
International Journal of Heat and Mass Transfer 96 (2016) 371–380
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
An improved transient plane source method for measuring thermal
conductivity of thin films: Deconvoluting thermal contact resistance
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.01.037
0017-9310/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +1 (778) 782 8538; fax: +1 (778) 782 7514.
E-mail addresses: mahadi@sfu.ca (M. Ahadi), mandishe@sfu.ca

(M. Andisheh-Tadbir), Mickey.Tam@afcc-auto.com (M. Tam), mbahrami@sfu.ca
(M. Bahrami).
Mohammad Ahadi a, Mehdi Andisheh-Tadbir a, Mickey Tamb, Majid Bahrami a,⇑
a Laboratory for Alternative Energy Conversion (LAEC), School of Mechatronic Systems Engineering, Simon Fraser University, Surrey, BC V3T 0A3, Canada
b Structure, Properties & Performance Research Division, Automotive Fuel Cell Cooperation Corp. (AFCC), 9000 Glenlyon Parkway, Burnaby, BC V5J 5J8, Canada

a r t i c l e i n f o a b s t r a c t
Article history:
Received 11 November 2015
Received in revised form 1 January 2016
Accepted 13 January 2016
Available online 4 February 2016

Keywords:
Thermal conductivity
Thin film
Transient plane source (TPS) method
Thermal contact resistance (TCR)
Hot disk thermal constants analyzer
Guarded hot plate method
The conventional transient plane source (TPS) method cannot accurately measure bulk thermal conduc-
tivity of thin films and coatings, because of the inclusion of thermal contact resistances in the results. In
this study, a new modified TPS method is proposed that allows accurate measurement of bulk thermal
conductivity of thin films and coatings. For this purpose, first, a hot disk testbed is used to measure
the total thermal resistance for different thicknesses of a sample in the TPS test column. The bulk thermal
conductivity is then deconvoluted from the results. Experiments have been performed on ethylene
tetrafluoroethylene (ETFE) sheets, Nafion membranes, and gas diffusion layers (GDLs) with different
thicknesses using the proposed method, and the results have been cross-checked with the data obtained
from the guarded hot plate method, as per ASTM standard C177-13. The present modified TPS method
yields thermal conductivity values of 0.174 ± 0.002 W�m�1�K�1 for ETFE and 0.243 ± 0.007 W�m�1�K�1

for Nafion, while the values measured by the guarded hot plate method are 0.177 ± 0.002 W�m�1�K�1

for ETFE and 0.214 ± 0.003 W�m�1�K�1 for Nafion. The GDL results, on the other hand, change with
mechanical pressure, and about 15.7% difference is observed between the GDL results of the two meth-
ods. Overall, the developed method is proved to be highly reliable, quick, and accurate.

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

Thermal management is crucial in increasingly small areas like
thin gas diffusion layers and catalyst layers [1–5], microelectronic
packages and microprocessors [6–8], and ink coatings [9]. Precise
thermal conductivity measurement is one of the key parameters
needed in such applications. Thermal properties measurement
methods can be classified as: (i) steady state and (ii) transient
[10–25]. The steady-state methods have the advantage of simplic-
ity of the analysis of the signal and the main disadvantage of long
measurement times, whereas transient thermal properties tests
are much quicker and more complex to analyze. As the focus of this
study is on transient methods, a brief review of the features of the
available transient methods is provided in Table 1. More informa-
tion on steady-state methods can be found elsewhere [10,11].

In this study, transient plane source (TPS) experiments were
performed with a sensor of thin double spiral nickel sandwiched
between two thin ‘‘Kapton” films providing the sensor with electri-
cal insulation and mechanical stability; the sensor acts as a plane
heat source and a resistance thermometer, see Fig. 1. The thermal
transport properties of a sample can be obtained from analysis of
temperature increase of the sensor registered by the sensor, itself,
as a function of time. Details of the analytical solution of a tran-
sient heat source on a half-space, i.e., the fundamental of TPS
method, can be found in [16–19] and are briefly explained in the
next section of this article.

