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ABSTRACT

Among the various mechanisms playing a role in the heat transfer through nanocellular
polymers, the radiation contribution remains the most unknown, since there is a lack of
experimental data about how infrared light interacts with such structures. In this work, we
present the first experimental measurements of the transmittance in the infrared region of
nanocellular  polymers. Infrared transmittance spectra of a collection of
polymethylmethacrylate (PMMA)-based micro- and nanocellular polymers with a constant
density and a wide range of cell sizes (from 14 nm to 20 um) were obtained and evaluated to
calculate the extinction coefficient. Results show that, as expected from theoretical
considerations, a reduction of the cell size increases the amount of infrared radiation
transmitted, that is, the scattering is reduced as cell size reduces. Nanocellular polymers were
proved to act as Rayleigh-like scattering points, showing the transmittance both an intense
wavelength and cell size dependence. As a consequence, the extinction coefficient reduces in
the nanoscale. From these data, it is possible to conclude that the scattering due to the cellular
structure can be neglected for very small cell sizes (smaller than 200 nm), but it must be
considered for larger cell sizes. The obtained results were used to model the thermal
conductivity including the radiation contribution, showing that at low relative densities and
small cell sizes this heat transfer term becomes significant in nanocellular polymers.
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1. INTRODUCTION

Thermal insulation plays a major role in controlling the efficient use of energy in buildings since
the energy used to keep a pleasant temperature in indoor spaces (more than 50% of the total
energy spent in the sector [1]) could be reduced with improved insulation systems. Among the
different solutions used for thermal insulation [2,3], cellular polymers have the main
advantage of presenting excellent insulation properties, while being reasonably low-cost and
easy to produce and install [4].

The parameter describing the thermal insulation ability of a given material is the thermal
conductivity, A. For cellular polymers, the thermal conductivity is governed by four
mechanisms as shown in equation (1): conduction of heat through the solid polymer, A,


mailto:v.bernardo@cellmattechnologies.com
http://ees.elsevier.com/colsua/download.aspx?id=990672&guid=f36e5bb5-8705-48c6-850b-93fe364d7348&scheme=1

43
44

45
46
47
48

49
50
51
52
53

54
55
56
57
58
59
60
61
62
63
64

65
66
67

68
69
70
71
72
73
74
75
76
77

78
79
80
81
82
83

conduction of heat through the gas inside the cells, A,, convection of heat through the cells,
A¢, and radiation through the structure, 4, [4,5]:

A=A+ g+ A+ A, (1)

The radiation term accounts for over 20-30% of the total heat transfer in low-density cellular
polymers, and it is probably the most challenging contribution to understand and quantify [5].
Over the years, several equations have been proposed to model the radiation term, such as
those of Williams and Aldo [6] or Glicksman [7].

One unsolved question regarding the radiation contribution concerns the limits of the current
models when the cell size is very small. According to the existing equations [6,7], the radiation
contribution decreases as the cell size decrease. However, when the cell size is no longer much
larger than the infrared radiation wavelength, as many models hypothesize, the current
approximations might not be still valid.

There is previous evidence to expect a different transfer of radiation in nanocellular polymers
(i.e., cellular polymers characterized by nanometric cell sizes). For example, it has been
recently proved that nanocellular polymers can be transparent to visible light when the cell
size is small enough [8,9]. In particular, it is necessary that the cell size is smaller than 1/10 of
the light wavelength to obtain transparency. Taking into account that the wavelength of visible
light is centered around 500 nm (green light), nanocellular polymers with cell sizes under 50
nm would become transparent, as already proved by Martin-de Leon and coworkers [9]. Also,
at this scale, the scattering mechanism suffered by the light is Rayleigh-like, meaning that
there is a strong dependency with the wavelength in the scattering process. As a consequence,
nanocellular polymers present a bluish color [10]. Then, it is evident that cell size has
something to say in the interaction with electromagnetic waves.

At room temperature, the maximum of the radiation emitted by a blackbody is centered in the
infrared region, so to predict the radiation contribution in nanocellular polymers, it is
necessary to understand how infrared radiation interacts with such structures.

