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Nowadays, finding new materials with enhanced thermal insulation properties has become a mandatory
task to reduce energy consumption and CO2 emissions. In recent years, nanocellular polymers have
aroused great attention due to their very interesting combination of properties, which include reduced
conduction through the gas phase thanks to the Knudsen effect.
There are plenty of theoretical works hypothesizing the thermal insulation performance of nanocellular

polymers. However, there is a lack of experimental results, especially at low densities. In the present
work, the thermal conductivity of low-density microcellular and nanocellular poly(methyl-
methacrylate) (PMMA) was measured to evaluate the different heat transfer mechanisms acting on these
structures. PMMA foamed sheets with relative densities ranging from 0.09 to 0.18 and cell sizes between
400–4000 nm were produced by gas dissolution foaming using CO2 as a physical blowing agent. Samples
were measured at various temperatures, resulting in thermal conductivities between 37.4 and 46.6 mW/
(m�K) at 10 �C. Experimental results have been analyzed to build a semi-empirical model able to predict
the thermal conductivity and each heat transfer mechanism contribution. To do this, a novel method to
determine the solid structure factor from the slope of the thermal conductivity versus the temperature
curve is introduced.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The global population is expected to increase by 2.5 billion peo-
ple by 2050. As economic development and living standards are
improving worldwide energy use is expected to rise greatly, espe-
cially in the building sector. With no improvements in energy effi-
ciency, the energy demand for buildings is expected to grow by
50% by 2050 [1]. Thus, the building sector is crucial to accomplish-
ing a resource-efficient and low-carbon economy [2]. Since nowa-
days buildings are responsible for around 40% of the global energy
consumption and 36% of the emitted greenhouse gases [3], govern-
ments, like the European Union, had established legislative frame-
works [4,5] to boost their energy performance. Particularly, more
than 40% of the energy used in buildings is destined for climatiza-
tion, making the thermal insulation performance of buildings a key
factor to reduce energy consumption and the CO2 emissions asso-
ciated with energy production [2,6].
1.1. Research progress of thermal conductivity of foam materials

The physical parameter used to quantify the thermal insulation
performance of a given material is thermal conductivity. It is an
intensive physical property that describes heat transport through
a body due to a temperature gradient. Currently, the materials used
in the building sector (such as polyurethane (PU), mineral wool,
expanded polystyrene (EPS), and extruded polystyrene foam
(XPS)) are characterized by aged thermal conductivities around
25–40 mW/(m�K) [7]. To further enhance the thermal insulation
and meet the new legislation [4,5] there are two possible routes.
On the one hand, the solution pass by increasing the thickness of
the insulation layer using conventional insulation materials. How-
ever, this approach requires acquiring larger amounts of material,
with implications for the environment and CO2 emissions, and
implies the reduction of the useful area in buildings. On the other
hand, a promising approach goes through developing new thermal
insulators with lower thermal conductivity. This alternative would
allow not only save energy but also extend the useful area in build-
ings by obtaining the same insulation with reduced thickness.
Therefore, finding new enhanced thermal insulators becomes a
mandatory task to improve the building sector’s energy efficiency.

In recent years, nanocellular polymers (cell sizes below 1 lm)
have aroused great attention due to their very interesting combi-
nation of properties: lightweight, low cost, recyclability, reduced
thermal conduction through the gas phase, enhanced mechanical
properties, etc [8–12]. Particularly, it was claimed several times
that these materials could be potentially used as advanced thermal
insulators when combining low-densities and nanometric cell
sizes, but no experimental data supported these claims [13–15].
The production of nanocellular polymers is still a challenge [16],
especially in the range of low density. Furthermore, since fabrica-
tion processes are mainly limited to the lab scale, the production
of samples with dimensions large enough for characterization is
also a complex task [17]. For these reasons, many authors have
tried to theoretically predict the thermal properties of these mate-
rials [15,18–21]. For instance, Forest et al. proposed an analytical
model derived from aerogel studies [15]. This model predicted
thermal conductivities as low as 12 mW/(m�K) for nanocellular
materials with relative densities between 0.1–0.2 and cell sizes
around 100 nm at 27 �C (300 K) [15]. Wang et al. [19] mathemat-
ically modeled the thermal transport through a nanocellular poly-
mer. Their model proposed that the contribution of the radiation
term starts to be quite significant in nanocellular polymers with
low densities. They predicted that the minimum conductivity that
can be reached with these materials is not as low as expected.
Later, Bernardo and coworkers [20] proved that the transmittance
2

of infrared radiation significantly increases when the cell size is
reduced to the nanometric range. As a consequence, low-density
nanocellular polymers combine low conduction through the gas
phase with a high radiation contribution, leading to a compromise
between cell size and density to obtain the best results. However,
the transmittance measurements were performed with samples
with larger densities than those that should be used for thermal
insulation (relative density 0.4). Buahom et al. [21] also developed
a mathematical model to predict the thermal conductivity of
microcellular and nanocellular polymer foams. They predicted
the thermal conductivity of PS and PMMA foams with different rel-
ative densities and cell sizes. Particularly, they predicted a mini-
mum of 37 mW/(m�K) for nanocellular PMMA with 0.1 of relative
density and 100 nm of cell size at 27 �C (300 K) [21]. The two pre-
vious models of the thermal conductivity of PMMA [19,21] were
validated using medium and high-density samples, and provided
useful insights into the mechanisms acting during heat transfer
in these materials. In this work, we prepare a collection of low-
density nanocellular materials (cell sizes ranging from 400 nm to
4000 nm and relative densities between 0.09–0.18) and we charac-
terize their thermal conductivity using a heat flow meter. The
obtained data is used for determining the fitting parameters of a
semi-empirical model to predict the thermal conductivity of
PMMA foams.

1.2. Theoretical research on thermal conductivity calculation

In a porous material, the total thermal conductivity (kt) can be
described as a function of conduction through the solid phase
(ks), conduction through the gas phase (kg), thermal radiation (kr),
and convection within cells (kc), as shown in Equation (1) [22].

kt ¼ ksþkg þ kr þ kc ð1Þ
However, the contribution of convection can be neglected when

the cell sizes are lower than 2 mm [23–27].

