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The thermal conductivity (k) is a key parameter that defines many of the technological uses of three-dimensional
(3D) porous architectures. Despite the variety of methods for determining «, problems generally arise when re-
searchers try to apply them to cellular materials and 3D structures. The present work proposes an affordable lab-
made device for analysing anisotropic heat flow in 3D porous architectures via high resolution infrared ther-
mography. The method is validated using dense materials of known thermal conductivity. Temperature gradients

measured for porous specimens have been correlated to the thermal conductivity estimated from a simple resistors
model, assessing the main factors that affect the experimental measurements. The porous specimens of SiC, MAX-
phase and graphene-based nanostructures are in-house manufactured by direct ink writing (robocasting).

1. Introduction

Thermal conductivity is the main parameter governing the heat
transfer that determines many of the technological uses of materials,
especially in thermal management, energy harvesting and thermal en-
ergy storage (TES) applications. The measurement of the thermal con-
ductivity can be problematic when dealing with highly porous materials,
in particular, for three-dimensional (3D) architectures manufactured by
using a printing process from computer-aided designs (CAD). These types
of complex structures have application in various fields where heat
dissipation is a fundamental matter [1,2], for example, in catalysis [3-5],
energy storage and production [6,7], and heat exchangers and heat sinks
[8,9]. The effect of the printing parameters on the thermal properties of
3D printed structures has been treated in several studies focused on
polymers and metal structures processed by fused deposition modelling
(FDM) [10-15], but only relatively few works have dealt with 3D ceramic
structures.

A great variety of methods for determining the thermal conductivity
are based on monitoring temperature changes produced during sample
heating, obtaining the thermal diffusivity («) and conductivity (x) with
distinct precision levels that depend on the selected method. In the case
of porous materials, each pore represents a small volume filled with gas
(air), a medium of very low thermal conductivity (0.023 W m ! K!
under normal conditions of pressure and temperature [16]), which
generates notable heterogeneities that complicate the k measurement.
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Moreover, since the external surfaces for these materials are usually very
rough, contact thermal resistances become an additional problem. The
present work uses a lab-made device for measuring temperature profiles
generated in 3D porous architectures placed between two heating sour-
ces with an infrared (IR) camera, examining the pros and cons of this
straightforward testing gadget.

2. Thermal conductivity methods

The methods for measuring the thermal conductivity of materials can
be classified according to the sample temperature distribution as steady-
state or transient heat flow methods. The most common methods are
compared in some recent reviews [17,18].

Steady-state heat flow methods are generally based on inducing a
constant unidirectional temperature gradient across the sample. In this
way, samples are arranged between a hot source and a cold sink, while
they are thermally insulated from their surroundings. This allows
simplifying the Fourier’s conduction equation in partial derivatives to the
following expression:

i1

= W

where z coincides with the heat flow direction. In the case of perfect
insulation, the temperature profiles in the sample will be linear in the
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heat flow direction and constant in the perpendicular planes. Accord-
ingly, the thermal conductivity is calculated from the temperature
gradient in the specimen and the heat flowing through a certain section
of the sample. In practice, these procedures are subdivided into two
types: absolute and comparative. In absolute methods, the thermal power
transferred to the sample is known; whereas in comparative methods, the
test sample and one or more reference specimens of known conductivity
are stacked parallel to the heat flow direction. The unknown thermal
conductivity is, then, obtained by comparing gradients measured in the
test sample and the reference materials, assuming the same heat flux
through the samples in contact. The achievement of a unidirectional heat
flow is one of the main issues for both absolute and comparative
methods. For that purpose, guard rings around the temperature mea-
surement zone are usually employed, which normally consist of ther-
mally insulating materials with a series of lateral electrical resistances
that reproduce a temperature gradient similar to the reached in the
measuring stacking to avoid/reduce lateral heat losses.