When infrared radiation travels through a cellular structure, two main processes take place:
absorption and scattering. The first one is determined by the amount of solid polymer (that is,
the relative density) and the type of polymer, so the cell size does not affect this mechanism.
However, the scattering phenomenon is strongly affected by the size of the scattering points
(i.e., the cells). In aerogels, that present similar structural characteristics to nanocellular
polymers, it was proved that there is a high transmittance in the infrared region in frequencies
where the solid material does not have an absorption band [11], meaning that the scattering is
reduced for nanometric cell sizes. In the work of Hrubesh et al. [12], the radiation contribution
in aerogels was associated only with the absorption of the solid material, assuming that there
is not scattering in the cells due to their reduced cell size [13].

Up to date, and as far as the authors know, there is not any experimental evidence of this
effect in nanocellular polymers. In the 1D model proposed by Ferkl et al. [14], the radiation
contribution decreased with the reduction in cell size in nanocellular polymers. In the 3D
model of Wang and coworkers [15], the radiation contribution in nanocellular polymers was
shown to be significant when density reduces, although the calculation of the radiative
contribution is purely theoretical and was not experimentally validated.
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In this work, we have studied for the first time the interaction of infrared light with
nanocellular polymers to investigate the contribution of radiation to the total thermal
conductivity. The extinction coefficient of a collection of nanocellular polymers with variable
cell size has been measured. According to the Rosseland equation [16—-18], the radiation term
can be calculated as expressed in equation (2):

_ 16n?0T?3 (2)
" 3K.g
Where o is the Stefan-Boltzman constant, T is the temperature, n is the refractive index, and
K, r is the Rosseland extinction coefficient. Thus, this parameter is essential to quantify the
influence of the cell size in the radiation contribution. Our results show that, as expected from
a theoretical perspective, the decrease of the cell size causes a drastic decrease of the
extinction coefficient, and thus an increase of the radiation contribution.

2. EXPERIMENTAL

2.1.Materials

Table 1 summarizes the main structural characteristics of the collection of
polymethylmethacrylate (PMMA)-based micro- and nanocellular polymers used in this work.
All the materials were produced using a two-step gas dissolution foaming process and have
similar relative densities. Details about the production process used to produce each sample
can be found in the corresponding reference. The PMMA grade used as polymer matrix was, in
all cases, ALTUGLAS® V 825T kindly supplied by Arkema. In the samples with MAM
(poly(methyl methacrylate-poly(butyl acrylate)-poly(methyl methacrylate)), the amount of
block copolymer was always low (smaller than 2 wt%) [19] and the infrared spectrum was not
modified due to the addition of MAM. The average 3D cell size of the samples was measured
by SEM plus image analysis [20], while the relative density was determined by the Archimedes’
principle after polishing the samples to remove the solid skin.

Table 1. Characteristics of the PMMA-based micro- and nanocellular polymers used in this

work.
Sample # Cell size Relat{ve Material Reference
Density
1 14 nm 0.42 PMMA [9]
2 24 nm 0.43 PMMA [9]
3 120 nm 0.37 PMMA/MAM [19]
4 225 nm 0.42 PMMA [21]
5 700 nm 0.41 PMMA/MAM [19]
6 800 nm 0.43 PMMA/MAM [19]
7 2.5 um 0.43 PMMA [22]
8 3.5 um 0.43 PMMA [23]
9 16 pm 0.43 PMMA [24]
10 20 um 0.41 PMMA [24]

Thin plane-parallel sheets were obtained from the foamed samples of Table 1 with a precision
cutting machine (Model 1000 IsoMet). Homogenous and uniform samples of various
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thicknesses for each material in the range from 30 to 130 um were obtained for the
transmittance measurements. The thickness of the samples is always higher than the
wavelength of the infrared radiation used. All the samples were produced using the same
method, so the surface quality of all the samples was comparable. The thickness of the
samples was measured using a DMA7 dynamic mechanical analyzer (PerkinElmer) with an
accuracy of 0.5 microns.