In the hot disk technology, an effective thermal conductivity is
measured for a thin film, which contains: (i) the bulk thermal resis-
tance of the film, (ii) the thermal contact resistance (TCR) between
the film and the TPS sensor, (iii) the TCR between the film and the
background material, (iv) the TCR between the adhesive sticking
the Kapton layer of the TPS sensor to its double spiral nickel and
the double spiral nickel, and (v) the TCR between the TPS sensor
and the background material associated with the required refer-
ence tests according to ISO22007-2 [18]. As such, the measured
value of bulk thermal conductivity is not accurate and contains
the mentioned TCRs. In the present study, the current TPS method
for thin films is modified to deconvolute the effects of the TCRs in
the test column. The measured bulk thermal conductivity of
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Nomenclature

A cross sectional area
a overall radius of the double spiral disk
b Y-intercept of line
D a dimensionless function
h thickness
I0 modified Bessel function of the zeroth kind
j counter variable
k thermal conductivity
l counter variable
m slope of line
N total number of measurement points
n the number of concentric ring sources of the double spi-

ral nickel
P output power of the sensor
q an arbitrary function
R thermal resistance
R0 a combination of some bulk resistances and the thermal

contact resistances in the TPS test column,
R0 ¼ hKap&adh

kKap&adhA
þ TCR

Rc;bm-s TCR between the background material and the sample
Rb;s bulk thermal resistance of the sample
Rc;s-Kap TCR between the sample and the Kapton layer
Rb;Kap bulk thermal resistance of the Kapton layer
Rc;Kap-adh TCR between the Kapton layer and the adhesive layer
Rb;adh bulk thermal resistance of the adhesive layer
Rb;Kap&adh effective bulk thermal resistance of the Kapton layer

and the adhesive layer together
Rc;adh-p TCR between the adhesive layer and the nickel probe
r total number of measurements
s integration variable
sb the standard deviation of the intercept of the linear

regression, sb ¼ sy;x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N þ x2ave

SSxx

q
sm the standard deviation of the slope of the linear regres-

sion, sm ¼ sy;xffiffiffiffiffiffi
SSxx

p
sy;x standard deviation of y(x), sy;x ¼

ffiffiffiffiffiffiffi
SSE
N�2

q
SSE error sum of squares, SSE ¼PN

l¼1ðyl � ŷlÞ2
SSxx sum of squares, SSxx ¼

PN
l¼1ðxl � xaveÞ2

SSxy sum of squares, SSxy ¼
PN

l¼1ðxl � xaveÞðyl � yaveÞ
T temperature

t time
TCR thermal contact resistance
Tc=2;N�2 the upper 100� c=2% point of the t-distribution with

N � 2 degrees of freedom
T I temperature of the surface of the background material

facing the sensor
T II temperature of the nickel probe (¼ DTp-bm þ T I)
x an arbitrary variable
y an arbitrary variable
z an arbitrary variable

Greek letters
a temperature coefficient of resistivity of the probe
c significance level
D difference operator
d uncertainty operator
H characteristic time, H ¼ a2=jbm
j thermal diffusivity
q electrical resistance of the double spiral nickel
s dimensionless time, s ¼ ffiffiffiffiffiffiffiffiffi

t=H
p

Subscripts
0 property at t=0 (s)
I surface of the background material facing the sensor
II surface of the nickel probe
adh Adhesive sticking the Kapton layer to the nickel probe
app apparent
ave average
b bulk property
bm background material
c contact
eff effective property
f thin film sample
i initial
Kap Kapton insulating layer
p probe
s sample
tot total

Superscript
^ predicted by linear regression
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ethylene tetrafluoroethylene (ETFE), Nafion, and gas diffusion layer
(GDL) by the modified TPS method is presented and compared with
the results of the guarded hot plate (GHP) method, as per ASTM
Standard C177-13 [11].
2. Experimental methods

