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a b s t r a c t

A water blown rigid polyurethane (PU) formulation has been used to manufacture cellular
nanocomposites containing different concentrations of montmorillonite nanoclays. The PU
foams have been produced using a low shear mixing technique for dispersing the nan-
oclays and by reactive foaming to generate the cellular structure. A detailed characteriza-
tion of the cellular structure has been performed. The effect of the nanoparticles on the
reaction kinetics and the state of intercalation of the nanoparticles in the foams has been
analyzed. The thermal conductivity and extinction coefficient of the different materials has
been measured and the results obtained have been correlated with the materials structure.
A strong reduction of cell size and modifications on cell size distribution, anisotropy ratio
and fraction of material in the struts has been detected when the clays are added. In addi-
tion, a reduction of the thermal conductivity has been observed. Different theoretical mod-
els have been employed to explain thermal conductivity changes in terms of structural
features. It has been found that, in addition to the modifications in the cellular structure,
changes in the extinction coefficient and thermal conductivity of the matrix polymer play
an important role on the final values of the thermal conductivity for these materials.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal insulation is indeed one of the major concerns in the development of heat transfer technology. The aim of ther-
mal insulation is to reduce heat transfer between a medium and its environment, so that the system temperature can be
maintained at a fixed value with minimum energy consumption for a large period of time. Even small reductions, in relative
terms, of thermal conductivities will involve, with time, large reductions in terms of energy employed. Among insulating
materials, such as powders, fibrous boards, multilayer systems, or vacuum panels, closed cell polymeric foams present sev-
eral advantages, as their low-cost and their easy production and maintenance [1]. For these reasons, polymeric foams are the
most widely used thermal insulators both in construction and engineering applications.

Polyurethane (PU), based on the reaction of isocyanate and polyol, is one of the most versatile materials in foam’s world,
with a wide range of applications in different industries such as building, automotive, sports, naval and furniture. In partic-
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ular, rigid polyurethane (PUR) foams are the most popular foam insulators due to their low thermal conductivity, high
strength-to-weight ratio and low cost [2–5].

On the other hand, nanoparticles play nowadays a fundamental place in cellular polymers research [6–9]. Their role is
fundamentally based on two different aspects: the cellular structure could be modified and the properties of the solid matrix
can be improved if there is a good nanoparticle-matrix interaction [10–12]. Thus, some properties of the foams, such as stiff-
ness, strength and thermal insulation [13–15], can be improved, or new properties, like electrical conductivity [6] may
emerge by the addition of nanoparticles. However, only the addition of nanofillers does not guarantee optimal results
[16], and it also required a good distribution and dispersion [17], as well as strong interactions between the nanofillers
and the polymeric matrix [18].

As the rest of polymeric foams, polyurethane is susceptible to improve its properties by addition of nanoparticles, and a
wide range of them have been used for this purpose: Saha et al. [14] investigated the effects of different types of nanopar-
ticles (1 wt%) on the thermal and mechanical performance of rigid polyurethane (PUR) foams; they found significant
enhancement in several properties; Kabir et al. [19] studied the effects of different sonication parameters on the mechanical
properties of rigid PU foams infused with carbon nanofibers (CNFs), obtaining that sonication has an optimum time window
which depends on sonicator power and nanoparticles concentration. Mahfuz et al. [20] produced foam panels containing dif-
ferent types of ultrasonicated nanoparticles obtaining an optimal dispersion and observing a significant increase (ca. 50–
70%) of flexural strength and stiffness. Modesti et al. [15] studied flame retardancy synergies by using both aluminum phos-
phinate, as phosphorus-based flame retardant, and layered silicates in polyurethane foams, obtaining that clays act as phys-
ical barriers at the surface, which prevent or slow down the diffusion of volatiles and oxygen, while phosphinate is more
effective owing to its combined action in both condensed and gas phases. Cao et al. [16] studied the processing, structure
and properties of polyurethane-clay nanocomposites foams, both rigid and flexible, observing a cell density increase and
a cell size reduction for nanocomposites compared to pure PU foam. They also observed a reduction of Tg and of the mechan-
ical properties of rigid foams. Widya and Macosko [21] incorporated different montmorillonite based organoclay concentra-
tions (1, 2, 3 and 5 wt%) into rigid polyurethane foams using ultrasounds to disperse the particles. They obtained a cell size
reduction and cell density increase even for the lowest nanoclays concentration.

The variation of the thermal conductivity due to the inclusion of nanoclays has also been previously studied in rigid poly-
urethane foams. Modesti et al. [22] studied the effect of different nanofillers (diverse types of nanoclays, titanium dioxide
and silica nanopowder) on the thermal insulating properties [22]. Fillers were first dispersed in the polyol component by
sonication, achieving a good degree of dispersion, and a slight reduction of the thermal conductivity. The authors reported
that in some cases the fillers could increase the open cell content, accelerating the diffusion rate of the blowing agents what
might result in worse thermal insulating properties at long times. The high number of formulation-nanoparticles used in this
paper did not allow to deeply studying their effect on the final properties of the foam.

Harikrishnan et al. [23] also studied the nanoclays effect on the thermal properties of rigid polyurethane foams. In this
publication, rigid and flexible foams infused with nanoclays were studied. They concluded that clays act as efficient cell
openers in both in rigid and flexible foams and that the fraction of open cells increases when increasing clay concentration.
Modified clays were found to be more efficient cell openers than the unmodified clay, and thermal conductivity of the rigid
foams was not significantly affected by clay addition. The use of modified clays was able to reduce significantly the cell size
[22,24]. As in the previous paper, the large variety of samples used prevented for a detailed study on the structure-property
relationships.

