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ARTICLE INFO ABSTRACT

Keywords: The Transient Plane Source (TPS) method is widely used to investigate the thermal properties of homogeneous
Transient plane source method bulk materials and has been further extended to layer—substrate structures. Conventional models on
Thin layer

layer—substrate structures typically assume one-dimensional (1D) heat flux across the layer from the heating area
into the backing substrate. This assumption imposes a series of constraints on the layer (thermal conductivity < 2
W m~'K™! and thickness < 600 pm) and on the heating area (radius > 11 mm), which greatly limits the scope of
the current method. In this study, we present a new semi-analytical model with consideration of non-1D heat flux
within the layer, along with an iterative algorithm which automatically selects time range for data analysis. This
new model substantially relaxes these constraints, expanding the applicable layer thermal conductivity by an
order of magnitude (up to 20 W m 'K™!) and thickness by about three times (up to 2000 pm). Moreover, the
model enables the use of a new TPS probe for layer-substrate structures, which has a radius of only 6.6 mm.
Experiments are described to validate the new model, showing that inaccuracies primarily stem from the thermal
contact resistance. Finite element simulations further indicate that a measurement accuracy better than 10 % can
be achieved provided that thermal contact resistance is mitigated.

Thermal conductivity
Thermal contact resistance
Finite element method

simultaneously determined based on the recorded temperature response
[4,6].

Upon heating by the probe, the temperature response (as a function
of time t) of the sample surface in immediate contact with the probe
(ATy(t)) is raised, typically by a few Kelvins. Based on the assumption

1. Introduction

Accurate characterization of material thermal properties, including
thermal conductivity (1) and thermal diffusivity (a), is essential for

understanding and optimizing a broad range of engineering processes
[1-3]. The Transient Plane Source (TPS) method is one of the most
widely used characterization techniques, offering fast and
non-destructive measurements [4,5]. Originally proposed in 1991, an
international standard for the TPS method was introduced in 2008 [6].

A TPS measurement involves a flat probe — fabricated as a disk [4,
5], rectangle [4] or other planar shape that is embedded between two
identical solid or liquid samples. The most widely used design is the
disk-shaped “Hot Disk” probe, which consists of a double-spiral metal
foil sandwiched between thin insulating layers such as polyimide sheets
[6]. The insulation layers provide electrical insulation and protection
under different measurement conditions. The probe acts as both a heat
source for the surrounding material and a thermometer to measure the
resulting temperature response [6]. The thermal properties of bulk
samples, including thermal conductivity and thermal diffusivity, can be
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that the spiral probe can be approximated by a number of concentric and
equally spaced circular rings, the relationship between ATg¢(t) and the
thermal properties of the sample can be expressed as [6]:
3 \! 03 R?

ATue(t) = Po (mm) D(z) and 7 = (5) 0= e))

Where P, is the power output of the probe, R denotes the radius of
the outermost ring of the probe, 1 is the thermal conductivity of the
sample, and «a is the thermal diffusivity. D(r) is the dimensionless shape
function, defined as [6]:

Received 31 October 2025; Received in revised form 9 February 2026; Accepted 19 February 2026

Available online 26 February 2026

0017-9310/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-8255-8651
https://orcid.org/0000-0002-8255-8651
https://orcid.org/0000-0001-8298-9462
https://orcid.org/0000-0001-8298-9462
mailto:zijin@chalmers.se
www.sciencedirect.com/science/journal/00179310
https://www.elsevier.com/locate/ijhmt
https://doi.org/10.1016/j.ijheatmasstransfer.2026.128581
https://doi.org/10.1016/j.ijheatmasstransfer.2026.128581
http://creativecommons.org/licenses/by/4.0/

Z. Zeng et al.

International Journal of Heat and Mass Transfer 261 (2026) 128581

Nomenclature

Symbols

Py power output of the probe

f"avg,t the measured temperature response of the probe at time ¢t

Ty t,, estimated by the empirical equation

71 inverse Laplace operator

ATy additional temperature increase caused by polyimide
sheets covering the probe

D, dimensionless shape function for an ideal circular heat
source

Io first kind modified Bessel function of the zeroth order

L first kind modified Bessel function of the first order

Jo Bessel function of the first kind of order zero

J1 Bessel function of the first kind of the first order

Lpi thickness of the polyimide layer

R, radius of the sample layer

Ring total thermal resistance between the probe and the
substrate in a layer measurement

Rins thermal resistance in case of a substrate measurement
without a layer

Ry thermal resistance between the probe and the background
bulk material

S sensitivity of T,y to the thermal diffusivity of the sample
layer

Sa; sensitivity of T,y to the substrate thermal diffusivity

Sy, sensitivity of T,y to the thermal conductivity of the sample
layer

S, sensitivity of T,y to the thermal conductivity of the
substrate

Sy sensitivity of T, to a specific parameter x

Tavg The calculated temperature response of the probe at time ¢

ng size of the group G

qi VAP +p/a

ty, time at which the influence of the layer thermal diffusivity
on AT,y becomes minimal

tend ending time of the time window used for data analysis

thirst first point of the measurement data

tstart starting time of the window used for data analysis

Api thermal conductivity of the polyimide layer

< Laplace operator

t time

ATa4q additional temperature difference

AT,y average temperature response of the probe

ATgufo temperature response of the sample surface in immediate

contact with the probe, in the case with an ideal circular

heat source

temperature response of the sample surface in immediate
contact with the probe

dimensionless shape function

group of t,, for different thicknesses, classified by material
type

key term inside the inverse Laplace transform

thickness of the sample layer

radius of the outermost ring of the probe

number of concentric ring sources

Laplace variable

normalized radial coordinates

normalized radial coordinates

thermal diffusivity

Hankel variable

a small perturbation in a specific parameter x

relative error between the estimated value and reference
value

thermal conductivity

integration variable related to dimensionless time
dimensionless time

power density of an ideal circular heat source

ATus

QT

m%mg<:*u5>ghx

< N 9 >

Abbreviation

1D one dimensional

2D two dimensional

FEM Finite Element Method

GHP Guarded Hot Plate

MGE maximum group error

MSE Mean Squared Error
PARDISO Parallel Direct Sparse Solver

PMMA  poly(methyl methacrylate)
TIM thermal interface material
TPS Transient Plane Source
TWA Temperature Wave Analysis
Subscripts

add additional

avg average

est estimated

l sample layer

o ideal circular heat source
pi polyimide

ref reference

s backing substrate

surf surface

th thermal

m —(n®+k? nk
x Zk exp < (4m202 )>Io <2m202>] do @

Where m denotes the number of concentric ring sources, ¢ is an
integration variable related to dimensionless time, and I, is the first kind
modified Bessel function of the zeroth order.