2.1. Existing TPS method for thin films

In this study, a hot disk TPS2500S Thermal Constants Analyser
(Hot Disk AB, Gothenburg, Sweden and ThermTest Inc., Frederic-
ton, Canada) is used. The TPS thin film sensor, shown in Fig. 1a,
consists of a 10 lm thick double spiral nickel element, which is
sandwiched between two 25 lm thick Kapton layers via some
adhesive material [18]. According to the existing TPS method for
thin films [18], the sensor is sandwiched between two equivalent
pieces of a sample supported by a background material, as shown
in Fig. 1b. In this study, two stainless steel blocks (SIS2343) were
used as the background material, as shown in Fig. 2.
When the nickel element is heated, its temperature and, hence,
its electrical resistance increases as a function of time, as follows
[19]:

qðtÞ ¼ q0f1þ aDTðtÞg ¼ q0f1þ a½DTp-bmðtÞ þ DTave;bmðtÞ�g ð1Þ
where DTðtÞ is the probe mean temperature increase, DTp-bmðtÞ is
the temperature difference between the surfaces of the nickel probe
and the background material, and DTave;bmðtÞ is the average temper-
ature increase of the surface of the background material.DTp-bmðtÞ
becomes constant after a very short time, Dti, given by [19]:

Dti ¼
h2
p-bm

jp-bm
ð2Þ

where hp-bm and jp-bm are, respectively, the overall thickness and
thermal diffusivity of the materials between the probe and the
background material.

During a measurement, qðtÞ is measured as a function of time
[18], and the temperature increase of the probe is calculated from
Eq. (1), as follows:



Table 1
Summary of capabilities and limitations of available transient measurement methods for thermal properties.

Technique Capabilities and limitations Standard

Hot wire � Suitable for liquids, powders, non-carbonaceous materials, and dielectric materials
� Not suitable for anisotropic materials
� Applicable for k < 15 W�m�1�K�1

� Temperature range from room temperature to 1500 �C
� Long sensors and, consequently, long samples

ASTM C1113/C1113M-09 [12]

Hot strip � Capable of measuring thermal conductivity, thermal diffusivity, and specific heat [14]
� Suitable for solids and fluids with low electrical conductivity [14]
� Long sensors and, consequently, long samples

Not available

Transient plane source (TPS) � Capable of measuring thermal conductivity, thermal diffusivity, and specific heat
� Suitable for solids, liquids, and powders
� Suitable for both isotropic and anisotropic materials
� Compact sensors and, consequently, small samples

ISO22007-2 [18]

Laser flash � Suitable for homogenous, isotropic, and opaque solids
� Diffusivity values from 0.1–1000 mm2/s
� Temperature range from 75–2800 K

ASTM E1461-13 [20]

3x � For measurement of thermal conductivity [21]
� Suitable for dielectric solids [21]
� Temperature range from 30 to 750 K [21]

Not available

Differential photoacoustic � For measurement of thermal conductivity of thin films [23] Not available
Pulsed photothermal displacement � For measurement of thermal diffusivity of solids [24] Not available
Thermal-wave � For measurement of thermal diffusivity of high temperature superconductors [25]

� Temperature range from 10 to 300 K [25]
Not available

(a) (b)

Adhesive

Background material

Kapton

Background material

Kapton

Double spiral nickel

Sample 

Sample 

Sensor 

Fig. 1. (a) A picture of the TPS thin film sensor 7280, (b) schematic of the TPS test column.
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Fig. 2. (a) Inside of TPS2500S test chamber, (b) TPS test chamber and the applying force mechanism.

M. Ahadi et al. / International Journal of Heat and Mass Transfer 96 (2016) 371–380 373



374 M. Ahadi et al. / International Journal of Heat and Mass Transfer 96 (2016) 371–380
DTðtÞ ¼ DTp-bmðtÞ þ DTave;bmðtÞ ¼ 1
a

qðtÞ
q0

� 1
� �

ð3Þ

where DTave;bm is obtained from [19]:

DTave;bmðsÞ ¼ P0

p3=2akbm
DðsÞ ð4Þ

where P0 is the constant power of the sensor, and s is a dimension-
less time defined by [19]:

s ¼
ffiffiffiffiffi
t
H

r
ð5Þ

where H is a characteristic time defined by [19]:

H ¼ a2

jbm
ð6Þ

DðsÞ in Eq. (4) is a dimensionless function, defined as [16,18]:

DðsÞ ¼ 1

n2ðnþ 1Þ2
Z s

0

1
s2

Xn
l¼1

l
Xn
j¼1

j exp � l2 þ j2

4n2s2

 !
� I0

l � j
2n2s2

� �" #
ds

ð7Þ
where I0 is the modified Bessel function of the zeroth kind.