The most widely used steady-state methods for porous materials are
the guarded hot plate (ASTM C177-13), valid for materials with very low
thermal conductivity (x < 1 W m~! K™1); the guarded-comparative-
longitudinal heat flow meter (ASTM-1225), limited for materials with
conductivities higher than ~ 1 W m~! K~1; and also a modification of the
latter (ASTM D5470-17) that consists of measuring the thermal resis-
tance of the material as a function of the specimen thickness when the use
of thermocouples is not possible. These procedures have all in common
the easiness of the fundamental equations, the high precision, and the
advantage of a simple sample geometry (cylinder or square prism);
however, the usually long stabilization times (up to 24 h) to get steady-
state conditions and large sample size requirements are some of the
limitations (typically specimens are up to 5 cm high and 5-50 cm
diameter for cylinders or side length for square prism specimens). In
addition, there are some additional problems like the imperfect insu-
lation and the often tricky attachment of the thermocouples. The situa-
tion gets worse in the case of porous samples. On the one hand, the
surface of a porous material is quite irregular, which prevents intimate
contact between the specimen and the heat sources and thermocouples
and, on the other hand, uncounted heat losses and imprecise measure-
ments of the thermal gradients may occur. Additionally, for comparative
methods, the contact thermal resistances between the reference and test
samples are of paramount importance, quite more relevant than for dense
samples of smoother surface. Finally, the lower thermal conductivity of
porous materials further increases the time required for the thermal
stabilization.

Transient methods monitor the temporal evolution of the temperature
after the sample heating for a time period in the order of seconds. For this
reason, although the thermal insulation is still necessary, the heat losses
to the environment are less significant than in the steady-state methods.
The thermal conductivity calculation is indirectly carried out since most
of these methods usually determine the thermal diffusivity and calculate
the conductivity from the material’s bulk density (p) and the specific heat
(cp) using the expression k = a-p - c,. The higher the diffusivity, the
faster the medium responds to temperature changes. Some methods use a
wire or plate embedded between two similar specimens of the same
material for Joule effect heating; the most widely employed are the hot
wire (HW, ASTMC1113) and the transient plane source (TPS, ISO 22007-
2) techniques. A close contact between the heat sources and the speci-
mens is required in both methods. On the other hand, a laser pulse is used
to heat one of the specimen faces in the laser flash method (ASTM E-
1461); hence, a real contact between the heat source and the sample is
avoided. Recently, the TPS method has been modified (MTPS, ASTM
D7984-16) by means of a flat heater/sensor and a guard ring to use only
one specimen and, therefore, a single interface, which practically ensures
a one-dimensional heat transfer.

The main advantages of the transient methods are the reduced heat
losses, the smaller sample size, and the wide range of measurable con-
ductivities, from 0.02 to more than 2000 W m~! K~! depending on the
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method, with reasonable accuracies (1-5%) [17,18]. In general, the
transient methods allow handling samples of sizes that vary from ~5 cm
in height and 100-200 cm? in section, in the case of hot wire, to ~2 mm
in height and sections of ~1.3 cm? for the laser flash technique. However,
specific problems arise regarding their applicability to cellular materials
and 3D structures. The hot wire and the transient plane source methods
present similar problems linked to the normally poor contact between the
heat source and the specimen. As for the laser flash method, its appli-
cability to these materials is questionable because the laser beam would
impact directly the infrared detector without interfering with the sample
at all.

In the case of 3D printed structures, some thermal conductivity
studies can be found for polymers fabricated by FDM that employ either
the TPS method [10,11] or simple longitudinal heat flow meter method
[12-15]. The latter one consists of one heat source and one heat sink, two
metal bars, generally copper, between them and the test specimen in the
centre of the assembly. Several temperature sensors are inserted in the
top and bottom metal bars for measuring the temperature gradient and,
accordingly, not only the sample but the two contact resistances are
included in this measurement. From the thermal impedance (sum of the
thermal resistance of the material and all contact resistances) measure-
ments in various specimens of different thickness (between 4 and 10
mm), the effect of the interfacial thermal resistances can be eliminated,
and, hence, the thermal conductivity can be estimated. The specimen
section varies between 25 x 25 and 40 x 40 mm?, thus, similar to those
used in TPS. Regarding additively manufactured 3D ceramic structures,
to the best of the authors knowledge, there are no experimental works
analysing their thermal conductivities, although comparative evaluations
of the heat dissipation capability of different printed materials during
cooling have recently been addressed [19-22].

