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1 Introduction

Polymer films with micrometer-scale thickness play an important

Liquid Interface for Accurate
Intrinsic Thermal Conductivity
Measurements of Polymer
Films Using the Transient Plane
Source Method

Characterizing the thermal properties of micrometer-thin films is crucial for optimizing
their performance in a broad range of engineering applications. The transient plane
source (TPS) method is widely used for measuring bulk materials, but its direct application
to thin films fails due to thermal contact resistance. By comparing TPS measurements
across films of varying thicknesses, it is possible to compensate for the influence of
thermal contact resistance and extract the intrinsic thermal conductivity. However, this
method still suffers from significant errors, e.g., as high as 26% in case of polyolefin
films, since its underlying assumption—thermal contact resistance remains identical for
films of different thickness—does not always hold true for actual measurements. Here,
we demonstrate that these errors can be effectively reduced to 4% by incorporating a
liquid thermal interface material. Specifically, the intrinsic cross-plane thermal conductiv-
ities of high-density polyethylene, isotactic polypropylene, and regioregular poly(3-hex-
ylthiophene) films are determined to be 0.450, 0.277, and 0.296 W/(m - K), respectively.
Moreover, these measurements exhibit remarkable reproducibility, achieving a standard
deviation below 0.02 W/(m - K) when the film thickness is sufficiently varied. Furthermore,
potential systematic errors are investigated through a comprehensive numerical study.
Overall, this study offers critical insights that considerably extend the applicability of
TPS measurements for thin films. [DOIL: 10.1115/1.4069207]

Keywords: heat conduction, transient plane source method, measurement techniques, heat
and mass transfer, thermophysical properties

thermal conductivity, thereby facilitating the thermal management
of electronics [9-11].

role in various engineering applications, with their mechanical,
electrical, optical, and thermal properties significantly impacting
their performance [1]. Among these properties, the thermal conduc-
tivity is of particular importance, especially in the fields of energy
harvesting/storage and electronics [2—4]. For instance, in the case
of fuel cells, the thermal conductivities of proton exchange mem-
branes and gas diffusion layers critically influence the internal tem-
perature distribution and thus the device performance [5,6].
Similarly, in the case of organic thermoelectric generators, the
thermal conductivity governs the temperature difference across
the generator, impacting the efficiency of power generation [7,8].
Furthermore, recent studies have demonstrated that insulating
polymer films processed in the solid state can feature a high
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There are numerous measurement techniques available for assess-
ing the thermal conductivity of micrometer-thick films [12-20].
They can be broadly categorized into contact and contactless
methods, depending on whether the sensing element physically con-
tacts the specimen or not [12,20]. Contactless methods, predomi-
nantly based on optics, include time-domain thermoreflectance
[13,14], frequency-domain thermoreflectance [15-17], and laser
flash analysis (LFA) [18,19,21]. One of the common advantages of
contactless methods is the disregard of thermal contact resistance
(Rc) between the specimen and the sensing element [12,20]. Yet,
these methods often require the deposition of a transducer layer
(e.g., gold [22,23], aluminum [24,25], graphite [26]) on the sample
surface. This layer facilitates the conversion of thermal responses
into detectable optical signals, which however tends to increase
both the time and complexity of the measurement process.

Contact methods include the guarded hot plate (GHP) method
[27], the 3w method [28,29], the temperature wave analysis
(TWA) method [30], and the transient plane source (TPS) method
[31]. The GHP method is a steady-state method with the advantages
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of simplicity and high accuracy [27]. The 3w method, a frequency-
dependent technique, necessitates a metal sensor deposited on the
sample surface. This method allows for the measurement of the
thermal conductivity of submicrometer-thick films, which are
thinner than those measurable by other contact methods [28,29].
TWA is another frequency-dependent method for film specimens
that is only employed for cross-plane thermal diffusivity measure-
ments. The determination of thermal conductivity is achieved by
multiplying the measured thermal diffusivity with the volumetric
heat capacity [32].

The TPS method in turn is a time-dependent technique offering
versatile and nondestructive testing [31,33,34]. Initially developed
for characterizing bulk materials, it has been extended to determine
the cross-plane thermal conductivity of films with a thermal conduc-
tivity ranging from 0.05 W/(m - K) to 2 W/(m - K) [31,35-37].