1.2.1. Conduction through solid
Conduction through the solid phase depends on the relative

density (qr) (defined as qr = q / qs, where q is the density of the
porous material and qs is the density of the solid), on the conduc-
tivity of the solid matrix (ks) (which also depends on the tempera-
ture), and on a structural factor g (Equation (2)) [28]. Regarding the
solid structure factor (g), it can vary depending on the solid struc-
ture of the material, ranging between 0.3–1 for cellular materials
[8,28,29] and taking values as low as 0.003 for aerogels [24,30].

ks ¼ gk0sqr ð2Þ
Differences lay in the solid structure connectivity which deter-

mines the phonon diffusion throughout the material [31]: while
cellular materials present an interconnected solid structure, aero-
gels present a backbone structure with multiple contact points,
which minimizes conduction through the solid phase. Several
works propose that g is related to the longitudinal sound speed
of the material [31,32] and also to the mechanical properties
[33]. Thus, g is a key parameter to predict solid thermal conductiv-
ity, but its experimental determination is quite a challenge. For
low-density open cell foams, g is known to be 1/3, whereas
closed-cell materials are usually modeled considering 2/3 [28].
For nanoporous systems, there is still no agreement on the value
of this parameter. In this research, g will be considered as a vari-
able and calculated based on the experimental data.

1.2.2. Conduction through gas
As shown in Equation (3) conduction through the gas phase

depends on the porosity (Vf) (calculated as Vf = 1 - qr) and the
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thermal conductivity of the gas inside the cells kg (which also
depends on the temperature) [34].

kg ¼ k
0
gVf ¼ k

0
g 1� qrð Þ ð3Þ

In nanocellular polymers, the appearance of the Knudsen effect
reduces the contribution of the thermal conductivity of the gas
phase with respect to the equation for conventional materials
(see Equation (4)) [8]. This effect implies that when cell size is
comparable to or smaller than the mean free path of the gas mole-
cules they collide more often with the cell walls than among them,
reducing the energy transfer [35]. Therefore, the conductivity of
the gas inside the cells is reduced. It depends on the conductivity
of the free gas (kg0), the cell size (/), and the mean free path of
the gas molecules (lg) once the Knudsen effect is considered. Fur-
thermore, b is a dimensionless parameter that considers the trans-
fer of energy between the gas molecules and the solid structure (it
is a function of the specific heat ratio, the thermal accommodation
coefficient, and the Prandtl number [35–38]). b value varies from
1.5 to 2 for argon and nitrogen [35], being 1.64 the value for air
[36]. According to the theory, the Knudsen effect starts becoming
relevant when the cell size is smaller than 100 times the mean free
path, / � 100 lg (/ � 7 lm for air) [39].

k0g ¼ k
0
g0

1þ 2blg
/

ð4Þ

Furthermore, the mean free path depends on the temperature
(T), the pressure (p), and the molecule diameter (dm) (3.6 Å for
air [40]) as shown in Equation (5) [35], where R is the ideal gas con-
stant and NA the Avogadro’s number.

lg ¼ RTffiffiffi
2

p
pd2

mNAp
ð5Þ

So, the conduction through the gas phase can be now expressed
in terms of the cell size, the characteristics of the gas, and the pres-
sure and temperature, as given in Equation (6). This last equation
will be used in this work to predict the conduction through the
gas phase.

kg ¼ k
0
g 1� qrð Þ ¼ k

0
g0 1� qrð Þ

1þ 2b
/

RTffiffi
2

p
pd2mNAp

ð6Þ
1.2.3. Radiation
Radiation heat transfer within porous materials is a diffusion-

like process via scattering and absorption of infrared radiation.
The contribution of radiation starts to become relevant when the
relative density reaches values under 0.2 [23–27] since at higher
relative densities the high solid fraction absorbs a great amount
of infrared radiation. The radiative part of the thermal conductivity
in porous materials is given by Equation (7) [41], where r is the
Stefan-Boltzmann constant, n is the refractive index (considered
equal to 1 for low-density cellular materials, and aerogels
[24,42]), and Ke is the extinction coefficient of the porous material.
The determination of the extinction coefficient of the porous mate-
rial is essential to predict radiation.

kr ¼ 16n2rT3

3Ke
ð7Þ

For conventional foams, there are plenty of works calculating
this parameter, both theoretically (by using, for instance, Glicks-
man, equations [28,42,43]) and experimentally (by measuring
transmittance to infrared radiation [42]). Theoretical models pro-
posed up to now and used successfully for micro and conventional
foams are not valid in the nanoscale. In nanocellular polymers, it
was proved that when the cell size is 10 times smaller than the
3