In most cases, the insulation layer and thermal contact resistance
impede the heat conduction between the probe and the sample, leading
to an additional temperature difference (AT,qq4(t)) between the probe
and the sample surface in contact with the probe [6]. AT.qq4(t) ap-
proaches a constant value within a short time after the measurement

begins. Therefore, the average temperature response of the probe
(AT, (t)) that is recorded by the instrument can be expressed as [6]:

ATa\vg (t) = ATsurf(t) + ATadcl (3)

When utilizing a Hot Disk probe with a very small space between the
concentric rings, AT, (t) approaches the average temperature increase
of an ideal circular heating source on a semi-infinite substrate
(ATsueso0(t)). In this case, the dimensionless shape function for ATy (t)
becomes [4,7]:

T 1 1
2 2
D, (7) = /dmf’2 /vdv/udu-exp( - u‘;zv )Io (211—:2) 4
o 0 0
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Sample layer

Substrate

Mounting pressure

Fig. 1. (a-b) Probe profile featuring a nickel spiral foil sandwiched between polyimide sheets: (a) radius R = 6.6 mm, (b) radius R = 11 mm. (c) The vertically
symmetrical configuration of a TPS measurement for layers. Two sample layers are positioned between the probe and the substrate.

Table 1
Conceptual comparison of TPS and its variants for layer-substrate structure.
Model Conventional TPS [9] TPS with empirical corrections [29] CHS model [31] This work
Assumptions 1D heat flux across the sample layer 1D heat flux across the sample layer, 1D heat flux across the sample 2D heat flux within the sample layer
empirical correction for non-1D effects layer
Applicability Limited layer thermal conductivity, Limited layer thermal conductivity, Supports asymmetric Broader layer thickness and thermal
thickness, and sensor radius thickness, and sensor radius measurement configurations conductivity, supports smaller sensors
Nature of Analytical Analytical with empirical corrections Analytical reformulation Analytical reformulation
approach

where variable v and u represent normalized radial coordinates.
Laraqi also provided the explicit analytical expression of ATy, (t)

[8]:

ATro(®) =28 £+2\/E— \[e * [(“ ) (Zt*)
“(arae)n )

where t* = 7%, 9 = Py/(x R?) denotes the power density of an ideal
circular heat source and I; is the first kind modified Bessel function of
the first order.

Since the diameter of the probe is roughly two orders of magnitude
larger than the thickness of polyimide insulation sheet, the heat flux
between the probe and the bulk sample can be regarded as one dimen-
sional (1D). AT.qq can be used to estimate the thermal resistance (Ry,)
between the probe and the background bulk material (referred to as
substrate) [6]:

(5)

2
Rth _ 2R ATadd (6)
Py
If an additional thin layer is positioned between the probe and the
substrate (Fig. 1 c¢), Eq. (6) still applies and can be used to obtain the
corresponding thermal resistance. Consequently, the following equation
allows to determine the thermal conductivity of the layer (4;) [6]:

Rin, 1 — Rins = }LT ()
1
Here, L is the layer thickness, Ry,; denotes the total thermal resis-
tance between the probe and the substrate in a layer measurement when
an extra layer is inserted, whereas Ry, s is the thermal resistance in case
of a substrate measurement without a layer.

This approach to utilizing the TPS method for thin layers was

proposed in 1997 [9], and has since been adopted for characterizing
polymer films [10-12], bio-based films [13,14], and polymeric com-
posite films [15,16]. The thermal contact resistance encountered during
a measurement can lead to an underestimation of the thermal conduc-
tivity [17,18]. This influence can be effectively mitigated by applying a
thermal interface material (TIM), which is also used in conjunction with
other contact-based methods such as the Guarded Hot Plate (GHP)
method [19-21], the divided bar method [22], the 3w method with a
reusable sensor [23], and the Temperature Wave Analysis (TWA)
method [24]. In addition, thickness-dependent measurements can be
employed to compensate for the influence of thermal contact resistance
[10,25,26].

While the assumption of 1D heat flux greatly simplifies the equations
used to calculate the thermal conductivity, it also imposes a principal
limitation. The thermal conductivity and thickness of the sample layer
must be strictly limited (< 2 Wm'K™!, < 600 um) to ensure that the
heat flux across the layer remains strictly 1D. Otherwise, the influence of
radial heat flux can lead to significant errors. This limitation means that
a wide range of materials, such as alloys, ceramics, carbon-based ma-
terials, and composites with a relatively high thermal conductivity,
cannot be characterized by the current layer measurement. Note that
another TPS variant, the slab module [27,28], can be employed to
characterize radial thermal conductivity of a slab, but satisfactory ac-
curacy is obtained only for materials with a thermal conductivity over
10 Wm! K [28].

Theoretically, the assumption of 1D heat flux is also fulfilled if the
sample and the probe are equal in size and perfectly aligned. However,
ensuring these conditions requires precise shaping of the samples and
careful alignment during assembly, which can significantly increase
both the time and effort of the measurement process. Even small mis-
matches can introduce substantial errors, as evidenced by a study [18]
showing that a 7 % difference in radius between the probe and the
sample can result in errors of up to 15 %.

To the best of our knowledge, no previous study has addressed non-
1D heat flux to extend TPS measurement capabilities in the context of
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Table 2
Material properties.

Material Thermal Thermal Density Specific heat
conductivity diffusivity (kg /m3) (Jkg! K*l)
(Wm™ K1) (mm? / s)

Stainless 13.5" 3.60° 8150" 460"

steel

PMMA 0.21° 0.12° 1180° 1464°

Glass 1.34° 0.81° 2172° 766°

Zro, 3.15° 1.23° 6220° 412¢

Al,03 22.3" 7.26° 3775" 815°

Polyimide ~ 0.12¢ - 1090¢ 1420¢

TIM 1.0/ 3.0° - 2800°

@ Measured by TPS measurements on bulk samples. The measurement accu-
racies are +2 % for thermal conductivity and +7 % for thermal diffusivity [6].

b Calculated from mass and volume.

¢ Measured by the Transient Plane Source Scanning method [45,47], with a
measurement accuracy of approximately 5 %.

