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Abstract Rigid polyurethane foams (RPU foams) and
phase change materials (PCMs) are widely used in build-
ings for thermal insulation and thermal storage, respec-
tively. The combination of both materials could increase
energy savings, leading to more energy efficient housing.
In this work, PU foams were produced incorporating dif-
ferent percentages of microcapsules containing Rubi-
therm® RT27. Microcapsules added to the foam had a high
influence on the foaming process and also on the foam
properties. It was observed that the increase of foam
microcapsules content decreases the final foam height but
increases its density and thermal energy storage (TES)
capacity. On the other hand, an increase of the foam
microcapsules content up to 5 wt% led to decrease the
reduced compressive strength (RS) and modulus (RE) in 7
and 25%, respectively. Higher contents had a sharply
negative impact on mechanical properties.

Introduction

The constant increase of the energy demand and conse-
quently of the air pollution is promoting the use of
renewable energies and the development of new systems
for saving energy. According to the EU directive 2002/91/
EC, more than 40% of the final energy consumption in the
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Europe Community in 2002 was due to the residential and
tertiary sector. This energy was mainly spent for buildings
comfort and this consumption increases day by day with its
subsequent contribution to global warming by the carbon
dioxide emissions associated with it.

Rigid polyurethane foams (RPU foams) are widely used
as insulating materials in buildings due to their low thermal
conductivity and high mechanical and chemical stabilities
[1]. The synthesis of PU foams is basically based on the
condensation reaction between diols or polyols and diiso-
cyanates or polyisocyanates in presence of a catalyst.
Blowing agents and surfactants are added to regulate the
morphology of the foam cells [2].

As commented above, PU foams have good insulating
properties but their thermoregulation capacity can be
enhanced by incorporating phase change materials (PCMs)
[3]. PCMs are materials that can absorb or release the
energy equivalent with their latent heat when the temper-
ature undergoes or overpasses the phase change tempera-
ture of the material.

In a previous work, the effect of microencapsulated
Rubitherm® RT27 on the thermal energy storage (TES)
capacity of gypsum blocks has been studied and the results
indicated that the higher the microcapsule contents, the
higher the amount of TES and also, the building insulation
[4]. Thus, microcapsules containing PCMs can be used to
modify the TES capacity of PU foams and holding the
foam insulating properties.

The incorporation of PCMs into the building materials
can be carried out by direct or indirect way. Sarier and
Onder [1] studied the direct incorporation of n-hexadecane,
n-hexadecane/Na,CO;5-10H,O, n-octadecane and n-octa-
decane/PEG600 as PCMs to PU foams changing the mass
ratio PCM/PU in the mixture from 1:5 to 1:1. They found
that PCMs enhance the foam TES capacity; however, some
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leakage was observed when n-hexadecane was used. This
problem was attributed to the small size of the n-hexa-
decane molecule that can escape from the cells. You et al.
[5] found a large influence of the microencapsulated PCMs
on the foaming system compared to that of another filler
such as CaCOs3, CaSQO, or hollow glass microspheres, even
at low concentration. They justify this behaviour attending
to the additives used in the microcapsule synthesis which
have hydroxyl groups with a high ability for water
absorption. Besides, they found that fillers affect the sur-
face tension and viscosity of the foaming system, having a
negative effect on the foam product. In the same way,
Ye et al. [6] found that a large size of the filler or a poor
interfacial adhesion between the filler and the foam matrix
can cause collapse of the cells reducing the mechanical
properties of the RPU foams. Although microencapsulated
PCMs has been previously incorporated into PU foams
[5, 7], studies of microcapsules distribution into the foam,
their location in cells or struts and also their effect on the
foam mechanical properties has not yet been considered.
Besides, for the further building applications, it is impor-
tant to know the effect of the PCMs on the density and
foaming of the RPU foams and thus, a simple model that
allows to know the influence of the filler on the foam rising
has been developed.

The goal of this work is to study the incorporation of
microcapsulated Rubitherm® RT27 as fillers into RPU
foams synthesized using Tegoamin BDE as catalyst. The
foaming process and the physical and mechanical proper-
ties of the final product were analysed.