By substituting Eq. (4) into Eq. (3), the relation between DTðsÞ
and DTp-bmðsÞ becomes:

DTðsÞ ¼ DTp-bmðsÞ þ P0

p3=2akbm
DðsÞ ð8Þ

As DTp-bmðsÞ becomes constant shortly after Dti and P0
p3=2akbm

is a

constant for a specific experiment, Eq. (8) provides a linear relation
between DT and DðsÞ after Dti; whose slope and intercept are

P0
p3=2akbm

and DTp-bm; respectively.

During an experiment, heat is imposed on the Kapton layer and
the sample by the probe, which leads to increase in the temperature
and, hence, electrical resistance of the probe. After obtaining the
temperature increase of the heating element from Eq. (3), a value
is guessed for jbm; and then, H in Eq. (6) and s in Eq. (5) are
calculated based on the guessed value. Then, DðsÞ is calculated,
and the curve of DTðsÞ versus DðsÞ is plotted. If jbm was guessed
correctly, the curve would be a line after a short dimensionless time
Dsi associated with Dti; according to Eq. (8). Accordingly, the initial
nonlinear section of the curve, associated with the initial transient
conduction of heat across the Kapton layer and the sample, is
discarded, and a linear regression is performed on the rest of the
data which are registered during the steady state conduction of
( )τTΔ

T-D( ) plot:

Calculating the

Updating the va

Calculating the
slope of the line

Time window( )tTΔ

tT-t plot:

Initial guess of bm

Fig. 3. Iterative process o
heat across the Kapton layer and the sample. Since s is
dependent on jbm; the linear regression analysis is performed on
the data points iteratively. The above iterative process is shown
in Fig. 3.

By using the obtained DTp-bm from the final linear regression,
the effective thermal conductivity of the materials between the
nickel probe and the background material is calculated from [19]:

keff ¼ P0hp-bm

2ADTp-bm
ð9Þ

As per ISO22007-2 [18], the following procedure is given for
measuring the thermal conductivity of a thin film sample:

(1) A reference test with the thin film sensor alone between two
slabs of the background material to determine the effective
thermal conductivity of the Kapton layer together with the
adhesive.

(2) An experiment with the sensor sandwiched between two
identical pieces of the sample, supported by the slabs, to
determine the effective thermal conductivity of the series
combination of the adhesive layer, the Kapton layer, and
the sample.

Then, according to ISO22007-2 [18], the effective thermal con-
ductivity of the thin film (kf ) can be found from [18,26]:

Rtot ¼ Rb;s þ Rb;Kap&adh or
hKap&adh þ hf

keffA
¼ hf

kfA
þ hKap&adh

kKap&adhA
ð10Þ

where Rb;s is the bulk thermal resistance of the sample, and Rb;Kap&adh

is the effective bulk thermal resistance of the Kapton layer and the
adhesive.

2.2. The proposed modification for the existing TPS method for thin
films and coatings

One important issue that has been acknowledged in the existing
TPS thin film measurements [18] is the existence of a TCR between
each of the two contacting surfaces in the TPS test column. As Bah-
rami et al. [27,28] also pointed out, at relatively low contact pres-
sures, TCR between contacting surfaces can be much higher than
the bulk resistance of a sample. Accordingly, deconvoluting the
effects of the TCR in the TPS test column is of vital importance
for obtaining accurate values of bulk thermal conductivity for thin
films. The associated thermal resistance network of the TPS test
)(τD

Narrowing down 
the time window

 value of keff

lue of bm

 error of the 
ar regression

Is the error 
satisfactory?