4 Values from reference [48].

€ Values from reference [49].

sample layers. Several investigations and model variants have been
introduced but continue to adhere to the 1D heat flux assumption. Zhang
et al. [29] systematically studied the influence of non-1D heat flux
through a numerical simulation. An empirical function was proposed to
compensate for non-1D heat flux, which was however only applicable to
samples with a low thermal conductivity and limited thickness
(Table 1). By approximating the layer as a lumped thermal resistance,
Emanuel et al. [30,31] presented an analytical solution in integral form
to describe the temperature fields generated by a circular heat source
(CHS) in an asymmetric configuration (Table 1), i.e. with different layers
and substrates on both sides of the heat source. The proposed CHS model
was validated by comparing its results with those obtained from a reli-
able numerical model based on the finite element method (FEM). To
decouple the effect of thermal contact resistance at the probe-sample
interface, Landry et. al [18] proposed a new measurement configura-
tion with an additional slab piece between the sample layer and the
probe. A corresponding 1D model in the Laplace domain was developed
and processed using numerical algorithms. Overall, these existing
TPS-based approaches for layer-substrate structures rely on the 1D heat
flux assumption, which enables the sample layer to be treated as a
lumped thermal resistance and reduces computational complexity. This
assumption, however, inherently restricts the applicability of TPS
measurements to thin layers with low thermal conductivity. An empir-
ical correction method has been proposed to partially compensate for
non-1D heat flux effects. However, its validity remains limited and
case-dependent, and it does not fundamentally remove the underlying
1D assumption (Table 1).

Accounting for multidimensional heat conduction within the multi-
layer structures facilitates a more comprehensive understanding of the
heat conduction. Beck et al. [32-34] developed mathematical formu-
lations to study the temperature field in multi-dimensional and
multi-layer bodies. Gui et al. [35] used the transmission-line technique
to study two-dimensional (2D) heat conduction in multilayer thin-film
structures exposed to laser-induced surface-heating. Hui et al. [36,37]
developed a 2D series solution to study the temperature distribution of a
heat spreader on a semi-infinite heat sink. Milosevic et al. [38] proposed
a 2D analytical model for measuring the thermal diffusivity of two-layer
slabs. Rassy et al. [39,40] proposed a three-dimensional semi-analytical
model for a coating-substrate material in an unconventional laser flash
measurement. This model enables the simultaneous identification of the
direction-dependent thermal diffusivities of the coating. Cahill et al.
[41] developed an iterative algorithm for calculating the
frequency-domain temperature response of layered structures. This
temperature is then converted into a transient temperature response to
evaluate the accuracy of TPS-based measurements of thermal effusivity.
Zheng et. al [42,43] proposed several analytical models to extend the
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capability of TPS measurements for bulk samples with low (~ 0.03
W m~! K1) or relatively high thermal conductivity (> 30 W m~* K™1).
These studies have provided valuable insights into multi-dimensional
temperature responses during thermal property measurements, but
these methods cannot be directly applied to the TPS technique for
characterizing layer—substrate structures.

In this work, the objective is to extend the applicability of TPS
measurements for layer—substrate structures beyond the limitations
imposed by the conventional 1D heat flux assumption. To achieve this,
we first develop a novel semi-analytical model that explicitly accounts
for 2D heat flux within the sample layer by reformulating the governing
heat conduction problem, thereby enabling accurate prediction of the
temperature response for layers with higher thermal conductivity and
larger thickness (Table 1). Second, a sensitivity analysis is conducted to
identify appropriate analysis time windows for reliable determination of
the layer thermal conductivity. Finally, based on these insights, an
automated iterative fitting algorithm is developed to enable robust and
efficient processing of TPS measurement data.

2. Measurement and mathematical models
2.1. Measurement setup

The TPS measurements of the layers were conducted using a TPS
2500 S Thermal Constants Analyzer from Hot Disk AB, Sweden. Two
types of probes with a radius of 6.6 mm (Fig. 1 a) and 11 mm (Fig. 1 b)
are utilized in the measurements. The sensing element (black) is made of
a nickel spiral foil with four extending leads, two thin and two wide
ones. The nickel spiral foils have a width of 870 um and a thickness of 10
um, with an inner spacing of 130 um. The polyimide insulation sheets
(yellow) have a thickness of 20 um and ensure electrically insulation and
protection. The substrates were stainless steel blocks with a thermal
conductivity of 13.5 W m~! K! (See Table 2 for material properties).
The sample layer consists of poly(methyl methacrylate) (PMMA), zir-
conium dioxide (ZrO2), stainless steel, or Alumina (Al,O3, 96 wt%) with
thicknesses ranging from 500 um to 2000 pm. To reduce thermal contact
resistance, a high-thermal-conductivity, easily spreadable TIM is applied
at the interface between the components (NT-H2 from Noctua, Austria).
In addition, a controlled mounting force of 300 N was applied to the
measurement assembly through a compression stand obtained from Hot
Disk, Sweden. In the present study, the influence of mounting force is
assumed to be minor when a readily spreadable TIM is used and the
sample layer is mechanically stiff [26], such that variations in
amounting force do not alter total thermal resistance between the probe
and the substrate.

Based on the illustrated measurement setup (Fig. 1 ¢), both analytical
and FEM models are developed to describe the heat transfer process.
Analytical models are typically fast and capable of capturing the
dominant heat transfer behavior, but they require more assumptions to
approximate the actual experiment. The first common assumption in
analytical models is that the probe can be regarded as an ideal circular
boundary heat source, and the measurement setup can be assumed to be
axisymmetric [18,30,42]. Accordingly, the analytical models are
formulated in 2D cylindrical coordinates. The second common
assumption is that the influence of thermal contact resistance is negli-
gible, which is reasonable when TIMs are applied and the layer does not
have an extremely high thermal conductivity. The validity of this
assumption under the present experimental conditions is further eval-
uated and quantitatively discussed through finite-element simulations
and experimental comparison in Section 4.2.

By contrast, FEM models are generally more robust, capable of
investigating complex geometries. Although measurement data can be
fitted with FEM models to estimate material properties [44,45], this
approach is currently significantly more computationally demanding
than the use of analytical solutions. As a result, FEM is primarily used to
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Fig. 2. Schematic of a semi-infinite substrate with a layer on top, subjected to
uniform surface heating.

generate reference datasets to validate analytical models in this work
[30,31,42,43].
In this study, four models are introduced and summarized as follows:

e Layer 1D model: An analytical model that assumes 1D heat flux
across the layer (Section 2.2.2).

e Layer 2D model: A semi-analytical model that accounts for 2D heat
flux across the layer (Section 2.2.3).

e Simplified FEM model: A FEM model based on the same physical
configuration as the Layer 2D model, used to preliminarily assess the
mathematical accuracy of the analytical models (Section 2.3.1).

e Detailed FEM model: A high-fidelity FEM model that closely rep-
resents the measurement setup, used to generate simulated mea-
surement data for comprehensive evaluation of the analytical models
(Section 2.3.2).