Experimental
Materials

Polyol used in this work was Alcupol R-458 from Repsol
YPF S.A. Diphenylmethane-4,4'-diisocyanate (MDI) was
supplied by Merck Group. The catalyst used was Tegoamin
BDE and the surfactant was Tegostab B8404, both supplied
by Evonik Degussa International AG. Deionized water was
used as a blowing agent. Spherical microcapsules con-
taining Rubitherm® RT27 with a particle size ranging
between 1 and 5 um were obtained following the method
described in the Patent EP2119498 [8].

PU foams synthesis

RPU foams were synthesized by weighting and mixing
desired masses of polyol, silicone, water, amine and
microcapsules containing Rubitherm® RT27 and further
stirring the mixture during 1 min. Then, the adequate
quantity of isocyanate was added to the mixture and the
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fo mateas for PU foums Weigh
synthesis percentage

Polyol 48.43
Water 1.21
Silicone 0.73
Amine 1.21
MDI 48.43

resulting solution was stirred for just 5 s until the moment
at which the foam started to grow up. Finally, the obtained
foams were cured at room temperature. Table 1 shows the
foam synthesis recipe.

Sample characterization
Rising process

The foams rising process was measured by an ultrasonic
system sqs-01 recording the foam height with time by
using the program Schaum SQS-01.

Microcapsules distribution and average latent heat
of foams

The whole foam microcapsules distribution was studied by
DSC analysis of samples taken out at different points.
Samples were of cubic shape with a weight close to
6.0 mg. The microcapsules presence and its amount into
the foam can be obtained by the peak size observed at the
PCM melting point. Figure 1 shows the foam locations
studied. DSC analyses were performed in the range from
—10 to 45 °C at a heating rate of 5 °C/min. Each analysis
was done twice.

SEM analysis

Synthesized RPU foams were depicted by SEM to visualize
the possible changes in their cellular structure when
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Fig. 1 Distribution of the analyzed points for studying the micro-
capsules distribution in the PU foams
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different amounts of microcapsules are added and the foam
cellular size distribution was determined by the Image Plus
program.

Density

Foam densities were calculated by weighting and measur-
ing the volume of the samples taken out.

Compression test

Uniaxial compression tests were performed according to
ASTM D1621 using the Model 5584 of an INSTRON
universal testing instrument equipped with a 1 kN load cell.
The compression tests were carried out at a cross-head
speed of 2.5 mm/min and transversal to the rising direc-
tion. The tested foam specimens were 5.1 x 5.1 x 2.6 cm
size and they were compressed 13% of their original
thickness. Each analysis was repeated 3 times. The foam
compression strength (S) was obtained using the force
required to get a 10% of specimen deformation and the
compressive modulus (E) was calculated dividing the slope
of the force—deformation curves obtained below the pro-
portional limit by the area of the specimen and multiplying
the result by the initial height.

Results
Foam growth

As can be seen in Fig. 2, the foaming rate decreases with
increasing microcapsules content, since a lower slope of
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Fig. 2 Experimental and theoretical rising curves of the PU foams
for different microcapsules contents
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the curve at the short time region is observed. Besides, this
figure shows that the higher the microcapsules content, the
lower the final foam height. A similar behaviour was
obtained by Verdejo et al. [9] when carbon nanotubes
(CNTs) were incorporated to PU foams. They observed
that the incorporation of CNTs either increased the vis-
cosity of the foaming system limiting the foam expansion
or substituting urethane linkages by CNTs, promoting a
gelation process during the foaming. Thus, filler addition
promotes higher viscosities of the foaming system what
justifies the lower rising rates and final foam heights
obtained.

For the further building applications, it is important to
know the effect of the PCMs on the RPU foaming. Several
authors approached the rising process of PU foams to
kinetic reactions of first- or second-order [10-12]. How-
ever, the application of these kinetic equations has some
limits because the rising process involves many phenom-
ena including mixing, chemical reaction, bubble growth
and heat and mass transports; being complex to consider all
them simultaneously [12]. In order to simplify the com-
plexity of this process, in this work the experimental data
of the rising of foams were fitted using a model of reaction
curve of first-order with dead time, assuming that the
addition of isocyanate can be represented as a step change
of this process and the foam height is registered as an
output variable (/). The transfer function that represents the
above model is shown in Eq. 1 [13].

