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Micronized nanocellular polymers show great potential to be used as core materials for vacuum insulation panels
due to their reduced thermal conductivity under vacuum. However, as a result of their nanocellular structure,
these materials are characterized by thermal radiation contributions higher than 4 mW/(m-K). This work studies
how to further enhance their thermal insulation behavior by adding infrared blockers to reduce thermal radi-
ation. Three different opacifiers (titanium(IV) oxide, graphene nanoplatelets, and silicon carbide) are used in
different contents (2.5, 5, 10, 15, and 20 wt%). The obtained powders are characterized to determine the
apparent density, the particle size distribution, and the thermal conductivity. The addition of infrared blockers
leads to an increase in apparent density which is also related to the opacifier’s particle size. For each infrared
blocker, there is an optimum concentration to achieve the minimum thermal conductivity. Finally, compacted
panels are produced to analyze their behavior as VIP cores by measuring thermal conductivity under vacuum
conditions. A minimum thermal conductivity of 9.6 mW/(m-K) is obtained for the compacted panel containing

10 wt% of silicon carbide, a reduction of 2 mW/(m-K) regarding the sample without opacifier.

1. Introduction

Micronization of nanocellular polymers has been recently shown as a
novel method to enhance the thermal insulation of nanocellular poly-
mers[1]. Due to their discontinuous structure, these materials present
lower thermal conductivity than their bulk counterparts, especially
under vacuum. Thus, micronized nanocellular polymers are expected to
have thermal conductivities as low as 10 mW/(m-K) at vacuum, showing
a great potential to be used as a low-cost and eco-friendly core material
for vacuum insulation panels (VIP)[2]. A VIP is a composite material
containing a porous core covered by an envelope material in which the
gas has been evacuated[3]. Thus, the heat transfer mechanisms related
to the gas phase (conduction through the gas phase and coupling) are
neglected[4]. The core is fabricated from an open porous material and is
the inner part of the VIP, physically supporting the envelope and
providing superinsulation performance. The materials usually selected
as VIP cores are based on silica (fumed/precipitated silica or silica
aerogel with densities around 200 kg/m®) because, due to their
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nanostructure, they require a lower vacuum to fully evacuate thanks to
the so-called Knudsen effect[5,6]. This effect implies that when the cell
size is comparable to or smaller than the mean free path of the gas
molecules (i.e. the average distance between collisions), they collide
more often with the cell walls than among them, reducing the energy
transfer[7]. On the one hand, thanks to the Knudsen effect, when the
cell/pore size decreases the thermal conductivity at ambient pressure is
reduced. On the other hand, when the pressure is reduced the thermal
conductivity sharply decreases|8]. Nevertheless, the main drawbacks of
nanoscale silica materials are their high price and sustainability con-
cerns [9-13]. In this regard, the use of micronized nanocellular poly-
mers could be a potential strategy to reduce the price and enhance the
sustainability of VIP, allowing superinsulation to reach more
applications.

VIPs are characterized by thermal conductivities under vacuum be-
tween 4 and 8 mW/(m-K)[14-17]. This conductivity is the sum of two
main contributions once the gas phase is evacuated: the conduction
through the solid phase and the radiation[8,18-20]. On the one hand,
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Fig. 1. Flowchart regarding sample preparation, production process, and characterization.