2.2. Analytical models

2.2.1. Physical configuration and its solution

The simplified physical configuration for analytical models is rep-
resented in cylindrical coordinates (Fig. 2). A semi-infinite substrate is in
perfect thermal contact with a radially infinite overlying layer of
thickness L. This layer-substrate assembly, initially at zero reference
temperature, is suddenly subjected to heating across a circular area of
radius R and a constant and uniform density ¢. The remaining bound-
aries are assumed to be thermally insulated (adiabatic). The governing
equation of heat diffusion in the solids is [46]:

PTi T  PTi 0T
o et M o

®

where T represents the temperature response of the solids to the heating,
a denotes thermal diffusivity, and i =l or s corresponds to the layer and
the substrate, respectively.

The boundary conditions are given by:

i), =10 bR ©
Ti(r,z,0) = 0 10)
Ty(r—o0) =0 1)
Ty(z—0) =0 12)

At the interface between the layer and the substrate where z = L the
following conditions apply:

T(z=L) = T,(z=L) (13)

International Journal of Heat and Mass Transfer 261 (2026) 128581

dT;
i iy Pt}
1 s 0z L

3. 14)

The following Laplace and infinite Hankel transforms can be
sequentially applied to Egs. (8 - 9) and (12 - 14):

o0

T, = 7{T} = / Te ™ dt (15)
0
ﬁ=/mwmw a6)
0

where " represents the Laplace operator, p is the Laplace variable, Jy
denotes the Bessel function of the first kind of order zero, and f is the
Hankel variable.

The transformed version of the governing equation and boundary
conditions become:

dzﬁ =
dzzl - [/’,2 +pi/a} T;=0 a7
~ aJi(pR)
= 18
=0 op 18)
dTl =
2 = 19
Udz o @
T\ (20)

Z—00

where J; denotes the Bessel function of the first kind of the first order.
At the interface where z = L, the transformed equations are:

Tz=L) = T,(z=L) (21)
dT; dT,
higg| =g (22)

Combining Egs. (17-22), the following expression can be derived for
the temperature at the heating surface (z = 0),

? Asgstanh(Lq) + 4gqu
Aiqr aqitanh(Lqy) + Asqs

where ¢; = \/f? +p/ai.

The following inverse Hankel and Laplace transforms can be applied
to obtain the temperature in the Laplace domain:

(23)

Ty(r,0,p) =

Taﬂmwﬁw 24)
0

With this inverse transformation, Eq. (23) can be written as:

4R /°°J0 $r)J1 (PR) Asqstanh(Lg
A Aqitanh(Lg

1) + Aq
1) + 2545

Ty(r,0,p) = ap (25)

0

By integrating this expression over r from O to R, the expression for
the area-average temperature of the heating region in the Laplace
domain can be obtained:

2¢ °° sttaﬂh( ) +Aq
ATpe = — dp 26
Y ) QIPﬂ Agitanh(Lqr) + A5qs / 26)

The average temperature of the heating area can be written as:
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Circular boundary heat source

— Sample layer

Background material

Simplified FEM model

Spiral boundary heat source

- Polyimide sheet

/—
TIM

Detailed FEM model

Fig. 3. Schematic of the (a) the Simplified FEM model and (c) the Detailed FEM model, along with their corresponding cross-sectional views in (b, d). Selected
components in (b, d) are scaled to account for the wide range of dimensions, ensuring that all elements remain discernible.

20 /°°J% (BR) . 71( 1 Agstanh(Lq) + m)
ATy, = 22 % g 27
& a ) p qp iiqitanh(Lqy) + Asqs & @7

where ! denotes the inverse Laplace operator.

Several numerical algorithms are available that allow to calculate
AT,y directly based on Eq. (27). For example, the Talbot method can be
employed to obtain the inverse Laplace transform and sequentially the
composite trapezoidal rule can be used to calculate the integral with
respect to f. However, this method is relatively time-consuming,
hampering the application of Eq. (27) in data analysis. By introducing
several reasonable assumptions, two simplified models, the 1D Layer
Model and the 2D Layer Model, can be derived, each offering signifi-
cantly reduced computation time at the cost of reduced accuracy in
specific cases. The details of these models are described below.

2.2.2. Layer 1D model

When the layer has both a considerable small thickness (L—0) and a
small thermal conductivity compared with the substrate (4;</;), the
heat flux across the layer can be regarded as 1D. In this case, tanh(Lg;)—
Lq; and Ajtanh(Lg;)—0, which simplifies Eq. (27) to:

o [J2 AR) <1>
N N— s 0% d 28
& ﬂxo/ B ) ¥ @8)

The first term on the right side of Eq. (28) corresponds to an addi-
tional temperature increase caused by the layer, while the second term is
the temperature increase of the bottom surface of the substrate in con-
tact with the layer (Eq. (5)). Therefore, Eq. (28) can be written in explicit
analytical form based on Laraqi’s solution [8]:

oL @R[ 8 t* 1

ATavg. 1D~ — A +/1_5<_+2 - — e Zt 1+ I 2t*
n 1+ 2 I 1
3 3t ) \ar

(29)

2.2.3. Layer 2D model

At a later stage of the measurement, the heat flux across the layer is
assumed to achieve a quasi-steady state, where the contribution of ¢; to
AT,y becomes negligible. During this stage, @y = a; can be applied to
simplify the term inside the inverse Laplace transform (K) in Eq. (27)
(see Section S1 for full assumptions and derivation):

1 gtanh(Lg)+cq _ 1 c(w?+3)+3w
" pqicqtanh(Lq) +q;  pq (W +3) + 3cw

(30)

where w=gq,Land ¢ = A;/4;.
Upon taking the inverse Laplace transform of simplified K, the
following equation can be written to predict ATqy,:

2 [JABR) (A +D)
ATavg,ZD - 71 ﬂ F dﬁ (31)
0
where
A =c(p'L* —30°L* +9)-erf(By/ast)

D =3pL(1- ¢*)(3+4°L?)
F=9pL+34°L%(2-3c%) + p°L°
2.3. FEM models

In this study, two FEM models are developed. The first, a simplified
FEM model, is used to generate reference data for validating the Layer
2D model and to highlight its improvement. The second one, referred to
as the detailed FEM model, is employed to generate simulated temper-
ature responses and investigate systematic measurement errors in the
latter part of this paper.

These FEM models were developed using COMSOL Multiphysics
(version 6.1) with the Heat Transfer in Solids Module and Heat Transfer in
Shell Module, following a standard procedure reported in the literature
[30,31,42,43]. The simulations were solved using the Parallel Direct
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Fig. 4. Comparison of T,y obtained using different models (Layer 1D model: green dashed line, Layer 2D model: red dash-dot line, Simplified FEM model: black solid
line) for a heating area radius of 6 mm: (a) PMMA layer, (b) ZrO, layer, (c) stainless steel layer, and (d) alumina layer. The substrate in all cases is stainless steel, and

the heating power is 1 W.