2.2.Transmittance measurements

The infrared transmittance of the samples was measured by using an IR microscope Nicolet
iN10 MX (Thermo Scientific) located at the synchrotron BESSY Il (Berlin). Infrared spectra were
collected in a wavelength range from 2.5 to 12.5 pm (800 to 4000 cm™ in wavenumber). 128
scans were acquired. Before each measurement, the background signal was corrected. The
spot size was 50x50 um?, and every sample was measured at the least at two regions to assure
the reproducibility of the measurements.

2.3.Calculation of the extinction coefficient

For thin homogeneous samples, the spectral extinction coefficient K, 5 can be obtained with
Beer’s law (equation (3)), where T, is the transmittance at a given wavelength 4, and L is the
sample thickness. By means of a linear regression of the infrared transmittance spectra at
various thicknesses, K, ; can be calculated.

In(T})
L

Ke,/l = (3)

The Rosseland mean extinction coefficient, K.z, can be calculated from the spectral
coefficient according to equation (4):

o 1 aebll
1 _fo K., 0T dA 4
Ke,R - oo(:)ebr)L

Jo —a1 4%

Where ey, ; is the spectral black body emissive power and T is the temperature.

Due to the high density of the nanocellular samples used in this work, the absorption bands
corresponding to the solid PMMA in the transmittance spectra are saturated even at very low
thicknesses (see an example in Figure 1). Therefore, it is not possible, with these samples, to
perform the previous analysis and give a global Rosseland extinction coefficient. However, as it
was explained in the introduction, the interaction of the infrared light with cellular polymers
can be divided into two terms: first, the absorption part (that is, the amount of radiation
absorbed by the polymer, that depends on the density and the polymer nature), and the
scattering contribution, which is mainly due to the presence of the cellular structure. Then, it is
possible to define K, r as a sum of these two contributions, as already proposed by Glicksman
[7]: an absorption Rosseland term, K, g 455, and a scattering term K, g o4+ (€quation (5)):

Ke,R = Ke,R,abs + Ke,R,scatt (5)
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The transmittance curve can be then divided into these two contributions: the absorption
bands and the scattering baseline. Figure 1 also shows the scattering baseline once the
absorption bands are removed. This baseline was calculated by selecting a collection of points
out of the absorption bands and then performing a fit of those points. In the region of
wavenumbers from 1900 cm™ to 800 cm™, which does not present a clear baseline, we have
extrapolated the fit line calculated in the other region.
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Figure 1. Example of a transmittance spectra as a function of the wavenumber of a sample of
thickness 50 + 10 um and cell size of 14 nm (sample 1 in Table 1); and baseline of the spectrum
after removing the absorption bands of the polymer (red dashed line).

In this work, we have calculated the scattering extinction coefficient, K, g scqt¢- TO do so, we
have performed a fit of the base line of the transmittance spectra (as shown in the example of
Figure 1) and then we have performed the analysis of equations (3) and (4). As
aforementioned, K, g scqt+ accounts for the contribution of the cellular structure, so it is a
good parameter to evaluate the influence of the cell size in the change from the micro- to the
nanoscale. Regarding the absorption part, we could not get direct information from the
experimental data, as commented previously, so the extinction coefficient we present in this
paper is only the scattering part. In the last section of this work, where the total conductivity is
predicted, this absorption term is calculated theoretically (see section 3.3).

One issue that might affect this calculation is the surface of the samples. The samples of this
paper were prepared using a precision cutting machine, and as a result of this process they
present a texture of grooves that can act as scattering surfaces, perturbating the result (i.e.
increasing the scattering of the cellular materials) (see Supplementary Information, Figure S1
for images of the surface of the samples). Therefore, the scattering process in these samples
has two contributions: the scattering in the cellular structure itself, but also the scattering in
the surface. To factor out this second effect, that it is not of interest for our study, solid
samples of different thicknesses were cut using the same method, and the scattering
extinction coefficient was calculated in the same way as with the cellular materials. For the
solids, as there are not any other scattering points, all the scattering is associated to the
structure of the surface. This analysis leads to a value of the scattering coefficient of these
solid samples, that is associated to its surface, of 33.05 cm™. Then, this value of the scattering
in the surface was subtracted to calculate the K, g scq¢¢ Of the cellular materials to obtain the
contribution of the cellular structure (see Supplementary Information, Figure S2, for the
results before and after this correction). In this way, we assure that the scattering extinction
coefficient presented from now on is solely due to the effect of the cellular structure.
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2.4.Scattering mechanism: theoretical background

