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ABSTRACT

A recently developed method for analyzing the thermal conductivity vs depth variation near a sample surface has been extended to include
inhomogeneous samples with anisotropy. If not considered, the anisotropy ratio in the sample structure can distort the depth-position data
of the original test method. The anisotropy ratio is introduced in the original computational scheme in order to improve the depth-position
estimations for inhomogeneous structures with anisotropy. The proposed approach has been tested in experiments and shown to improve

depth position mapping.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0145902

I. INTRODUCTION AND THEORETICAL BACKGROUND
A. Homogeneous materials

Transient measurement of thermal conductivity and thermal
diffusivity of homogeneous materials utilizing hot disk probes has
become a fairly common method used by multiple laboratories.'
The described method involves utilizing a flat sensor that functions
both as a heat source and as a temperature sensor. This sensor is
placed between two portions of the sample being examined. An elec-
trical current is then passed through the sensor, causing it to increase
its temperature. The temperature response of the sensor is then mea-
sured and analyzed to determine the thermal transport properties of
the sample. This is achieved by fitting the data to a theoretical model
that includes a “shape function.”® The short time approximate solu-
tion of the 3D shape function (e.g., fmax < 0.16)" closely resembles
the corresponding 1D shape function, making it relevant to study
variations in thermal conductivity in the through-plane direction.

When testing a sample, an important concept to consider is
the thermal depth of probing, or “probing depth,” which can be
assumed to be d;, = 2\/a - t. Here, a is the thermal diffusivity of the
sample and t is the time measured from the start of the experiment.

Factor 2 represents an empirical finding for the present experimen-
tal setup (the number 2 depends on the measurement sensitivity
of the experimental apparatus).® This concept of probing depth is
used to visualize the geometrical zone in the sample—around the
probe—where temperature increases in a way that has a measurable
impact on the temperature vs time data recorded by the probe itself.

B. Inhomogeneous materials

1. Geometry assumption in initial
computational scheme

In an earlier paper,” an attempt was made to estimate the ther-
mal conductivity variation vs depth by considering a single exper-
iment, tested with a single sensor, at only one surface position. In
this scenario, a short time window within the total temperature-time
transient curve was analyzed. By assuming a constant specific heat
value across the entire inhomogeneous structure (which is a rather
accurate assumption for most dense inert materials),’ it was exper-
imentally and theoretically demonstrated that the slope of the time
window would more or less weakly connect with the local thermal
conductivity at a certain depth position, while simultaneously the
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estimated depth position of this local thermal conductivity would be
more or less accurately estimated.

Some examples provided in Ref. 9 demonstrate the ability—as
well as the limitations—of this testing approach. The following
characteristics were found:

e Thermal conductivity vs depth profiles were highly
reproducible.

e The method was suitable for the analysis of dense struc-
tures [as the volumetric specific heat is theoretically (via
the theory of solid-state physics) shown always to be within
~1-4 mhf]K for all dense, inert materials at room temperature
conditions].?

e For situations in which the assumed volumetric specific
heat value was incorrectly set, an overall shift in the
thermal conductivity vs depth slope was obtained in the
computations—resulting also in an overall shifting of the
depth positions toward increased errors.

2. Sensor selection and anisotropy ratio (AR)

The same guidelines on devising an experiment as presented
in Ref. 7 are also valid here—with the additional consideration
of an underlying anisotropy. The selection of sensor size pre-
sented in Ref. 7 was stated as follows for an inhomogeneous
isotropic structure: the total test time fmax is recommended to
be selected significantly shorter than the average “characteristic”

time of the sensor (0= , where r is the radius of the

Aay,in—plane

hot disk sensor), e.g., fmax < 0.16. In this situation, the 3D shape
function presents almost the same output as the correspond-
ing 1D shape function. That is, for such short-time tests, the
sensor mainly detects the thermal conductivity variation in the
normal direction of the sensor plane and is, hence, the recom-
mended selection of test time for the inhomogeneity variation
computations.

However, in a situation where an underlying anisotropy exists,
the proposed measurement approach requires knowledge of the true
volumetric specific heat value (pcp)irue, as well as the anisotropy
ratio AR—of which both are assumed to be constant throughout the
sample.