conduction through the solid phase depends on the density and the type
of core material used. On the other hand, radiation transferred through a
material depends on two main phenomena: the absorption and the
scattering of thermal radiation. The absorption is determined solely by
the density (amount of solid material available for absorbing radiation)
and the nature of the system. Meanwhile, scattering is controlled by the
size of the particles. When the pore size reduces to the nanoscale, ra-
diation is not scattered in the structure[21]. For instance, radiation in
silica-based materials can be higher than 4 mW/(m-K) at 300 K due to
their high porosity (above 90 %) and nanostructure. Then, to boost the
performance of the VIP core, opacifiers or infrared blockers (IR-block-
ers) are usually added[5,20,22-26]. An opacifier is a material that
strongly absorbs or scatters infrared radiation, increasing the extinction
coefficient and thus reducing heat transfer by radiation. Graphite, tita-
nium(IV) oxide (TiO3), and silicon carbide (SiC) are usually used
[22-27]. Such materials attenuate radiation via different mechanisms;
for instance, carbon-based opacifiers reduce radiation mainly by ab-
sorption, whereas TiO» or SiC particles both scatter and absorb radiation
[22]. The addition of opacifiers (physically dispersed in the silica-based
material as powder mixtures) can reduce the thermal conductivity of
fumed silica core by 1-3 mW/(m-K) [22,23,25]. There is an optimum
amount of opacifier that can be added since an excess can lead to higher
conduction through the solid phase because opacifiers present a high
thermal conductivity. For instance, Singh et al.[24] studied the radiation
of fumed silica VIPs containing different contents (from 10 wt% to 40 wt
%) of several opacifiers (carbon black, TiO, and SiC), observing a linear
reduction of the thermal radiation with an increase in the proportion of
opacifier. Carbon black showed the best performance, while TiOy
showed the worst. Meanwhile, Davraz et al.[27] studied the optimum
SiC content in fumed silica VIPs. Results showed that 15 wt% of SiC was
the optimum. Furthermore, there is an optimum opacifier size to
maximize the IR extinction which also depends on the temperature
[28-30]. For instance, Wang et al.[29], reported that the optimum
opacifier particle size for SiC changes from 6 to 4 ym when temperature
increases from 300 to 800 K, while for carbon black the optimum par-
ticle size varies from 4 to 2 pm in the same temperature range [29].
The strategy of adding opacifiers can also be applied to reduce the
radiation contribution of micronized nanocellular polymers, which can
be higher than 4 mW/(m-K)[1,31]. One possibility could be adding the
IR-Blockers to the polymer matrix as an additive before the foaming
process, as it is done for conventional cellular polymers[26,32]. Some

examples of IR-blockers used in the literature for cellular polymers are
carbon-based materials (multi-walled nanotubes, carbon black nano-
particles, graphite), TiO, or aluminum oxide (Aly03)[26,33-36]. The
previously mentioned works are mainly related to the production of
microcellular or conventional polymer foams since the incorporation of
these additives in nanocellular polymers is not so straightforward.
Firstly, the IR-Blockers need to be in the nanometric range, since they
are incorporated into the solid formulation, to prevent the appearance of
large cells. Furthermore, it is a challenge to achieve good dispersions of
the nanometric particles without agglomeration, especially at high
loads, which could also affect the foaming process[37]. The second
option is dispersing the opacifier particles, as is done for fumed silica,
allowing high loads without compromising the structure and foaming
process of the nanocellular polymer. This second route is easy to be done
with micronized nanocellular polymers and it is the strategy followed in
this work.

Therefore, the present work aims to prove the concept of preparing
powder mixtures of micronized nanocellular PMMA and infrared
blockers to enhance thermal insulation. The materials are studied to be
used as core materials for VIPs. Three different types of opacifiers are
used in several contents. The obtained powders are characterized to
determine the apparent density, the particle size distribution, and the
thermal conductivity. Finally, compacted panels are produced and their
thermal conductivity is measured at ambient pressure and under
different vacuum pressures. The results obtained would pave the way for
the use of these materials as low-cost VIP core materials.

2. Experimental
2.1. Materials and sample preparation

PLEXIGLAS® 7 H (Rohm GmbH) was the PMMA grade used to pro-
duce the nanocellular material by gas dissolution foaming. Details of the
PMMA, the gas dissolution foaming equipment used and the two-step
foaming process can be found elsewhere[38]. In particular, the satura-
tion conditions were 31 MPa and 40 °C, while the foaming parameters
were 90 °C and 5 min. Fig. 1 shows a flowchart regarding sample
preparation, the production process followed, and the characterization
techniques used.

The main features of the bulk nanocellular material were: 100 kg/m>
of density, 800 nm of cell size, and 0.5 of normalized standard deviation
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Fig. 2. Photograph and SEM micrographs of the opacifiers used in this work: a) TiO,, b) GnP, and c) SiC.