As aforementioned, infrared radiation would encounter scattering phenomena when traveling
through a cellular polymer due to the presence of the cells. The scattering process is strongly
affected by the size of the scattering points. When the radii of the points are clearly smaller
than the wavelength of the radiation, the expected scattering behavior from a theoretical
perspective would be Rayleigh-like. One feature that Rayleigh scatters show is a strong
dependence on the wavelength. The transmittance, T, depends on the wavelength, A, as
shown in equation (6), according to Rayleigh law [25], where A and B are constants.

_B (6)
T = Ae 2*
Another feature related to the Rayleigh scattering behavior is that the amount of radiation
scattered is reduced as the size of the scattering point decreases, that is, the efficiency of the
scattering reduces as size does. The scattering efficiency for a Rayleigh-like scattering behavior
can be computed according to equation (7) [26]:

81 (2mny,\*  (m? -1 2 (7)
GR‘W:?( A ) r <m2+2>
Where n,, is the refractive index of the surrounding medium, r is the radius of the scattering
particle, and m = n, /n,, is the ratio of refractive indexes (n, is the refractive index of the

scattering particle). The scattering efficiency of one scattering particle, Q, is given by (9):

URay 8

o = Zras (®)
r

In a general situation, the theory to describe the scattering process is the Mie theory. At low

particle radii, this theory matches with the Rayleigh predictions. At large sizes of the scattering

points, the Mie theory presents a limit value of the scattering efficiency equal to 2 [26].

3. RESULTS AND DISCUSSION

3.1.Transmittance in the infrared region

Figure 2 shows the transmittance in the infrared region of the samples of Table 1 with
different cell sizes. The spectra presented in Figure 2 correspond to samples of thickness
around 50 = 10 um for the sake of comparison. Note that all the samples present a similar
relative density (around 0.4, Table 1). In the regions of the spectra presenting absorption
bands, all the samples show full saturated bands, so there is no information about the cellular
structure. However, out of these bands (for instance in the range of wavenumbers between
2750 and 2000 cm™), there is a noticeable effect of the cell size. Qualitatively, we observe that
the reduction of the cell size from 20 um to 14 nm drastically increases the transmittance, that
is, the scattering of the infrared light is reduced as the cell size decreases, reaching values of
transmittance close to 100% when the cell size is very small.
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Figure 2. Transmittance as a function of the wavenumber for samples of thickness 50 + 10 um
with variable cell size (from 14 nm to 20 microns).

Figure 3 shows the transmittance of the samples of Figure 2 as a function of the cell size for
two fixed wavenumbers: 3300 cm™ (3030 nm in wavelength) and 2200 cm™ (4545 nm in
wavelength). These two values were selected at regions out of the absorption bands of the
PMMA to see the effect of the cellular structure. As already mentioned, it is observed that a
decrease in cell size increases the transmittance dramatically.
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Figure 3. Transmittance as a function of the cell size for samples of thickness 50 + 10 um at
two fixed wavelengths.

In this experiment, the infrared light used ranged from 2.5 um to 12.5 um. For samples with
cell sizes smaller than 1/10 of these values, the expected scattering behavior from a
theoretical perspective would be Rayleigh-like. As already mentioned, Rayleigh scatters show a
strong dependence on the wavelength (equation (6)). To investigate this effect, the logarithm
of the transmittance at specific wavelengths is plotted as a function of the parameter 1/1* for
the nanocellular samples (cell size smaller than 1 micron) in Figure 4. The wavelengths were
selected in regions out of the absorption bands of the PMMA. The dependence of equation (6)
is confirmed in this plot, because straight lines are obtained.
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Figure 4. Logarithm of the transmittance at certain wavelengths (out of the absorption region)
as a function of 1/1* to observe relation (6), for samples of thickness 50 + 10 um with variable
cell size (from 14 nm to 800 nm).