In case the anisotropy ratio is not known, a hot disk standard
measurement can be performed to determine AR, however using
a significantly longer time window than that used in the follow-
ing inhomogeneity computations: When conducting a regular hot
disk experiment with a measurement time falling within the rec-
ommended range of 0.33 < tmax/0 < 1,' using the estimated thermal
conductivity \/Aiu_pianeAthrough—piane and estimated thermal diffusiv-
ity (@in-plane)» the false volumetric specific heat value (pcp ) s can be
computed as

TABLE I. Parameters of the samples in the current work.
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/Ain A
—plane’/\through—plane
: (1

C, Ise =
(p P)fa * Ain—plane
Given the knowledge of the true volumetric specific heat
(pcp)rue> the anisotropy ratio AR can be estimated by rerranging
Eq. (1) as follows:

1

(pCP)fulse = (Pcp)tme . ﬁ (2)

Il. COMPUTATIONS

For an anisotropic sample, the false volumetric specific heat
value (pcp)are is used for the iterative computations described in
Ref. 7 (replacing the true volumetric specific heat). From this, it can
be mathematically shown that the iterative computations will ren-
der the following estimations (assuming the AR ratio is constant
throughout the inhomogeneous sample).

A plot of local estimation of \ /Ai—pianeAthrough—piane ON the y axis
(at the local time positions) vs d,, rgia On the x axis (at the local time
positions). However, as we are interested in the true depth position
(normal direction from the plane of the hot disk sensor), dj 4ia 0N
the x-axis can be replaced with

1

dp,axial = ﬁ . dp,mdiul- (3)
In addition, on the y-axis, we can, instead, plot both the estimated
local in-plane thermal conductivity,

= /lin—plane/‘through—plane > 4)

Ain—plome

and the estimated local through-plane thermal conductivity,

1
/lthraughfplane = m “\V /linfplaneAthruughfplune- (5)

I1l. EXPERIMENTAL
A. Sample preparation

Two anisotropic samples were chosen to test the suggested
computational method: a stack of printing paper and a stack of high
temperature mica sheets with corresponding thicknesses of 0.13 and
0.50 mm, respectively. The parameters of the samples are presented
in Table I.

In order to test the computational scheme in Sec. I, artificial
defects were introduced inside the stack samples at certain depth

Athruugh—plane (W/mK) Airkplane (W/mK) (Pcp)true (M]/m3 K) (Pcp )false (I\/H/nl3 K) VAR

Paper stack 0.079 0.464 0.945 0.42 2.25

Mica stack 0.129 2.466 1.79 0.41 4.37
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TABLE II. Defects and their depth position in the sample of the current work.

Defect

Sample Cu Styrofoam

Paper stack At 1 mm At 1.5 mm At2 mm e
Mica stack At 1 mm At 1.5 mm At2 mm At 1 mm AtlSmm

positions in the normal direction from the plane of the hot disk
sensor (Fig. 6). Two types of defects were introduced: either a thin
layer of low thermal conductivity (Styrofoam, 5 mm thick) material
or, alternatively, a thin layer of a high-thermal conductivity material
(copper, 0.2 mm thick). The transient recordings of the samples with
these defects placed at different depth positions were made. The dif-
ferent types of defects and their corresponding depth positions are
summarized in Table IL.

B. Measurement apparatus

All tests were performed using the transient plane source
method, utilizing a TPS 3500 apparatus (produced by Hot Disk AB,
Sweden) and a congenial hot disk Kapton sensor 5501 of 12.8 mm
diameter.

First, the parameter (pcp ) aise value was obtained using the Stan-
dard (isotropic) hot disk module.”"" In accordance with Gustavsson
and Gustafsson,'” assuming an isotropic sample, the estimated ther-
mal conductivity renders the geometric average thermal conductiv-
ity in the radial and normal directions, while the estimated thermal
diffusivity represents the thermal diffusivity in the radial (in-plane)
direction, i.e., Eq. (1) can be immediately applied.

Second, the parameter (pcp)tme value was estimated from the
density (measured by the Archimedes method) of the corresponding
stack and the tabular heat capacity per unit mass of paper and mica.

Utilizing Eq. (2), the anisotropy ratio of the material, AR, could
be immediately determined.