light wavelength (visible light wavelength is centered around
500 nm), the material became transparent (i.e., the scattering of
visible light is negligible) [11,44]. This effect is due to the change
of the scattering mechanism from Mie scattering to Rayleigh scat-
tering when the cell size is reduced [44,45]. In the Rayleigh scatter-
ing regime, the fraction of scattered radiation is reduced, and
further, there is a strong dependency between the cellular struc-
ture dimensions (cell size, walls, and struts), acting as the scatter-
ing center, and the wavelength of the electromagnetic wave
[46,47]. Therefore, a similar trend is expected for infrared radia-
tion, as long as the ratio between the scattering center and the
wavelength of the electromagnetic wave (thermal infrared) is in
the same range. The thermal infrared radiation at room tempera-
ture is centered in a wavelength of 10 lm, then one could expect
a modification of the scattering regime for cell sizes under 1 lm.
In aerogels, such behavior has been reported. For instance, Heine-
mann et al. [48] did not observe differences between aerogels with
different densities and the bulk material extinction coefficient,
meaning that the scattering through the pores (characteristic pore
size = 180 nm) is null. Hrubesh et al. [24] claimed that the radiation
contribution in aerogels was only associated with the absorption of
the solid material, assuming that there is no scattering due to the
reduced pore size. For nanocellular polymers, recently, Bernardo
et al. [20] determined experimentally the scattering extinction
coefficient for nanocellular PMMA for the first time by measuring
the transmittance in the infrared region of microcellular and
nanocellular PMMA (cell sizes from 14 nm to 20 lm) with constant
density. A change in the relation between the extinction coefficient
and the cell size was observed for cell sizes around 1 lm (1/10 of
the infrared wavelength at room temperature, centered at 10 lm,
as said before). Therefore, they concluded that the scattering due to
the cellular structure must be considered for larger cell sizes but it
can be neglected for very small cell sizes (smaller than 200 nm).
This is because the scatter mechanism changes from Mie to Ray-
leigh when reducing the cell size, meaning that there is a stronger
dependency with the wavelength in the scattering process and that
the fraction of scattered radiation is sharply reduced. However, the
density of the samples considered in that work was high, so the
absorption contribution could not be measured. In this work, a
method to easily determine the total extinction coefficient of
nanocellular polymers (including both the absorption and scatter-
ing mechanisms) using thermal conductivity measurements is
developed for the first time. The method would be described in
detail in Section 4. In essence, the solid structure factor (g) and
the extinction coefficient (Ke) are calculated using the experimen-
tal thermal conductivity as a function of the temperature. The
approach relies on subtracting the solid and gas contributions
(both contributions depend on the temperature) to calculate the
g factor by iteration with the condition that the thermal conductiv-
ity must be 0 mW/(m�K) at 0 K. Once the g factor is calculated, Ke

can be easily extract from the slope of the curve k-T3 as proposed
by Almeida et al. [49]. This method allows calculating Ke in a pre-
cise way without using FTIR measurements.

Therefore, in the present work, a new model is developed, com-
bining experimental measurements and semi-empirical equations.
The thermal conductivity of low-density microcellular and
nanocellular PMMA foamed sheets with relative densities ranging
from 0.09 to 0.18 and cell sizes between 400–4000 nm are mea-
sured using a heat flow meter (steady-state method) to build the
model. As far as the authors know, this is the first time that low-
density microcellular and nanocellular PMMA are measured using
a heat flow meter (which is the most accurate technique to mea-
sure the thermal conductivity of insulating materials [50]). The
obtained results allow predicting the contribution of each heat
transfer mechanism (conduction through the solid phase, conduc-
tion through the gas phase, and radiation) for the nanocellular
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samples under study. The trends found in this work can be used to
estimate the thermal conductivity of nanocellular PMMA materials
with similar characteristics as those measured in this paper (solid
thermal conductivity, density, and cell size). Furthermore, the find-
ings of this work would help define the potential and limitations of
these novel materials.
2. Experimental

2.1. Materials and sample preparation

PMMA PLEXIGLAS� 7H kindly supplied by Röhm GmbH in the
form of pellets was used to produce microcellular and nanocellular
polymers by gas dissolution foaming after being thermoformed
into sheets of 4 mm thickness. This PMMA is characterized by a
melt flow index of 0.77 g/10 min (measured at 230 �C and
2.16 kg) and a glass transition temperature of 110.4 �C measured
by DSC (model DSC3+, Mettler).

Fig. 1 shows the experimental procedure to produce the mate-
rials used in this work. First, PMMA sheets were cut into samples
with dimensions of 50 � 50 � 4 mm3 to perform the foaming
experiments (Fig. 1a). Foaming experiments were carried out using
a high-pressure vessel (model PARR 4681, provided by Parr Instru-
ments Company). Technical characteristics of the setup can be
found elsewhere [51,52]. With this setup, foaming experiments
were performed using a two-step gas dissolution foaming process
[53]. A collection of foamed samples with different cell size and
density were obtained by varying the saturation and foaming con-
ditions. Saturation temperature varied from 25 to 45 �C, saturation
pressure varied between 30–31 MPa, foaming time varied from 1
to 5 min, and the foaming temperature was 90 �C. For each foaming
condition at least 18 samples were produced using the same nom-
inal processing parameters. The thickness of the foamed samples
varies between 8–10 mm depending on the expansion.

From the foamed samples (Fig. 1b), samples with dimensions of
50 � 50 mm2 were cut (Fig. 1c). Then, the solid skin was removed
using a polisher (LaboPOl2-LaboForce3 (Struers)) to obtain a
homogeneous sample to perform an accurate study of the influ-
ence of the density and cell size on thermal conductivity. The
thickness of the final samples after polishing (Fig. 1d) was 7 mm.
Fig. 1. Experimental procedure to produce the materials used in this work: (a) solid s
polishing, and (e) stacking of polished foamed samples.

4

Finally, the polished samples were stacked forming a stack of
samples (Fig. 1e) of at least 150 � 150 mm2 with a thickness of
14 mm for the thermal conductivity measurements.
2.2. Characterization

2.2.1. Cellular structure
The cellular structure was analyzed using a Scanning Electron

Microscope (FlexSEM 1000 VP-SEM). Samples were cooled in liquid
nitrogen and fractured to maintain the cellular structure for the
microscopic visualization. They were also coated with gold using
a sputter coater (model SCD 005, Balzers Union). Several parame-
ters were measured to obtain a complete analysis of the cellular
structure. A tool based on ImageJ/FIJI [54] was used to obtain the
average cell size in 3D (/3D), the cell size distribution, and the stan-
dard deviation coefficient (SD) were obtained (a correction factor
of 1.273 [54] was applied to the 2D values measured in the SEM
micrograph to obtain the 3D values). The normalized standard
deviation coefficient (SD//3D) was calculated as an indicator of
the homogeneity of the cellular structure. In every sample, more
than 60 cells were analyzed (i.e., more than 1000 cells per refer-
ence material). Cell density (Nv) was determined using Kumar’s
theoretical approximation [55] (Equation (8)), where A is the ana-
lyzed area and n is the number of cells in that area. Finally, cell
nucleation density (N0) was determined (Equation (9)).