Table 1
Particle size of the opacifiers used in this work (from the
technical datasheets).

IR-Blocker Particle Size
TiOy 100-150 nm of diameter
GnP 7 um of lateral size
2-3 nm of thickness
SiC 5 um of diameter

of the cell size distribution. Then, the material was micronized using a
rotor beater mill SR 300 (Retsch) (Fig. 1). After the milling process, the
resultant material was a homogeneous powder characterized by an
apparent density of 80 kg/m>, micrometric particles with a mean par-
ticle size of 146 pm (obtained by laser diffraction), 100 % of open cell
content, and a similar cell size to the bulk nanocellular material
(800 nm). Details of the procedure to produce and characterize the
micronized nanocellular material can be found in our previous works[1,
2].

To study the effect of the addition of IR-Blockers, three different
types of opacifiers were added and physically mixed with the low-
density nanocellular powder in different contents (2.5, 5, 10, 15, and
20 wt%) (Fig. 1). The materials were mixed manually until the blend
was observed to be homogeneous. The IR-Blockers used in this work
were: titanium dioxide (TiO,) supplied by Riedel-de Haén (product
code: 14027), graphite nanoplatelets (GnP) PLAT7 provided by Avan-
zare, and silicon carbide (SiC) F1000 supplied by Navarro SiC. Fig. 2
shows the appearance of the powders and their particles visualized with
scanning electron microscopy (SEM). TiO; is a white powder of spherical
particles, GnP is a black powder of lamellar particles, and SiC is a gray
powder of polyhedral particles. Table 1 summarizes the particle size of
the opacifiers (obtained from the technical datasheets). The apparent
density of the IR-Blockers, measured according to ISO 60[39], is:
640 kg/m? for the TiO, nanoparticles, 700 kg/m? for the SiC particles,
and 390 kg/m® for the GnP.

Finally, the pure sample and the samples containing 10 wt% of each
IR-Blocker were compacted to prepare panels using a hot plate hydraulic
press with accurate control provided by Talleres Remtex (Barcelona,
Spain) (Fig. 1). First, the micronized samples were dried at 60 °C for
30 min in a forced-air high-temperature oven (model 2001405, JP
Selecta). Second, the necessary amount of sample was weighed and
placed inside a mold with final dimensions of 120 x 120 x 15 mm°. The
target apparent density of the compacted samples is 147 kg/m? for the
pure sample and 162 kg/m?> for the samples containing an additional

amount of 10 wt% IR-Blocker. The density was selected to obtain self-
standing panels and to properly analyze the effect of the addition of
opacifiers to the pure sample, keeping the same amount of pure nano-
cellular polymer in all the samples. Afterward, the mold is placed on the
press under 20 tons at 80 °C for 30 min. Finally, the sample is removed
from the mold obtaining a compacted panel.

Regarding VIP production (Fig. 1), a set-up consisting of a vacuum
pump (RV3, Edwards), a vacuum controller (VacuuSelect + VV-B15C
electrovalve + Pirani VacuuWiew extend sensor, Vacuubrand), a vac-
uum valve (VAC VALVE 425, Matva), and an envelope (Pack-lab) were
used. First, the material is wrapped in fleece and introduced in a two
layers envelope with a composition of metalized poly(ethylene tere-
phthalate) (PET) (thickness of 12 pm) and polyethylene (PE) (sealant,
80 um in thickness). The envelope is connected to the vacuum devices
(pump and vacuum controller) through a vacuum valve and different
accessories. Once the wrapped material is inside the envelope the bor-
ders of the bag are sealed. Finally, the pump is connected to produce the
VIP, and the vacuum inside is controlled with the vacuum set-up.

2.2. Characterization

2.2.1. Density

The apparent density of the powder mixtures was obtained according
to ISO 60[39]. Meanwhile, the apparent density of the compacted panels
was obtained according to UNE-EN 1602[40].