TPS measurements utilize a probe made of a nickel spiral covered
by insulation layers that provide electrical insulation and mechani-
cal support (Fig. 1(a)). When measuring bulk materials, this probe
is positioned between two identical specimens and a mounting force
is applied to enhance physical contact within the specimen—probe
assembly (Fig. 1(b)). The probe heats the specimens through the
Joule heating, and the resulting thermal response of the probe
(AT(2)) is simultaneously recorded over time [31] (Fig. 2(a)). AT
can be further written as a function of dimensionless time 7
(Fig. 2(b)), which is normalized with respect to the probe radius
(r) and thermal diffusivity () of the bulk material [31,37]

AT(7) = ATy + P(x**r2) "' D(z)

where 7=(t/0)'?, 0=r"/a M
where P represents the power output of the probe, A is the thermal
conductivity of the bulk material, and ATj is the additional temper-
ature increase caused by the total thermal resistance between the
probe and the bulk material. ATy reaches a constant value shortly
after the measurement begins [31]. D(z) is a function of dimension-
less time 7, which depends on the type of probe [31,33]

‘r 1 1 2, .2
_ - u +v uv
D(r) = L doo Jovdvjoudu X exp (— i )I() (_202) 2)

where o is an integration variable related to dimensionless time. The
variables v and u are normalized radial coordinates, and I is a mod-
ified Bessel function.

To determine the thermal properties of the bulk material, a
least-squares iterative process is employed to fit the recorded
AT(t) using Eq. (1). This fitting process establishes a linear relation-
ship between AT'(z) and D(z). The slope of the linear relationship is
associated with the thermal conductivity of the bulk material, while
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its intercept at D(7) =0 reveals the additional temperature increase
ATy (Fig. 2(b)). ATy can be utilized to estimate the total thermal
resistance (Ryot) between the probe and the bulk material, which
impedes heat conduction from the probe to the bulk material [31,37]

P =2S5ATa/Riot 3)

where S is the area of the probe.

Equation (3) assumes that heat conduction between the probe and
the bulk material is one-dimensional (1D). This assumption holds
when the thickness of the insulation layer is markedly smaller
than the probe diameter. However, this simplification can introduce
errors that vary with the thickness and thermal conductivity of the
sample [38].

To determine the thermal conductivity of thin films, a two-step
process is employed. First, the background material is measured,
which is referred to as the background measurement (Fig. 2(c)).
By performing the fitting process on the thermal response data
(AT}, (1), Fig. 2(a)), the additional temperature increase (AT, y,
Fig. 2(b)) is obtained. This increase is further used to estimate the
total thermal resistance (Rtot,b)! which consists of the thermal resis-
tance caused by the insulation layer (R;) and the thermal contact
resistance between the probe and bulk material (R_y,)

Riotp = Rj + Rc,p-b )

Then, two thin-film specimens, e.g., two polymer films, are posi-
tioned between the probe and the background material while
keeping the measurement conditions unchanged (Fig. 2(d), referred
to as the film measurement). Similarly, the thermal response data
(AT ¢(1), Fig. 2(a)) are obtained to estimate the additional tempera-
ture increase (AT, ¢, Fig. 2(b)) and the total thermal resistance
(Rtot,f)- Rtot,f in this case can then be written as

Riotf =R +Rep.f+Re+Rc gy ®)

where RC, _¢ is the thermal contact resistance between the probe
and the film specimen, R fb denotes the thermal contact resistance
between the film and the background material, and R represents the
thermal resistance caused by the film specimen. The intrinsic cross-
plane thermal conductivity (4, ) of the films is given by

Ry=6/A1 (6)
where ¢ is the thickness of the film specimen. However, introducing

the film specimens imposes an additional thermal contact resistance
(denoted as C) compared to the background measurement.

Transactions of the ASME

G20z 1snBny 0z uo 1senb Aq Jpd'9zz L-GZ-BosY66EZZSL/8001 L L/L L/L LAPd-BjoilEe/uonE)ddesousosieway)/Bi0-awse uonoa||0d|e)Bipswse;/:dny woy papeojumod



(a) y AT(t) Film .

measurement

(b)

t
AT&l,t l-
i 1
‘ “1
(c) (d) Film measurement

Background material
(BG) |

.

Film sample .<— >

—dr-

Fig.2 (a) Thermal response of the probe over time (t) during a background measurement and
a film measurement, respectively. The thick dashed lines define the range of data utilized for
determining the properties of the bulk/background material; (b) thermal response of the probe
as a function of dimensionless time (z) in a background measurement and a film measure-
ment, respectively. The intercepts (AT, 4, AT, |,) are utilized for determining the properties
of the film specimens; (c) schematic ofa a background measurement and its thermal network
between the probe and the background material. The inset illustrates the contact between
the BG and the probe; (d) schematic of a film measurement and the corresponding thermal

network.

Mathematically, this can be expressed as
Riotf — Riotp =6/AL + C=6/21a @)

In the current approach, the TPS method directly measures the
apparent thermal conductivity (4, a) of the film. This value includes
the effect of the additional thermal contact resistance and as a
result the measured thermal conductivity is typically lower than
the intrinsic cross-plane thermal conductivity [38,39].