The function of the thermal conductivity vs depth profile was
acquired with the Structural Probe module based on a compu-
tational scheme outline developed by Sizov et al,” modified by
inserting the false (pc,) false 8 specific heat input and re-scaling the
output probing depth according to Eq. (3) while computing the
normal-direction thermal conductivity according to Eq. (5). Total
measurement test times of 10-80 s were applied, with a total average
temperature increase of the sensor between 3 and 5 K. The temper-
ature responses of all samples are plotted in Figs. 3 and 4. In order
to optimize accuracy and sensitivity for these tests, a double-sided
symmetric setup was used—i.e., the hot disk sensor was sandwiched
between identical sample pieces. Finally, a weight of 1.5 kg was
applied in order to control the mounting pressure.

IV. RESULTS

Figures 1 and 2 display the outcomes of using thermal con-
ductivity profiling to investigate defect mapping. To serve as a
benchmark for detecting such defects, the mica and paper stacks,
without any defects inserted, underwent analysis using the standard
hot disk anisotropy method. The numerical value of this bench-
mark is indicated by the black constant line in the figures and is also
presented in Table I.
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FIG. 1. Thermal conductivity in the normal direction vs depth profile of the mica
stack with defects at different locations. The constant black line represents the
Athrough-plane Obtained using the anisotropic method. 2

The suggested new computations improve the depth position
of the defects, as can be observed in Fig. 5 in Appendix B. Applying
the original approach described in Sizov et al.” [using (pcp )faise]> the
thermal conductivity curve starts deviating at 3.5 mm, indicating the
presence of a local inhomogeneity (defect) at this depth. However,
the new approach recalculates the thermal conductivity and probing
depth through-plane so that the thermal conductivity function devi-
ates at a position of ~1.5 mm. This position of the defect is in line
with the real position of the defect in the experimental setup.

The estimated normal-direction thermal conductivity func-
tion could differ slightly on depths shallower than the location of
a defect. There could be a couple of reasons for this shift. One

0,15 4
Paper Cu at 1Tmm
0,14 Paper Cu at 1.5 mm
Paper Cu at 2 mm

T T 1

T
0,0 05 1,0 15 2,0 25 3,0 35 4,0
Probing depth, mm
FIG. 2. Thermal conductivity in the normal direction vs depth profile of the paper

stack with defects at different locations. The constant black line represents the
Athrough-plane Obtained using the anisotropic method. 12
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possible reason is the impact of modified thermal contact resistances
between the stack sheet layers when the sample is remounted to
include the different defects. It is worth noting that when defects
are added to the mica stack, the employed computational routine
generates a thermal conductivity value that is somewhat overesti-
mated for the depth positions that are shallower than the copper or
Styrofoam defects. Conversely, for the paper stack with defects, the
computational routine produces a thermal conductivity value that is
somewhat underestimated for the depth positions that are shallower
than the copper or Styrofoam defects.

An important factor that could lead to deviation, particularly
regarding the mica stack, is that the transient plane source tech-
nique typically requires heat flow across about ten layers to behave
like a “continuum.” However, since the mica sheets are ~0.50 mm
thick, this is not the case. As a result, for the layers closest to
the hot disk sensor, the discrete influence of individual layers and
contact resistances could significantly contribute to the overestima-
tion of the local-position thermal conductivity. Nevertheless, the
inhomogeneity computations, as shown in Fig. 1, indicate that the
overestimation effect is clearly present only when the first two lay-
ers of mica are penetrated. At around 1 mm of probing depth, the
estimated normal-direction thermal conductivity value matches the
corresponding normal-direction anisotropy result for the homoge-
neous stack. For the paper stack, 0.13 mm thick, with introduced
defects, the normal-direction thermal conductivity reaches the cor-
responding normal-direction thermal conductivity estimated by the
anisotropy method somewhere between 0.5 and 1.0 mm probing
depth.

V. DISCUSSION

The presence of underestimated or overestimated thermal con-
ductivity values at the beginning of the graphs, i.e., at shallower
depths, has a direct influence on the following calculation of the
probing depth for greater depth positions. Hence, for the paper stack
example, where the normal-direction thermal conductivity is under-
estimated at the beginning of the graph, the estimated position of the
defect is computed to be located at a shallower depth as compared
to the experimental setup. In contrast, for the mica stack exam-
ple, where the thermal conductivity variation is overestimated at the
beginning of the graph, the estimated position of the location of the
depth is computed to be located at a deeper depth as compared to
that of the experimental setup.