2.2.2. Surface morphology (SEM)

A Scanning Electron Microscope (FlexSEM 1000 VP-SEM) was used
to visualize the IR-blockers and the surface of the micrometric nano-
cellular particles with and without opacifiers. Prior visualization the
samples were coated with gold using a sputter coater (model SCD 005,
Balzers Union).

2.2.3. Volume particle size distribution (laser diffraction)

Laser diffraction measurements were performed to study the particle
size distribution of the micronized nanocellular polymer and the mix-
tures containing 10 wt% content of opacifier. Experiments were carried
out at CENIEH (Burgos, Spain) using a LS13 320 Particle Size Analyzer
(Beckman Coulter). Details about the procedure can be found in [1].

2.2.4. Thermal conductivity measurements (Heat Flow Meter)

Thermal conductivity measurements were performed using a ther-
mal heat flow meter model FOX 200 (TA Instruments / LaserComp, Inc.).
This equipment measures according to ASTM C518 and ISO 8301[41,
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Fig. 3. a) Apparent density of the samples as a function of the type and content of IR-Blocker and b) SEM micrographs of the reference sample (pure) and the samples

with 10 wt% of each IR-Blocker.

42] (steady-state conditions) in a range between 5 and 350 mW/(m-K)
with a relative accuracy of + 1 %[2]. Therefore for a measurement of
33 mW/(m-K) the uncertainty is 0.33 mW/(m-K), while for a measure-
ment of 10 mW/(m-K) the uncertainty is 0.1 mW/(m-K)[43]. For the
measurements, the sample was placed between the two plates using the
same procedure as in our previous works[1,2], promoting a temperature
gradient (AT) of 20 °C through the material thickness. It is important to
note that the samples have larger dimensions than the FOX 200 heat flux
transducers (120 x 120 mm? vs 75 x 75 mmz).

On the one hand, for the measurement of the thermal conductivity of
the free powders, a polyurethane foam mask (with a size of
200 x 200 x 14 mm3) with a hole of 120 x 120 mm? in the center was
used to hold the free powder[1]. An aluminum foil placed on the bottom
of the mask was used to avoid the loss of powder. These measurements
were performed at ambient pressure and at four different mean tem-
peratures 10, 20, 30, and 40 °C (i.e., for the measurement at 10 °C, the
temperature goes from 0 °C in the upper isothermal plate to 20 °C in the
lower one).

On the other hand, the thermal conductivity of the compacted

a)
6 ’
Pure
—— 10 wt% TiO,
— 10 wt% GnP
all — 10 wt% SiC

Volume (%)

Particle Size (um) Tl

samples was measured at 10 °C of mean temperature at ambient pressure
and under vacuum (600, 300, 200, 100, 60, 30, 10, 6, 3, and 0.02 mbar)
[2]. Note that 1 bar = 1000 mbar = 100,000 Pa. For the measurement,
the material wrapped inside the envelope is connected through a vac-
uum valve to the vacuum set-up, allowing the control of the inner
pressure from 0.001 to 1100 mbar. The accuracy of the vacuum mea-
surement is + 15 % in the range of 0.001-5 mbar and for pressures from
5 to 1100 mbar the accuracy is + 3 mbar. For instance, for a vacuum
measurement of 1 mbar the uncertainty is 0.15 mbar, meanwhile at 200
mbar the uncertainty 3 mbar. The time between reaching the vacuum
pressure and the start of the thermal conductivity measurement is
3 hours.

3. Results and discussion

3.1. Effect of the addition of IR-blockers on the apparent density and the
surface of the micrometric particles

The powder mixtures obtained are homogeneous, with the opacifiers

b)
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Fig. 4. Dynamic laser diffraction %volume particle size distributions of the reference sample (pure) and the samples containing 10 wt% of each IR-blocker: a) full

distribution and b) zoom in the region < 50 pm.
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Table 2

Mean particle size (D) and normalized standard deviation of the particle size
distribution (SD/D) results of the reference sample (pure) and the samples
containing 10 wt% of IR-blocker obtained by laser diffraction.