3.2.Scattering extinction coefficient

Using the transmittance spectra of samples with different thicknesses and performing a
baseline fit, as explained previously, it is possible to calculate the extinction coefficient
associated with the scattering baseline. Figure 5.a shows the Rosseland scattering extinction
coefficient as a function of the cell size calculated as explained in section 2.3. This coefficient
shows that there is a reduction of the extinction coefficient when the cell size is reduced to the
nanoscale. At small cell sizes, the scattering extinction coefficients are very low (smaller than
10 cm'l), and these values start to increase as the cell size increases.
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Figure 5. a) Scattering extinction coefficient as a function of the cell size, b) scattering
extinction coefficient normalized by the 1D cell density (scattering efficiency of one cell) as a
function of the cell size.

One interesting parameter to be calculated is the scattering efficiency of one single cell. The
heat flux takes place along a given direction, and the number of cells along the sample
thickness is playing a role. In a nanocellular polymer, the number of cells along the sample
thickness is much higher than in a microcellular polymer for the same density. That is, the
number of scattering points is higher in nanocellular polymers. Then, one way to normalize the

8
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K¢ g scatt is considering the linear cell density, that is, the number of cells per unit of length.
From the standard definition of the cell density [27], the linear cell density N, 1, can be
calculated theoretically as shown in equation (9), where ¢ is the cell size and p,. is the relative
density. Note that the units of N,, 1 are cm™, so when Ke g scatt is normalized by this value the
result is unitless.

1/3
Ny1p = [% (1- pr)] )

Figure 5.b shows the result of dividing K, g scq¢+ by the linear cell density calculated as defined
in (9). Note that the parameter K, r scqtt/Ny,1p Shows a much clear dependence with the cell
size because of the fact that the cell density differences are corrected. Increasing the cell size
causes an increment of the scattering efficiency, or in other words, the reduction of the cell
size to the nanoscale reduces the efficiency of the cells as scattering centers. Note that the cell
density correction also corrects the small density variations among samples (see Table 1), since
the cell density is calculated based both on the cell size and the relative density. For this
reason, the parameter K, ¢cqre/Ny1p Presented in Figure 5.b, that accounts for the
scattering effect of one single cell, is a general result that could be applied to any cellular

material with this range of cell sizes independently on the density.

The trend observed in Figure 5.b is similar to the expected theoretical behavior for Rayleigh
scatters, that is, the efficiency of the scattering reduces as size does (equation (8)). To
correlate these results with the theoretical predictions, Figure 6 shows the predicted
theoretical scattering efficiency of Rayleigh particles as a function of the unitless parameter
x = 2mn,,r/A (size parameter). The efficiency of the scattering increases as the particle radius
increases. When the particle size is very large (that is, x > 1), the scattering behavior would
move to the Mie regime, reaching a limit value of Q equal 2 [26]. In Figure 6 we have included
the values of K, g scatt/Ny1p, What we have called “scattering efficiency of one cell”,
calculated at the two limit wavelengths, 2500 and 12500 nm. Data from a PU foam with a
much higher cell size (366 um) was also included for comparison [28]. These experimental
values show a similar trend in comparison with the theoretical predictions. The scattering
efficiency increases linearly as cell sizes does, reaching the Mie limit for large cell sizes. Figure
6 proves that nanocellular polymers present also Rayleigh scattering with regard to the cell
size dependence.

Therefore, the results of this work prove that the transmittance in the infrared region of
nanocellular polymers follows the theoretical trends in terms of wavelength and cell size
dependence. The values estimated in this paper give a reasonable estimation of the behavior
of infrared radiation interacting with nanocellular polymers.
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Figure 6. Right axis: Scattering efficiency Q for a Rayleigh-like behavior and Mie limit as a
function of the size parameter x. Left axis: Scattering extinction coefficient normalized by the
1D cell density as a function of the size parameter x.