This paper is focused on studying the effect of nanoclays on the foam structure and on the thermal conductivity of a rigid
polyurethane system using a different approach. The articles above were focused on a wide range of nanometric particles,
using diverse polyurethane formulations, what precluded a detailed study of each particular system. The aims of the present
work are to obtain a complete characterization of the different heat transfer mechanisms involved in the thermal conduc-
tivity, analyzing the effect of the nanoparticles inclusion on these heat transfer mechanisms and to study of the
structure-property relationships. For this reason, we have selected only a particular formulation and a specific type of func-
tionalizated nanoclays, with the main target of obtaining an exhaustive understanding of this particular system. The evolu-
tion of thermal conductivity with time has been studied, and a complete morphological characterization, with special
attention to the cellular structure, has been performed. The latter is an important aspect which had not been profoundly
studied in previous studies, and which is subjected to important changes by the presence of nanoparticles. The experimental
data obtained from the characterization, supported by different theoretical models, has permitted identifying both the origin
of the changes in the final thermal conductivity of the foam and the effect of nanoclays on the different heat transfer
mechanisms.
2. Materials and methods

2.1. Materials

A commercial, bi-component formulation of rigid polyurethane foam, supplied by BASF was used in this research. This
formulation is based on methylene diphenyl diisocyanate (MDI) and a mixture of polyether polyol, catalysts, additives
and blowing agent (water). The main characteristics of this formulation are collected in Table 1.



Table 1
Main properties of the rigid PU formulation used in this paper.

Density (kg/m3, free foaming) 52 ± 5
Polyol/isocyanate ratio 100/160
NCO content (%) 31.5
OH index (mg of KOH/g polyol) 651
Polyol viscosity (mPa�s) 650
Gel time (s) 145 ± 15
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Cloisite 30B nanoclay is a natural montmorillonite modified with a quaternary ammonium salt, purchased from Southern
Clay Products [25,26]. These nanoclays are commonly employed to improve different physical properties of polymers, such
as stiffness, strength, heat distortion temperature, linear thermal expansion coefficient, and barrier features [18]. The con-
centration of nanoclays included in the different samples was 0.5, 1, 3 and 5 wt%.

The technique employed for nanoclays dispersion was low-shear mixing. The procedure to obtain nanocomposite foams
was as follows: firstly the nanoclays were dried under vacuum for 12 h at 40 �C, to remove any trace of moisture. Then nan-
oclays were premixed with polyol in a plastic container, using an IKA Eurostar Power control-visc P1, equipped with an x-
shaped blade, at 200 rpm for 120 s. Then a precise amount of isocyanate (Table 1) was added and mixed at 1200 rpm for 15 s
with the shame mixer equipped with a Lenart Disc. The mixed liquids were poured for foaming into a mold with dimensions
310 � 250 � 60 mm3. The nominal density expected was 52 ± 5 kg/m3.

After the foaming and curing process (at least 48 h at room temperature), samples were cut from the produced block to
characterize them. Thermal conductivity measurements were performed on square samples of 100 mm side and 20 mm in
thickness obtained from the center of the blocks. The remaining block was machined into different shapes to carry out the
rest of measurements. Samples close to the mold walls were not used to avoid possible heterogeneities (higher densities) in
these areas.
2.2. Characterization

Foamed samples were conditioned at 24 �C and 50% relative humidity for at least 48 h and subjected to density measure-
ments in accordance with ASTM D1622.

Quantitative image analysis was used to measure the cell size variation of the different samples. For this purpose, cured
foams were cut to provide a smooth surface, which, after vacuum coating with gold, was examined by Scanning Electron
Microscopy (SEM) using a JEOL JSM 820 equipment. A specific plug-in developed for ImageJ [27] was employed for cell size
quantification, and at least 100 cells were measured in each material. Cell size distribution, average cell size and anisotropy
ratio (AR) (ratio between the cell size in the growing direction and the average cell size in the perpendicular plane to the
growing direction) were measured. The width of the cell size distribution was also calculated using the normalized standard
deviation (NSD):
NSD ¼
P

i mi �
P

imif i
� �2f i

� �1=2

P
imif i

ð1Þ
where ni represents the number of cells with a size between ai and bi, n is the total number of analyzed cells, mi = (ai + bi)/2
and fi = ni/n.

Open-cell measurements were performed with an air pycnometer (Eijkelcamp 08.06 Langer) in cubic samples with lateral
dimensions of 30 mm. A correction due to cells cut present in the samples surface was made in accordance with ASTM
D2856.

The fraction of mass in the struts (fs) was measured using micro-tomography images by an image analysis procedure pub-
lished elsewhere [28].

In order to determine the pure nanoclays interplanar distance and its variation when nanoclays were mixed with polyol
or infused in the polyurethane foam, X-ray diffraction experiments were performed using a X-ray equipment Bruker discover
D8 (equipped with LynxEye detector) in a Bragg-Brentano geometry, employing a CuKa as X-ray generator. A voltage of
40 KV and 30 mA of current were used in all experiments. Studied angles varied from 0.5� to 10�. These experiments were
performed to obtain information about the intercalation state of the nanoparticles in the blends polyol-nanoclays,
isocyanate-clays and in the resulting foam. The mixing condition for the polyol-nanoclays and for isocyanate-nanoclays
was the same as the ones presented in Section 2.