3. Materials description and thermal conduction procedure
3.1. Materials

Dense and porous materials were selected for the study. Dense cyl-
inders of commercial materials of known thermal conductivity were used
to validate the method here proposed (see section 3.2), whereas the
porous specimens were in-house manufactured by direct ink writing
(robocasting). Robocasting is an additive manufacturing technique that
allows printing 3D materials from highly concentrated inks containing
certain amount of organic additives to gain control over the ink viscosity
and rheology. The proper ink is extruded through a needle, typically of
diameter between 250 and 800 pm, following a previously computer-
designed pattern [23].

Reference standards of Pyrex® 7740, Pyroceram® 9606, and alumina
(NIST SRM 720) of certified thermal conductivity were selected as dense
materials, although their thermal conductivities were also measured
using the laser flash method. Pyrex® is a low-thermal-expansion boro-
silicate glass (SiOz and ByOs3, with small amounts of NayO and Al;O3)
developed by Corning Inc. with a certified x of 1.1 W m™! K™! at room
temperature. Pyroceram® 9606 is a magnesium aluminium silicate glass-
ceramic with TiO, as nucleating agent, also developed by Corning Inc.; its
thermal conductivity is 4.1 W m™! K~! at room temperature, which is
higher than x of Pyrex®. The last material is a standard alumina of
significantly higher thermal conductivity (33 W m~* K™1). These samples
are discs of 12.7 mm diameter and 2 mm thick.

The specimens printed by robocasting are three-dimensional struc-
tures with a netlike interior formed by layers of parallel rods of diameter
“@”, with an in-plane separation “a”, and orthogonally stacked in z-di-
rection (Fig. 1a). The distance between consecutive layers with the same
rod orientation (h) is below twice the rod diameter to assure some rod
overlapping and a good contact between rods in z-direction (h/20 = n/4
in the present designs). The printed structures have a frame that contours
the scaffolding providing additional support, as it can be clearly seen in
Fig. 1b where an optical view of one representative printed structure is
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Fig. 1. (a) Schematic draw of the inside scaffolding design with indication of
the characteristic lattice parameters (the rod diameter (@), in-plane separation
between rods (a), and distance between consecutive layers with same rod
orientation (h)); and (b) optical image of a representative real printed structure,
corresponding to SiCsq-7, where the frame can be clearly observed.

shown. The cell parameters define the macro-porosity of the structures,
Tmacro = ( - % ) — Virame/ Vroa1[24]. After printing, the structures

were usually heat treated at temperatures in the 415-600 °C range to
remove the organic additives of the ink and, subsequently, densified at
the corresponding sintering temperature to improve the particle contacts
and the mechanical performance of the material. Besides the macro-pores
associated to the designed hollow cells that are clearly observed in
Fig. 1b, additional porosity may remain inside the rods (7,4), which is
determined from 7, and the total porosity, given by the measured
geometrical density and the theoretical density of the rod material. This
porosity can be observed in the images (Fig. 2) taken by scanning elec-
tron microscopy (SEM).

Three distinct 3D materials were tested, in particular, two ceramics
that corresponded to silicon carbide (SiC) and CroAlC MAX-phase spec-
imens, and a composite consisting of reduced graphene oxide nano-
platelets (rGO) and a cross-linked preceramic polymer (Table 1). One of
the ceramic samples, labelled as SiCso-7, was processed from SiC nano-
powders of 50 nm of particle size (Nanostructures & Amorphous Mate-
rials Inc., USA, polytype 3C) containing 5 wt.% of Y503 and 2 wt.% of
Al,03, both used as sintering additives. The scaffold was sintered at 1700
°C for 5 min in Ar atmosphere (6 Pa of pressure) using the Spark Plasma
Sintering (SPS) technique without applying any mechanical pressure
[19]. The MAX-phase specimen was printed from 98% pure Cr,AlC MAX
lab-synthesised powders [25] and densified by pressureless SPS at 1200
°C for 10 min in Ar [20].