H(s) K-e '
X(s) t-s+1

(1)

where K is the maximum change of % for a unitary step
change of the inlet variable x, 7 is the time constant and 6 is
the dead time.

Applying the inverse Laplace transform, Eq. 1 becomes:

1—0

h() =K - [1 - eT} 2)

The fitting parameters (K, 7 and ) were obtained
minimizing the sum of the square of offsets by means of
nonlinear least square fitting. This fitting process was
carried out using the solver tool in Excel.

As can be seen in Fig. 2, a good agreement between the
experimental data and the reaction curves using the model
of first-order with dead time was obtained. A linear rela-
tionship between the parameters of the model and the
microcapsules content was observed (Fig. 3). This linear
relationship based on three parameters with respect to the
weight percentage is expressed by Eq. 3.

yi = a; + b; - wpem (3)

where y is each of the three fitting parameters (K, T and 0),
a and b are constants of the linear equation, wpcy is the
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Fig. 3 Influence of the microcapsules content on the fitting param-

eters of the rising equations of the foams

Table 2 Parameters and coefficients of determination (R?) for fitting
the foam height with the microcapsules content

Parameters Units Value R?

a mm 243.312 0.962
bo mm/wtpcy % —2.353

a s 5.988 0.898
b, s/wtpem% 0.118

a s 8.770 0.987
b, s/Wtpem% 0.137

n®*P is the number of experimental data considered, h°*P, "0 and
he*P are the experimental, theoretical and average foam heights,

e
respectively. R* was obtained by: R2 = 1 — { (Z (hex — h’he”)z) /

i=1
o)

content of PCM in the foam in percentage by weight and i
is a counter that represents each fitting parameter.

Table 2 lists the values of the parameters of these linear
equations and the coefficients of determination. Replacing
the equivalent equation for each fitting parameter in Eq. 1,
the following expression is obtained.

_t=(a1 b1 weem)
h(t) = (aO + bO . WPCM) |1 — e @thrveem

(4)

Results shown in Fig. 4 illustrate the good agreement
between experimental data and those predicted by Eq. 4
with an average error below 3.5%. Thus, Eq. 4 allows us to
predict the growth of the foam as a function of time and
microcapsules content.

Density

Densities of the foams depending on the foam zone and the
microcapsules content are shown in Table 3. As can be
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Fig. 4 Relationship between the experimental and theoretical data

predicted by Eq. 4

Table 3 Densities of the foams containing microencapsulated
Rubitherm® RT27

Density (kg/m®)

Foam 0% 11% 18% 21%

Zone 1 34.30 37.70 4348 63.50
Zone 2 34.02 36.80  41.13 49.22
Zone 3 3341 33.82  40.1 47.29
Global 3391 35.78 41.29 52.04
Theoretical 3352 4034  47.30 56.34

Exp. and theo. deviation (%) 1.14 12.74 15.77 8.26

seen, the foam exhibits a higher density at the bottom and it
decreases as the foam grows up. As expected, the foam
density increases with microcapsule content. It is important
to point out that the Spanish regulations for the use of
foams in building applications (UNE 92120) specify that
the density of RPU foams should be higher than 30 kg/m>.
According to these results, all synthesized foams satisfied
this restriction, being improved with the microcapsules
addition. The theoretical density was calculated by con-
sidering the mass added and the final volume. The differ-
ence between the theoretical and the experimental foam
density was negligible for the foam without microcapsules,
whereas this difference increases with microcapsules con-
tent as expected because of certain CO, losses produced
during the formation of the foam structure [2].

Microcapsules distribution
Table 4 lists the latent heat values at different points of the
foams obtained by DSC analysis. These results reveal the

presence of microcapsules distributed by the whole foam
because all the analyzed samples showed a TES capacity

@ Springer
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Table 4 TES capacity of the foams with microencapsulated Rubi-
therm® RT27

Point of analysis TES capacity (kJ/kg)