Nv ¼ n
A

� �3
2 ð8Þ
N0 ¼ Nv

qr
ð9Þ
2.2.2. Density
The density of the polished cellular materials was obtained

using the water-displacement method based on Archimedes’ prin-
ciple. A density determination kit for an AT261 Mettler-Toledo bal-
ance was used. The relative (qr) density was obtained by dividing
the foam density between the solid PMMA density (qr = q / qs,
where q is the foam density and qs is the density of the solid).
ample, (b) foamed sample, (c) foamed sample after cutting, (d) foam sample after
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2.2.3. Open cell content
Open cell content (OC) of the polished cellular materials was

obtained through Equation (10), using a gas pycnometer (model
AccuPyc II 1340, Micromeritics). The gas used was N2.

OC %ð Þ ¼ V � Vpyc

Vð1� qrÞ
� 100 ð10Þ

Where Vext is the geometric volume and Vpyc is the volume
obtained from the pycnometric measurement.

2.2.4. Thermal conductivity measurements
Thermal conductivity measurements were carried out using a

thermal heat flow meter model FOX 200 (TA Instruments / Laser-
Comp, Inc.), which measures according to ASTM C518 and ISO
8301 [56,57]. So, measurements were performed in steady-state
conditions. Samples of at least 150 � 150 mm2 with a thickness
of 14 mm were used. For the measurements, the sample was
placed between the two plates, promoting a temperature gradient
through the material thickness. Measurements were performed at
10, 20, 30, and 40 �C. The temperature gradient (DT) was set to
20 �C in every case (i.e., for the measurement at 10 �C, the temper-
ature goes from 0 �C in the upper isothermal plate to 20 �C in the
lower one). The active area of the FOX 200 heat flux transducers is
75 � 75 mm2, so the samples have larger lateral dimensions than
the heat flux transducers. The absolute thermal conductivity accu-
racy for this device is 2%. To fill the remaining volume of the sam-
ple holder (with a size of 200 � 200 � 14 mm3) a polyurethane
foam mask was used to avoid air convection. This mask does not
affect the measured thermal conductivity since it is not in contact
with the heat flux transducers but helps to obtain the correct ther-
mal conductivity of the material. Before this work, several prelim-
inary tests were carried out measuring a conventional thermal
insulator of known conductivity using different masks. Results
showed that the thermal conductivity of the mask did not affect
the accuracy of the measurement. However, without using a mask,
the thermal conductivity slightly increased due to convection in
the remaining volume. Then, a mask was always used in this work
to prevent air convection.

Besides, solid PMMA thermal conductivity was measured as
well under the same conditions.

3. Results and discussion

3.1. Sample characterization

Table 1 summarizes the density, relative density, cell size,
normalized standard deviation coefficient of the cell size distribu-
tion, cell nucleation density, and open cell content of the produced
samples. The samples are numbered as a function of their density
which ranges between 105 and 218 kg/m3. The cell size of the sam-
ples varies between 394 and 3751 nm. Figure S1 (Supplementary
Information) shows details of the cellular structure of the
Table 1
Density, relative density, cell size, normalized standard deviation coefficient, cell nucleati

Sample q
(kg/m3)

qr /3D

(nm

#1 105 ± 12 0.088 ± 0.010 145
#2 113 ± 12 0.095 ± 0.010 321
#3 115 ± 9 0.097 ± 0.008 102
#4 117 ± 17 0.098 ± 0.014 291
#5 154 ± 10 0.129 ± 0.008 468
#6 173 ± 10 0.146 ± 0.008 237
#7 186 ± 9 0.155 ± 0.007 408
#8 198 ± 9 0.166 ± 0.008 375
#9 218 ± 10 0.183 ± 0.009 394

5

materials. The normalized standard deviation coefficient takes
values lower than 0.7. See Figure S2 (Supplementary Information)
for details about the cell size distributions The normalized stan-
dard deviation coefficient takes values lower than 0.7. See Fig-
ure S2 (Supplementary Information) for details about the cell
size distributions. In these figures, where it can be observed that
the cellular structure is monomodal and cell size distribution is
well centered on the mean cell size. The microcellular samples
#2, #4, #6, and #8 are more heterogeneous (SD//3D > 0.5) than
the rest of the samples. Samples #5, #7, and #9 are in the nanocel-
lular region with cell sizes below 500 nm, whereas sample #3 is in
the upper limit of the nanocellular range (1000 nm). Finally, it is
observed that the open cell content increases when the cell size
is reduced to the nanoscale. Also, within the nanocellular samples,
the open cell content increase as density is reduced. Sample 5 pre-
sents the highest open cell content (99.6%). Note that despite the
high open cell content of some samples, the cellular structure of
all the materials is characterized by showing cell walls and struts.
Then the open cell content is due to small holes in the cell walls
and not to an absence of walls. This is important because the heat
transfer mechanisms might differ for open cell foams without cell
walls [21,23]. For instance, in those foams, the absence of cell walls
to scatter and absorb radiation lead to higher radiation contribu-
tion. In this work, all the samples present similar cellular struc-
tures with walls and struts, then the presence of very small holes
on the cell walls should not affect the thermal conductivity.

3.2. Thermal conductivity measurements

3.2.1. Microcellular and nanocellular PMMA
Fig. 2a shows the experimental thermal conductivity at differ-

ent temperatures of the samples produced in this work. As
observed in Fig. 2b, the samples produced in this work fill a wide
region in the low-density range (covering relative densities from
0.09 to 0.18) with different cell sizes in the microcellular and
nanocellular range. The sample with the lowest density (#1) pre-
sent the lowest thermal conductivity at 10 �C (37.44 mW/(m�K)).
As the measurement temperature increases the thermal conductiv-
ity increases. In general, the thermal conductivity increases as den-
sity increases. However, some samples (#3, #7, and #9) do not
follow this trend, probably due to their smaller cell size which
enhances the Knudsen effect, leading to a reduction of the gas ther-
mal conductivity. Note that the reduction of the cell size to the
nanoscale also affects the radiation, which is going to be higher
than for microcellular foams. Still, the gas thermal conductivity
reduction seems to dominate over the radiation rise, decreasing
the total thermal conductivity for foams with the same density.
For instance, samples #2 and #3 have almost the same density
(113 vs 115 kg/m3) but the cell size of #3 is 3 times smaller
(3000 vs 1000 nm), and the total thermal conductivity is smaller.
Between #6 and #7, a similar effect occurs, in this case, the differ-
ence in densities is slightly higher (173 vs 186 kg/m3) but also the
on density, and open cell content of the samples studied in this work.