The so-called rGO-PSZ scaffold was obtained by printing graphene
oxide nanoplatelets (GO, N002-PDE Angstron Materials Inc., USA, 2-3
nm thick and lateral size in the x-y plane < 7 pm). The GO printed sample
was reduced at 1200 °C in nitrogen atmosphere inside a graphite furnace
and, subsequently, vacuum infiltrated with a liquid organic-polysilazane
(PSZ, a preceramic polymer of Si, C, H, N) and treated at 200 °C in a
tubular electric furnace under a continuous nitrogen flow for polymer
crosslinking [7]. The skeleton consisted of 93 and 7 wt% of crosslinked
PSZ and rGO, respectively. Fig. 2 illustrates representative rod micro-
structures of the three selected specimens.

3.2. Thermal conduction testing

The proposed experimental setting is based on the steady-state uni-
directional heat flow and is of advantage, particularly, when thermo-
couples are difficult to place in the sample. The scheme of the device is
presented in Fig. 3a. It consists of two Peltier cells respectively acting as
heater and cooler plates that allow stabilizing temperature differences of
~50 °C between the hot (~60 °C) and cold (~5 °C) plates. Two cylinders
(15 mm in diameter and 45 mm in height) of copper with high thermal
conductivity (~400 W m ™~ K1) were placed in contact to the heater and
cooler devices to improve the heat diffusion, while the test sample was
set in between. In some tests, additional stainless steel (AISI 310, labelled
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Fig. 2. SEM images of the fracture surface of rods corresponding to the 3D
specimens of: SiCso-7 (a), MAX-phase (b), and rGO-PSZ (c). (a) From Refs [19].

Table 1

Dimensions of the 3D printed specimens including D (square side in the x-y
plane) and Z (height); and their characteristic densities (theoretical -Th-, geo-
metric -Geo- and that of the rod -Rod) and porosities (total, rod and macro).

3D-specimen  dimensions density (g-cm™3) porosity (%)

(mm)

D Z Th Geo Rod Total Rod Macro
SiCso-7 11.6 4.6 3.3 1.1 2.7 67 23 59
MAX-phase 102 5.0 5.2 2.2 3.8 60 24 44
rGO - PSZ 11.6 4.7 1.14 04 1.1 65 24 54

as AISI) cylinders (15 mm in diameter and 10 mm height) of lower
thermal conductivity (~16 W m! K_l) were introduced between the
sample and the Cu cylinders to increase the excessively small gradients
achieved just with Cu (~0.03 °C-pixel !). The metal pieces in contact
with the specimen, either Cu or AISI, were used as control samples in the
measurement of the thermal gradients. The problem sample should have
a section similar to that of the control samples. The whole measurement
system (cylinder/specimen/cylinder) was thermally insulated to prevent
heat losses and induce uniaxial heat flow. A vertical slot (~5 mm wide)
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Fig. 3. (a) Schematic of the thermal conductivity measurement system showing
the stacking of the heating and cooling Peltier elements, the control bars and the
specimen (on the left) and the thermal insulation case with the observation slot
(on the right). (b) Thermal image of a test with two metallic control cylinders
(both labelled as M), using fiberglass tiles (at top and bottom) and a fiberglass
blanket (central measurement area) for the insulating case (temperature scale is
in °C). (c) Temperature profiles along the heat flow direction for an aluminium/
copper assembly without (direct contact) and with thermal paste applied at
the contact.

was machined in the insulation case along the thermal flow direction
(Fig. 3a) to measure the surface temperature of the samples with a high
resolution infrared camera (FLIR A325 SC, USA), as the attachment of the
thermocouples in the present case was a challenging task. The exposed
sample surface was coated with graphite to eliminate errors associated
with differences in the emissivity between the samples and the control
metal cylinders. The camera captures the radiation over the wavelength
range of 8-12 pm and generates thermographic images from the tem-
perature distribution; its resolution is 320 x 240 pixels and the accuracy
is £2%. Two types of lenses were used, the standard lens of 18 mm (25°)
and the close-up lens (IFOV 50 pm optics) suitable for observations at
higher magnification (macro lens). The observation distance was 25 cm
for the standard lens and 2 cm for the macro one.