Sparse Solver (PARDISO). A mesh number of approximately 280000 and
a solver relative tolerance of 107 were selected to ensure numerical
stability, with corresponding independence analysis presented in
Fig. S2.

2.3.1. Simplified FEM model

The geometry of the simplified FEM model (Fig. 3a) was developed
according to the physical configuration in Fig. 2. The substrate is a
stainless steel cylinder with a radius of 50 mm and a thickness of 38 mm
(Fig. 3 b), which is sufficiently large to be considered a semi-infinite
domain during the measurement. The sample layer is PMMA, ZrOa,
stainless steel or Al-Os with thicknesses ranging from 250 um to 2000
um. On the top of the layer, there is a boundary heat source with a radius
of 6 mm or 11 mm that provides uniform heat flux. All other boundaries
are set as thermally insulated. Note that only half of the experimental
setup was simulated owing to vertical symmetry in the heat conduction
domain (See Table 2 for material properties used in the FEM simula-
tions). Thermal contact resistance is not considered in this model.

2.3.2. Detailed FEM model

The detailed FEM model generates simulated measurement data to
comprehensively evaluate the application of analytical models in data
analysis. This model includes more details of the measurement setup
compared with the simplified model. Specifically, a boundary heat
source with a double spiral pattern is utilized to represent the actual
heating element (Fig. 3 c). The influence of the four leads and heat ca-
pacity of the spiral is assumed to be negligible, which is reasonable
provided that the samples do not have an extremely low thermal con-
ductivity [42]. In addition, TIM are introduced to align with the
experimental conditions.

3. Model verification and parameter estimation
3.1. Model comparison

To evaluate the accuracy of the analytical models, the values of Tyg
calculated from the Layer 1D model and Layer 2D model are compared

with those from a reference model — the Simplified FEM model (Fig. 4).
The conventional Layer 1D model agrees well with the FEM results in
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the heating power is 1 W.

some cases — specifically, when the layer has both a low thermal con-
ductivity and a small thickness (Fig. 4 a, bottom group). However, dif-
ferences arise with higher thermal conductivity or layer thickness (Fig. 4
a-d). By contrast, the Layer 2D model agrees with the FEM model in the
later stage, across a broad range of thermal conductivities (up to 20
W m~! K1) and thicknesses (up to 2000 um). Notably, the agreement is
maintained when the thermal conductivity of the layer exceeds that of
the substrate (Fig. 4 d).

In general, there is a time delay (denoted as t, and discussed in
Section 3.3) during which the Layer 2D model exhibits noticeable dif-
ference relative to the FEM results, after which close agreement is ach-
ieved. Beyond this delay, the point-wise maximum difference between
the Layer 2D model and the reference results is approximately 0.4 %,
except for the thickest alumina case, where the difference increases to
approximately 1 %.

Theoretically, this time delay results from the simplification of heat
diffusion within the layer in the equation, namely assuming a; = a; (full
assumptions available in Section S1). Therefore, this delay is linked to
both the thickness and thermal diffusivity of the layer. It increases with

increasing layer thickness and with a larger mismatch in thermal
diffusivity between the layer and the backing substrate. For instance, in
the case of PMMA, the delay increases from approximately 2 s to 60 s as
the thickness increases from 250 pm to 2000 pm (Fig. 4 a). In the case of
ZrO,, which has a higher thermal diffusivity than PMMA, the delay
becomes slightly smaller (Fig. 4 b). Estimating this delay is essential for
applying this model and will be detailed in the following sections.

When layer and substrate share the same properties (Fig. 4 c, stain-
less steel layer on a stainless steel substrate), all scenarios with different
thicknesses converge to the case of a semi-infinite substrate heated by a
circular heat source. Therefore, the T,y values remain identical across
different layer thicknesses in both the simplified FEM model and Layer
2D model. The Layer 2D model closely aligns with the FEM throughout
the whole period without any delay, as the assumption of oy = a5 is
always fulfilled in these cases.

When the heating area has a larger radius (Fig. 5 a-d), the difference
between the Layer 1D model and the FEM results is slightly reduced
compared with the previous cases with a small heating area. Despite this
reduction, the difference remains significant in most cases. The reduc-
tion is attributed to a higher ratio between the probe radius and the layer



International Journal of Heat and Mass Transfer 261 (2026) 128581

Z. Zeng et al.

100

T
|
I
I
|
I
1
I
|
I
dmmmmmmm
I
I
|
I
|
I
I
|
I

looooooo Lo

8

0.6

i
]
T
Ananisuag

250 pm
to

6 m

R

100

0.6

[
KJ1ADISUSS

1(s)

1(s)

11 mm

T
_
=

7r0,, R

0.6

|
K)1ARISUSS

1(s)

0.6

1(s)

0.6

KAnIsuag

t(s)

1 (s)

f) stainless steel layer. The

and (f). In all cases, the substrate is stainless steel. The black arrow indicates the direction of

Fig. 6. Exemplary sensitivity of T,y to different material properties at different layer thicknesses: (a-b) PMMA layer, (b-c) ZrO, layer, (e

radius of heat source in (a), (c), and (e) is 6 mm, and 11 mm in (b),

increasing layer thickness.

@,



Z. Zeng et al.

International Journal of Heat and Mass Transfer 261 (2026) 128581

a
R =6 mm
120 i I
@ Sensitivity analysis O Emempirical model
100
80 |-
°
&
EC o
8
40 0
8
20 F 6
8
8 PMMA 7x0, 0 Stainless steel
0 O | L 1 s | L 1 1 L 1 L | " | L | | s | s | L 1 L |
500 1000 1500 2000 O 500 1000 1500 2000 O 500 1000 1500 2000
Thickness (pm)
R=11 mm
120 | |
@ Sensitivity analysis O Emempirical model o
100 e
80 |- 8
—_
N
e 60 [
g o
40 |
° 8
20 ©
8 PMMA 7r0, Stainless steel
O o 1 L 1 " 1 L 1 1 L 1 L 1 L 1 L 1 1 " 1 " 1 L 1 L 1
500 1000 1500 2000 O 500 1000 1500 2000 O 500 1000 1500 2000

Thickness (um)
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thickness, bringing the situation closer to the 1D heat flux assumption.
However, even an 80 % increase in heating radius (from 6 to 11 mm)
yields only marginal improvement, indicating that enlarging the heating
area is not an effective strategy for improving the performance of the
Layer 1D model.