To characterize the reaction kinetics and in particular the blowing to gelling ratio in the evolving PU system, FTIR studies
were carried out during the foaming process. FTIR spectra of the samples were collected using a Bruker Tensor 27 spectrom-
eter by transmission method using NaCl plates. The spectra were obtained after 16 scans with a resolution of 4 cm�1 over a
wavenumbers range of 4000–500 cm�1 under a N2 purge. A background spectrum was subtracted from each reaction spec-
tra. 45 spectra were run for each experiment, which lasted 16 min. The asymmetric CH stretching band at 2972 cm�1 was
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used as internal reference band to normalize the spectra, since its concentration remains constant during the reaction. More-
over, a baseline correction was conducted to correct the shifts from temperature changes in each spectrum.

The extinction coefficient of the final foams was measured using the same FTIR equipment. These experiments were per-
formed with 5 thin samples cut from the foams, where the thickness (L) range was between 0.5 and 2.5 mm. The sample
diameter and beam diameter were 12 and 1.5 mm, respectively. Transmittance spectra were taken for samples of various
thicknesses. The transmittance ðsn;kÞ is the ratio of the intensity transmitted through the sample ½IkðxÞ� to the intensity with-
out the sample ½I0;k�:
Table 2
Density

Sam

0
0.5
1
3
5

sn;k ¼ IkðxÞ
I0;k

ð2Þ
Transmission measurements were performed in the wavenumber infrared region from 4000 to 400 cm�1. The data sup-
plied by the software were a collection of 1865 values in this range. The spectral extinction coefficient (Ke,k) for thin samples
can be obtained from Beer’s law [1]. For homogeneous samples, once Ke,k is assumed to be independent of sample thickness,
the following expressions are valid:
sn;k ¼ e
�
R L

0
Ke;k dx

� �
ð3Þ
where
Ke;k ¼ � lnðsn;kÞ
L

ð4Þ
Thus, Ke,k can be obtained by means of a linear regression (Ln(se,k) vs. L).
A Rapid K Heat Flow Meter from Holometrix was used for thermal measurements. Heat flow through the test sample (q)

results from having a temperature gradient (DT) across the material. The thermal conductivity k is defined according to Four-
ier’s equation:
q ¼ kA
DT
d

ð5Þ
where A is the cross-sectional area of the sample and d is the sample thickness.
Measurements were performed under steady state heat flow conditions through the test sample in accordance with

UNE12667 method. A dispersion of less than 1% in two consecutive readings was taken as a criterion to ensure that the mea-
surements were done under steady state conditions. The time lap between readings was 10 min. Except somemeasurements
carried out to evaluate the evolution of thermal conductivity with time, the rest of measurements were performed 12 days
after foams production, with the aim that all CO2 created during foaming had diffused out to atmosphere and only air is
inside the foams. The measurements were performed at 20 �C. Each experiment was repeated 5 times in order to obtain
an average value of the thermal conductivity.

3. Results

3.1. Structural characterization

Density of the foams is shown in Table 2. In general terms, the macroscopic density tends to increase when nanoclays are
added. The reason for this slight growth could be related to the higher viscosity of the initial blend when clays are infused
[29,30]. Nevertheless, these changes in density (4% in the sample containing 5% nanoclays) can be considered small, taking
into account that polyurethane foam density is very sensitive to small changes in environmental conditions, like moisture
and temperature, and to small changes in mixing times [31].

Fig. 1 shows a typical SEM image of the cellular structure of the materials under study (PU foam containing 3% clays). The
foam shows a homogeneous closed cell structure with cells slightly oriented in the growing direction.

Analysis of SEM images also provides quantitative information about the cell size distribution in a plane containing the
growing direction, the average cell size (Figs. 2 and 3 respectively) and other parameters characteristics of the cellular struc-
ture (Table 2).
and cell features of the manufactured materials.

ple (nanoclays concentration wt%) Density (kg/m3) NSD fs Anisotropy ratio (AR) (x/y) Open cell content (%)

53.10 ± 0.21 0.20 ± 0.019 0.67 ± 0.02 1.69 ± 0.17 6.65 ± 1.10
52.58 ± 0.85 0.19 ± 0.018 0.62 ± 0.03 1.31 ± 0.14 6.50 ± 0.38
54.07 ± 0.93 0.36 ± 0.038 0.66 ± 0.04 1.12 ± 0.10 8.24 ± 0.93
55.50 ± 0.30 0.35 ± 0.032 0.78 ± 0.03 1.40 ± 0.15 8.52 ± 0.74
55.38 ± 0.62 0.62 ± 0.061 0.76 ± 0.02 1.04 ± 0.09 8.30 ± 0.71



Fig. 1. SEM images: polyurethane foam containing 3% nanoclays.

Fig. 2. Cell size distribution of all the analyzed materials.
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The cell size distributions of Fig. 2 shows that the addition of nanoclays shifts the maximum of the cell size distribution to
small values (cell size reduction) and that the width of the distribution is increased, as NSD values in Table 2 confirms.

Fig. 3 shows that the average cell size of the produced materials is reduced when the clays content is increased. The
reduction is significant, from around 450 lm for the pure foam to around 350 lm for the material containing 5% clays.
The reason for the observed cell size reduction is related with a nucleation effect of the nanoclays as a recent paper studying
the same system has proved [32].