Determining the intrinsic cross-plane thermal conductivity using
the TPS method is feasible by comparing measurements of films
with varying thickness [39,40]. This approach, referred to as the
slope method, has been reported to achieve an accuracy of approx-
imately 7-15% [39,40]. The slope method requires a linear fitting of
measured Ry £ — Ryt against film thickness. The slope of the fit
represents the reciprocal of the intrinsic cross-plane thermal con-
ductivity (1/4,). This method by default assumes that R¢ (including
Rc,p—f and Rc,f—b) remains identical across measurements of

samples with different thicknesses.

However, this underlying assumption of identical R¢ may not
hold true and could lead to significant errors, particularly when
the sensor and film specimens have uneven surfaces. Our results
demonstrate that such errors can easily reach a value of 26%. Addi-
tionally, systematic errors arise from the assumption of 1D heat con-
duction across the film specimen [38,41], which has not been
investigated and quantified with regard to the slope method. There-
fore, determining 4, of thin films with the TPS method is currently
associated with considerable uncertainties.

Journal of Thermal Science and Engineering Applications

In this work, high-density polyethylene (HDPE) and polypropylene
(PP), two polymers with distinct thermal and mechanical properties,
were primarily investigated. Additionally, poly(3-hexylthiophene)
(P3HT), which has lately attracted significant interest in the context
of energy conversion, was also measured. These materials were char-
acterized using TPS measurements under varying measurement con-
ditions, including changes in mounting force and the application of
a thermal interface material (TIM). We found that the thermal
contact resistance varied with film thickness, which differed from
the assumption underlying the slope method and led to considerable
deviations. However, using a thermal interface material effectively
enhanced the measurements by reducing the variation in thermal
contact resistance. In addition, the systematic error and reproducibility
of the measurements were carefully evaluated.

2 Experiment

2.1 Materials. HDPE (547999, weight-average molecular
weight (Myy) = 95 kg/mol, polydispersity index (PDI)=5.3) and
isotactic PP (427888, Myy = 250 kg/mol, PDI=3.7) were obtained
from Sigma-Aldrich, St. Louis, MO, and used as received. In addi-
tion, P3HT was obtained from Ossila, UK (M1010, Myy = 74 kg/
mol, PDI=2.1, regio-regularity =97%) and used as received.

2.2 Sample Preparation. Free-standing polymer films were
fabricated by hot pressing, using a laboratory press (LabPro 200)
supplied by Fontijne Presses, the Netherlands, together with a
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constant thickness film maker from Specac Ltd., Sheffield, UK. The
press applied a force of 15kN at temperatures that exceeded the
melting temperature of the materials: 180°C for HDPE, 210°C for
PP, and 290°C for P3HT. The hot-pressed films were subsequently
cooled to room temperature at a rate of approximately 40°C/min.
The thicknesses of the hot-pressed films were measured using a
micrometer with a precision of 1 gm. Bulk polymer samples for ref-
erence measurements were hot pressed into cylindrical shapes with
a thickness of 4 mm and a radius of 15 mm.

2.3 Pressure Distribution Tests. Prior to the TPS measure-
ments of films, pressure distribution tests were conducted to
assess the contact between the experimental components [42],
such as background materials, the probe, and the film specimens.
In this test, a pair of Prescale Films (i.e., pressure-sensitive films,
including A-film and C-film) supplied by Fujifilm, Japan, was
placed between the components to study the contact between
them. A mounting force of 500 N was applied to the components
and Prescale Films for 5min. A-film is coated with a micro-
encapsulated color-forming material, while the C-film is coated
with a color-developing material. When used in pairs, these films
respond to applied pressure by producing a red color at the point
of contact. The intensity of the color correlates with the amount
of pressure applied.

2.4 Thermal Conductivity Measurements. The TPS mea-
surements of the film specimens were conducted using a TPS
2200 Thermal Constants Analyzer obtained from Hot Disk AB,
Sweden. The probe utilized in the measurements had an effective
radius of 11 mm and a 25 ym thick polyimide insulation layers on
both sides (model 7854, Fig. 1(a)). The background material
used was a stainless steel block with a thermal conductivity of
13.5 W/(m - K). A compression stand obtained from Hot Disk was
employed for applying a mounting force of up to S50N. Back-
ground measurements were conducted for each level of mounting
force.

De-ionized water and silicone oil were employed as a TIM. The
de-ionized water, supplied by Sigma-Aldrich, had a thermal con-
ductivity of 0.59 W/(m - K) at room temperature. The silicone oil,
sourced from Thermo Fisher Scientific, Waltham, MA, had a
thermal conductivity of 0.14 W/(m-K) at room temperature.
When using de-ionized water as a TIM, three repeated measure-
ments were conducted within 1h to avoid the influence of water
evaporation. Optionally, sealing the gap between the two back-
ground materials with waterproof tape can effectively reduce the
evaporation rate.

