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Abstract: In this paper, the analysis of the foaming process of flexible polyurethane modified with the ad-
dition of silica nanoparticles is presented. Flexible polyurethane foams (FPURF) were obtained using pet-
rochemical components and a rapeseed-oil-based polyol (used in an amount of 20 wt %). Nanosilica was
added to the polyurethane system in the amount of 0.5, 1.0 and 1.5 php (parts per hundred polyols). The
characteristic parameters of the foaming process, such as the growth velocity of foamed materials, the
core temperature and dielectric polarization, were measured using a Foamat device. It was observed that
polyurethane-forming reactions slowed down as an effect of the increase of nanosilica content in the
polyurethane composition. Consequently, the temperature in the core of the reaction mixture containing
1.5 php nanosilica was lower by approx. 35 °C compared to the reference material. Moreover, the influen-
ce of the method of homogenization of the nanofiller with polyols on the selected properties of prepared
foams was analyzed. The following properties of flexible polyurethane foams were determined: apparent
density, resilience, compressive strength, hardness, hysteresis and support factor. The introduction of na-
nosilica filler to the polyurethane formulation caused an increase in the apparent density from 24.6 kg/m3

for the reference foam to 28.5 kg/m3 for the foam containing 1.5 php of nanosilica. However, this nanofil-
ler did not significantly affect the cell structure of foamed materials. The foams obtained with the nano-
silica additive of 1.0 php had the most preferred properties, such as a slightly higher value of resilience,
lower hardness and higher support factor than the reference foam without nanosilica.

Keywords: nanosilica, polyurethane, foaming process, flexible foam, physical-mechanical properties.

Wp³yw dodatku nanokrzemionki na proces spieniania oraz w³aœciwoœci elas-
tycznych pianek poliuretanowych otrzymywanych z zastosowaniem poliolu
z oleju rzepakowego

Streszczenie: Analizowano proces spieniania elastycznych poliuretanów modyfikowanych dodatkiem
nanokrzemionki. Elastyczne pianki poliuretanowe (FPURF) otrzymywano z zastosowaniem poliolu
pochodzenia petrochemicznego oraz poliolu wytworzonego z udzia³em 20 % mas. oleju rzepakowego.
Nanokrzemionka by³a dodawana do kompozycji poliuretanowej w iloœci 0,5, 1,0 i 1,5 php [masa
nape³niacza (g) na 100 g mieszaniny polioli]. Charakterystyczne parametry procesu spieniania, takie jak:
szybkoœæ wzrostu pianki, temperatura w rdzeniu mieszaniny reakcyjnej oraz polaryzacja dielektryczna,
mierzono za pomoc¹ urz¹dzenia Foamat. Zaobserwowano, ¿e reakcje tworzenia poliuretanu ulega³y
spowolnieniu wraz ze wzrostem udzia³u masowego krzemionki w kompozycji poliuretanowej. Konse-
kwencj¹ tego by³a ni¿sza o ok. 35 °C temperatura w rdzeniu materia³u zawieraj¹cego 1,5 php nanokrze-
mionki, w porównaniu z temperatur¹ w rdzeniu pianki referencyjnej. Okreœlono te¿ wp³yw sposobu
homogenizacji nanonape³niacza z poliolem na wybrane w³aœciwoœci otrzymywanych pianek. Analizo-
wano nastêpuj¹ce w³aœciwoœci fizyko-mechaniczne: gêstoœæ pozorn¹, odbojnoœæ, wytrzyma³oœæ na œcis-
kanie, twardoœæ, histerezê i wspó³czynnik komfortu. Dodatek krzemionki do kompozycji poliuretanowej
spowodowa³ wzrost gêstoœci pozornej z 24,6 kg/m3 pianki referencyjnej do 28,5 kg/m3 pianki zawieraj¹cej
1,5 php nanokrzemionki. Dodatek nanokrzemionki nie wp³yn¹³ w istotnym stopniu na strukturê komór-
kow¹ pianek, jednak materia³y wytworzone z udzia³em nanokrzemionki w iloœci 1,0 php charakteryzo-
wa³y siê najkorzystniejszymi w³aœciwoœciami, m.in. nieznacznie wiêksz¹ odbojnoœci¹, mniejsz¹ twardoœ-
ci¹ i wiêkszym wspó³czynnikiem komfortu ni¿ pianki niezawieraj¹ce nanokrzemionki.

S³owa kluczowe: nanokrzemionka, poliuretan, proces spieniania, pianki elastyczne, w³aœciwoœci fizy-
ko-mechaniczne.
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The basic components used in the synthesis of poly-
urethanes (PUR) are polyols and isocyanates, which have
petrochemical origins. Rising oil prices and limited re-
sources have caused the industry to look for new ideas,
among others, the use of renewable raw materials such as
polyols from natural oils (NOPs) [1—3]. NOPs can be ob-
tained from vegetable oils such as palm, rapeseed, sun-
flower or soya using different methods described in the
literature. These methods are mostly based on the con-
version of the double bond to the hydroxyl groups [4—6]
or transesterification and transamidization reactions
[7—9].