Table 2 collects the values of mass fraction in the struts (fs), anisotropy ratio (AR) and open cell content. The addition of
clays increases fs for clays content above 3%; this result could be related with the foam reaction kinetics. The presence of
nanoclays could slow down the polymerization process [33] and/or speed up the blowing process as it is explained in more
detail in the following section. Due to the longer times between blowing and gelling processes, capillary forces have more
time to enhance drainage in the cell walls, increasing the fraction of material in the struts. In addition, Table 2 shows that the
anisotropy ratio is reduced when clays are added. This behavior could be also related with the slowing down of the polymer-
ization process and/or the increase in the speed of the blowing process that gives more time during growing for the re-
accommodation of the bubbles produced. Another effect that could contribute to this modification of the anisotropy ratio
is a viscosity increase due to the addition of nanoclays that could produces low elongation and stretching of foam cells in
the rising direction [34].



Fig. 3. Average cell size for the materials under study.

Fig. 4. Deconvolution (curve-fitting) in the amide I region for the spectrum of neat PU foam, taken after 16 min.
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Finally, the open cell content of the samples shows a very small increase with the addition of nanoclays. This effect of
nanoclays as cell opener is an expected behavior, considering previous studies [23,35].

3.2. FTIR studies during the foaming process

In order to characterize the blowing to gelling ratio, FTIR studies were carried out during the foaming process both for
neat PU foam and for PU foam containing 5 wt% of nanoclays, which are the two extreme cases herein studied.

The overlapped absorptions in the amide I region were deconvoluted using Gaussians bands [36,37]. No baseline correc-
tion was used, and no restrictions were imposed on the deconvoluted band position, width or amplitude. In the amide I band
(Fig. 4), the range from 1700 to 1740 cm�1 was assigned to free and hydrogen bonded urethanes (C@O stretching vibration
[36–45]. The urea C@O stretching vibration was assigned to free, disordered and ordered urea in the range 1640–1700 cm�1

[33,37,39,45]. Urethane linkages are directly related to the gelling reaction, while urea bonds are related to the blowing reac-
tion. Therefore, the absorbances corresponding to the amide I band may be divided into two parts, related either to blowing
or gelling processes. It should be noted that these are the main reactions occurring during foam formation.

Thus, for neat PU foam formation, the relative weight of the gelling and blowing reactions after 16 min (recording time,
see Section 3.4) was: 78% of C@O groups generated from gelling vs. 22% of C@O groups produced from blowing. For the evolv-
ing foam containing 5% of nanoclays at the same time, this ratio was 72% (gelling) vs. 28% (blowing).

These observations strengthen the conclusions reached in the previous section dealing with foam characterization, where
modifications in the cellular structure where associated to changes in the kinetics of chemical reactions involved in the foam
formation. In this case, the polymerization process seems to be slowed down and/or the blowing reactions have been accel-
erated due to the presence of the clays, justifying the modifications found in the cellular structure.

3.3. X-ray diffraction measurements

A characteristic diffraction peak for a 2h value close to 4.7� is shown in the X-ray diffraction patterns of the polyol/clays
and isocyanate/clay blends (Fig. 5). This value corresponds to an inter-lamellar average distance of 1.84 nm, very close to the



Fig. 5. Small angle X-ray diffraction patterns obtained for nanoclays-polyol and nanoclays-isocyanate suspensions after mixing with the pure nanoclays
(C30B).
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1.85 nm data provided by the nanoclays supplier. As it can be observed in the figure this characteristics peak is located in the
same position for the pure clays and for the blends. Therefore, a qualitative analysis of this data seems to indicate that the
low shear mixing applied to disperse the nanoclays in the polyol was not enough to promote the intercalation of the
nanoparticles.

A quantitative analysis of this data has been performed. The inter‐lamellar space (d) was obtained using the Bragg equa-
tion and the crystallite size of nanoclays (D) was calculated using the Scherrer equation [46,47]:
D ¼ kk
b cos h

ð6Þ
where k is form factor (the value usually = 0.9), k is the wavelength of incident wave (k = 0.154 nm), b is the measured
FWHM (full width at half maximum of the diffraction peak) and h is the peak position. The number of the stacked individual
silicate layers of each sample has been estimated dividing the crystallite size (D) by the inter-lamellar space (d) [46].

The calculated values of peak position (2h), inter-lamellar space (d), full width at half maximum (b), crystallite size (D)
and the number of the stacked individual silicate layers for each blend are presented in Table 3. As it can be observed the
inter-lamellar space does not significantly change in the blends. In addition, the crystal size increases when the clays are
introduced into the polyol or isocyanate. Therefore, the results are in agreement with the previous qualitative observation;
there is not intercalation of the clays during the low shear mixing in polyol or isocyanate.

The diffraction patters of the foamed materials containing nanoclays (Fig. 6) show two peaks, one at an angle between 4.3
and 4.8� (similar to the one showed by the pure nanoclays) and another at lower angles (between 2.3 and 2.6�) that is not
present in the as received clays. The appearance of the peak at lower angles seems to indicate that for some of the clay stacks
there is a significant increase of the inter-lamellar distance that takes place during the foaming process (i.e. the foaming pro-
cess induces the intercalation of some of the clay particles).

The calculated values of peak position (2h), inter-lamellar space (d), full width at half maximum (b), crystallite size (D)
and the number of the stacked individual silicate layers obtained for the two characteristics peaks detected in the measure-
ments are collected in Tables 4 and 5.