)
SD//3D N0 (nuclei/cm3) OC

(%)

9 0.41 5.9 � 1012 5.5
5 0.70 4.6 � 1011 10.2
1 0.45 1.5 � 1013 38.0
6 0.59 6.8 � 1011 2.6

0.47 1.0 � 1014 99.6
9 0.65 7.1 � 1011 4.4

0.47 1.3 � 1014 86.1
1 0.67 1.4 � 1011 1.6

0.43 1.2 � 1014 73.6



Fig. 2. (a) Experimental thermal conductivity measured at different temperatures of the samples produced in this work. (b) Relative density - Cell size map of the samples
produced in this work (the error bar of the cell size corresponds to the cell size distribution standard deviation).
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reduction of the cell size (2400 vs 400 nm). Once again, the mate-
rial with a lower cell size shows a lower thermal conductivity.

As the contribution of the gas thermal conductivity is well
known as stated in the theoretical background (Equation (6)), the
conductions from conduction through the gas and the sum of con-
duction through the solid and radiation at 10 �C are presented in
Fig. 3a. The air thermal conductivity dependence with the temper-
ature in the range between �10 and 60 �C has been considered
using Equation (11) (with T in Kelvin) [58].

k
0
g0 air

ðmW=ðm � KÞÞ ¼ 0:07411T þ 3:40294 ð11Þ
By subtracting the gas thermal conductivity calculated with

Equations (6) and (11) to the experimental thermal conductivity
(kexp), the solid phase + radiation contribution to the thermal con-
ductivity can be obtained (ks + kr = kexp - kg). On the one hand, it is
observed in Fig. 3a that in the nanocellular samples #3, #5, #7, and
#9 the gas thermal conductivity contribution is reduced in com-
parison with the microcellular samples with similar density. As a
counterpart, it is important to remark that in those samples the
contribution of the solid phase + radiation increases with respect
to the samples with larger cell sizes. This fact could be related to
the increase of the radiation term in nanocellular polymers (recall
that for cell sizes below 1 lm the scattering through the cells
decrease, increasing the radiation contribution).
Fig. 3. (a) Gas-phase and solid-phase + radiation contributions to the thermal conduct
pressures and prediction of the thermal conductivity as a function of pressure.

6

As material #5 presents an almost 100% open cell structure
(Table 1), it is possible to measure its thermal conductivity as
a function of the internal pressure. This measurement will
allow confirming the accuracy of Equation (6) to predict the
conductivity of the gas phase. For these vacuum measure-
ments, a set-up consisting of a vacuum pump, a vacuum con-
troller, a vacuum valve, and a vacuum bag has been used.
Fig. 3b shows the thermal conductivity of material #5 at
10 �C at different pressures and the predicted thermal con-
ductivity at vacuum (calculated by adding the gas thermal
conductivity as a function of the pressure (Equation (6)) to
the solid + radiation term calculated previously from the
experimental value). It is observed that the experimental data
adjust very well to the vacuum prediction for this material.
For the predictions, the average density and cell size are used.
Note that there are some uncertainties about the density and
the cell size (Table 1), which may cause a slight deviation of
the experimental results from the Knudsen prediction (Equa-
tion (6)). Anyway, for the maximum vacuum achieved
(0.044 mbar) thermal conductivity of 25.74 mW/(m�K) is
obtained, really close to the predicted value of 24.90 mW/
(m�K) (deviation of 3%). Therefore, we have also confirmed
that the gas thermal conductivity can be accurately predicted
by using the Knudsen equation (Equation (6)).
ivity at 10 �C. (b) Experimental thermal conductivity of #5 at 10 �C and different
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3.2.2. Solid PMMA
Regarding the solid PMMA thermal conductivity, results are

shown in Fig. 4. It is observed that as the temperature increases
the thermal conductivity of the PMMA increases from 174.0 mW/
(m�K) at 10 �C to 180.1 mW/(m�K) at 40 �C. This temperature
dependency must be taken into account in the following calcula-
tions. Therefore, the solid thermal conductivity of the PMMA
(ks_PMMA) as a function of the temperature (in Kelvin) can be
obtained by linear fitting (Equation (12)).

k
0
s PMMAðmW=ðm � KÞÞ ¼ 0:2060T þ 115:5811 ð12Þ
4. Model: Experimental determination of the solid structural
factor and the extinction coefficient

The total thermal conductivity (in mW/(m�K)) is stated by Equa-
tion (13) (obtained after substituting Equations 2, 6, 7, 11, and 12
in Equation (1)). Recall that this equation takes into account the
dependence of the thermal conductivity of the solid PMMA with
temperature measured experimentally. If this model is applied to
other PMMA grades with a different thermal conductivity versus
the temperature curve, the solid contribution should be adjusted.
The only unknown parameters in this equation are the solid struc-
tural factor, g, and the extinction coefficient, Ke. As commented in
the introduction, there is a lack of information regarding these two
parameters for nanocellular polymers. With the experimental
results obtained for the different samples and the dependence of
the conductivity with the temperature, it is possible to calculate
these two parameters to create a semi-empirical model that would
allow calculating these parameters based on the characteristics of
the sample (density and cell size).