When the heat propagation reaches an inhomogeneous mat-
ter, the sensor records this as a slight temperature disturbance. This
affects the calculation of thermal conductivity vs depth position.
Similarly to what was found in the original publication,” the esti-
mated thermal conductivity at the inhomogeneity position will here
show indications of inhomogeneity but will strongly underestimate
the change in local thermal conductivity.

For instance, when heat propagation reaches a copper defect
(with a thermal conductivity of ~400 W/mK), the thermal con-
ductivity vs depth deviates toward a higher thermal conductivity
value—while far short of the thermal conductivity of the Cu sheet
(~400 W/mK). As found in the original publication,” the deviation
toward a different value will gradually decrease when the inho-
mogeneity position is placed at greater and greater depths—due
to a significantly reduced measurement sensitivity with increasing
probing depths.

ARTICLE pubs.aip.org/aip/rsi

A similar observation is made where a lower thermal con-
ductivity value is recorded at the depth position of the Styro-
foam material (~0.035 W/mK). However, it should be noted that
the estimated thermal conductivity does not drop to the thermal
conductivity value of the Styrofoam material.

In summary, it appears that the suggested calculation proce-
dure allows for a non-destructive capability of tracking the depth
position of a defect and provides some indication as to whether this
defect is lower- or higher-conducting in nature. However, it should
be remembered that any initial deviations located at the shallower
depths of the thermal conductivity vs depth position graphs may
offset the entire following depth positioning of deeper defects.

VI. POSSIBLE APPLICATIONS

The suggested method may be applied in situations where it is
of interest to detect or track inhomogeneities in the normal direc-
tion of a sample in a non-destructive manner. The presence of
anisotropy (via texture) is often a real effect normally not accounted
for in thermal conductivity testing. Accounting for an underlying
anisotropy is suggested to make more accurate depth-positioning
possible, as more or less most solid materials show the presence of
anisotropy in the thermal conductivity. The application of a heat
pulse in the probe results in a maximum temperature increase of the
double-spiral of perhaps 3-4 K, which, accounting for the presence
of the Kapton layer and possible interfacial thermal contact resis-
tance between the surface of the probe and sample surface, results in
a maximum temperature increase of the sample surface of perhaps
1-2 K or similar—a temperature disturbance that is believed not to
influence most solid, inert sample materials. Temperature vs time
recordings can be made highly reproducible and sensitive, allowing,
for instance, for a rough monitoring of a diffusion- or cell-change-
spreading process after applying a skin lotion or a skin cream on
living human skin if recorded at the same position at defined time
intervals.

A comparison between skin tumor and thermal conductiv-
ity variation adjacent to a tumor was reported in Ref. 7, utilizing
the original structural probing computational scheme, for a non-
destructive measurement on live skin. The presented computational
scheme is expected to enhance the accuracy of estimating the thick-
ness of the skin tumor, including substructure deviations, due to the
inherently anisotropic nature of the skin’s texture. It is anticipated
that further studies can be conducted utilizing the proposed tech-
nique, such as monitoring the long-term healing process of a burn
wound."
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APPENDIX A: TEMPERATURE RESPONSE VS TIME

The temperature response vs time for Mica and paper stacks
with defects at different positions are depicted in Fig. 3 and Fig. 4,
respectively.
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FIG. 3. Thermal response of mica stacks with defects at different depths.
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FIG. 4. Thermal response of paper stacks with defects at different depths.
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FIG. 6. Schematic measurement setup.

APPENDIX B: IMPROVEMENTS OF DEPTH POSITION
ESTIMATIONS WITH THE NEW COMPUTATIONAL
SCHEME

Thermal conductivity vs probing depth functions, acquired
using the original method and the new approach for comparison,
are depicted in Fig. 5.

APPENDIX C: SCHEMATIC MEASUREMENT SETUP

The schematic measurement setup (side view cross-section) is
depicted in Fig. 6.
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