IR-Blocker D (um) SD/D (um)
Pure 146 0.68
+ 10 wt% TiO, 143 0.75
+ 10 wt% GnP 144 0.71
+ 10 wt% SiC 153 0.70

well-dispersed through the micronized nanocellular PMMA. Fig. 3
shows the density of the powder blends (Fig. 3a) and the surface of the
micrometric nanocellular PMMA particles with 10 wt% of each IR-
blocker (Fig. 3b). It is observed that as the IR-Blocker content in-
creases, the apparent density of the resultant powder mixture increases
because the opacifier is characterized by a much higher density
(Fig. 3a). In particular, TiO, nanoparticles and GnP are placed inside the
exposed superficial cells (the diameter of the cells is 800 nm) due to
their reduced size (Fig. 3b). Thus, despite the higher apparent density of
the TiOy nanoparticles in comparison with the GnP, the mixtures con-
taining TiOy and GnP show a similar density trend. However, the
apparent density of the GnP blends is slightly higher probably due to the
higher particle size of the GnP (some particles may not enter inside the
nanocells) which could be affecting the packaging. This packaging fact is
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observed in the SiC mixtures, which present much higher apparent
densities, even for low contents of SiC. Note that the SiC particles (size 5
pm) are too large to enter the nanometric structure (Fig. 3b). For
instance, for an IR-Blocker content of 10 wt%, the apparent density goes
from 91 kg/m3 (TiO,) to 102 kg/m® (SiC). In comparison to the pure
polymer, this represents an increase of 15 % and 29 %, respectively.
Therefore, the change in the packaging affects the blend density, leading
to higher densities when the particles are larger than the pore size.
Therefore, the different behaviors can be related to the opacifier’s par-
ticle size (Fig. 4 and Table 1) and how it is distributed on the nano-
cellular PMMA micrometric particles (Fig. 3b).

Laser diffraction measurements were conducted to study the size of
the particles in the blends. Due to the measurement procedure (disper-
sion of the powder in EtOH), the opacifier particles leave the nano-
cellular PMMA surface being dispersed together with the micronized
nanocellular PMMA particles in the solvent. Fig. 4 shows the particle
size distribution of the reference sample (pure), and the powder blends
containing 10 wt% of each opacifier. All the samples present a similar
mean particle size (D) to the original size of the PMMA micrometric
particles (146 pm) (Table 2). However, the normalized standard devia-
tion of the particle size (SD/D) of the samples containing opacifiers is
slightly higher since the blend contains also smaller particles. In the pure
polymer, there is a small fraction of particles with sizes below 10 pm
(Fig. 4b). GnP increases the fraction of these small particles. Then, the
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Fig. 5. Thermal conductivity as a function of the IR-Blocker content at different temperatures for TiO5 (a), GnP (b), and SiC (c); and thermal conductivity gap (d)
between the measurements performed at 10 °C and 40 °C as a function of the type and content of each IR-Blocker.
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Fig. 6. a) Photograph of the compacted panels produced in this work. b) Thermal conductivity at 10 °C of the reference sample and the samples with 10 wt% of
opacifiers as a function of the density of the compacted samples produced in this work at ambient pressure and at vacuum (0.02).

presence of TiOy particles generates an extra peak at around 400 nm,
corresponding to TiO, particles and particle aggregates. Meanwhile, SiC
particles generate a shoulder around 5 pm, which is the size of these
particles.