11% 18% 21%

Zone 1

1 14.41 13.72 23.37

2 10.79 12.40 16.38

3 5.25 12.04 17.15

4 7.08 14.18 8.05
Global Zone 1 9.38 13.09 12.24
Zone 2

5 11.15 12.16 10.28

6 8.50 20.72 19.48

7 8.27 11.99 25.05

8 4.28 20.15 20.39
Global Zone 2 8.05 16.26 18.80
Zone 3

9 6.69 12.91 27.05

10 8.10 14.39 13.77

11 10.46 9.34 16.60

12 4.66 15.63 22.45
Global Zone 3 7.48 13.07 19.97
Average experimental TES (kJ/kg) 8.18 14.11 18.35
Average theoretical TES (kJ/kg) 8.28 14.00 17.55
Exp. and theo. deviation (%) 1.24 0.76 4.28

higher than that of the pure foam. This result takes place
because the particle size of the incorporated microcapsules
is below 2 pm (Fig. 5) which is really low compared with
the size of the analyzed specimen (5.0 mm of side
approximately). Nevertheless, a high variation can be
found between the latent heat of the different analyzed

Fig. 5 SEM picture of the microcapsules containing PCMs incorpo-
rated in the PU foams (x 12,000)
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samples in the defined zones; that can be attributed to the
constraint in the sample size required by the DSC equip-
ment. In order to avoid the effect of the sample size, an
average latent heat was considered for the different foam
zones. Contrary to the individual points, the study of the
foam latent heat by zones indicates that the microcapsules
distribution and the synthesized foam can be considered
homogeneous.

The theoretical and experimental average TES of the
foams were calculated by means of Eqs.5 and 6,
respectively.

AHppoms - W
AHgpemsy, = PFCi\x (5)
3
Z AH, Vl Pi
AHgpewms,,, = l:]37 (6)
Z Vi Pi

where AHppewms is the microcapsule latent heat, AHgpewmsy,,
is the theoretical foam latent heat, W and FW are the
microcapsules and foam weights, respectively, AH; is
the average latent heat for each zone, AHFPCMSexp is the
experimental latent heat, V; is the volume and p; is the
density of each zone and i is a counter of the number of
foam zones.

The good agreement between the theoretical and
experimental latent heat values, with average deviations
lower than 5%, indicated that DSC analysis is not neces-
sary to obtain TES capacity, because the theoretical cal-
culation is good enough. On the other hand, the average
TES capacity obtained for the foam containing a 21 wt% of
microcapsules is close to the maximum TES capacity of
18 J/g reported by You et al. [7] for foams with microen-
capsulated n-octadecane contents higher than 22 wt%.

SEM analysis

The structures of RPU foams obtained by SEM with
magnification 50x are shown in Fig. 6. As can be seen, the
foam cell sizes and its structure depend on the microcap-
sules content. Figure 6a obtained for the foam without
microcapsules indicates that the RPU foams exhibit poly-
hedral closed-cell structures with pentagonal or hexagonal
faces containing nodes formed by the junction of four
struts, three in the micrograph plane and other out of the
plane. Nevertheless, when 11 wt% of microcapsules was
added (Fig. 6b), the closed cells tend to be spherical and of
smaller size. On the other hand, Fig. 6¢ and d shows foams
containing 18 and 21 wt% of microcapsules, respectively.
Here, the foam cells had the shape of large polygons that
seem to be formed by the rupture of struts especially for the
highest microcapsule contents. These broken struts would
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Fig. 6 SEM pictures with
magnification x50 of PU foams
with different microcapsules
loadings a 0 wt%, b 11 wt%,

c 18 wt%, d 21 wt%

Fig. 7 SEM picture with magnification x350 of a broken strut of the
RPU foam with 11 wt% microcapsules containing PCMs

explain the large reduction in the final foam height as result
of the carbon dioxide that escapes from these broken cells.

Figure 7 shows the SEM picture of a broken strut of the
RPU foam with 11 wt% PCM at a SEM magnification
350x. This result confirms the presence of microcapsules
inside the strut and also, that microcapsules do not change
during the foaming process according to Fig. 5. The
microcapsules location inside the strut indicates that a
higher amount of microcapsules could cause the rupture of
the strut.