Different fiberglass materials were used for the thermal insulation, in
particular, rigid tiles and a flexible blanket, the latter with a thermal
conductivity of ~0.04 W m~! K™! at room temperature, which is much
lower than that of the tiles (~0.1 Wm ™! K 1). The thermal image shown
in Fig. 3b corresponds to a test in which insulating fiberglass tiles were
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Table 2

Temperature gradients (VT) measured for the Pyroceram®, Pyrex® and alumina
dense materials, as well as for the control metal cylinder in each test; and thermal
conductivity calculated using the stainless steel (k;ass;) and data for the Pyro-
ceram® run (Kgpyroceram) Previously normalized using Eq. (3) as references.
Certified thermal conductivity values and average temperatures (Tayerage) are
also included.

Test Material VT ks, arst (W Ks,pyroceram (W
(certified &) (Taverage) (°C-Pixel m' K m 'K
N
Pyroceram® (4.1 AISI (37 °C) 0.13 1.5 -
Wm K specimen 1.42
(21.5°C)
Pyrex® (1.1 W AISI (55 °C) 0.05 0.4 1.15
m 1KY specimen 2.07
(33°0)
Alumina (33.0 W AISI (30 °C) 0.12 12.3 33.50
m 1KY specimen 0.16
(21.5°C)

used for the top and bottom regions of the stacking; whereas a fiberglass
blanket was employed for the central measurement area. It is evident that
while the blanket adequately insulates the sample, being undistinguish-
able from the environment in the thermal image, the tile-covered regions
exhibit considerable heat losses, since they display distinct temperatures
from that of the surrounding; specifically, the upper part shows a tem-
perature ~7 °C above the room temperature and the lower part is ~1.5
°C below. Therefore, the flexible insulation fiberglass blanket was
preferred for thermally shielding the measurement area.

As can be seen in Fig. 3c, the contact thermal resistance between the
different materials led to important temperature drops at the interface
(~20 °C in the case of aluminium and copper cylinders). Accordingly, a
high thermal conductivity thermal paste (RS®, 503-357 ZP, 2.9 W m!
K1, which contains Ag particles) was applied to all interfaces. The use of
the thermal paste ensures better heat transfer by conduction between the
two materials, decreasing the temperature drop to just 5 °C (75%
reduction) in the case of aluminium and copper bars (Fig. 3c).

4. Results
4.1. Dense standard specimens

The unknown conductivity of the sample (kxs) can be calculated by
comparing the gradient measured along it (VT;) with that of a reference
material (VT,ys) of known thermal conductivity (k) using the
expression:

Y Tref
VT

Ky = Kpef * (2)

Temperature gradients (in °C-pixel ') measured for the Pyroceram®,
Pyrex® and alumina standards, as well as for the control stainless steel
bar, are collected in Table 2. In the absence of heat losses, the stainless
steel bar (x = 16.3 W m! K’l) can be used as reference material. The
application in this case of the Eq. (2) provided thermal conductivity
values ~ 65% lower (k; a7 equals to 0.4, 1.5 and 12.3 W m ! K! for
Pyrex®, Pyroceram® and alumina, respectively, as shown in Table 2)
than those certificated for the three reference materials (x of 1.1, 4.1 and
33.0 Wm ' K7, respectively). Therefore, the heat losses through the
observation slot, inevitable in the proposed design, are not negligible.
Another option was, then, proposed to determine the thermal conduc-
tivity of the samples in a more accurate way. It consisted in comparing
gradients obtained in two different tests for the specimen of unknown
thermal conductivity (s test) and the reference material (ref test), both
specimens having the same dimensions. To do that correctly, gradients
should be firstly normalized by dividing them by the ratio “C” between
the gradients along the AISI cylinders in both tests, for the sample (s
subscript) and reference (ref subscript):
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Table 3

3D specimens thermally analysed indicating the testing orientation, metal cyl-
inders, average temperature, observation lens and temperature gradient (VT).
Gradients are not the same for both lenses because the observation distances are
different.