3.2. Effect of the addition of IR-blockers on the thermal conductivity

3.2.1. Powder mixtures

Figs. 5a, 5b, and 5c¢ show the thermal conductivity as a function of
the IR-Blocker content at different temperatures (10, 20, 30, and 40 °C)
for TiO, GnP, and SiC, respectively. The reference sample (pure) is
found at the point of 0 wt% of IR-blocker in every graph. In general, as
the amount of opacifier in the mixture increases the thermal conduc-
tivity is reduced until it reaches a minimum, then the thermal conduc-
tivity rises again. The thermal conductivity of a porous powder material
such as these blends depends on four mechanisms: conduction through
the cells in the nanocellular powder, conduction through the solid
phase, coupling between the solid particles and the gas surrounding
them, and radiation[31]. When adding IR-Blockers there is a compro-
mise between radiation reduction and conduction through the solid
phase rise. As the amount of opacifiers increases, the highly conductive
particles are more in touch with one another, increasing the heat
transfer by conduction through the solid opacifier particles. This ex-
plains the presence of the minimum observed in the different systems:
for low IR-blocker contents, radiation is reduced, but at high concen-
trations, there is higher conduction through the solid phase. On the
other hand, as the temperature increases, the thermal conductivity in-
creases. The minimum thermal conductivies obtained are
30.8 mW/(m-K) for 15 wt% TiO, (99 kg/m>), 30.8 mW/(m-K) for 5 wt
% GnP (88 kg/m>), and 31.0 mW/(mK) for 10 wt% SiC (102 kg/m>).
Thus, the IR-blockers used in this work lead to reductions of thermal
conductivity of around 1.2 mW/(m-K) regarding the reference sample
(pure) at ambient pressure. However, the optimum amount of opacifier
varies, meaning different infrared radiation-blocking behaviors. The
IR-blocker leading to the minimum thermal conductivity at lower con-
tent (GnP in this case) is the one with the highest infrared radiation
blocking behavior.

Fig. 5d shows the thermal conductivity gap (A1), defined as the
difference between the thermal conductivity measurements performed
at 10 °C and 40 °C. This is an interesting parameter since the radiation
term depends on the temperature cube[44,45], whereas the rest of the
parameters (conduction through the solid phase, conduction through
the gas phase, and coupling) depend linearly on temperature[31].

Therefore, slight variations in the temperature significantly affect the
radiation contribution, so the thermal conductivity gap is related mostly
to radiation. The reduction of A4 when the opacifier content increases
mean that indeed the IR-blockers are decreasing the radiation contri-
bution. It is observed that the gap is lower when using GnP followed
closely by SiC and finally TiOs. From these measurements, we can
distinguish between the effects on the radiation and conduction through
the solid phase terms. For TiOs, A1 reduces continuously for all the
concentrations tested up to 20 wt%, so there is a radiation reduction in
all the range. However, the optimum TiO; content was 15 wt% and the
conductivity was measured to increase later on. Then, for 20 wt% of
TiO,, there is an increase in the solid conduction that compensates the
reduction in the radiation contribution. Meanwhile, for GnP, A1 reduces
until 10 wt% and then remains constant. The optimum GnP content was
5 wt% meaning that for higher contents there is an increase in the solid
conduction that compensates the reduction in the radiation contribu-
tion. Also, it is observed that A4 at 5 wt% for GnP is lower than in the
other systems at the different concentrations, meaning that, as previ-
ously commented, GnP has higher infrared radiation-blocking behavior
than SiC and TiO,. Finally, for SiC, A1 reduces until 15 wt% and then
maintains constant. Since the optimum SiC content was 10 wt%, for
higher contents there is an increase in the solid conduction that com-
pensates for the reduction in the radiation contribution.

These results prove that adding IR-blockers can help to reduce the
conductivity of the micronized nanocellular PMMA powder in 1.2 mW/
(m-K) (3.7 %). In the next section, compacted panels are produced and
their thermal conductivity is studied at ambient pressure and under
vacuum.

3.2.2. Compacted panels

The samples containing 10 wt% of opacifiers were compacted to the
same final density (162 kg/m®), obtaining self-standing panels of di-
mensions 120 x 120 x 15 mm?> (Fig. 6a). The reference sample (pure)
was also compacted to a final density of 147 kg/m® for sake of com-
parison (same amount of PMMA as the opacified samples). The results of
the thermal conductivity as a function of the density for the measure-
ments performed at 10 °C under ambient pressure and ultimate vacuum
(0.02 mbar) are shown in Fig. 6b. Due to the compaction process, the
thermal conductivity increases between 2 and 4 mW/(m-K) with respect
to the powder since the compacted samples are characterized by a
higher amount of material per unit volume (higher conduction through
the solid phase). Regarding the compacted samples at ambient pressure,
all the samples present similar thermal conductivities in the range of
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Fig. 7. a) Thermal conductivity at 10 °C of the compacted panels produced in this work at different vacuum pressures. b) Thermal conductivity at maximum vacuum
(at 10 °C and 0.02 mbar) and thermal conductivity reduction between ambient and vacuum conditions (at 10°C) of the compacted panels produced in this work.