Two types of reference measurements were carried out: TPS
measurements of bulk polymer samples and TWA measurements
of pressed polymer films. These methods were selected because
they are widely used and supported by international standards
[30,31]. TPS measurements of bulk polymers used a sensor with
a radius of 3.2mm (model 5501), while TWA measurements of
pressed polymer films employed an Ai-Phase Mobile M3 instru-
ment supplied by Ai-Phase Co., Ltd., Tokyo, Japan.

2.5 Differential Scanning Calorimetry (DSC)
Measurements. The specific heat capacity and melting character-
istics of the pressed polymer films, including peak melting temper-
ature (Tm) and enthalpy of melting (AHpm), were obtained using a
DSC 2 instrument from Mettler Toledo, Columbus, OH. The spe-
cific heat capacity at room temperature was;obtained using the Sap-
phire method, with a heating rate of 2°C/min from 10 °C to
40°C. The melting characteristics were obtained from the first
heating thermograms with a heating rate of 10°C/min from 20°C
to 250°C.

111008-4 / Vol. 17, NOVEMBER 2025

2.6 Simulations. The heat transfer in solids module in comsoL
MULTIPHYSICS (version: 6.1) was utilized to study heat conduction in
the TPS measurement setup.

3 Results and Discussion

3.1 Properties of Hot-Pressed Films and Bulk Samples. T
and AHm of the hot-pressed films were extracted from first heating
DSC thermograms (Fig. 1(a) available in the Supplemental
Materials on the ASME Digital Collection). The crystallinity (X¢)
is calculated according to (AHm/AHOf)x 100%, where AHOf is

the enthalpy of fusion. The crystallinity of the HDPE and PP
films was determined to be 61% and 50%, respectively. The mea-
sured AHm of P3HT agrees with the literature values [43]. More
details are provided in Table 1 available in the Supplemental
Materials.

The hot-pressed films had an average thickness (7) varying from
approximately 40 ym to 400 um, across 12 distinct thickness levels.
The coefficient of variation (CV) in thickness was calculated
according to CV = (¢/f) X 100%, where o is the standard deviation
of the five measured values taken at different locations on a single
specimen. CV was then employed to quantify the flatness of the
films (Fig. 1(b) available in the Supplemental Materials). Most
films displayed a coefficient of variation lower than 3%, though
films thinner than 80 gm showed higher variations.

The thermal conductivity of hot-pressed films determined by
TWA (’M,TWA) was 0.488 +0.049 W/(m-K) for HDPE and
0.247 +0.025 W/(m - K) for PP. These values represent one of the
two sets of reference values used in this study.

Another set of reference thermal conductivity values was derived
using TPS measurements of bulk polymer samples (Table 1), where
the thermal conductivity (A, k. Tps) Was 0.465 +0.023
W/(m - K) for HDPE and 0.269 + 0.013 W/(m - K) for PP. The two
sets of reference values are in good agreement, in particular when
considering differences in sample preparation, with recorded differ-
ences of less than 8%. Additionally, these two sets of reference
values fall within the range of thermal conductivity values reported
in the literature: 0.42W/(m-K) to 0.52W/(m-K) for HDPE
[44-46] and 0.22 W/(m - K) to 0.27 W/(m - K) for PP [47-49].

3.2 Pressure Distribution. Six pressure distribution tests with
different arrangements of components were conducted. To assess
the contact between two blocks of the background material, the
first test was set up with an arrangement from the top to bottom
comprising background material, Prescale Films, and background
material (abbreviated as BG—Prescale Films—BG). The second test
used an arrangement of BG-—probe—Prescale Films-BG to study
the contact between the probe and the background material. The
remaining tests focused on the contact between film specimens

Table 1 Material properties

ﬂ pP C p
Material (W/(m-K)) (kg/m®) (J/(kg-K))
HDPE 0.465% 950° 1923°
PP 0.269* 900° 1613°
Background material (stainless steel) 13.5% 8150° 460*
Insulation layer (polyimide) 0.18¢ 1420° 1090°
Probe (nickel) 91.4" 8900 444"

“Determined by TPS measurements of bulk samples.

*Determined from the mass and volume of the samples.

“Obtained from the DSC Sapphire method.

dObtained from a background measurement with de-ionized water as the
TIM.

°Obtained from Ref. [50].