The strategy followed is summarized in Fig. 5. Meanwhile, Fig. 6
shows an example of the method applied to material #5. First of all,
it is necessary to subtract the solid and gas contribution from the
experimental thermal conductivity (Fig. 6a). As the radiation
depends on T3, the experimental extinction coefficient can be
extracted from the fitting slope, as proposed by Almeida et al.
[49]. However, in our work the solid structure factor is unknown,
and it affects the fitting slope and the y-intercept. Then, it is neces-
sary to determine the structural factor first to then calculate the
extinction coefficient. Note that this method allows calculating Ke

in a precise way without using FTIR measurements.

ktðmW=ðm �KÞÞ¼ 0:2060Tþ115:5811ð Þgqr

þ 0:07411Tþ3:40294ð Þ � 1�qrð Þ
1þ 2b

/
RTffiffi

2
p

pd2mNAp

þ16n2rT3

3Ke
�1000

ð13Þ
Fig. 4. Solid PMMA thermal conductivity as a function of the temperature.
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To calculate g, firstly, a trial solid structure factor, gtrial, is used
to calculate ks at each T (using equations (2) and (12)) and deter-
mine a provisional kr by subtraction to the experimental value
(in Fig. 6a, gtrial = 0.4 is used as a first approach). Recall that the
gas conductivity kg is calculated at each temperature using Equa-
tions (6) and (11). Then, knowing that the y-intercept must be 0
(because when the temperature is 0 K the radiation is 0 mW/
(m�K)), the solid structure factor can be obtained by proving differ-
ent gtrial values. For each gtrial the supposed radiation conductivity
is calculated as a function of the temperature (Fig. 6b). From the
linear fit of the proposed solid structure factors (gtrial) (Fig. 6c)
the solid structure factor that leads to y-intercept = 0 can be deter-
mined, that is, the accurate experimental g factor, gexp. Finally,
using the gexp of each material the real radiation contribution can
be calculated. In addition, from the fitting slope of the radiation
conductivity vs the temperature cube the experimental extinction
coefficient of each material can be obtained (Fig. 6d).

Table 2 summarizes the solid structure factor and experimental
extinction coefficient for each material calculated as previously
commented. Also, the relative extinction coefficient (experimental
extinction coefficient divided by the relative density) is included.
As the radiation depends on the amount of solid material (i.e., on
the density), the relative extinction coefficient allows comparing
samples with different densities.

On the one hand, the solid structure factor ranges between 0.85
and 0.95. Up to precision, no relation between the solid structure
factor and the cell size or relative density of the samples is observed.
The calculated g factor using this methodology is higher than usual
predictions for low-density foams [28]. This discrepancy might be
related to the assumed thermal conductivity of the solid phase. In
this work, we assume that the conductivity of the PMMA in the
microcellular and nanocellular polymers is the same as the conduc-
tivity of the polymer in a solid sheet. However, this may not be the
case: the polymer is stretched in the cell walls, which can result in
a higher conductivity than that of a free configuration (like a sheet).
Then, the calculated g factors are greatly determined by this
assumption. However, for the model, the important parameter is
the product between ks and g, that is, the effective conductivity
through the solid phase in the foam. With the hypothesis of the
model, we can accurately predict the contributions of each heat
transfer mechanism, as will be explained in the next section.

On theotherhand, the experimental extinction coefficient ranges
between 14 and 42 cm�1. The extinction coefficient was then calcu-
lated using a range of temperatures from 10 to 40 �C. It is observed
that as the cell size is reduced, the relative extinction coefficient is
reduced (Fig. 7). The trend is potential, meaning that the scattering
of infrared radiation decreases drastically when the cell size is
reduced. This result matches the experimental results [20] and the
theoreticalmodels [19,21] previously reported in the literature. Fur-
thermore, a change in the trend is observed for cell sizes around
1 lm reinforcing the idea of Bernardo et al. [20] that the scattering
due to the cellular structure must be considered for larger cell sizes
but it can be neglected for very small cell sizes. Finally, a theoretical
extinction coefficient that depends on the cell size and the relative
density (Equation (14)) is calculatedbyfitting the relative extinction
coefficient as a function of the cell size. Recall that the samples ana-
lyzed cover a range of cell sizes between 400–4000 nm and relative
densities ranging from 0.09 to 0.18. Then, Equation (14) is accurate
within this range and for samples with a similar structure (as previ-
ously commented, open cell foams without cell walls might show a
different behavior towards radiation). Out of this range, we will use
this equation to predict trends, but results must be always consid-
ered as estimations, as will be explained later.

Ke th ¼ 5:6712 � 106/0:4264
� �

qr ð14Þ



Fig. 5. Strategy to determine the solid structural factor and the experimental extinction to build the model.
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The last step to construct a functional model (Fig. 5) is to use the
calculated g and Ke values to provide a complete equation. Regard-
ing Ke, the theoretical equation (Equation (14)) can be used to
obtain its dependency as a function of the density and the cell size.
For the structural factor, there are no clear trends, and all the mate-
rials present similar g factors with ± 2.4% deviation. Therefore, to
build the model, the theoretical solid structure factor is taken as
an average of the obtained solid structure factors. An average value
of g = 0.89 ± 0.03 has been obtained. Note that, out of the range of
densities and cell sizes studied in this work, the g factor might be
smaller or dependent on the structural characteristics of the foam.
Finally, by substituting the value of the theoretical solid structure
factor and the theoretical extinction coefficient in Equation (13),
the total thermal conductivity as a function of the cell size, the rel-
ative density, pressure, and temperature can be obtained (Equation
(15)). Note that Equation (15) is strictly accurate for PMMA mate-
rials with characteristics within the range under study (relative
densities between 0.09–0.18 and cell sizes from 400 to
4000 nm). This equation is used in this work to calculate the con-
tributions of each heat transfer mechanism for the samples ana-
lyzed (section 5.1). In addition, we will use Equation (15) to
estimate the thermal conductivity as a function of the cell size
and density within and out of the range under study (section
5.2). These last predictions must be considered taking into account
the possible limitations of the model.