On the other hand, the Layer 2D model still exhibits significantly
better agreement with the FEM results after the time delay. In most
cases, the maximum point-wise relative difference between the Layer 2D
model and the reference results is approximately 0.4 %, similar to that
obtained with a 6 mm heating area. For the thickest alumina layer, the
maximum point-wise relative difference increases to about 2 %, which is
slightly larger than that observed with a 6 mm heating area. Addition-

10

ally, a slightly longer time is required for the Layer 2D model to achieve
a good level of agreement with FEM results. For example, approximately
70 s are needed in the case of a 2000 ym thick ZrO, layer (Fig. 5 b),
compared with 40 s when the heating area is smaller (Fig. 4 b). A longer
time delay is undesirable, as it reduces the portion of the recorded data
that can be used for data analysis when determining the thermal con-
ductivity of the sample layer.

3.2. Sensitivity analysis

Based on the simplified FEM model, a sensitivity analysis is con-
ducted to gain deeper insight into the interactions among parameters in
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Table 3
Values of coefficients A, B and C used for predicting t,, with different heating
radii.

Heating radius A B C
6 mm 2.186 4.325 1.056
11 mm 2.483 5.889 1.140

the measurement, thereby guiding the design of the measurement
scheme [43,50].
The sensitivity of T,y to a specific parameter x is defined as:

- aln(Tavg(t)) - xa(Tavg(t))
T0In(x) | Tay(t) 8(x)

Sx(t) (32)

where § presents a small perturbation. A large magnitude of Sy(t) in-
dicates that parameter x has a large influence on Ty (t). A positive Sk(t)
implies that T,g(t) increases as parameter x increases, and vice versa.
Here, the data used for calculating Sy(t) were obtained by a parameter
sweep study in the FEM model with 6x = 0.02 x.

In all cases, the sensitivity to the layer thermal diffusivity (S,,) is
initially high but quickly decreases to a minimal positive value over time
(Fig. 6 a-f). The small value of S, reflects the validity of the simplifi-
cation of heat diffusion within the layer in the Layer 2D model, assuming
a; = a,. For thinner layers, the magnitude of S, decays more rapidly to
a small value, explaining the shorter time delay they required to achieve
agreement with the FEM results (Fig. 6 a—f). When the heating area is
larger (Fig. 6 d-f), S, is slightly higher and requires a longer time to
decrease to a low value. This observation is in line with the results
shown in Fig. 5, which shows a longer time is needed to achieve good
agreement with the FEM model when a larger probe is used.

On the other hand, the sensitivity to layer thermal conductivity (S;)
and substrate thermal conductivity (S,,) are negative, and their magni-
tude increase with time (Fig. 6 a-f). In the case of PMMA (Fig. 6 a, d), the
magnitude of S, is consistently greater than that of S, owing to its much
lower thermal conductivity compared with the substrate. Increasing the
layer thickness further increases the magnitude of S;, and lowers that of
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S),. When both the layer and substrate are stainless steel (Fig. 6 ¢, f), S},
has a higher magnitude in the very beginning (within 5 s) since the layer
is in direct contact with the heating area. However, it is quickly sur-
passed by S, as time progresses. This case illustrates how the position
influences the S,(t) when the layer and the substrate have the same
properties. In general, the magnitude of S, is high, suggesting that 4; can
be reliably estimated.

3.3. Estimation of time window

To further utilize the Layer 2D model in analyzing the measurement
data, it is essential to identify the appropriate time window [tgtart, tend]
during which this model can accurately describe the measurement re-
sults. Theoretically, a suitable ty,, can be the time when the influence of
the layer thermal diffusivity on AT,y is very small, namely a minimal
S, This time is denoted as t, and can be extracted from sensitivity
curves. Here, a value of t,, is assigned to the earliest time at which S,
falls below a threshold of 0.02 (Fig. 7 a, b, solid symbols). This sensi-
tivity threshold is chosen to be sufficiently small so that the influence of
a; on the temperature response can be neglected, while its corresponding
time point remains early enough to preserve a sufficiently long time
window for further data analysis. To predict the extracted values of t,
and use it in the analysis of measurement data, an empirical equation is
written with respect to the thickness and the thermal diffusivity of the

layer:

~ L2 ar? (L€

ty=A— + B <7) (33)
o as; \R

where A, B and C are constant to be determined for different heating
radii. The first term is designed to represent the time that heat waves
need to go through the layer in the vertical direction, while the second
term is intended to be associated with the heat wave propagation in the
radial direction. Constants A, B, and C are determined by an optimiza-
tion process that minimizes the maximum group error (MGE) defined as:

Initialization of parameters:
Power, sensor radius, layer
thickness, thermal properties of
the substrate, estimated thermal
diffusivity of layer (optional), etc.

Ref. Scheme/Scheme 1 l

l Scheme 2

tstart = Cfirst

tstart =t

)

Trim data with high MSE

window [tstartv tend]

Fitting based on data in time

Scheme 1/Scheme 2

IfMSE <¢6?

Yes

Trim five data points

Ref. Scheme

No

Output
A

Fig. 8. Flow diagram of the iterative process used to determine the thermal conductivity of the layer.
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MGE = mgx( (34)

LS - taz.f)2>

N6 55

where G represents a group of t,, for different thicknesses, classified by
material type, ng is the size of the group G, j indexes t, within each
group.

For different sample layers on a stainless steel substrate using a fixed
sensor radius, the constants A, B and C were determined through opti-
mization (Table 3). The values of ?,,, predicted by Eq. (33) (empty
symbols, Fig. 7 a, b) show alignment with that from that sensitivity
analysis, with a difference of less than 10 s. This level of agreement
suggests that the empirical correlation provides a reasonable and
consistent estimate within the investigated layer—substrate
configurations.

3.4. Procedure of parameter estimation

In this section, several procedures are developed to apply the Layer
2D model for determining the thermal conductivity of layers using
measurement data extracted from the Hot Disk software (Fig. 8).
Overall, these procedures start with the initialization of parameters
including heating power, probe radius, layer thickness, thermal prop-
erties of the substrate, etc. Afterwards, a fitting process is carried out
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over a specify time window [fart, tenq], using the Mean Squared Error
(MSE) as the objective function:

1 t=tenq

MSE == " (Tavge(h) —

t=tstart

”f‘avg.t) 2

(35)

where n is the number of data points in the time window, and f‘avg‘t isthe
temperature response of the probe in the measurement. Tayg(4;) is the
temperature response of the probe calculated using the Layer 2D model,

defined as:
L2 /°°J +D)
1 p
0

where ATy, is the additional temperature increase caused by polyimide
sheets covering the probe. Owing to low thermal conductivity and small
(/JLp,

ATavg,2D -

dp (36)

thickness of the polyimide sheets, AT, can be approximated as

where Ly; and Ap; denote the thickness and the thermal conduct1v1ty of
the polyimide sheets, respectively. The value of A, 4, and a; used in Eq.
(34) can be determined in a TPS measurement performed with the probe
directly sandwiched between two substrates.