End of process

No

Yes

f TPS measurements.



Rc,bm-s Rb,s Rc,s-Kap Rb,Kap Rc,Kap-adh Rb,adh Rc,adh-p

TI TII
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Fig. 4. Thermal resistance network of the TPS test column.
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Fig. 6. Thicknesses of the GDL samples versus pressure measured by TUC_RUC.
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column, Fig. 1 b, is shown in Fig. 4. The definitions of the temper-
atures and thermal resistances in Fig. 4 are shown in the nomen-
clature. Therefore, instead of Eq. (10), the relationship between
the thermal resistances in a TPS test column is:

Rtot ¼ Rc;bm-s þ Rb;s þ Rc;s-Kap þ Rb;Kap&adh þ Rc;adh-p

¼ Rc;bm-s þ hf

kfA
þ Rc;s-Kap þ hKap&adh

kKap&adhA
þ Rc;adh-p

¼ hf

kfA
þ hKap&adh

kKap&adhA
þ TCR ð11Þ

where TCR ¼ Rc;bm-s þ Rc;s-Kap þ Rc;adh-p is defined as the total contact
resistance of the test column. In Eq. (11), the term Rb;Kap&adh takes
the effect of Rc;Kap-adh into account. By comparing Eqs. (10) and
(11), it is clear that the effective thermal conductivity found for
the sample by Eq. (10) is not the true bulk thermal conductivity
of the sample and includes the effects of the TCRs of the TPS test col-
umn. In fact, it also includes the effect of TCR between the Kapton
layer and the background material due to the performed reference
tests, which may induce additional error in the measurements by
the standard method because such a TCR does not exist in the mea-
surement of the sample.

For convenience, Eq. (11) is rewritten as follows:

Rtot ¼ hf

kfA
þ R0 ð12Þ

where R0 ¼ hKap&adh
kKap&adhA

þ TCR.

The total thermal resistance in Eq. (12) should be back-
calculated by substituting the values of hf , kf , hKap&adh, and
kKap&adh into Eq. (10). For more clarification, Eq. (10) is rewritten
as follows, and the sequence of operations needed to back-
calculate the total thermal resistance is also shown schematically
in Fig. 5:

Rtot ¼ ðhfÞentered into the software

ðkf Þreported by the softwareA
þ ðhKap&adhÞentered into the software

ðkKap&adhÞentered into the softwareA
ð13Þ

After performing measurements for at least two thicknesses of a
sample, the bulk thermal conductivity of the sample can be
obtained by performing a linear regression on the obtained data
of total resistance versus thickness. As shown in Eq. (12), the slope
and intercept of such a line will yield the bulk thermal conductivity
of the sample and the resistance, R0 , respectively. The developed
method has the following advantages:

(1) Accurate measurement of the bulk thermal conductivity of
thin films,
Step (1):

Entering the values 
of hf, hKap&adh, and 
kKap&adh into the hot 

disk software

Step (2):

Performing th
experiment an

obtaining kf fro
the software

Fig. 5. Operations needed to back-calculate the total therm
(2) Elimination of the previously needed reference tests and the
possibility of entering any values for hf , hKap&adh, and kKap&adh

into the software due to the usage of the same values in
back-calculation of the total resistance, and

(3) Elimination of the unwanted noise of the TCR between the
Kapton layer and the background material induced by the
standard reference tests.

The downside of the proposed method is the need for perform-
ing tests for at least two thicknesses of the same sample, which
may not be available. In the next step, several case studies are per-
formed on ETFE, Nafion, and GDL to investigate the proposed mod-
ified method. The thicknesses of the samples were measured by a
custom-made testbed at Automotive Fuel Cell Cooperation Corp.
(AFCC), known as the TUC_RUC machine, which has a sensitivity
of 1 lm. The ETFE sheets were received from Asahi Glass Co. in
thicknesses of 11, 24, 50, 105, and 204 lm, and the Nafion films
were made in-house at AFCC in thicknesses of 10, 16, 26, and
48 lm. For GDL, two commercial samples with the names of GDL
24BA and GDL 34BA, received from SIGRACET�, are used. Fig. 6
shows thicknesses of the GDL samples versus pressure. Measure-
ments are performed on the samples via the developed method
and the GHP method described in Ref. [11], and the results of the
two methods are compared and cross-checked against each other.