'Obtained from Ref. [38].
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5 mm

40 ym HDPE

40 pm PP 400 pm PP
Fig. 3 The results of the pressure distribution test examining
the contact between the background material and various com-
ponents: (a) second block of the background material, (b) the
probe, (c) a 40um-thick HDPE film, (d) a 400um-thick HDPE
film, (e) a 40um-thick PP film, and (f) a 400 m-thick PP film.
The intensity of the coloration is related to the pressure level.
To identify the position of the probe, a contour line in (b) is pro-
vided to represent the outer edge of the probe.

and the background material, using the arrangement BG—film speci-
men—Prescale Films-BG.

The first experiment showed an even distribution of color
(Fig. 3(a)), suggesting a uniform pressure distribution between
two blocks of the background material. The second experiment
involving a probe demonstrated a heterogeneous and irregular col-
oration, characterized by small clusters of higher intensity
(Fig. 3(b)). These clusters likely resulted from the bulges in the
nickel pattern and polyimide surface, which can be seen in Fig. 1(a).

The tests involving a thin-film specimen (approximately 40 pm)
displayed a more uniform and consistent color distribution (Figs.
3(c) and 3(e)). In contrast, thick film specimens (approximately
400 um) led to a visibly larger and irregularly colored region
(Figs. 3(d) and 3(f)). This irregularity is expected to be caused
by the uneven surfaces and the low pliability of the thick films,
showing the influence of film thickness on its surface properties.

3.3 Thermal Conductivity From Transient Plane Source
Film Measurements

3.3.1 Measurement Without Thermal Interface Material. In
the cases where TPS was carried out without a TIM, 4, 3 of both
HDPE and PP films (Fig. 4(a)) proved lower than the reference
values obtained from the TWA and the TPS method for bulk mate-
rials (Table 1), which we attribute to the presence of thermal contact
resistance. Generally, the thicker specimens displayed a higher
apparent cross-plane thermal conductivity. This is because the
thicker specimens possess a larger intrinsic thermal resistance

Journal of Thermal Science and Engineering Applications

(Rg=06/41) and thus a larger Rtot,f’ which diminished the influ-
ence of thermal contact resistance.

In addition, a higher mounting force led to an increase in the
values of 4, a, particularly in the case of HDPE. This increase is
attributed to a reduction in thermal contact resistance with greater
mounting force. However, if the specimens are compressible,
changes in mounting force may also alter their thickness, which
in turn effects their thermal conductivity. Notably, HDPE films
thinner than 50 ym exhibited anomalously higher values of 1) 3 at
a force of 300N, likely due to the softer nature of thin HDPE
films, which resulted in better contact with the probe and back-
ground materials.

Subsequently, we extracted the intrinsic thermal conductivity
using the slope method (Fig. 4(b)). Data from the films thicker
than 80 ym were utilized due to the low uncertainty in the deter-
mined thickness (Fig. 1(b) available in the Supplemental
Materials). Reot.f = Riotp Was initially plotted against the film
thickness and fitted with a linear function. The uncertainty in the
fit parameters (slope and intercept) was calculated in accordance
with the methodology described in Refs. [40,51]. Afterward, A,
was obtained as the reciprocal of the slope from these fits
(Table 2). Overall, the 1, values of HDPE and PP were still under-
estimated, showing a difference of up to 26% and 22%,
respectively.

Moreover, the values of 4, also changed with the mounting force.
When the external mounting force was increased, the 4, values of
HDPE increased by 17% from 0.343W/(m-K) to 0.411
W/(m - K), while those of PP increased by 9% from 0.209 W/
(m - K) to 0.230 W/(m - K). Regardless, the highest values obtained
were still significantly lower than reference values of 0.465
W/(m - K) for HDPE and 0.269 W/(m - K) for PP.

In addition, the influence of the mounting force differed with the
specimen thickness (Fig. 4(b)). Rtot,f — Rtot,b in the case of thin
specimens decreased only slightly with increased mounting force
(small arrows), whereas in the case of thicker specimens a more sig-
nificant decrease was observed (big arrows). This indicates that
there is greater potential for reducing R¢ in case of thick films by
applying a higher mounting force. Additionally, considering the
uneven surfaces and reduced pliability of thicker films, we argue
that these films tend to result in a higher R¢. This is at odds with
the underlying assumptions of the slope method and thus resulted
in errors.

A higher R in case of thick films leads to a higher total thermal
resistance, resulting in a steeper slope of the linear fit and, conse-
quently, a lower value of A,. This phenomenon likely contributes
to the observed underestimation of the intrinsic thermal conductiv-
ity if no thermal interface material is used.

3.3.2  Measurements With Liquid Thermal Interface Material.
TPS measurements with water as the TIM yielded higher values
of thermal conductivity compared to the previous case without a
TIM (Fig. 4(c)). The increase in A 3 can be attributed to a reduction
in thermal contact resistance. Despite this increase, the values of
Ay a of both HDPE and PP remained lower than their respective ref-
erence values, which we attribute to the fact that employing water
did not completely eliminate thermal contact resistance.