Three schemes are proposed to select and adjust the time window in
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Table 4

The determined thermal conductivity of layers obtained from experimental data
using the Layer 2D model. Each value represents the average of three repeated
measurements, with the associated uncertainty given as the maximum difference
among them. The maximum relative error ¢ with respect to reference values is
below 7 % in all cases except alumina, for which the deviation reaches 34 % in
the thinnest cases due to thermal contact resistance.

Layer Thermal conductivity (Wm K1)
thickness
(um) PMMA Glass ZrO, Stainless Alumina
pm
steel
Probe A 500 0.198 1.35 3.17 13.8 £ 14.7 £
R= + 0.001 + + 0.4 0.1
6.6 0.01 0.18
mm) 1000 0.196 1.37 3.15 13.4 + 22.4 +
+ 0.001 + + 0.3 0.8
0.02 0.03
2000 0.207 1.33 3.14 139 + 238 +
+ 0.001 + + 0.4 0.2
0.01 0.01
Probe B 500 0.206 1.38 3.11 12.7 + 18.4 +
R= + 0.001 + + 0.6 0.7
11 0.03 0.06
mm) 1000 0.209 1.42 3.13 139 + 19.8 +
+ 0.011 + + 0.1 0.6
0.01 0.06
2000 0.212 1.39 3.22 13.4 + 22.6 +
+ 0.002 + + 0.3 1.0
0.06 0.02

the fitting process: a reference scheme, Scheme 1, and Scheme 2. The
reference scheme starts with all data points recorded in the measure-
ment [tgs, tiase] and iteratively adjusts the time window by trimming the
first five data points at each step. Here, tg,s and ti,5 represent the first
and the last data point of the recorded data, respectively. The reference
scheme is intended to provide baseline information about the relation-
ship between time window, determined thermal conductivity, and MSE.

Similar to the reference scheme, Scheme 1 starts with time window
[teirst> tiast] Dut subsequently trims the segment with large square error,

(Tavge() — ?avg‘[)z. This trimming tactic aims to speed up the iterative
process. Scheme 2, in turn, begins with the time window I_T(,,,, tast] and
likewise trims it by excluding the segment with the largest squared error.
Here, fal is estimated from an empirical equation using an approximate
value of the layer thermal diffusivity (Eq. (33)). Overall, Scheme 1 is
more general and can be utilized for random samples with unknown
properties, while Scheme 2 can be employed when a rough value of
thermal diffusivity is available, thereby further accelerating the itera-
tion process.

Once the MSE falls below a predefined threshold (§), the value of 4;
becomes the output value. Otherwise, the current time window is
adjusted and used for another round of data fitting. After the fitting
process, the relative error (¢) is used to evaluate the accuracy of the
output thermal conductivity:

e (1

where 1 .s: represents the 4; estimated via the fitting process, while A; ¢
represent the reference /; of the sample layer (Table 2). A positive value
of ¢ corresponds to an overestimation of thermal conductivity, and vice
versa.

o /‘ll‘est (37)

) -100 %
Lref

4. Model application
4.1. Measurement results
The fitting results from the reference scheme are first analyzed. Even

though a poor initial time-window (i.e., the full measurement window)
is used, the iteration converges stably, demonstrating the robustness of
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the scheme. As the iteration progresses (Fig. 9 a, ¢), MSE decreases and
the determined thermal conductivity tends toward a specific value. In
particular, the variation of the determined thermal conductivity remains
within 1 % once MSE falls below approximately 10~ in cases of both
glass and ZrO,. Although trimming the time window by a small, fixed
number of data points continuously lowers the MSE and eventually
yields a precise thermal conductivity, this method requires more itera-
tion steps and thus a longer execution time. Using a larger fixed step, e.
g., 10 s or 20 s, can shorten the iterations but may cause overshooting
and loss of accuracy.

In contrast to the reference scheme, Scheme 1 requires considerably
fewer iteration steps to achieve the same MSE (orange symbols, Fig. 9 a,
c). In case of glass and ZrO,, only around five steps are required to
achieve a minimal MSE of 10~*, demonstrating a threefold improvement
in efficiency compared with the reference scheme. When this tactic of
adjusting the time window is combined with Toare estimated from the
empirical equation (Scheme 2, green symbols, Fig. 9 a, ¢), only around
three steps are required for both glass and ZrO,, showing a further 30 %
improvement in efficiency relative to Scheme 1. Overall, these two
schemes show good robustness and stable convergence (Fig. 9 a, c),
which we attribute to well-defined direction of progressively excluding
data with large MSE. Note that both schemes require a sufficiently long
measurement time, e.g., 80 s in our measurements, to ensure
convergence.

Owing to its superior computational efficiency, Scheme 2 is
employed to process all measurement data for determining the thermal
conductivity of the sample layer. The fitting results exhibit stable and
gradual convergence across a wide range of layer thermal conductivities
and thicknesses, further confirming the robustness of the scheme in
practical applications. The resulting fits show good agreement with the
experimental data within the fitting window (Fig. 9 b, d). Moreover, the
thermal conductivities determined using the Layer 2D model agree with
the reference values in most cases (except for alumina), with errors ¢
below 7 % (Table 4), thereby validating the accuracy of the Layer 2D
model. The magnitude of ¢ increases with higher layer thermal con-
ductivity or reduced thickness, most likely dominated by the influence
of thermal contact resistance. For comparison, the thermal conductivity
determined by using the Layer 1D model is summarized in Table S1.
Only a few cases (PMMA and glass layers thinner than 1000 pm) exhibit
an acceptable ¢ of less than 14 %, highlighting the limitation of the Layer
1D model.

To reveal the distribution of ¢ with respect to layer thickness and
thermal conductivity, contour maps are plotted based on the experi-
mental data in Table S1 (Layer 1D model) and Table 4 (Layer 2D model).
In the cases of a 6.6 mm probe (Fig. 10 a), the Layer 1D model yields low
e (< 10 %) for low thermal conductivity and thin layers, since the
assumption of 1D heat flux across the layer remains valid in these cases.
However, ¢ increases dramatically with increasing thickness or thermal
conductivity, which we attribute to the violation of the 1D heat flux
assumption. It should be noted that the effect of this violation over-
shadows that of thermal contact resistance, ultimately leading to an
overestimation of the layer thermal conductivity. In the case of a 11 mm
probe (Fig. 10 b), the region with low ¢ (< 10 %) is larger than the
previous case. This is likely due to the increased probe-to-layer thickness
ratio, which causes the heat flux within the layer to more closely
approximate the assumed 1D scenario. The green frame in Fig. 10 b
indicates the original applicability of TPS method for characterizing
layers. Note that the data for layers thinner than 500 pm were not
experimentally measured but derived by extrapolation from the mea-
surement data.