The crystal size of the peak at higher angles (corresponding to an inter-lamellar spacing of around 1.8–2.0 nm) is smaller
for the foams than for the pure clay. In addition, the crystal size for the peak located at lower angles, which corresponds to an
inter-lamellar spacing of around 3.4–3.8 nm, decreases in size when higher amount of clays are added. The obtained results
confirm that in some of the primary stacks of the clays and during the foaming process there is an intercalation of the poly-
mer matrix leading to an increase of the inter-lamellar spacing. This effect is taking place in a part of the nanoclays stacks, i.e.
is not taking place for all the clay stacks.

The results of this characterization are aligned with the conclusions reached in the previous section dealing with the anal-
ysis of the reaction kinetics, where chemical interactions between the nanoclays and the evolving mixture were proposed.
These chemical interactions are helpful to promote an increase in the interlayer distance and an intercalated structure. This
modification of the structure of the clays takes place during the foaming process.

3.4. Experimental values of the thermal conductivity

The evolution of thermal conductivity vs. time can be observed in Fig. 7, where the initial values have been measured
2 days after manufacturing, when a significant amount of the blowing agent (CO2) is still present inside the cells. Other



Table 3
Inter-lamellar spacing (d) and crystallite size (D) of the polyol/clay and isocyanate/clay suspensions.

Samples 2h (�) d (nm) FWHM (h) D (nm) D (nm)/d (nm)

C30B 4.7 1.89 1.08 7.34 3.9
Polyol + 0.5%C30B 4.9 1.79 0.85 9.33 5.2
Polyol + 1%C30B 4.8 1.85 0.82 9.70 5.2
Polyol + 3%C30B 4.7 1.87 0.87 9.11 4.9
Polyol + 5%C30B 4.7 1.89 0.90 8.88 4.7
Isocyanate + 5%C30B 4.9 1.80 1.08 7.34 4.1
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Fig. 6. Small angle X-ray diffraction patterns obtained for polyurethane nanocomposite foams containing different amounts of nanoclays and for pure
nanoclays (C30B).

Table 4
Calculated values according to Bragg and Scherrer equations for the diffraction peak between 4.3 and 4.8�.

Samples 2h d (nm) FWHM (h) D (nm) D (nm)/d (nm)

C30B 4.66 1.89 1.08 7.34 3.9
PU + 0.5%C30B 4.84 1.82 2.03 3.93 2.2
PU + 1%C30B 4.77 1.85 2.08 3.83 2.1
PU + 3%C30B 4.67 1.89 2.58 3.09 1.6
PU + 5%C30B 4.32 2.04 2.69 2.95 1.4

Table 5
Calculated values according to Bragg and Scherrer equations the diffraction peak between 2.3 and 2.6�.

Samples 2h d (nm) FWHM (h) D (nm) D (nm)/d (nm)

PU + 0.5%C30B 2.56 3.45 0.80 9.92 2.9
PU + 1%C30B 2.56 3.45 1.11 7.18 2.1
PU + 3%C30B 2.43 3.63 1.07 7.43 2.0
PU + 5%C30B 2.30 3.83 1.14 6.97 1.8
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measurements were performed 12 days and 40 days after these first measurements. The increase in the thermal conductivity
between day 2 and day 12 is due to the rapid diffusion of the foaming agent (CO2; thermal conductivity at 20 �C:
14.5 mWm�1 K�1) outwards the foam, and its substitution by atmospheric air, which has a higher thermal conductivity
coefficient than CO2 (thermal conductivity at 20 �C: 25.3 mWm�1 K�1) [48]. This rapid process is known and it is character-
istics of water blown PU foams [48]. Nevertheless, Fig. 7(B) shows very small changes in the thermal conductivity from 12 to
40 after manufacturing. As explained below in the prediction of the thermal conductivity section, the gas phase term has a
high weight in the final value of the thermal conductivity (ca. 71% of the final value), and thus small changes in the conduc-
tivity of this phase has a clear effect on the final value.
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Fig. 7. Thermal conductivity evolution for different nanoclays concentration between day 2 and day 40 (A); and between day 12 and day 40 (B).
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Fig. 8 displays the data of the thermal conductivity for foams with different nanoclays concentration 12 days after pro-
duction. The values are in the range 33–34 mW/m K which are expected values for water blown rigid PU foams that after
reaching the stationary state have air in the cells with a conductivity of 25.2 mW/m K at 20 �C. The figure shows that the
thermal conductivity decreases when the concentration of nanoclays increases, with a higher reduction for 1% nanoclays
concentration. Different parameters control the final thermal conductivity of foams; one of them is the foam cell size
[22,24]. Fig. 3 showed that cell size is reduced when clays are added. However, the same trend is not observed for the ther-
mal conductivity vs. clays content curve. In this case, the thermal conductivity reaches a minimum for 1% of nanoclays,
whereas higher concentrations lead to an increase of the conductivity with concomitant reduction of the cell size. This par-
ticular behavior might be originated by other contributions to the thermal conductivity, such as the thermal conductivity of
the solid phase and/or the optical properties of the polymer matrix, which may be affected by the inclusion of high amounts
of nanoclays, or by changes in the cellular structure at other levels, such as modifications of the mass fraction in the struts
and/or the anisotropy ratio. These considerations will be analyzed, in the section dealing with theoretical modeling of ther-
mal conductivity.