2.3. GHP method

The device for GHP measurements (ASTM Standard C177-13
[11]) is shown in Fig. 7. The details of the method and the device
can be found elsewhere, see for example [4,11]. The total resistance
of a sample measured by the GHP testbed is the summation of the
sample bulk thermal resistance and the TCRs between the sample
and the fluxmeters, as follows:

Rtot ¼ hf

kfA
þ TCR ð14Þ

Therefore, similar to the modified TPS method, the thermal con-
ductivity of the sample and the TCR of the test column should be
obtained from a linear regression through the data of total resis-
tance versus thickness of the sample.
e 
d 
m 

Step (3):

Obtaining Rtot from:
Rtot = hf / (kf × A)

+ hKap&adh / (kKap&adh × A)

al resistance of a thin film from the hot disk software.
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3. Uncertainty analysis

The uncertainty analysis of the steady state and transient meth-
ods is performed following the methods described in Refs. [29,30],
see Appendix A.

4. Results and discussion

To ensure an accurate measurement, lack of temperature drift
for the nickel probe was ensured by allowing at least 5 min relax-
ation time prior to each measurement. Overall, each TPS measure-
ment took �3 min. For comparison, the first steady-state test by
the GHP testbed took about 5 h, with subsequent tests at different
pressures requiring �2 h to reach steady-state condition.

4.1. ETFE results

In this study, for obtaining the raw data to incorporate in the
developed method, values of 25 lm and 0.06 W�m�1�K�1 were
arbitrarily chosen and entered into the hot disk software for the
thickness and thermal conductivity of the Kapton film, respec-
tively. To show that the value of Kapton thermal conductivity
can be chosen arbitrarily in the developed method, a sensitivity
analysis is performed. The conventional TPS thin film measure-
ments [18] were also performed on the ETFE samples. The raw
-2.0
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Fig. 8. The raw data obtained from
ETFE data obtained from the hot disk testbed are shown in Fig. 8.
The values of kapp, shown in Fig. 8 and introduced in Eq. (13) by
ðkf Þreported by the software, contain the effects of the TCRs of the TPS test
column, which can be seen in the generally increasing trend of kapp
with an increase in pressure. The TCRs decrease with an increase in
pressure which leads to a higher kapp. In fact, the TCRs, inherent in
the measurements, result in deviation from the actual thermal con-
ductivity of ETFE; this issue will be discussed in more details later.
For the 11 lm ETFE sample, the deviations are even larger due to
the higher share of the TCRs compared to the film bulk resistance.

The data of different cases in Fig. 8 have been incorporated in
the developed method to calculate the total thermal resistance val-
ues; the results are shown in Fig. 9 and show no noticeable changes
in the measured total resistance by introduction of different values
for the Kapton thermal conductivity into the software. The maxi-
mum uncertainty in the measured resistances is 1.3%.

To compare the TPS testbed with the GHP testbed, both results
are plotted next to each other throughout the article. Since the TPS
sensor and the GHP testbed fluxmeters have different cross sec-
tional areas, the measured values of thermal resistance per unit
area, i.e. thermal insulance [K�mm2/W], are compared.

Total thermal insulance versus thickness for ETFE is shown in
Fig. 10. As shown, the linear behavior of total thermal insulance
versus thickness is well captured by both methods. The maximum
uncertainty for RtotA from 1 to 12 bar is 1.3% for the modified TPS
10

204 um ETFE, measured reference
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50 um ETFE, measured reference
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10

the hot disk software for ETFE.
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method and 10.4% for the GHP method. As shown, the GHP testbed
measures lower RtotA values than the TPS testbed, which is mainly
due to the existence of the extra bulk resistance of the Kapton layer
in the TPS test column compared to the GHP test column.