NOPs synthesized from rapeseed oil can be used for
the preparation of flexible polyurethane foams (FPURF).
Components obtained from renewable raw materials of
plant origin are environmentally friendly and their appli-
cation can be commercially reasonable. The addition of
such polyols in the synthesis of FPURF affects its proper-
ties, mostly causing an increase in apparent density, re-
duction in the surface tension and thereby an increase of
cell numbers in the foam structure and different mecha-
nical properties [10—13].

Changes of polyurethane compositions and production
parameters can significantly influence the foaming process
and properties of the final foams. The addition of fillers
complicates the manufacturing process, but it can have a
positive impact on the final physical and mechanical pro-
perties of the foams. Powder and fibrous fillers of nano-
and micro- sizes are more and more often added to compo-
sites obtained in the form of foamed materials. Mostly, they
are added to one of two basic polyurethane components
(polyol or isocyanate) before their mixing or placed in the
mold before pouring the polyurethane reaction mixture.
The main purpose of fillers is to improve the mechanical
properties of the final products and their dimensional sta-
bility [14]. The distribution and size of the fillers affect the
mechanical properties of the modified foams. The level of
changes depends on the proportion of filler and its inter-
action with the polyurethane matrix [15].

In recent years, polyurethane nanocomposites with si-
lica nanoparticles have attracted much attention due to
significant improvements in the properties of such mate-
rials [16]. Nanosilica can affect the chemical reaction of
the PUR formation and cell geometry of foams. At higher
concentrations, nanosilica increases the viscosity of the
reaction mixture and affects cell growth [17]. Small size,
well-dispersed nanoadditives simplify the process of
bubble nucleation during the foaming of polyurethanes
[18]. However, due to their high surface area, nanopartic-
les tend to agglomerate and it is very difficult to disperse
them in polymer matrices. High-intensity ultrasonic wa-
ves may be useful to produce homogenous dispersions
[19]. The introduction of nanosilica to polymer materials
influences their properties, among others, sound absorp-
tion, thermal stability and fire retardancy [20—22].

In this paper, different contents (0.5, 1.0 and 1.5 php)
of nanosilica, as well as polyol based on rapeseed oil

(20 wt % in polyols premix), were used in the synthesis of
FPURFs. Additionally, various methods for mixing nano-
silica with the polyol premix were applied. The aim of the
work was to determine the influence of the method of na-
nosilica introduction to the polyol premix, and the nano-
silica content in polyurethane formulation, on the cell
structure and mechanical properties of the final flexible
foams.

EXPERIMENTAL PART

Materials

PUR foams were prepared using a petrochemical po-
lyether polyol F3600, having a hydroxyl number (LOH)
48 mg KOH/g and water content of 0.10 wt % (PCC Roki-
ta S.A.); rapeseed oil-based polyol Rz/iP having LOH =
84 mg KOH/g and water content of 0.02 wt % (Zak³ad
Doœwiadczalny Organika in Nowa Sarzyna); toluene di-
isocyanate (TDI) supplied by Ciech Pianki S.A.; additives
like catalysts (Dabco T-9, Dabco BLV) supplied by Air
Products and surfactant (Niax L-618) supplied by Mo-
mentive Performance Materials, hydrophilic fumed silica
Aerosil 200 with a specific surface area of 200 m2/g and an
average particle size of 12 nm (Evonik Industries AG).
The blowing agent was carbon dioxide obtained as a re-
sult of the polyisocyanate reaction with water.

Preparation of foams

All foams were prepared at room temperature using a
one-shot method. The formulations used to prepare
FPURF are shown in Table 1. In all formulations, rape-
seed oil-based polyol was applied at 20 wt % of the poly-
ols mixture. Formulations differed in the amount of na-
nosilica content, which was added from 0 to 1.5 php. The
same amounts of catalysts (like in the case of reference
formulation) were also applied in the case of all formula-
tions with nanosilica to analyze the foaming process.
However, in order to obtain foam materials with good
quality of physical and mechanical properties it was ne-
cessary to increase the amount of catalysts in the formula-
tions modified with nanosilica (Table 1).

Three homogenization methods of polyols with nano-
silica were used in order to estimate the effect of the mi-
xing method of the raw materials on the properties of
prepared foams:

A — mechanical mixing for 30 s;
B — mechanical mixing for 5 min;
C — mechanical mixing for 5 min + ultrasonic homo-

genization (OMNI Sonic Ruptor 400) for 20 min using a
power of 200 W.

