (Equation (3)) in terms of heat flux instead of temperature
using Fourier's law. Once written in terms of heat flux, equation (3)
can be easily integrated and converted back to temperature [24].
The solution for T(x,t) is found to be:

Tðx; tÞ ¼ I20R
Ak
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(7)

This expression forms the fundamental basis for measurement
of thermal conductivity and heat capacity of the separator.

Equation (7) shows that the difference between temperature of
the heater and sensor at any time is given by:

DTðtÞ ¼ Tð0; tÞ � Tðx0; tÞ

¼ I20R
Ak
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which, for large time, t[x20=4a, reduces to

DT

 
t[

x20
4a

!
¼ I20Rx0

2Ak
(9)

Thus, at large time, the difference between heater and sensor
temperature becomes constant. Measurement of this temperature
difference can be used in equation (9) to determine k, since all other
parameters in the equation are known.

Further, in order to determine the heat capacity of the separator,
the variation of the heater temperature alone with time is consid-
ered. Equation (7) shows that the temperature at the heater, x ¼ 0,
is given by.

TheaterðtÞ ¼ Tð0; tÞ ¼ I20R
Ak

�
at
p

�1
2

(10)

Due to the t0.5 term in equation (10), a logelog plot of the heater
temperature as a function of time is expected to be linear, with a
slope of 0.5. In addition, the intercept M of this plot is given by.

M ¼ log10

 
I20R

A
ffiffiffiffiffiffiffiffiffiffiffiffiffi
krCpp

p
!

(11)

Equation (11) shows that a measurement of the intercept of
logelog plot of temperature as a function of time can be used to
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determine k$Cp, the product of thermal conductivity and volu-
metric heat capacity of the material, i.e.

kCp ¼ 1
rp

 
I20R

A10M

!2

(12)

Once k is measured from equation (9) using temperature data
from the heater and sensor, Cp can be determined from equation
(13) using the heater data alone.

Note that there are two distinct requirements on the measure-
ment time based on the requirement for the substrate to act as a
semi-infinite medium, equation (6) and based on the requirement
for deriving equation (9). Combining the two, it is found that the
time duration for this measurement technique has upper and lower
bounds given by.

x20
4a

≪t≪
w2

4a
(13)

Physically speaking, these requirements arise from the thermal
wave generated from the DC current in the heater line to at least
reach the sensor line, but still not reach the boundary of the
separator material.

Thermal conductivity and heat capacity of the separator from a
commercial 26650 Li-ion cell is measured using the technique
discussed above. Microfabrication and experimental setup is
described in the next section, followed by a discussion of mea-
surement results.

3. Experiments

3.1. Microfabrication and packaging of test samples

TwoTitaniummetal lines are deposited in a class-100 cleanroom
on a sample of separator extracted from a commercial 26650 Li-ion
cell. The separator is extracted from a completely discharged 26650
Li-ion cell, and electrodematerials are stripped out. Since the 26650
cell is hermetically sealed, careful attention is given to ensure safe
removal of the separator. The disassembly is carried out inside a
fume hood. The top of the cell is first pried off, and the casing of the
cell is cut downonone side. The casing is slowlypeeled back in order
to provide complete access to the electrode roll. This material con-
sists of multiple layers e separator, positive electrode, negative
electrode, separator, and current collectors. Once removed, the
spirallywound layers in the roll are slowlyunraveled andplacedflat.
Layers are allowed to dry for an hour and then are manually de-
tached from one another. The separator material is cut into samples
of the desired size. Note that separator samples used in this work do
not contain electrolyte, since the focus of this work is measurement
of thermal properties of the separator material alone. Presence of
Fig. 3. Images of steps for microfabrication of microheater device. (a) Attachment to a glass s
separator, (e) Attachment on a coverslip-based fixture, (f) Final device with wire bonding.
electrolyte introduces added complications that must be addressed
separately. Understanding andmeasuring thermal properties of the
separator alone is a first step in that direction.

In order to carry out microfabrication of the metal lines on the
separator material, a fixture is designed to tightly mount the
separator on a rigid surface. The separator is tightly attached to a
standard microscope glass slide (Fig. 3(a)) using double sided tape,
and the edges are sealed by single sided tape (Fig. 3(b)). 0.3 mm
Titanium is then deposited using AJA e-beam evaporator followed
by photolithography using a negativemask. Metal etching is carried
out in 1:1:20 mixture of HF, H2O2 and DI water respectively
(Fig. 3(c)). Once the microheater is fabricated on the separator, the
entire glass slidewith separator is submerged in acetone for 10min.
This results in release of the separator from the tape (Fig. 3(d)).
Each metal line is 40 mm wide and 1.8 mm long. The lines are
connected to two contact pads on each end in order to facilitate
four-wire measurements. The high electrical resistivity of Titanium
provides the capability of large heat generation. In addition, Tita-
nium also has a large temperature coefficient of resistivity (TCR),
making it ideal for use as a temperature sensor.

The separator with microfabricated metal lines is suspended
across two microscope coverslips which are mounted on micro-
scope glass slides for ease of handling (Fig. 3(e)). Contact pads for
the heater and sensor lines are then wire bonded with conductive
epoxy and left to dry for 3e4 hours Fig. 3(f) shows the final
microheater device with one heater line and one sensor line.