Similarly, Ry f — Ryt p Was again plotted against specimen
thickness (Fig. 4(d)) and fitted to calculate 4, and the additional
thermal contact resistance (intercept). Unlike the scenario without
a TIM, the values of 1, were more consistent across different
mounting forces, with a small difference of around 1% (Table 2).
In case of HDPE, average values of 1) and the intercept over differ-
ent mounting forces were 0.450W/(m-K) and 55mm?K/W,
respectively. In case of PP, average values were 0.277 W/(m - K)
and 110 mm?K/W, respectively. These values of 1, agreed well
with the reference values from TPS measurements on bulk materials
(Table 1) and the TWA method, differing by less than 4% and 11%,
respectively.

Analogous measurements with a mounting force of SO0N were
conducted using silicone oil as the TIM (Figs. 5(a) and 5(b)). In
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Fig. 4 Results of the TPS measurements of HDPE and PP films (mounting force: @ O N, ll 50 N, ¢ 300 N, A 550 N): (a) the
values of the apparent thermal conductivity versus the film thickness, obtained from the measurements without a TIM;

(b) Ryot f —

Rtot b as a function of the film thickness, along with linear fits. Data points from the specimens thinner than 80

um (opén symbols) were excluded from the fitting; (c) the values of the apparent thermal conductivity versus film thickness,

obtained from the measurements using water as the TIM; (d) Ry,

— Ry ot Versus film thickness, along with the linear fits.

Data points from specimens thinner than 80 zm (open symbols) were excluded from the fitting.

this case, 4, of HDPE and PP was calculated to be 0.435
W/(m-K) and 0.264 W/(m - K), respectively, similar to values
obtained from the measurements with water as the TIM. Due to
the low volatility of silicone oil, a high measurement stability
was achieved. Specifically, the measurement results obtained for
HDPE films under a mounting force of 500 N remained

exceptionally stable for over 10 days, with an observed fluctua-
tion of less than 0.5% (Fig. 5(c)). This also implies that the influ-
ence of creep is negligible in our measurements. However, the
removal of silicone oil from the specimens at the end of measure-
ment is normally more difficult compared to that of de-ionized
water.

Table 2 The results from the slope method, including 1, (reciprocal of slope) and the additional thermal contact resistance

(intercept)
Material Mounting AL (W/(m - K)) Intercept (mm?K/W) A1 (W/(m - K)) Intercept (mm>*K/W)
force (N) (without TIM) (without TIM) (with water as TIM) (with water as TIM)
HDPE 0 0.343 +0.007. 37.5+145 0.447 +0.003 50.6 +4.1
50 0.381 +0.007 67.3+12.2 0.453 +0.003 48.5+3.6
300 0.411 +0.005 48.0+7.7 0.449 +0.004 61.6+4.5
PP 50 0.209 +0.005 02+284 0.279 +0.007 118.3+25.7
300 0.217 +0.005 43+258 0.276 +0.007 100.9 +£24.0
550 0.230+0.003 35.6+16.2 0.275 +0.007 110.0+23.2
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Fig.5 Measurement results for HDPE and PP using silicone oil
as the thermal interface material: (a) the values of 1, 3 versus the
film thickness for a mounting force of 50 N (M); (b) Ryt § — Rtot b
versus the film thickness for a mounting force of 50 N, along with
linear fits. The data points from the specimens thinner than 80 um
(outlier open symbols) were excluded from the fitting; and (c) the
values of 1, 5 of 400 um-thick HDPE and PP films versus time for
a mounting force of 500N (A)

3.4 Simulation. To investigate the systematic error caused by
the assumption of 1D heat flow across the specimen, two simulation
models were developed. Considering the axisymmetric heat con-
duction in the measurements, the models were reduced to two
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Fig. 6 Schematic depicting the two simulation models of TPS
measurements involving de-ionized water that represent (a) the
ideal and (b) the actual scenarios. The dashed frame in the
inset indicates the computational domain.

dimensions (2D) to improve computational efficiency [52,53].
The development of the 2D models relied on several key
assumptions:

e The measurement setup, including the probe, background
material, layers, and interfaces can be treated as axisymmetric.

e The bifilar probe can be approximated as a series of concentric
and uniformly spaced ring sources.

e Heat transfer between the measurement components and the
ambient environment is considered negligible (adiabatic
boundary condition).

e Heat transfer via convection and radiation is considered
negligible.

e Material properties are assumed to remain constant during the
measurement.