The Image plus program was used to know the effect of
the microcapsules content on the internal characteristics of
the foam. The average cell sizes of the foams are shown in
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Fig. 8 Cell size of the PU foams as a function of microcapsules
content

Fig. 8. As can be seen in this figure, the average cell size
for a RPU foam without PCMs (345.3 pum) was larger than
the obtained values for the foams containing 11 and 18
wt% PCM (157.2 and 266.1 pum, respectively) but lower
than that for the foam containing 21 wt% PCM (590 pm).
Foams with 11 and 18 wt% of microcapsules exhibits a
lower cell size than those without fillers. It can be due to
the increase in density and viscosity that controls the
expanding structure [9, 14]. Similar results were reported
by Cao et al. [15], Lee et al. [16] and Saint-Michel et al.
[17]. They observed smaller cell sizes promoted by fillers,
acting as a nucleation agent during cell formation. On the
other hand, the largest cell-size obtained by the foam
containing 21 wt% of microcapsules can be due to the
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struts rupture during the foaming process, which gives
place to the formation of struts of larger length.

Compression test

The best shape of the foam cells was obtained for the foam
with 11 wt% of microcapsules, which has the lowest cell
size. It could be expected that the lower foam cell sizes, the
higher mechanical strength, as their struts and edges would
be thicker. Therefore, an additional foam with a micro-
capsules content between 0 and 11 wt% was studied.

It is well known that the mechanical properties of a RPU
foam is strongly dependent on its density [9, 18]. As
aforementioned, foam densities were dependent on the
foam filler content. Therefore, reduced compressive
strength (RS) and modulus (RE) were calculated by
dividing S and E by the sample density, excluding the
density effects on these mechanical properties. Figure 9
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Fig. 9 Mechanical properties of PU foams incorporating different
microcapsules contents: a RS, b RE
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shows the RS and RE of the synthesized foams as a
function of the fillers content. RS results (Fig. 9a) indicated
that there was no significant difference between the RS of
foams containing 0 to 5 wt% of microcapsules (3.85 and
3.59 MPa/g/cm®, respectively). However, this strength
decreases sharply when the microcapsule content is
increased up to 11 wt% (1.40 MPa/g/cm®). Similar results
were obtained by Mahfuz et al. [19] when a low density
filler such as SiC was used, observing that a high per-
centage of this filler decreases the foam mechanical prop-
erties. This can be due to the high particle-to-particle
interactions that appear at high filler contents promoting
the particle agglomeration, increasing the number of col-
lapsed cells and reducing the mechanical strength. In the
same way, the RS for RPU foams can be modified by
changing the polyol type and the foam recipe, finding
reported values between 0.2 and 8 MPa/g/cm3 [15, 16, 18].
Thus, all the synthesized foams exhibited a RS similar to
those reported in literature, with foam densities in the range
of the values required by the Spanish Regulation for
building applications.

RE results shown in Fig. 9b indicated that the foam
stiffness decreased with the microcapsule content. This
behaviour can be explained taking into account that higher
filler contents lead to more microcapsules being positioned
into the struts, promoting the rupture of cells and
decreasing its stiffness. This behaviour was more abrupt for
the analyzed foam specimens having a filler content higher
than 5 wt%. In the same way that for RS, RE results are in
the range of those reported in literature (2-200 MPa/g/cm?)
[15, 16, 18]. Thus, the higher foam microcapsules content,
the lower mechanical resistance and stiffness of the foam.

Conclusions

A 21 wt% content of microencapsulated Rubitherm® RT27
can be incorporated in RPU foams, improving the TES
capacity of these materials but depressing their mechanical
properties. Results indicated that the foaming process was
affected by the microcapsules content decreasing the foam
rising rate and its final size. The proposed model of first-
order with dead time allowed to predict the foam height as
a function of time and the microcapsule content. DSC
analysis showed that the microcapsules were homoge-
neously distributed and SEM images illustrated that the
microcapsules can be found either on the cells or forming
part of the struts. In addition, these images indicated that
the cells size and foam structure were dependent on
microcapsules content, obtaining a minimum cell size for a
content of 11 wt%.

Although the filler concentration decreased the mechan-
ical properties, diminishing the reduced compressive
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strength in a 7% and the modulus in a 25% for a microcap-
sules content of 5 wt%, values were in the range of those
reported in literature for RPU foam containing other filler
types. Besides, the foam densities satisfied the restriction
established by the Spanish regulation for building
applications.
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