The changes in R0A and ðTCRÞA values versus pressure are plot-
ted in Fig. 11. The decreasing trend of the data is due to the reduc-
tion of the TCRs in the test columns of the testbeds with increase in
pressure. However, as can be inferred from the overlap of the
uncertainty ranges of each data set, the total TCR for each data
set does not change much with pressure, which is expected consid-
ering the almost flat surfaces of the ETFE films. The maximum
uncertainties are 12.7% for R0A and 32.5% for ðTCRÞA. The main rea-
son for higher R0A values than ðTCRÞA values is the existence of the
Kapton layer in the TPS test column. In addition, the fluxmeters of
the GHP testbed have flat metallic surfaces, whereas the surfaces of
the TPS sensor have some micro-patterns; this can result in higher
contact insulances in the TPS test column than the GHP test
column.

The measured thermal conductivities at different pressures are
shown in Fig. 12 next to the results of the conventional TPS thin
film theory. The results of the modified TPS method in Fig. 12 show
how well the raw data of the hot disk testbed shown in Fig. 8
collapse onto a consistent value of thermal conductivity when
incorporated in the developed method. Fig. 12 also shows a consis-
tent measurement of thermal conductivity of ETFE by the modified
TPS method and the GHP method. In addition, comparing the
obtained consistent thermal conductivity values from the modified
TPS method with the values from the conventional TPS method
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Fig. 10. Total thermal insulance versus thickness for ETFE.
further uncovers the significant effects of TCR in the results of
the conventional method, up to 66.7% relative difference. As shown
in Fig. 12, the TCR effects decrease as the thickness of ETFE
increases, the reason of which is decrease in the share of the TCRs
in the total resistance with an increase in the thickness of ETFE.
The maximum uncertainties in Fig. 12 are 6.7% for the proposed
modified TPS method and 7.5% for the GHP method. The average
value of thermal conductivity of ETFE is 0.174 ± 0.002W�m�1�K�1

from the modified TPS method and 0.177 ± 0.002W�m�1�K�1 from
the GHP method.
4.2. Nafion results

The Results of Nafion are shown through Figs. 13–15. Similar to
Fig. 10, both methods well capture the linear trend of the total
insulance versus thickness. Fig. 14 shows lower ðTCRÞA values for
Nafion compared to that of ETFE shown in Fig. 11, which could
be due to the softer and more deformable nature of Nafion mem-
branes leading to the membranes to conform more to the flat
metallic surfaces of the fluxmeters of the GHP testbed. In compar-
ison with ETFE, the change in R0A with pressure is significant for
Nafion. The relative difference between the thermal conductivity
results of the two methods, shown in Fig. 15, is about 13.5%. The
average thermal conductivity of Nafion measured by the modified
TPS method is 0.243 ± 0.007 W�m�1�K�1, whereas the average
value measured by the GHP method is 0.214 ± 0.003 W�m�1�K�1.
Since the share of bulk resistance of Nafion in total resistance is lar-
ger in the GHP method, the thermal conductivity results of this
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method for Nafion are more accurate than the values obtained by
the modified TPS method.
4.3. GDL results

For GDL, two samples, namely GDL 24BA and GDL 34BA, are
measured. The GDL results are shown in Figs. 16–18. Fig. 16 shows
the decreasing trend of total insulance versus compressive load.
Fig. 17, again, shows higher R0A values than ðTCRÞA values for
GDL. Since the zero insulance is generally in the uncertainty ranges
of the negative values in Fig. 17, these values can be interpreted as
small positive insulances which are close to zero. As shown in
Fig. 18, thermal conductivity of GDL increases with an increase in
pressure. The reason for this behavior is given in several studies
in literature [4,31,32].

The thermal conductivity values of GDL measured by the two
methods are about 15.7% different from each other which could
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Table 2
Summary of the thermal conductivity results.