3.3.Modeling the radiation contribution

Once the extinction coefficient is calculated, it is possible to use these experimental values to
predict the radiation contribution and model the thermal conductivity. Recall from equation
(5) that we split the extinction coefficient into two parts. The absorption contribution, K, r gps,
can be modelled using the extinction coefficient of the solid polymer, Kp, and the relative
density, as shown in equation (10), since the amount of radiation absorbed will be
proportional to the amount of solid polymer [29]:

Ke,R,abs = Kppr (10)

To quantify the scattering term, the data of Figure 5.b corresponding to the scattering
efficiency of one cell was adjusted to a potential equation of the form:

Ke,R,scatt/Nu,lD = A¢B

Where A and B are dimensionless experimental parameters. In particular, for our data, A is
5.02 - 10® and B is 1.68. Therefore, the total extinction coefficient can be expressed as:

(11)

Ke,R = Ke,R,abs + Ke,R,scatt = Kpp, + Nv,lDA¢B (12)

Where N, ;p is calculated from the density and the cell size according to equation (9). The
radiation term can be then calculated as (2) by using this semi-empirical extinction coefficient
defined in (12).

In aerogels, it is claimed that the extinction of the infrared radiation is only due to absorption
and not scattering due to the small pore size [13]. To see if this assumption can also be made
in nanocellular polymers, it is interesting to calculate the relative contribution of the scattering
and the absorption part to the total extinction coefficient for a low density material (relative
density 0.05) (Figure 7). One key parameter in this study is the extinction coefficient of the
solid polymer, Kp. Unfortunately, and as far as the authors know, there are not data about this
parameter for PMMA in this wavelength range. To do some first estimations, two extreme
values have been selected for the graphs of Figure 7. First, a low value of Kp 140 cm™
measured for low-density polyethylene [17], and then a high value of 600 cm™ calculated for

10
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polyurethane foams [5]. It is observed that, in both cases, the contribution of the scattering is
reduced as the cell size reduces. For very small cell sizes, it might be a good approximation to
neglect the scattering part, especially if the absorption of the solid is high (Figure 7.b).
However, as cell size increases, the contribution of the scattering becomes more relevant. For
cell sizes of 200-300 nm, that are typical values reported in many works in the literature, the
contribution can be higher than 75% (for Kp = 140 cm™, Figure 7.a) or at least higher than 40%
(for Kp = 600 cm™, Figure 7.b). Thus, at these cell sizes, we cannot neglect this contribution,
and to model properly the thermal conductivity both aspects, absorption and scattering, must
be included in the equations.
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Figure 7. Contribution to the total extinction coefficient of the scattering and the absorption
parts for a low relative density material (relative density = 0.05), for two different extinction
coefficients of the solid: a) Kp = 140 cm™ and b) Kp = 600 cm™.

Regarding the other contributions to calculate the thermal conductivity in equation (1), the
convection term is known to be negligible for cell sizes smaller than 2 mm [5,24,30]. For
nanocellular polymers, the conduction terms, A5 and A4, are usually described by the following
equations [31-33]:

As = gAspy (13)
_ g0
Ag = 281, a=pr) (14)

Where 1} is the thermal conductivity of the solid polymer, and g is a an efficiency-structural
factor proposed by Glicksman [5]. This g factor ranges from 1/3 to 1. For medium-high density
materials it usually takes values close to 1 [34,35], while this factor is 2/3 for closed-cell low
density materials and it reaches the minimum value of 1/3 for materials with a high fraction of
the solid phase in the struts (i.e., open cell structures) [5]. Regarding the gas phase, A’go is the
thermal conductivity of the gas in the cells (26 mW/mK for air at atmospheric pressure and
room temperature), B is a factor correlating the energy transfer between gas molecules and
the structure [33] (1.64 for air [32]) and [, is the mean free path of the gas molecules (I; ~ 70
nm for air [35,36]).

The thermal conductivity of nanocellular polymers was calculated using equations (1), (2), (12),
(13), and (14). Thermal conductivity of PMMA is 212 mW/mK [37], and as in the previous
example, two extreme extinction coefficient of the solid (Kp) have been used: 140 and 600 cm’
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!, Regarding the structural factor g, a value of 2/3 was selected, since the predictions were
mainly focused in the low-density region (p,, <0.2). Figure 8 shows the predicted thermal
conductivity as a function of the cell size for a fixed relative density of 0.05 (Figure 8.a), and as
a function the relative density for a fixed cell size of 50 nm (Figure 8.b). The predictions
without including the radiation term are also plotted in this graph for the sake of comparison.
The relative contribution of the radiation mechanism for the two values of Kp are presented in
Figure 8.c and Figure 8.d. Note that in these predictions, some critical assumptions have been
made: the cellular structure was considered monomodal (there might be an influence of the
cell size distribution [37]), homogeneous, 100% closed cell, etc. Thus, these predictions could
differ slightly from real conductivity values, but they show qualitatively the expected trends.