One simulation model was developed to represent the ideal sce-
nario where heat flow across the film specimen and the insulation
layer is 1D (ideal scenario, Fig. 6(a)). In this model, an ideal heat
source was depicted as a thin rectangle, transformable into a circular
probe by rotation around the origin. The radius of the specimen
layer, TIM layers, and insulation layers was set to be the same as
the equivalent radius of the probe (11 mm).

The second model simulated the conditions of the actual mea-
surements (Fig. 6(b)). A series of uniformly spaced thin rectangles
with a height of 5 ym and a width of 800 ym was utilized to repre-
sent the double spiral probe. The space between the rectangles was
200 ym. In addition, the radius of the specimen and insulation layers
was set to be 3 mm larger than that of the probe, consistent with the
experimental setup.
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Fig.7 Comparison of temperature distribution across the film specimen at the end of the measurement period (20 s) between the
(a) ideal and (b) actual scenarios; and (c) difference in Rtot,f - Rtot,b between the ideal and actual scenarios

The governing equations for heat conduction in the simulation
are

or
pCp a7 Vg=0 ®)

g=—IVT ©)

where ¢ is the heat flux by conduction and Q is the power supplied
by the heat source. Thermal contact resistance in measurements
using a TIM was considered and represented by equivalent thin
resistive layers in the simulation model. The resistance of each
layer was set to 28 mm?’K/W for HDPE measurements and 55
mm?K/W for PP measurements, corresponding to half of the inter-
cept obtained from the slope method (Table 2). The heating power
and heating time of the probe were set to 1 W and 20 s, respectively,
to align with the experimental conditions. The material properties,
including 4, density (p), and the specific heat capacity (Cp), are
listed in Table 1.

We first compare the simulated temperature distribution between
the ideal and actual scenarios. In the ideal scenario, the isotherms
are parallel within the film specimen, suggesting 1D heat conduc-
tion (Fig. 7(a)). However, in the actual scenario (Fig. 7(b)), the tem-
perature distribution differs from the ideal scenario due to two
factors. First, the actual double spiral probe has a slightly smaller
heating area compared to an ideal circular probe with the same
radius, which tends to result in a higher average temperature
increase and thus an underestimated value of the thermal conductiv-
ity. Second, the radius of the insulation layer and the film specimen
is slightly larger than that of the probe, which tends to create an
additional edge area allowing heat to be conducted to the back-
ground material. This causes a lower average temperature increase,
which results in an overestimation of 4, .

111008-8 / Vol. 17, NOVEMBER 2025

The difference in Ry — Riot.p between the ideal and actual
scenarios (€) was calculated according to

_ |:(Rt0t,f ~Rioplact

= X 100% (10)
Riot,f ~ Riot,bidl }

where the subscript idl and act denote the ideal and actual scenarios,
respectively. For a given sensor radius (11 mm in this case), € varies
depending on both the thickness and the thermal conductivity of the
film specimens (Fig. 7(c)). In case of HDPE and PP, ¢ remains
below 7% over the thickness range of 80—400 ym. Note that these
values of e will vary when a sensor with a different radius is utilized.

For thinner film specimens, the smaller area of the actual probe (the
first factor) has a more pronounced effect, leading to an underesti-
mated value of A, . This factor poses another challenge in evaluating
thinner film specimens, alongside the aforementioned uncertainty in
thickness determination. On the other hand, in case of thicker speci-
mens, the influence of the additional edge area (the second factor)
becomes more significant, resulting in an overestimated value of 4, .

These systematic measurement errors at each thickness can accu-
mulate and propagate into the final thermal conductivity value
determined by the slope method. With knowledge of €, the mea-
sured values of Rtot,f - Rtot,b (Fig. 4(d)) were first adjusted and
used to recalculate the thermal conductivity. By comparing the pre-
vious and recalculated thermal conductivity values (Table 2 avail-
able in the Supplemental Materials), the accumulated systematic
errors were determined to be 4% for HDPE and 5% for PP.

To further reduce systematic errors, three general modifications
to the probe are proposed so that the heat conduction during the
measurement more closely resembles the ideal scenario: (1)
increase of the probe radius, (2) narrowing of the gap within the
double spiral, and (3) reduction of the thickness of the polyimide
insulation layers.

3.5 Influence of Specimen Number. This section discusses
the influence of the number of specimens (with different
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thicknesses), providing insights into the reproducibility, and robust-
ness of the TPS measurements when water is used as the TIM.

First, the intrinsic thermal conductivity calculated using only two
pairs (2 X 2) of film specimens (4, ,) was examined. To achieve
this, subsets of data from 2 X 2 specimens were extracted from
Fig. 4(d) (solid symbols). For every subset, a linear regression
was carried out, from which the slope and 1) » were obtained. Sub-
sequently, 4, » values were plotted against the thickness difference
between the 2 x 2 specimens (Fig. 8(a)).