Sample Measurement method k (W�m�

ETFE Modified TPS 0.174 ± 0
GHP 0.177 ± 0

Nafion Modified TPS 0.243 ± 0
GHP 0.214 ± 0

GDL (1 to 10 bar) Modified TPS 0.135 � 0
GHP 0.16 � 0.
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mainly be attributed to hysteresis behavior of GDL materials under
compressive load due to their fibrous porous structure as
explained in details in Ref. [31]. In the GHP testbed, the fluxmeters
undergo a series of thermal expansions and contractions until the
device reaches the steady state, whereas in the TPS testbed, these
effects are not present, as it is a transient and fast test. Accordingly,
GDL experiences some hysteresis effects in the GHP testbed at each
stage of pressure increment, whereas the TPS results for GDL are
free of such effects. The maximum uncertainties in the obtained
values of GDL thermal conductivity are 3.4% for the results of the
modified TPS method and 6.6% for the results of the GHP method.

Overall, when selecting a measurement method for measuring
thermal conductivity of a thin film or coating, the mechanical
behavior of the sample should be taken into consideration. How-
ever, considering the much longer time required for GHP measure-
ments compared to modified TPS tests, one can conclude that the
proposed method is a valuable and efficient tool for accurate mea-
surement of thermal conductivity of thin films and coatings.

5. Conclusions

In this study, the conventional TPS thin film theory was modi-
fied by deconvoluting the effects of TCRs in the TPS test column.
The proposed modification can also eliminate the need for con-
ducting any reference tests required by the conventional method.
Instead, one should conduct measurements on at least two thick-
nesses of the same sample. To validate the developed method, ETFE
sheets, Nafion films, and GDL samples were tested by both the
developed method and the GHP method. The results of the two
methods are summarized in Table 2. It was explained that the dif-
ferences between the results of the two methods originated from
different mechanical behaviors of a sample in the testbeds and
show the importance of considering such features while selecting
the thermal conductivity measurement method.
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Appendix A

According to [29], if q is any function of several variables
x; . . . ; z, then the uncertainty in q is calculated by:

dq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@q
@x

dx
� �2

þ :::þ @q
@z

dz
� �2

s
ðA1Þ

According to [30], if a linear regression ŷ ¼ m̂xþ b̂ is performed
on the set of ordered pairs ðx; yÞ, the uncertainties of the slope and
intercept of the regression should be found from:
1�K�1) Uncertainty (%) Relative difference (%)

.002 1.1 1.7

.002 1.1

.007 2.9 13.5

.003 1.4
.395 3.4 15.7
46 6.6
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dm̂ ¼ Tc=2;N�2sm ðA2Þ

db̂ ¼ Tc=2;N�2sb ðA3Þ
where Tc=2;N�2 is the upper 100� c=2% point of the t-distribution
with N � 2 degrees of freedom; c is the significance level for which
the value 0.05 is mostly used; N is the total number of measure-
ment points, and sm and sb are the standard deviations of the slope
and the intercept of the fitted line, respectively. Moreover, sm and sb
are calculated from the following equations:

sm ¼ sy;xffiffiffiffiffiffiffiffiffi
SSxx

p ðA4Þ

sb ¼ sy;x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
þ x2ave
SSxx

s
ðA5Þ

SSxx ¼
XN
l¼1

ðxl � xaveÞ2 ðA6Þ

xave ¼ 1
N

XN
l¼1

xl ðA7Þ

sy;x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
SSE

N � 2

r
ðA8Þ

SSE ¼
XN
l¼1

ðyl � ŷlÞ2 ðA9Þ

ŷl ¼ m̂xl þ b̂ ðA10Þ

m̂ ¼ SSxy
SSxx

ðA11Þ

SSxy ¼
XN
l¼1

ðxl � xaveÞðyl � yaveÞ ðA12Þ

yave ¼
1
N

XN
l¼1

yl ðA13Þ

b̂ ¼ yave � m̂xave ðA14Þ
If several values of quantity q are measured and the average of

the measurements is reported as the final value, then, the standard
deviation of the reported average is obtained from:

Standard deviation of q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPr

l¼1ðql � qaveÞ2
r

s
ðA15Þ

where r is the total number of measurements and qave ¼ 1
r

Pr
l¼1ql.
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