3.5. Extinction coefficient: Ke,R or K

In practical applications, radiation travels only a short distance (mean free path) before being scattered or absorbed. The
transferred energy depends only on the intermediate vicinity of the position being considered. This approximation is called
diffusion approximation (in this process, the heat flux is proportional to the local gradient of the potential, in this case the
black body emissive power rT4), and the radiative heat flux qr(x) can be expressed as follows [49]:
qrðxÞ ¼
4

3Ke;R

@eb
@x

¼ �16rT3

3Ke;R

@T
@x

¼ �kr
@T
@x

ð7Þ
where kr is the radiative conductivity. Foams used in real applications are usually thick enough (several millimeters thick) to
be considered optically thick; therefore, the radiative heat flux can be approximated by Rosseland equation [49] as follows:
kr ¼ 16n2rT3

3Ke;R
ð8Þ
Fig. 8. Thermal conductivity as a function of nanoclays concentration.
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where n is the effective refraction index and Ke,R is the Rosseland mean extinction coefficient. For polymer foams, n is close to
one [50]. This approximation is valid in this study because the foams under analysis have a volume of gas (porosity) higher
than 95%. Under these conditions, Ke,R can be obtained with the following equation [1]:
1
Ke;R

¼
R1
0

1
Ke;k

@eb;k
@T dk

R1
0

@eb;k
@T dk

ð9Þ
where eb;k is the spectral black body emissive power and k is the wavelength. Therefore, the Rosseland mean extinction coef-
ficient is an average value of Ke;k weighed by the local spectral energy flux. Once Ke;k is measured (see Section 3.4, Eqs. (2) and
(3)), Ke;R (or K) can obtained using Eq. (9). The Rosseland mean extinction coefficient (Ke,R) and the mean values of the cor-
relation coefficients due to the fitting of Ke;k versus L are summarized in Table 6.

A preliminary analysis of these results shows that the extinction coefficient increases with the concentration of clays
showing a maximum for a 3% concentration. A more detailed analysis of the data is included in the modeling and discussion
section.

3.6. Modeling

3.6.1. Modeling of the extinction coefficient
Glicksman and coworkers [49,51–53] proposed an equation to predict the extinction coefficient of closed cell polyur-

ethane foams. They considered pentagonal dodecahedral cells as a set of randomly oriented blackbody struts, and neglected
scattering by the cell walls. The strut cross section was constant and occupied two- thirds of the area of an equilateral tri-
angle formed at the vertices. The Glicksman extinction coefficient (KG) depends on the cell size ð/Þ, foam density ðqf Þ and
solid polymer density ðqsÞ:
KG ¼ 4:10

ffiffiffiffiffiffiffiffiffi
f S

qf

qs

q

/
ð10Þ
where 4.10 is a constant related to the cell geometry and fS is the mass fraction in the struts.
Glicksman et al. also included the contribution of the cell walls (KHKw, where Kw is the extinction coefficient of the solid

polymer). This contribution was then combined with that of the struts, to yield the overall extinction coefficient of a closed
cell foam (Eqs. (11) and (12)):
KG ¼ Kedges þ KHKW ð11Þ

KG ¼ 4:10

ffiffiffiffiffiffiffiffiffi
f S

qf

qs

q

/
þ ð1� f SÞ

qf

qs
KW ð12Þ
The cell wall term, which is valid for foams with thin cell walls (d < 30 lm), includes the hypothetical extinction coeffi-
cient for a uniformmaterial occupying the entire volume of the foam and having the same attenuation as thin cell walls. As it
has been mentioned above, Kw is the extinction coefficient of the solid polymer, and an initial value for this property
(60,000 m�1) was obtained from literature [49].

The results obtained when K is calculated using Eq. (11) together with the experimental extinction coefficients (Table 6)
are shown in Fig. 9. Similar values are observed for the Glicksman model and the experimental results. In both cases K
increases when the amount of clays are added, with an increase up to 3% nanoclays and then a reduction.

The average differences between the theoretical and experimental values are collected in Table 7. These differences are
not constant and present variations with the amount of nanoclays. In general terms, there is a clear change in the extinction
coefficient behavior by the addition of nanoclays that cannot be explained only by a reduction of the cell size or by the mod-
ifications detected in the fraction of material in the struts (Table 2). The two components of Glicksman equation include
information about the cellular structure and about the material that form the cell. If the Glicksman model is taken as valid,
the difference with the experimental data could be associated to the change in Kw due to the introduction of nanoclays. These
data are showed in the last column of Table 7 indicating a clear increase of Kw up to 3% clays content and a decrease of Kw for
Table 6
Experimental results for Rosseland extinction coefficient and correlation coefficient due to the fitting
of Ke;k versus L.

Sample (nanoclays%) Ke,R (cm�1) R2

0 23.18 ± 1.08 0.988
0.5 25.47 ± 1.35 0.996
1 30.42 ± 1.68 0.995
3 33.68 ± 1.61 0.985
5 27.31 ± 1.31 0.990
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Fig. 9. Extinction coefficient: Glicksman model and experimental data.

Table 7
Extinction coefficient: experimental values, values predicted by the Glicksman model, difference between them and extinction coefficient of the solid material
for a perfect fit between experimental data and Glicksman model.

Sample (nanoclays con. wt%) K (exp.) (cm�1) K Gliks. (cm�1) Variation % Kx (m�1) exp.

0 23.18 25.40 9.56 46,266
0.5 25.47 28.53 11.99 42,946
1 30.42 28.91 �4.94 68,945
3 33.68 29.59 �12.14 97,505
5 27.31 28.93 5.95 46,488
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the material with the highest content of clays. Therefore, the experimental results suggest that clays have a significant effect
on the optical properties of the solid polymer producing a modification of the extinction coefficient of the polymeric matrix.