When utilizing the Layer 2D model, the region with low ¢ covers the
vast majority of the plot (Fig. 10 ¢,d) in cases of both a 6.6 mm and a 11
mm probe. We attribute this significant improvement to the consider-
ation of 2D heat flux in the Layer 2D model. For layers thicker than
approximately 750 pm or with a thermal conductivity lower than about
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Fig. 10. Contour maps of error ¢ in layer thermal conductivity determined from measurement data using different probes and fitting models: (a) 6.6 mm probe, Layer
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was not experimentally obtained, the corresponding regions in (c,d) are shaded. In (a,b), due to pronounced overall gradient, the data of layers thinner than 500 pm

was obtained by extrapolation based on the measurement data in Table S1.

8 Wm~! K1, ¢ is lower than 5 %. Only the upper left corner, corre-
sponding to thermally thin layers, shows a magnitude of ¢ greater than
10 %, which we ascribe to the influence of thermal contact resistance.

4.2. Analysis of systematic errors

To further quantify systematic errors (e.g., those resulting from
thermal contact resistance), the Layer 2D model is employed to deter-
mine the layer thermal conductivity from simulated measurement data
generated by the detailed FEM model. The determined thermal con-
ductivity is subsequently compared with the input value in the FEM
model to calculate the relative error ¢ [30,31,42,43].

The simulated measurement data (Fig. 3 ¢, d) cover two thermal
contact conditions between the probe, sample layer, and substrate: (i)
good thermal contact, represented by a 5 pm-thick TIM with a thermal
conductivity of 3 W m~! K1, and (ii) inferior thermal contact, repre-
sented by a TIM of 1 W m~! K~1. By assuming 1D heat flux across the
TIM layer, the thermal contact resistance caused by each TIM layer is
estimated to be 2 mm? K W™! in condition (i) and 5 mm? K W!
condition (ii).

When utilizing a TIM of 3W m~! K~! (Fig. 11 a, b), ¢ is generally low
(< 10 %) for layers thicker than 250 pm in cases of both a 6.6 mm and 11
mm sensors. For thinner layers, thermal conductivity is slightly under-
estimated, consistent with the experimental observation. We attribute
this underestimation to the thermal contact resistance between the
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components, which impedes thermal conduction and leads to a higher
temperature response of the probe. For low thermal conductivity layers
(< 2W m~! K1), the magnitude of ¢ remains small even when the layer
thickness is as low as 50 pm. Compared with the conventional Layer 1D
model (green frame, Fig. 11 b), the measurement applicability is
significantly extended, enabling accurate characterization (¢ < 10 %) of
layers with higher thermal conductivities and greater thicknesses.

When the thermal contact resistance is higher (Fig. 11 c, d), the
underestimation for thermally thin layers (left upper corner) becomes
more pronounced, indicating that the thermal contact resistance is the
primary limiting factor of the measurements. On the other hand, the
results for thermally thick layers remain similar to those obtained with a
TIM of 3 W m~! K~! TIM, indicating a negligible influence of the TIM
thermal conductivity on these extracted values. In general, these results
(Fig. 11 ¢, d) are closer to the measurement results observed in Fig. 10 c,
d. Evidently, the influence of thermal contact resistance is not uniform
but depends on the layer thickness and thermal conductivity. This in-
fluence is negligible for thick layers with low thermal conductivity, but
becomes increasingly significant for thin layers with high thermal con-
ductivity. Overall, although thermal contact resistance introduces minor
systematic errors, they remain within an acceptable range for relatively
thick layers and can be substantially reduced by improving thermal
contact — for example, by using a TIM with higher thermal conductivity
of 3Wm ! K.

The potential errors associated with finite radius of sample layer are
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Fig. 11. Contour maps of relative error ¢ in the layer thermal conductivity determined using the Layer 2D model from simulated data under different conditions: (a)
6 mm probe, TIM thermal conductivity of 3W m~! K1, (b) 11 mm probe, TIM thermal conductivity of 3W m~! K1, (¢c) 6 mm probe, TIM thermal conductivity of 1
W m! K}, (c) 11 mm probe, TIM thermal conductivity of 1 W m™! K. The thickness of TIM for all cases is 5 pm.

also investigated (Fig. S3). If the radius of the sample layer is not suf-
ficiently large — which may occur when the available sample material is
limited, the assumption of a semi-infinite sample layer (Fig. 2) is no
longer valid, leading to systematic errors. When the sample layer radius
exceeds a threshold of 22 mm for a sensor radius of 6 mm, or 32 mm for a
sensor radius of 11 mm (Fig. S3), Tay; becomes insensitive to further
increases in radius. Under these conditions, the semi-infinite sample
layer assumption is valid, and the corresponding systematic error in
extracted thermal conductivity due to the finite radius of the sample
layer is below 1 % for 11 mm sensor and 2 % for 6 mm sensor. Note that
these radius thresholds are conservative. Smaller thresholds are ex-
pected to apply for sample layers with lower thermal conductivity or
smaller thickness.

5. Conclusion

Conventional TPS measurements of layer-substrate structures rely on
the assumption of 1D heat flux across the layer, which restricts their
applicability to sample layers with low thermal conductivity (< 2
W m1K™1), small thickness (< 600 pum), and relatively large probes
(radius > 11 mm). In this work, we propose a semi-analytical model that
accounts for non-1D heat flux across the layer. This new model is derived
from the Laplace-Hankel transform and subsequently simplified for the
regime where the heat flux within the layer reaches a quasi-steady state.
Sensitivity analysis based on finite element simulations further validates
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this assumption and enables the development of an empirical equation
to estimate the time range for data analysis. Overall, the new model
demonstrates high accuracy for layers with a thermal conductivity up to
20 W m~1K! (tenfold higher than before) and a thickness of up to 2000
pm (approximately threefold thicker). Moreover, this model enables the
use of a new TPS probe for layer-substrate structures, featuring a radius
of only 6.6 mm. Experimental validation confirms a substantially
extended applicability range in both layer thermal conductivity and
thickness. It should be noted that thermal contact resistance remains a
limiting factor for thermally thin layers, such as an alumina layer with a
thickness of 500 pm, even when a thermal interface material is applied.
FEM simulations suggest that higher accuracy is attainable if the thermal
contact resistance is further minimized, for example by using a thermal
interface material with a higher thermal conductivity.
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