ktðmW=ðm � KÞÞ ¼ 0:2060T þ 115:5811ð Þ0:89qr

þ 0:07411T þ 3:40294ð Þ � 1� qrð Þ
1þ 2b

/
RTffiffi

2
p

pd2mNAp

þ 16n2rT3

3 5:6712 � 106/0:4264
� �

qr

� 1000

ð15Þ
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5. Model: Validation with the experimental results and
predictions

5.1. Comparison of the model predictions with the experimental results

Using Equation (15) it is possible to predict the conductivity of
the samples measured in this work. First of all, in Fig. 8 a compar-
ison between the experimental and predicted thermal conductivi-
ties is presented. On the one hand, it is observed that the accuracy
of the model is high (Fig. 8a) with, in general, relative errors below
1.5% (Fig. 8b). The relative error of #6 is slightly higher (3%) but
still low. Furthermore, the accuracy of the predictions seems to
not depend on the temperature since the mean error is the same
(1.1%) at 10 �C and 40 �C. Although the model is prepared based
on the experimental data and it makes sense that similar data
are obtained with the predictions, the fact that the values obtained,
even at different temperatures, are so close to the real one makes
the model gain strength in this range (micro-nanocellular PMMA
with relative densities ranging 0.09–0.18, cell sizes between 400–
4000 nm and measured at mean temperatures from 10 to 40 �C).
This also confirms that the approximations and considerations
used are correct.

Fig. 8c shows the calculated thermal conductivities of PMMA
foams at 10 �C and their contributions from radiation and conduc-
tion through the gas and the solid. The model predicts that in the
nanocellular materials (#3, #5, #7, and #9) the radiation contribu-
tion is much higher than in the microcellular samples with similar
or even lower densities. For instance, for samples around 115 kg/
m3, the radiation contribution is 4.5 mW/(m�K) for the nanocellular
material (12% of the total thermal conductivity) and 2.8 mW/(m�K)
for the microcellular samples (7.3% of the total thermal
conductivity).



Fig. 6. Example of steps followed to determine the solid structure factor and the experimental extinction coefficient of sample #5: (a) extraction of the gas and solid thermal
conductivity from the experimental thermal conductivity at different temperatures using a provisional gtrial factor, (b) radiation contributions by using different solid
structure factors (gtrial), (c) obtention of the proper solid structure factor gexp and (d) obtention of the proper radiation contributions using the gexp and calculation of the
extinction coefficient fitting the slope (experimental extinction coefficient).

Table 2
Solid structure factor, experimental extinction coefficient, and relative extinction coefficient of the materials produced in this work.

Solid Radiation

Sample gexp Ke (m�1) Ke (cm�1) Ke/qr (m�1)

#1 0.87 1416.86 14.17 16057.70
#2 0.95 2876.53 28.77 30292.68
#3 0.90 1474.64 14.75 15259.35
#4 0.91 2287.13 22.87 23262.24
#5 0.92 1628.30 16.28 12582.31
#6 0.85 3658.28 36.58 25163.90
#7 0.89 1615.90 16.16 10394.15
#8 0.89 4163.66 41.64 25024.00
#9 0.87 1899.90 19.00 10371.04
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5.2. Effect of the cell size and density on the thermal conductivity

In Fig. 9a, 9b, and 9c a map of thermal conductivity as a func-
tion of the cell size and the relative density is presented, assuming
10 �C of temperature and ambient pressure. Also, the evolution of
the contributions to the total thermal conductivity as a function of
the cell size for a fixed density of 100 kg/m3 is included in Fig. 9d.
Predictions in the low-density range (relative density below 0.2)
are presented for cell sizes below 5 lm. Note that in this map,
Equation (15) is used for cell sizes smaller and larger than those
9

of the samples used to create the model. Then, the predictions dis-
played in Fig. 9 should be considered as estimated trends based on
the experimental results found in this paper. It is observed that
two minimum regions are predicted, with thermal conductivities
around 34 mW/(m�K). The first one appears for cell sizes higher
than 3500 nm and relative densities between 0.02 and 0.07
(Fig. 9b). The other minimum appears in the nanocellular region
for cell sizes around 100–200 nm relative densities between 0.07
and 0.1 (Fig. 9c) due to the Knudsen effect. When the cell size of
nanocellular foams is reduced, the contribution of the gas phase
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decreases (Fig. 9d). Note that in both cases the predictions are
beyond the range of densities and cell sizes used to develop the
semi-empirical model. However, both minimums can be explained
based on theoretical considerations, validating the trends
Fig. 8. Comparison between the experimental and predicted thermal conductivities:
predictions, (c) predicted contribution of each transfer mechanism to the total thermal
mechanism to the total thermal conductivity at 10 �C in % of the total thermal conducti

10
predicted. On the other hand, the theoretical extinction coefficient
has been defined as a function of the cell size and relative density.
Thereby, the extinction coefficient increases linearly with the rela-
tive density and exponentially with the cell size. As the extinction
coefficient increases, the contribution of radiation decreases. Both
mechanisms, reduction of the gas contribution and increase of the
radiation term compete. Therefore, for a given relative density,
there is always a minimum of thermal conductivity for a certain
cell size as shown in Fig. 9d. For relative densities above 0.05,
the minimum appears for nanometric cell sizes. However, at lower
relative densities the minimum is in the microscale. Both minima
are similar, being the value obtained with nanocellular polymers
slightly lower. These results agree with the ones for PMMA foams
obtained by Buahom et al. [21]. In that work, a minimum was
detected for a foam with cells around 100 lm and 40 expansions
(relative density of 0.025), out of the scope of our work. Regarding
the nanocellular region (cells below 1 lm), Buahom and coworkers
found a minimum value of 37 mW/(m�K) for a cell size of 100 nm
and a relative density of 0.1. Then, the trend is similar between that
theoretical work and our semi-empirical model, despite the differ-
ences in the parameters used in both works (Buahom uses a tem-
perature of 300 K and the thermal conductivity of PMMAmeasured
by TPS is 210 mW/mK). In fact, if we apply the semi-empirical
model developed in this work for the same nanocellular PMMA
(0.1 of relative density and 100 nm of cell size) at the same
(a) predicted vs experimental thermal conductivities, (b) relative error on the
conductivity at 10 �C in mW/(m�K), and (d) predicted contribution of each transfer
vity.