Journal of Thermal Science and Engineering Applications

Table3 Comparison of 1, and standard deviation obtained from
datasets with varying specimen numbers

Thermal conductivity
(W/(m - K)) ALn A3 v

HDPE 0.448 +£0.022 0.448+0.012 0.446 +0.008
PP 0.2890+0.065 0.278£0.019  0.269 +0.009

First of all, the values of 1, » were seen to evenly scatter across
different mounting forces, indicating no dependence on the mount-
ing force. In addition, the values of 4, » were more scattered when
the thickness difference was small. As the thickness difference
increased, the values became more consistent. Overall, the standard
deviation of 4, » was 0.022 W/(m - K) (5%) for HDPE and 0.065
W/(m - K) (22%) for PP.

When the thickness difference was larger than 200 um, the stan-
dard deviation significantly decreased to 0.006 W/(m - K) (1%) for
HDPE and 0.013 W/(m - K) (5%) for PP. This suggests that 2 X 2
specimens with a significant thickness difference are likely suffi-
cient for obtaining viable results of low uncertainty.

The intrinsic thermal conductivity obtained from 3 X 2 film spec-
imens (4, 3) was also analyzed (Fig. 8(b)). With an additional speci-
men pair, the values of 4, 3 were observed to be more consistent
when the thickness difference was small, especially in the case of
PP specimens. In case of both HDPE and PP, the standard deviation
is less than 0.02 W/(m - K). Lastly, the intrinsic thermal conductiv-
ity from subsets with 4 X2 specimens (4,4) was evaluated
(Fig. 8(c)). Differing from the preceding scenarios, the values of
A1 4 in this case showed a much smaller standard deviation, espe-
cially when the thickness difference was small. Specifically, the
standard deviation was 0.008 W/(m-K) (2%) for HDPE and
0.009 W/(m - K) (3%) for PP. All the results are summarized in
Table 3.

Based on this analysis, two sets of specimens are recommended
for precise TPS measurements with a standard deviation less of than
0.02 W/(m - K). The first set includes 2 X 2 specimens, each thicker
than 80 ym, with a thickness difference exceeding 200 ym. The
second set consists of 4 X 2 specimens, each thicker than 80 ym.

To illustrate the utility of the here proposed specimen set, 2 X 2
P3HT films with a thickness difference of over 200 ym were also
measured, which gave an intrinsic cross-plane thermal conductivity
0f 0.296 + 0.030 W/(m - K). This value is comparable to the thermal
conductivity of P3HT films or bulk material prepared by other
methods, such as drop casting (0.21 W/(m - K)) [54], spin coating
(0.27 W/(m-K)) [55], cold pressing (0.19 W/(m-K)) [56], and
drop casting followed by a cold pressing (0.33 W/(m - K)) [57].

4 Conclusions

In our measurements, thicker films led to a larger thermal contact
resistance, likely due to their comparatively uneven surfaces and low
pliability. This is at odds with the fundamental assumption of the
slope method that heat conduction across the film is one-dimensional,
leading to significant errors of up to 26% in case of HDPE. To address
this issue, liquid thermal interface materials, e.g., de-ionized water or
silicone oil, were introduced. The liquid thermal interface material
ensured a consistent and low thermal contact resistance independent
of film thickness, which enabled the precise extraction of the intrinsic
cross-plane thermal conductivity. The extracted values for HDPE and
PP agreed well with reference values, with a difference of 4%. This
level of accuracy is comparable to the typical accuracy of 5%
achieved by the LFA method for millimeter-thick samples.

Moreover, finite-element simulations were performed to quantify
systematic errors arising from the assumption of one-dimensional
heat conduction across the film specimens. The results indicate
that the systematic error in the thermal conductivity of HDPE and
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PP, determined via the slope method, is less than 5%. In addition,
the simulations imply that samples with a thermal conductivity as
low as 0.05 W/(m - K) and as high as 2 W/(m - K) can also be mea-
sured with a small error.

Finally, we observed that both the number of specimens and the
thickness difference among them influence the overall precision of
the measured intrinsic conductivity. Using as few as two specimens,
provided they have sufficiently different thicknesses, can yield
precise results with a standard deviation below 0.02 W/(m - K).

Hence, we propose a refined measurement procedure for efficient
and reliable characterization of film specimens. The refined proce-
dure involves the measurement of at least two sets of specimens
with a significant thickness difference, application of a liquid
thermal interface material (e.g., de-ionized water) to ensure a con-
sistent and low thermal contact resistance, and subsequent use of
the slope method to extract the intrinsic cross-plane thermal conduc-
tivity. In the future, it would be worthwhile to explore alternative
liquid TIMs such as ethylene glycol for measurements under
varying conditions.
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