3.6.2. Prediction of thermal conductivity
It is well known that the thermal conductivity of polymer foams is due to four mechanisms: conduction along the cell

walls and the struts of the solid polymer (ks), conduction through the gas phase (kg), thermal radiation (kr), and convection
within the cells (kc). The total heat flow (kt) is a result of the four contributions and can be expressed by a superposition of
each mechanism taken separately:
kt ¼ ks þ k g þ kr þ kc ð13Þ

The convective heat transfer is assumed to be negligible [49,53–57] because of the very small cell size of the foams under

study (350–500 lm). In a first approximation, it is possible to calculate the conductive terms of the gas and of the solid
phases, and subtract them from the experimental value of the conductivity to obtain an experimental value of the thermal
radiation term [55]. The expression of these terms is shown in Eqs. (14) and (15), where Vg is the volume fraction of the gas
phase ð1� qf =qsÞ, Vs is the volume fraction of the solid phase ðqf =qsÞ, AR is the anisotropy ratio, kg is the thermal conduc-
tivity of the air at a given temperature, and ks is the thermal conductivity of solid polyurethane (0.26 Wm�1 K�1) [53]. The
contribution to the thermal conductivity from the gas phase (Eq. (14)) depends on the nature of the gas. In our case, the gas is
air at atmospheric pressure, which has a conductivity at 20 �C of 25.3 mWm�1 K�1.
k g ¼ kgVg ð14Þ
ks ¼ ks

Vs

3
f s

ffiffiffiffiffiffi
AR

p� �
þ 2ð1� f sÞðARÞ1=4

� �
ð15Þ
Using these values, it is possible to calculate the weight of each term on the thermal conductivity of the measured foams.
In average, the conductivity of the gas phase is responsible of ca. 71% of the final conductivity of the foam. Solid conduction
accounts for around 16% and radiation for around 13%.

If we assume the validity of the Rosseland equation, the total conductivity (kt) can be estimated by using the Eq. (16):
kt ¼ kgVg þ ks
Vs

3
f s

ffiffiffiffiffiffi
AR

p� �
þ 2 1� f sð ÞðARÞ1=4

� �
þ 16rT3

3Ke;R
ð16Þ
where r is the Stefan-Boltzmann constant, T is the temperature and Ke,R is the extinction coefficient. The value of Ke,R can be
the experimental one or the theoretical one calculated from the Glicksman expression (Eq. (12) and Table 7).

Fig. 10 shows the experimental and theoretical data of the total conductivity. A good correlation (differences lower than
7%) is observed, with similar results for experimental extinction coefficient and Glicksman model. However, a different trend
is observed, with a minimum for the experimental values at 1 wt% nanoclays concentration and at 3 wt% for both models. In
addition, the predictions are close to the experimental values for the small clays contents, increasing these differences for
higher clay concentrations.
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4. Discussion

In order to have a complete understanding of the measured changes in the thermal conductivity, an analysis of the dif-
ferent mechanisms involved in the final thermal conductivity value has been performed.
4.1. Conduction through the gas phase

This term is the most significant in the final value of the thermal conductivity, with a weight of 71% for the materials
under study. For this reason, small changes in the thermal conductivity of the gas phase of the foam can produce significant
changes in the total conductivity. This has been shown in Fig. 7, which displays the time evolution of the thermal conduc-
tivity. As explained previously, the gas present inside the cells changes from CO2 (14.5 mWm�1 K�1) to atmospheric air
(25.3 mWm�1 K�1) due to the diffusion through the polymeric matrix. Some calculations can be performed with the
employed model; assuming that conduction through the solid and radiation conductivity are time independent, therefore
the contribution to thermal conductivity of the gas phase in the initial tests (2 days after production) can be calculated sub-
tracting the solid phase and the radiation term contributions from the final value of the thermal conductivity. These calcu-
lations show that the value of the gas conductivity is between 18 and 20 mWm�1 K�1 for the thermal conductivity initial
value. This implies that a mixture of CO2 and air is present in the cells, and its thermal conductivity could be calculated
in a first approximation by the Wassiljewa equation [58]:
km ¼
Xn

i¼1

yikiPn
j¼1yjAij

ð17Þ
where km is the thermal conductivity of the mixture, ki is the thermal conductivity of pure component i, yi and yj are the
molar fractions of components i and j and Aij is a function of the binary system that is equal to 1.

This equation allows deducing that approximately a 40% of CO2 present in the cells has been substituted by air 2 days
after the production of the foam.

This is due to different aspects. The first one is the high diffusion coefficient of CO2. In addition another mechanism which
could contribute to this very quick diffusion effect is related to the differences of pressure between the gas contained in the
cells and the external atmosphere. The evolving foam is expanding against ambient pressure until the polymerization reac-
tion finishes and then the foam is brought to room temperature. Thus the pressure inside the cells growths depending on the
amount of gas produced and the final temperature reached during the foaming process. When the foam finally cools down
(at cell volume approximately constant), the pressure inside the cells would drop below ambient pressure and the pressure
in the cells could be different depending on the temperatures reached during foaming.
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Similar calculations can be made for measurements performed at higher times (12 and 40 days), which lead to obtain
100% of air concentration, thus confirming that after 12 days the composition of the gas in the cells reached a stationary
value. Other factor affecting the conduction through the gas term is the open cell content, but it can be discarded as the main
source of differences between material, because this structural characteristic (Table 2) presents negligible changes for the
cellular nanocomposites. Therefore, once the conductivity reaches a constant value the effect of nanoclays on the heat trans-
fer by conduction through the gas phase should be negligible.
4.2. Radiation term