Orientation Metal Specimen T Lens vT

cylinders Q) (°C-pixel 1)

Longitudinal  Cu rGO-PSZ 25.3 Standard ~ 1.92

Macro 0.12

Cu SiCso-7 26.8 Standard  0.49

Macro 0.04

AISI SiCso-7 25.9 Standard 0.31

Macro 0.06

AISI MAX- 27.3 Standard  0.64

phase Macro 0.14

AISI 1GO-PSZ 23.3 Standard 2.00

Transverse Cu rGO-PSZ 31.2 Standard  3.24

Macro 0.35

Cu SiCs0-7 26.0  Standard  0.57

Macro 0.03

AISI MAX- 333 Standard  0.81

phase Macro 0.16

~ VT

C=——2005
VT asst, ref

3)

so that temperature gradients measured for the AISI bars would be equal
in both tests.

The Pyroceram® test was used as the reference to evaluate the ther-
mal conductivity of Pyrex® and alumina. Introducing the normalized
gradients for the unknown-x sample and corrected data of VT, and s
for Pyroceram® in Eq. (2), the deduced thermal conductivity values
(labelled as K pyroceram in Table 2) for Pyrex® and alumina were close to
the certified data, with differences of less than 3%, which validates this
procedure.

4.2. Porous 3D printed specimens

Table 3 shows data for the porous 3D samples tests. These structures
were analysed in two orthogonal directions, referred to as longitudinal
and transverse, which corresponded to IR camera focusing on the
patterned surface (heat flowing along the x-y plane) or on one frame
lateral surface (heat flux in z-direction), respectively, as indicated in
Fig. 4a. In addition, observations were made using both types of lens,
standard and macro. A relevant result is the anisotropy observed in the
heat flow as higher thermal gradients were measured for the transverse
orientation, which would indicate a lower thermal conductivity in the z-
direction, i.e. perpendicularly to the plane in which the rods are aligned.
A comparable anisotropy has also been confirmed for the electrical
conductivity in similar structures of different materials, such as SiC,
graphene nanoplatelets (GNP), and SiC-GNP composites [24,26].

The plot of Fig. 4b shows an increased temperature gradient when
moving from SiCsp-7 > MAX-phase > rGO-PSZ structures. It should be
noted that the observed tendency cannot be linked to the specimen
porosity, neither the macro-porosity nor the rod porosity. In particular,
although the three specimens have similar macro-porosities, being in the
range of 44-55%, and also the same rod porosity of ~24% (Table 1),
significant differences in gradients are evidenced, which imply that
SiCs0-7 and MAX-phase structures would be ~4 times more conductive
than rGO-PSZ one. The ratio between the longitudinal and transverse
gradients, which gives an idea of the anisotropy, varies from 1.1 for the
SiCso-7 structure to ~1.7 for the rGO-PSZ one.

Data represented in Fig. 4b corresponds to the standard lens, since
large temperature fluctuations were observed with the macro lens.
Fig. 5a displays some representative examples of thermal images and
temperature profiles for 3D printed specimens when observing the x-y
plane, i.e. the longitudinal orientation. As seen, the temperature distri-
bution allows perceiving the rods and macro-pores in the x-y plane (IR
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Fig. 4. (a) Heat flow direction in the tests for the longitudinal and transverse
orientations and (b) bar diagram showing the increasing gradients measured for

the 3D materials of similar patterned structure in the different testing conditions
shown in the legend.

VT (°C-pixel™)

images in Fig. 5a), and also periodic fluctuations in the temperature
profiles induced by the macro-porosity inherent to these printed designs.

The heterogeneities associated with the presence of hollow cells and
rods along the profile are better appreciated with the macro lens than
with the standard ones (see the two temperature profiles for the MAX-
phase structure in Fig. 5a) due to the greater number of data recorded
per cm (5 times more than the standard lens). On the other hand, tests
carried out on a rGO-PSZ structure levelled by gently grinding showed
that, although the profiles considerably flatten (even the profile along a
rod is practically linear), local temperature drops associated with the
macro-pores were still observed.