The microheater device fabricated on the separator is very
flexible, and does not lose functionality even when the separator is
twisted or bent. Fig. 4 demonstrates this by wrapping the separator
material with metal features on the curved surface of a cylinder.
Metal lines are found to be preserved and working even when the
separator is significantly curved.
3.2. Calibration and thermophysical property measurements

The microheater device is calibrated in a Boeckel CCC 0.5D
incubator. The device is placed inside the incubator, and the tem-
perature is increased from 22 �C to 82 �C in steps of 15 �C. At each
point, the temperature is allowed to stabilize for 15 min before
measuring heater resistance. A Keithley 2612A sourcemeter is used
to send a small sensing current of 10 mA, and a Keithley 2100 mul-
timeter is used tomeasure the voltage difference induced across the
microheater device. A plot of resistance as a function of temperature
provides the required calibration for determining temperature rise
during thermophysical property measurement experiments.

Experiments for thermophysical property measurement based
on the technique described in section 2 are carried out in an
evacuated vacuum chamber to eliminate convective heat losses.
The temperature rise during each experiment is small enough to
lide, (b) Sealing by single sided tape, (c) Metal deposition and etching, (d) Release of the



Fig. 4. Demonstration of flexibility of the device by wrapping the sample with metal
features on the curved surface of a cylinder.
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rule out radiation as a significant heat loss mechanism. Heating
current passing through the heater line is sourced from a Keithley
2612A sourcemeter. A Keithley 2401 sourcemeter is used for
sourcing a sensing current of 100 mA through the sensor for tem-
perature measurement. This current is small enough to reliably
measure the sensor resistance, and hence temperature without
causing significant self-heating. A National Instruments NI-9205
cDAQ system controlled by a LabView VI is used to measure and
log the heater and sensor voltages. Electrical resistance measured
in this fashion is converted to temperature rise using calibration
data. While the difference between the heater and sensor tem-
peratures is used to determine k, the heater temperature alone is
used to determine Cp, once k is known.
4. Results and discussion

4.1. Heater and sensor calibration, and density measurement

Measurements of heater and sensor electrical resistances as
functions of temperature are shown in Fig. 5. The heater and sensor
Fig. 5. Temperature calibration plots f
resistances are close to each other, and both exhibit a linear in-
crease with temperature with nearly the same slope. This is ex-
pected since the heater and sensor lines are geometrically identical,
and made from the same material in the same process. The
measured value of thermal coefficient of resistance (TCR) for the
heater and sensor is found to be 0.0022 and 0.0023 K�1 respec-
tively, which are both close to the theoretically expected value of
0.0026 K�1 [32]. The measured slopes of these curves are used to
determine heater and sensor temperatures from measured elec-
trical resistance during experiments described in sections 4.2 and
4.3.

In order tomeasure the density of the separator, the thickness of
a sample of known dimensions is measured by determining the
step change across a sample adhered on a glass slide using a StepIQ
profilometer. The sample mass is measured using a Sartorius 1712
MP balance. Using these measurements, the density of the sepa-
rator is found to be 913 ± 18 kg m�3.
4.2. k Measurements

Fig. 6 plots the measured temperature rise in the heater and
sensor lines as a function of time for 4.6 mA heating current. The
temperature difference between the two is also plotted. As ex-
pected from the theoretical model, the heater temperature initially
rises faster than the sensor temperature. After some time following
the start of DC heating, the difference between the two stabilizes, as
expected from equation (9). It takes roughly 0.50 s for the tem-
perature difference to stabilize, which is consistent with the lower
limit predicted by equation (13).

This experiment is repeated at a number of heating currents. At
each current, the temperature difference stabilizes within the ex-
pected time, and the temperature difference at this time is used to
determine k from equation (9). The thermal conductivity is
measured to be 0.50 ± 0.03 W m�1 K�1. The measured room tem-
perature thermal conductivity is close to the values assumed in
previous papers on thermal analysis of Li-ion cells [19e22],
although these papers are not completely clear about the source of
the values used.

Note that equation (9) shows that a plot of DT at large time as a
function of I02 is expected to be linear, with a slope Sk given by:
or (a) Heater line; (b) Sensor line.



Fig. 8. Logelog plot of the measured temperature rise in the heater as a function of
time for 4.6 mA.

Fig. 6. Measured temperature rise in the heater and sensor lines as a function of time
for 4.6 mA heating current.
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Sk ¼
�
Rx0
2Ak

�
(14)

Fig. 7 plots the temperature difference between heater and
sensor at large time as a function of the square of the heating
current. As expected from equation (14), this curve is found to be
linear. This shows that the experimental data is in good agreement
with the analytical model presented in Section 2.