This contribution experiments substantial changes due to the presence of nanoclays. Considering Eq. (8), this term is dee-
ply related with changes in the extinction coefficient (higher extinction coefficient implies lower conductivity). In turn,
accepting Glicksman model, extinction coefficient is also related with solid polymer density, cell size, mass fraction in struts
and extinction coefficient of the polymeric matrix. The comparison between experimental and theoretical results suggest
that the trends observed can only be explained if an increase of the extinction coefficient of the solid matrix by the presence
of the clays is taking place. Therefore, the nanoparticles are acting as IR-blockers when they are added in small proportions.
Table 7 shows an estimation of the extinction coefficient of the polymeric matrix, Kx. It is clearly observed that Kx increases
as nanoclays concentration grows with a maximum for 3% of nanoclays, then, a reduction appears. This behavior has been
previously observed in nanocomposites; as nanoparticles concentration increases producing nanocomposites with a god dis-
persion is more difficult and beyond a critical particle concentration there is a drop in the measured properties [59].
4.3. Conduction through the solid

An increase in the concentration of clays in the foam could increase the thermal conductivity of the polymeric matrix ks.
Part of the differences between experimental and theoretical data observed in Fig. 10 could be due to this variation. As pre-
viously mentioned a different trend between experimental data and a models prediction is observed: models present a min-
imum for thermal conductivity of 3 wt%, whereas for experimental data the minimum is reached at 1 wt%. In addition, the
difference between experimental data and theoretical predictions increase with the clays concentration. So these differences
might be explained considering a variation of the conduction through the solid phase. Using Eq. (16), it is possible to estimate
the values of ks that would result in a perfect fit between experimental data and predictions. Fig. 11 shows how the calcu-
lated values depend on the concentration of nanoclays. For the materials with a low concentration the variations of ks are
very small. In addition, a clear increase of ks with the nanoclays concentration is observed for 3 and 5 wt%.

The increase of the solid thermal conductivity for higher concentration of nanoclays could be as a consequence of the cre-
ation of a percolation network for the nanoclays. The percolation threshold of this network might be between 1 and 3%, so its
effect should be detected from 3 wt% and should increase for higher concentrations. Rheological characterization could help
to clarify this subject [50,60], showing the percolation concentration for these materials.

The decrease of the solid contribution for low concentration of clays predicted by the models (Fig. 11) might be related to
the possibility of changes in the cell geometry when adding nanoclays. In a previous study using tomography [28], it was
demonstrated that an alteration of the average number of cell neighbors (cell coordination number) takes place when nan-
oclays are present. Eq. (15) is based on the assumption that foam microstructure is formed by pentagonal dodecahedra cells.
If this were not the case, this equation should be modified introducing a parameter C(fs) as follows:
Fig. 11.
models
ks ¼ Cðf sÞks
Vs

3
f s
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þ 2ð1� f sÞðARÞ1=4

� �
ð18Þ
In which C < 1 and its value could depend on cell geometry and ‘‘architecture” (i.e. fraction of mass in the struts).
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The average cell coordination values found is ca. 12 neighbors, that is, the coordination number expected for a monodis-
perse foam with cells modeled as dodecahedrons. When nanoclays are present in the foam, a significant population of cells
showed either low or high coordination numbers (although cells kept their average dodecahedral coordination). This allows
concluding that the dodecahedron coordination might coexist with different polyhedrons, with both a high and low number
of faces.

Therefore, two effects are possibly affecting the heat transfer trough the solid phase in these foams: the modification of
the cell microstructure (cell shape), and the formation of a percolating network of the particles. Taking into account the data
of Fig. 11, the modification of the cellular architecture seems to predominate for lower amounts of nanoclays, whereas the
network formation is prevailing for higher concentrations.

As a summary of this discussion, we can conclude that the changes produced in the thermal conductivity are due to mor-
phological changes in the cellular structure (as the cell size, mass fraction on struts, cell shape, etc.), but also to changes in
the thermal and optical properties of the polymeric matrix, effect that modify the conduction through the solid phase and
the heat conduction by radiation.

5. Conclusions

Cellular nanocomposites based on rigid PU and montmorillonite have been produced and characterized.
X-ray diffraction and FTIR studies point to some type of chemical interaction between the nanoclays and the evolving

foam. This interaction plays an important role in the foam formation, what leads to a slight unbalance of the gelling and
blowing reactions when compared to that occurring for neat foam formation. In addition, this interaction promotes the inter-
calation of the clay particles during foaming.

The measurements of thermal conductivity carried out have allowed concluding that the inclusion of nanoclays gives rise
to a reduction of the thermal conductivity, with a higher reduction for 1 wt% of nanoclays content. Concentrations higher
than 1 wt% do not produce higher reductions of the thermal conductivity.

Other characteristics, as foam cell size, fraction of material in the struts and extinction coefficient are also altered due to
the inclusion of nanoclays. Nevertheless, the addition of nanoclays in polyurethane foams produces changes beyond the
morphological structure of the foams. In particular, the results of this research have indicated that there are modifications
of the extinction coefficient and of the conductivity of the polymeric matrix due to the clays addition.

For this reason, finding out an optimal concentration of nanoclays to produce foams with the lowest thermal conductivity
is crucial. A correct understanding of the different alterations produced by the additives is essential not only to determine the
ideal nanoclay concentration in the material, but also to extrapolate the results to other polyurethane systems with different
nanoadditives.
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