On the other hand, the thermal conductivity of the metallic bars also
affected data. Thus, tests carried out with the copper cylinders in direct
contact with the specimen, without intercalating steel cylinders, gave
some problems, especially for the highly porous samples. As it can be
seen in Fig. 5b for the rGO-PSZ sample, using the copper cylinders
strongly altered the temperature profiles perpendicular to the heat flow,
since they were not flat except in the central zone, changing from convex
to concave when moving away from the heat source. That is, in the upper
zone, higher temperatures were measured at the centre than at the lateral
edges close to the insulating case, while in the lower zone, the temper-
atures at the centre were lower than at sides. Thus, it seems that the
camera was somehow capturing the temperature of the top and bottom
metal controls. In fact, when steel cylinders, with a much lower con-
ductivity than copper (16 versus 400 W m ! K7}, at room temperature),
were placed between the copper and the test specimen, the curvature
significantly reduced, particularly at the lower part of the sample, as
shown in Fig. 5b.

The effective thermal conductivity without considering the heat
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Fig. 5. Thermal images of the x-y patterned surface (macro lens data) for the longitudinal orientation and plots of the temperature profiles along the lines depicted in
the IR images of (a) and (b), corresponding to directions aligned with (a) and perpendicular to (b) the heat flow, respectively, and for different 3D materials. Profile
generated with the standard lens for the MAX-phase structure (dashed red line) is also included in (a) plot for comparison. Two profiles are included for the grinded
rGO-PSZ in plot (a): one through the macro-pores (continuous line) and another taken along a rod (dashed line). Temperature profiles in (b) were recorded at different
distances from the heat source (marked on the thermographic images of (b)) for the Cu/rGO-PSZ and AISI/SiCs,-7 arrangements. The small temperature variations are
linked to the macro-pores. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

transfer by convection and radiation of this type of structure for the two
orientations analysed, that is, longitudinal (x;), along the plane of
crisscross rods, and transverse (kt), perpendicular to that plane, can be
estimated from the conductivity of the rod (k;oq) using a simple model of
thermal resistors [24]:

4]

KL= %Krod (4)
ho h
Kr=-7 (1—%> * Krod )

and introducing the parameters that define the structure, @, a and h
(Fig. 1a), which are collected in Table 4 for each of the three tested
materials. As the factors that multiply x4 in the Egs. (4) and (5) are
similar for the three specimens (~0.17 and ~0.04, respectively), the
effective conductivity would exclusively depend on kg4, which is
strongly affected by n,,q and the intrinsic conductivity of the material.
From the data collected in Table 4, it is deduced that the k;/xt ratio was
~4, higher than the anisotropy estimated from the corresponding gra-
dients ratio (<2 as shown in Table 3). This can be explained by the
contribution of the structure frame in both orientations, which has not
been taken into account in the resistors model. The frame contribution to
thermal conductivity in the longitudinal and transverse orientations was
calculated in S1 section of the supplementary information. As seen, it
affects differently to ki, and xr, reducing the anisotropy to values ranging
between 1.3 and 1.9, both closer to those deduced from the gradient
ratios.

Values for kg in Table 4 were estimated from the thermal conduc-
tivity of dense materials (ko) corrected by the rod porosity using Pabst-
Gregorova’s exponential relation [27]. In the case of the SiCsp-7 and
MAX-phase dense specimens, kg was measured by the laser flash method
(30 and 16 W m™ K™}, respectively). For the rGO-PSZ specimen a kg of 9
W m™! K ! was estimated from the rGO and PSZ volumen fractions
considering both rGO and PSZ as continuos phases, and thermal con-
ductivities of 400 W m ™! K™! for the rGO (see calculation in S2 section)

and 1 Wm ™! K™! for the cross-linked polymer. After ko was corrected by
the rod porosity, k4 values included in Table 4 were inferred, which
indicates that the conductivity of the SiCs¢-7 structure would be ~2 and
3 times higher than that of the MAX-phase and rGO-PSZ structures,
respectively. This fact agrees with the experimental observations when
comparing their gradients under similar conditions (i.e. same metal
controls). Thus, the gradient measured in the specimen for the
Cu/rGO-PSZ test is 4 times larger than that measured for SiCsy-7 and,
accordingly, that measured for the AISI/MAX-phase system is 3 times
higher than that measured for AISI/SiCso-7 (Fig. 4b and Table 3).
Although to get absolute values of k, a standard test would be necessary
(a structure of identical dimensions to those tested and of certified
thermal conductivity), these results demonstrate that the proposed
method offers reasonably data in a comparative way that allow predict-
ing the thermal behaviour of the macroporous structures. This procedure
also has the crucial advantage that using thermocouples is unnecessary.
The correlation between the measured thermal gradients and the thermal
conductivity estimated for the structures is shown in Fig. 6, where data
were fitted with VT = A - « “* being x = 1.3.