34.0-35.3 mW/(m-K) despite the higher density of the samples con-
taining opacifiers. Note that in this range, the measurement uncertainty
is around 0.35 mW/(m-K). Therefore, since, in principle, all the mate-
rials contain the same amount of micronized nanocellular PMMA, it can
be stated that the percolation between the particles is minimal.

When vacuuming, the thermal conductivity is sharply reduced
(Fig. 7). This is because, in systems based on contact particles, a coupling
effect between the particles and the gas surrounding the particles arises
[4,46-48]. When the sample is fully evacuated it is negligible due to the
lack of gas molecules, however, it can represent around 55 % of the total
thermal conductivity at ambient pressure[31]. In addition, the gas in-
side the cells of the micronized polymer is also removed. Thus, at
maximum vacuum, the only heat transfer mechanisms affecting the
system are the conduction through the solid phase and the radiation. As
shown in Fig. 7b, the difference between the measurements under
ambient and vacuum conditions was more significant in the samples
with IR-blockers. The reason is that the coupling effect contribution
depends on the density (the higher density, the higher coupling)[4,31,
49]. Also, differences in the thermal conductivity reduction when vac-
uuming between the compacted panels containing opacifiers may be due
to the influence of each type of particle on the coupling mechanism. All
the samples with opacifiers present lower thermal conductivity than the
reference (pure) compacted panel (11.6 (mW/(m-K)) (Fig. 7b). Note that
in the range of 10 mW/(m-K), the measurement uncertainty is around
0.1 mW/(m-K). For instance, the thermal conductivity of the TiO,
sample is 10.8 mW/(m-K), almost 1 mW/(m-K) lower than the reference
despite the higher density. Meanwhile, GnP and SiC samples present the
lowest thermal conductivities (9.9 mW/(m-K) and 9.6 mW/(m-K)
respectively), 2 mW/(m-K) lower than the thermal conductivity of the
reference (pure) compacted panel.

These last results confirm that adding IR-blockers helps to reduce the
thermal conductivity of the compacted panels based on micronized
nanocellular PMMA, boosting their performance as VIP core material.
Thermal conductivities below 10 mW/(m-K) can be obtained under
vacuum. The findings of this work are promising and pave the way for
further research and improvement, such as the analysis of the mixing
effect by using different techniques and parameters, the fine-tuning of
the content of the opacifier, and the determination of the optimum
density of the compacted panel.

4. Conclusions

In this work, the effect of the addition of infrared blockers to
micronized nanocellular PMMA has been analyzed. Three different

opacifiers (TiO2, GnP, and SiC) have been added to the reference (pure)
sample in different contents (2.5, 5, 10, 15, and 20 wt%). On the one
hand, regarding the powder mixtures, as the amount of IR-Blocker in-
creases the density increases. Depending on the size of the opacifier
particles the packaging changes, affecting the final density. Further-
more, the addition of opacifiers reduces thermal conductivity. For each
IR-Blocker there is an optimum amount that leads to the minimum of
thermal conductivity (a compromise between reducing the radiation
and increasing the conduction through the solid phase). On the other
hand, regarding the compacted panels, when compacting the thermal
conductivity increases because of the density increase (higher conduc-
tion through the solid phase). When extracting the gas phase under
vacuum, the thermal conductivity sharply decreases to 9.6 mW/(m-K)
for the sample containing 10 wt% of SiC, which is 2 mW/(m-K) lower
than the thermal conductivity of the reference (pure) compacted panel
despite the higher density of the sample with SiC. These results confirm
these materials as potential candidates to be used as alternative, low-
cost, and eco-friendly VIP cores.
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