Catalysts, water and surfactant were added to the dis-
persion of nanosilica in polyols and mixed together for 30
s. Then, a suitable amount of TDI was introduced to the
polyol premix. Both components were mixed for 10 s and
the reaction mixture was poured into a mold (120 × 120 ×
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100 mm). The free growth of foams was carried out in the
vertical direction.

T a b l e 1. Formulations of flexible polyurethane foams

Raw materials, g
Foam symbol

P0 P05 P10 P15

Petrochemical polyol — F3600 80.0 80.0 80.0 80.0

Rapeseed oil-based polyol — Rz/iP 20.0 20.0 20.0 20.0

Catalysts and surfactant 2.0 3.0 3.0 3.0

H2O 4.2 4.2 4.2 4.2

Nanosilica — Aerosil 200 0.0 0.5 1.0 1.5

Isocyanate — TDI 46.6 46.6 46.6 46.6

Methods of testing

— Measurement of foaming process characteristic
parameters

In order to analyze the process of PUR foam forma-
tion, a Foamat device (produced by Format Messtechnik
GmbH) was used. This device allows the determination
of the foaming process parameters such as: temperature,
growth velocity and dielectric polarization of the reaction
mixture.

— Cell structure analysis
The cellular structure of the foamed materials was

analyzed using an optical microscope (produced by PZO
Warszawa) coupled to an Oscar Color Camera CCD (sup-
plied by Centrum Mikroskopii Warszawa). The foams
were cut into 8 monolayers in perpendicular and parallel
directions to the foam growth direction. ImageJ software
was used for analyzing images of cell structure and to
determine cell size and the anisotropy index.

— Physical and mechanical properties
The apparent density of the foams was determined

using the standard ISO 845: 2006. Compressive strength
was measured using a Zwick Z005 TH Allround-Line in
accordance with ISO 3386-1:1997. Each sample was com-
pressed four times to 25 % of its height. Between com-
pressions, a 5 min interval was introduced so that samp-
les had time to return to their original size. Compressive
strength values were recorded during both loading and
unloading of foam samples. On the basis of these data,
hysteresis, support factor, hardness at 40 % strain and
strength at 75 % strain were determined. Foam resilience
in a parallel direction to the foam growth direction was
measured in accordance to ISO 8307:2007 using the steel
ball method.

The support factor and hysteresis were calculated
using the following formulas (1), (2) respectively [23]:

Support factor� �

F

F

65

25

%

%

(1)

where: F65 % — the stress at 65 % deformation (kPa), F25 %

— the stress at 25 % deformation (kPa).

Hysteresis �

�W W

W
load unload

load

(2)

where: Wload — the work on loading sample (J), Wunload —
the work on unloading sample (J).

RESULTS AND DISCUSSION

Foaming process analysis

Firstly, three formulations differing only in the con-
tent of nanosilica (0, 1.0, 3.0 php) were used in the foam-
ing process analysis. The reference foam did not contain
any nanoadditive. In the case of all analyzed formula-
tions (with and without nanosilica), the same concentra-
tion of catalyst was applied. The results of this study sho-
wed that the introduction of nanosilica to the PUR formu-
lation has considerable influence on the foaming process.
The foaming process of material containing 3.0 php of na-
nosilica significantly differed from the other two. The re-
action mixture with 3.0 php of nanosilica hardly grew, the
temperature in the foam core reached only approx. 70 °C,
and the reactions were slower, which was confirmed by a
slow decrease in the dielectric polarization during the
foaming process. Such an additive of silica nanoparticles
(3.0 php) in the case of the analyzed formulations was too
large and caused technological difficulties, which made it
impossible to obtain FPURF of good quality [24]. There-
fore, in further studies, foams were prepared with 0.0,
0.5, 1.0 and 1.5 php of nanosilica content. Even such small
additions of nanosilica resulted in a decreased tempera-
ture of the core of the foamed mixture (Fig. 1) and, as a
consequence, decreased growth velocity of foams (Fig. 2).
Moreover, the changes of the dielectric polarization of
reaction mixtures were slower (Fig. 3).

The introduction of 0.5 php nanosilica to the PUR for-
mulation caused a significant decrease of the highest
temperature of the reaction mixture. In the case of the re-
ference formulation, the highest temperature reached
108.4 °C, whereas only 93.2 °C was reached for the formu-
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lation with 0.5 php of nanosilica (Fig. 1). In the case of
foams modified with 1.0 and 1.5 php of nanosilica, the
highest temperature reached a level of approx. 80—85 oC.

Likewise, in the case of dielectric polarization, the impor-
tant difference in the values of this parameter (Fig. 3) was
noticed as an effect of the nanosilica additive to reference
formulation in the amount of 0.5 php, which confirms the
slow-down of polyurethane-forming reactions.