Finally, the thermal conductivities of the structures tested with the
AISI bars were estimated applying the procedure described in section 4.1,
that is, comparing the normalized gradients using Eq. (3) and the test
with Pyroceram® as a reference, as it was done with the dense materials.
Thus, the conductivity of the MAX-phase structure was estimated in 3.4
and 22 W m™! K! for the longitudinal and transverse directions,
respectively, the ratio between them being 1.6; while for the SiCso-7 and
the rGO-PSZ structures, a longitudinal conductivity of 3.0 and 0.5 Wm™!
K1, respectively, was obtained. These values, although somewhat
differing, are consistent with those deduced from the resistors model
considering the contribution of the frames (Table 4). There are several
factors that can explain the observed discrepancies, like errors due to: i)
changes in the heat flow associated with the cross section differences
between the metal bars (176 rnrnz) and the porous 3D specimens (~125
and ~50 mm? for the front and lateral configurations, respectively, ac-
cording to the data in Table 1), which would induce lateral heat losses; ii)
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Table 4

Parameters of the 3D structures (diameter, “@”, in-plane distance between rods, “a”,
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distance between parallel rods in z-direction, “h”), estimated rod thermal con-

ductivity (ky0q) effective thermal conductivity in the longitudinal (k) and transversal (xt) directions deduced from the resistors model (Eq. (4) and (5)) and corre-
sponding values including the frame contribution. The experimentally estimated (Exp) values are also included.

Material @ (um) a (pm) h (pm) Thermal conductivity (W m™* K1)
Krod ky kr kr, kr ki
Eq. (9 Eq. (5) Frame Frame Exp
SiCso — 7 [19] 210 690 360 19.2 2.9 0.7 4.0 2.5 3.0
MAX-phase [20] 265 760 415 10.0 1.7 0.4 2.4 1.8 3.4
rGO-PSZ [7] 345 1010 540 5.6 1.0 0.2 1.3 0.7 0.5
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Fig. 6. Temperature gradients as a function of the thermal conductivity esti-
mated for SiCso-7, MAX-phase and rGO-PSZ structures (data included in
Table 4). Curve is the data fit with VT = A-K™*.

the use of an inappropriate reference test that corresponded to a dense
specimen of different geometry and size; iii) the large temperature var-
iations associated with the presence of the macro-pores and rods that can
also affect the measured gradients; and finally, iv) a contribution of the
convection and radiation heat transfer that has not been taken into ac-
count in the resistors model. It should be pointed out that, in this method,
the thermal resistances linked to contacts would not have influence in the
measurement of the temperature gradients, as the use of the IR camera
allows perfectly their discrimination.

5. Conclusions

The proposed approach to estimate the thermal conductivity of
macroporous materials based on high resolution infrared thermography
allows determining temperature gradients and perfectly discerning
thermal resistances linked to contacts while avoiding the use of ther-
mocouples, as attaching thermocouples to 3D porous structures devel-
oped by direct ink writing results quite a challenge. Temperature
fluctuations associated with the reticulated structure are perfectly
reproduced along the thermal profile recorded when using the macro
lens. An excellent correlation between the measured temperature gra-
dients and the thermal conductivity of the 3D structures, estimated from
a simple resistors model, is established. Thermal gradients determined in
two orthogonal directions, corresponding to IR observations of the rod
lattice (heat flowing along the x-y plane) and the lateral frame (heat flux
in z-direction), support the result of an anisotropic thermal conductivity
with an anisotropy factor <2 for this type of structure.
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