4.3. Cp measurements

Fig. 8 presents a logelog plot of the measured temperature rise
in the heater for 4.6 mA heating current as a function of time up to
around 2.0 s. As predicted by the analytical model, a linear fit with
slope of 0.50, also shown in Fig. 8 is in good agreement with
experimental data. The intercept of the data can be used to deter-
mine Cp based on equation (12). This experiment is also repeated at
Fig. 7. Plot showing temperature difference between heater and sensor at large time as
a function of the square of the heating current.
a number of heating currents. Fig. 9 plots the combined data. At
each current, there is good agreement between experimental data
and the analytical model that predicts the data to lie along a line of
slope 0.50. The value of heat capacity determined from these ex-
periments is 2480 ± 200 J kg�1 K�1.

Equation (12) shows that a plot of 10M as a function of I02 is ex-
pected to be linear, with a slope given by:

SCp
¼ R

A
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kCprp

p (15)

Fig. 10 plots 10M as a function of I02. As expected from equation
(15), this curve is linear, showing that the experimental data agrees
well with the analytical model for heat capacity measurement.

In order to further compare experimental data with the theo-
retical discussion in section 2, the heater temperature is measured
for a very long time. This data, plotted on a logelog scale is
Fig. 9. Logelog plot of the measured temperature rise in the heater for multiple
currents with linear fits.



Fig. 10. Plot of intercept of logelog plots as a function of the square of the heating
current.

Table 1
Comparison of measured k and Cp at room temperature with values assumed by
previous papers on thermal modeling.

Chen et al.
[21]

Wu et al.
[20]

Peyman &
Bahrami
[19]

Kim et al.
[22]

Current
work

k (W m�1 K�1) 0.3344 1.29 0.34 1.0 0.5 ± 0.03
Cp (J kg�1 K�1) 1978 1839 1987 700 2480 ± 300
r (kg m�3) 1008.98 1043 1017 1200 913 ± 18
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presented in Fig. 11. It is found that for approximately the first 3.0 s,
the plot fits closely with a line of slope 0.5. Beyond this time, the
experimental data deviates from the 0.5 slope line, and the rate of
increase in temperature is much lower than before. This is consis-
tent with the discussion in section 2, which shows that there is an
upper limit in time beyond which the semi-infinite assumption is
no more valid.

Table 1 compares measured k and Cp at room temperature with
values assumed by previous papers on thermal modeling [19e22].
Heat capacity values for polyethylene reported by Gaur et al. [33]
are close to the present measurements, although the material
used in that work is in bulk form, and may be different in
morphology from the separator of a Li-ion cell. The measured
thermal conductivity in this paper is slightly higher than the
recently measured overall cell-level radial thermal conductivity
Fig. 11. Logelog plot of the measured temperature rise in the heater for a large time
duration.
[16], which indicates the additional impedance to heat flowmay be
occurring due to thermal contact resistance at interfaces between
various materials in the electrode-separator stack.

4.4. k and Cp measurements at high temperature

Thermal performance of the separator is particularly important
at high temperature. Ineffective heat dissipation during high tem-
perature operation may result in heat buildup and temperature
rise, which may eventually lead to a thermal runaway situation. As
a result, it is important to understand and measure thermal prop-
erties of the separator at high temperature. The experiments
described in previous sections are repeated in a 50 �C ambient with
all other experimental conditions being the same as previous ex-
periments. Table 2 summarizes the room temperature (25 �C) and
high temperature (50 �C) measurements of thermal conductivity
and heat capacity. It is found that there is negligible change in both
thermal conductivity and heat capacity between 25 �C and 50 �C.
The small change in the properties between these temperatures is
within the measurement error. As a result, thermal conductivity
and heat capacity of separator material in a Li-ion cell may be
assumed to be independent of temperature in the range of interest
for modeling and simulation of thermal performance and safety of
Li-ion cells.

4.5. Experimental error analysis

Themain sources of experimental error in themeasurement of k
and Cp arise from measurement of the cross-section area A of the
separator. Other errors, including instrument least count errors, etc.
are negligible. Based on a relative error analysis, the experimental
errors in thermal conductivity and heat capacity measurements are
estimated to be 6% and 12% respectively. The error in heat capacity
measurement is greater, since heat capacity is determined based on
the measurement of k, and thus, relative error in measuring k also
contributes towards relative error in Cp, in addition to other sources
of error.

5. Conclusions

The separator material is expected to have the lowest thermal
conductivity among all materials in the electrode stack of a Li-ion
cell. This paper presents a novel experimental method to mea-
sure the in-plane thermal conductivity and heat capacity of the
Table 2
Measured thermal conductivity and heat capacity of Li-ion cell separator at room
temperature and at elevated temperature.

k (Wm�1 K�1) Cp (J kg�1 K�1)

Room Temperature
(25 �C)

0.50 ± 0.03 2480 ± 300

Elevated Temperature
(50 �C)

0.43 ± 0.03 2470 ± 300
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separator from a Li-ion cell. Experimental data from this mea-
surement method, based on a thermally semi-infinite domain in
the separator, are found to be in excellent agreement with the
underlying theoretical model. Data suggest that the separator has
poor thermal conductivity, which does not change significantly at
higher temperature. Measurements presented in this paper
contribute towards the understanding of thermal conduction
within a Li-ion cell, and provide useful thermal property data that
has so far been missing from the literature for a material of much
importance for ensuring safety and performance of Li-ion cells.
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