Fig. 9. Predictions based on Equation (15) of thermal conductivity as a function of the cell size and the relative density assuming 10 �C of temperature, ambient pressure and
using g = 0.89: (a) full map, (b) zoom of the microcellular minimum region and (c) zoom of the nanocellular minimum region. (d) Evolution of the contributions to the total
thermal conductivity as a function of the cell size for a fixed density of 100 kg/m3.
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temperature (300 K), the predicted value is 36.6 mW/(m�K), which
is almost the same value reported in [21]. This agreement between
both models (theoretical and semi-empirical) reinforces the valid-
ity of our model to predict the thermal conductivity of nanocellular
PMMA even in a region beyond the range in which the models
were tested (Buahom et al. [21] theoretical model) or built (present
semi-empirical model).

5.3. Effect of the structural parameter (g) on the thermal conductivity

Finally, note that all the samples produced in this work present
similar cellular structures (see Supplementary Information sec-
tion S1) leading to similar structure factors (around 0.9) as seen
before. However, it is established that this value can be reduced
in nanoscale structures such as aerogels. Therefore, to explore all
the possible nanocellular structures, in Fig. 10 a map of thermal
conductivity as a function of the cell size and the relative density
is presented assuming 10 �C of temperature and ambient pressure
as before but using different solid structural factors (g = 0.7, g = 0.5,
and g = 0.3). Is important to remark, that these predictions are
beyond the range in which the developed semi-empirical model
was built. As commented previously, the cellular structure config-
uration might also affect radiation. Hence, these predictions aim to
demonstrate the effect of the structural factor g on thermal
11
conductivity. It is observed that as the structure factor is reduced
the minimum of the thermal conductivity decreases (due to the
lower contribution of the solid phase) moving to higher relative
densities and smaller cell sizes. For instance, for a structure factor
of 0.5 (Fig. 10b) the thermal conductivity minimum is around
27 mW/(m�K) (0.13 of relative density and 90 nm); whereas for a
structure factor of 0.3 (Fig. 10c), the minimum is approximately
22 mW/(m�K) (0.18 of relative density and 70 nm).

As previously commented, for low-density foams g factors of
0.3–0.6 are usually reported [28,59,60]. Then, it is plausible to
assume that nanocellular polymers with lower densities or differ-
ent topologies of the cellular structure could lead to really low
thermal conductivities, below 27 mW/(m�K) or even 22 mW/
(m�K). However, to reach such low values, the configuration of
the solid polymer must be different from the structures observed
in the samples of this work looking for structures with a larger
phonon scattering and lower values of g. As commented in
Fig. 10, with the materials produced up to now a minimum of
34 mW/(m�K) is expected. Then, to move a step forward in the field
of nanocellular polymers, new structures must be developed.
Otherwise, radiation contribution is also high. To further reduce
the conductivity, radiation should be blocked to compensate for
the reduced scattering and improve the performance of these
materials.



Fig. 10. Map of thermal conductivity as a function of the cell size and the relative density assuming 10 �C of temperature and ambient pressure using different structure
factors: (a) g = 0.7, (b) g = 0.5, and (c) g = 0.3.
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6. Conclusions

In this work, the thermal conductivity of low-density microcel-
lular and nanocellular PMMA large foamed sheets is measured at
different temperatures to develop a semi-empirical model to pre-
dict the thermal conductivity based on experimental results.
PMMA foamed sheets with relative densities ranging from 0.09
to 0.18 and cell sizes between 400–4000 nm have been produced
by gas dissolution foaming using CO2 as a physical blowing agent.
These materials present thermal conductivities between 37.4 and
46.6 mW/(m�K) at 10 �C.

The thermal conductivity results have been deeply analyzed to
study the contribution of each heat transfer mechanism (conduc-
tion through the solid phase, conduction through the gas phase,
and radiation). A novel method to determine the solid structure
factor from the slope of the thermal conductivity versus the tem-
perature curve has been introduced. In general, thermal conductiv-
ity increases with density. However, when the cell size is reduced
below the micron the Knudsen effect plays a key role, leading to a
drastic reduction of the gas thermal conductivity, decreasing the
overall thermal conductivity. As a counterpart, the reduction of
the cell size below the micron implies an increase in the radiation
contribution for low-density foams due to reduced cell scattering
of the infrared radiation. Therefore, there is a compromise between
these two factors (relative density and cell size) to produce an opti-
mum material with minimum thermal conductivity.

Thus, a semi-empirical model able to predict the thermal con-
ductivity of low-density microcellular and nanocellular PMMA is
developed. The experimental data are used to calculate the struc-
tural factor and the extinction coefficient of nanocellular polymers.
The semi-empirical model depends only on the properties of the
polymer foam (relative density and cell size) and the measurement
conditions (temperature and pressure), and it is valid for PMMA-
based materials with relative densities between 0.09–0.18 and cell
sizes from 400 to 4000 nm. Predictions for a PMMA-based material
(calculated at 10 �C, ambient pressure, and using g = 0.89) show
two regions with a minimum of thermal conductivity around
34 mW/(m�K). The first one, situated in the microcellular region,
is related to the cell scattering of the radiation (relative densities
around 0.04 and cell sizes above 3000 nm) whereas the second
one, situated in the nanocellular region, is due to the Knudsen
effect (relative densities around 0.08 and cell sizes around
140 nm). However, for different structural factors (g lower than
0.89), the predicted conductivity can be as low as 22–27 mW/(m�
K). The model allows understanding the influence of each parame-
ter on the total conductivity, as well as the expected minimum
conductivities that can be reached depending on the solid polymer
configuration. The obtained results and the new insights provided
12
by the model show the paths forward to improve the thermal insu-
lation capabilities of nanocellular polymers.
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