It is observed that there is a significant difference between the models presented in this work
and the predictions without including the radiation term. Also, the predictions are very
sensitive to the value of Kp. For a low Kp and relative density of 0.05, a minimum conductivity
appears at a cell size of around 70 nm, but this minimum is not observed with a higher Kp
(Figure 8.a). In the worse situation (lowest Kp), for a relative density of 0.05, the minimum
conductivity calculated is around 23 mW/mK. The contribution of the radiation term to the
total thermal conductivity increases as cell size decreases, ranging the maximum values from
40 to 70% depending on Kp (Figure 8.c).

Regarding the density dependency (Figure 8.b), the conductivity reduces with density up to a
minimum. For 50 nm, the minimum conductivity is 15.5 mW/mK for a density of 0.032 for the
high Kp, whereas the value is 22.7 mW/mK for a density of 0.034 for Kp = 140 cm™. The
contribution of the radiation term to the total thermal conductivity increases as density
decreases, ranging the maximum values from 40 to 80% depending on K, (Figure 8.d).
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Figure 8. a) Theoretical thermal conductivity of nanocellular polymers based on PMMA
according to the model including the radiation term and without it and for two different
extinction coefficients of the solid a) as a function of the cell size for relative density of 0.05,
and b) as a function of the relative density for cell size of 50 nm. Contribution of the radiation
mechanism to the total thermal conductivity: b) for a relative density of 0.05 as a function of
the cell size and d) for a cell size of 50 nm as a function of the relative density.

The great potential of nanocellular polymers as excellent thermal insulators has been pointed
out in various works [35,38,39]. The results of this work do not contradict these claims. Our
predictions show that even though the radiation term is included, it would be possible to
obtain low thermal conductivities with nanocellular polymers, for instance, for a relative
density of 0.05 and a cell size of 70 nm the predicted thermal conductivity would be as low as
23 mW/mK. However, the most optimistic predictions of the early years of the field of
nanocellular polymers (reductions of 2.5 times [35,40]) seem now almost impossible to reach
using homogeneous polymeric systems once the radiation contribution has been understood
and experimentally characterized.

Further work would be needed to understand how to reduce this contribution in nanocellular
polymers. The use of bimodal structures, with micron-sized pores able to scatter radiation and
also helping to reduce the density, might be beneficial in this sense [37]. Also, IR nanometric
opacifiers could be included to reduce the K of the solid matrix and decrease the radiation
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contribution[41]. The results of this work would pave the way for future developments to
further exploit the exciting properties of nanocellular polymers.

4. CONCLUSIONS

Transmittance spectra in the infrared region of a collection of micro- and nanocellular
polymers were measured to investigate the interaction of nanocellular structures with infrared
radiation. A collection of PMMA-based micro- and nanocellular polymers with a constant
density and a wide range of cell sizes (from 14 nm to 20 um) were used for these
measurements. Results show that there is strong increase of the transmittance out of the
absorption bands as the cell size reduces to the nanoscale. The dependencies of the
transmittance with both the wavelength and the cell size prove that nanometric cells act as
Rayleigh scattering particles.

By performing a fit of the scattering baseline, it is possible to use the transmittance spectra to
calculate the scattering extinction coefficient of nanocellular polymers. The results of this
paper show that the extinction coefficient reduces as the cell size decreases. The values were
corrected by the linear cell density to calculate the scattering efficiency of one cell as a
function of the cell size.

From these values, it is possible to calculate the total extinction coefficient and to weight the
relevance of the scattering part. We conclude that the scattering can be neglected for very low
cell sizes (smaller than 200 nm), but it must be considered for larger cell sizes. The thermal
conductivity of nanocellular polymers was modeled including the radiation contribution,
showing that at low relative densities and small cell sizes this term becomes significant in
nanocellular polymers.
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