However, considerable changes of growth velocity
(Fig. 2) were noted for the FPURF formulation containing
1.5 php of nanosilica compared to the reference material.
The curves reflected the changes of growth velocity du-
ring the foaming process of reference formulation and
modified with 0.5 php of nanosilica are similar.

Cell structure and apparent density of foams

The physical-mechanical properties of polyurethane
foams considerably depend on their apparent density
and cell structure. Generally, flexible foams must have
open cells in order to avoid shrinkage phenomena. On
the other hand, such foams should be characterized by a
low apparent density. Therefore, on the basis of the analy-
sis of the foaming process, the catalysts content in the for-
mulations with nanosilica was modified (Table 1) in or-
der to obtain foams with good quality cell structures. Be-
fore the modification at the catalysts level, the foams ob-
tained with nanosilica contained the defects in the form
of holes (so called pockets). These defects were created
due to the low reactivity of the system, as confirmed by
analysis of the foaming process.

The increase of catalyst content in the formulations with
nanosilica allows us to obtain two foams (reference and
modified with 0.5 php of nanosilica) with similar apparent
density (Fig. 4a). It was found that the increase of nanosili-
ca content from 0.5 to 1.5 php resulted in an increase in the
foam apparent density from 25.1 to 28.5 kg/m3. The intro-
ductory method of the nanofiller to polyol premix did not
clearly affect the apparent density of the final foams. How-
ever, it was observed that the foams obtained with the poly-
ol premix prepared using the ultrasonic homogenizer had
a lower spread of apparent density results, which means
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that it makes the synthesis more reproducible (Fig. 4b).
These observations can be explained by the fact that, due to
their large surface area, nanoparticles tend to agglomerate.
Therefore, it is difficult to uniformly disperse them in the
PUR matrix. Agglomerated nanoparticles can cause defects
and negatively affect the structure of the obtained material
[10]. Using an ultrasonic homogenizer, it was possible to
obtain a more uniform dispersion of nanosilica in the poly-
ol premixes, and to prevent defect formation in foamed
materials, but not to prepare the foams with a lower appa-
rent density.

Nanofillers including nanosilica are attributed as the
nucleating agents in the foaming processes so they have
an impact on the cell structure of the obtained foams. The
influence of the applied additives of nanosilica on the
structural characteristics of the prepared porous mate-
rials is shown in Table 2 (nanosilica content) and Table 3
(homogenization method).

T a b l e 2. Cell structure characteristic of foams depending on

nanosilica content

Foam symbol

Perpendicular Parallel

P0 P05 P10 P15 P0 P05 P10 P15

Cells area, 10-2 mm2 1.59 1.46 1.54 1.63 2.07 1.95 2.15 2.12

Cell height, mm 0.13 0.13 0.14 0.14 0.13 0.13 0.13 0.13

Cell width, mm 0.13 0.12 0.12 0.13 0.16 0.16 0.16 0.15

Anisotropy index 0.95 0.92 0.90 0.91 0.79 0.83 0.78 0.84

T a b l e 3. Cell structure characteristic of foams depending on

homogenization method

Foam symbol

Perpendicular Parallel

P10A P10B P10C P10A P10B P10C

Cells area, 10-2 mm2 1.69 1.58 1.54 2.70 2.32 2.15

Cell height, mm 0.14 0.14 0.14 0.14 0,13 0.13

Cell width, mm 0.13 0.13 0.12 0.19 0.17 0.16

Anisotropy index 0.91 0.91 0.90 0.77 0.76 0.78

The cell structure of all obtained foams also depends
on the cut direction of the material slices. The cells were
more fine in the cross-section, which is perpendicular to
the direction of foam growth. The cells, in the cross-sec-
tions perpendicular to foam growth, have lower cross-
-section areas and are more spherical (anisotropy index
approx. 0.90—0.95) in contrast to the cells in the cross-
-section parallel to the growth direction of foam, which
are larger and have an elongated shape (anisotropy index
in the range of 0.76—0.84). Generally, the cellular struc-
ture analysis shows that the nanosilica content in the
range of 0.5 to 1.5 php did not significantly affect the cell
structure of the obtained materials. It was found that the

homogenization method of nanosilica with polyols pre-
mix affected the cellular structure of the obtained foams.
By extending the mixing time and the application of ul-
trasonic homogenizer (method C), the cells were smaller
in the obtained materials (which is confirmed by the ave-
rage cell cross-section areas shown in Table 3) than in the
mixing methods A and B.

Mechanical properties of foams

There are many different methods of measuring me-
chanical properties that can be helpful to determine the
foams’ suitability for various applications. The compres-
sive test allows us to assess the influence of nanosilica ad-
ditive and its homogenization method with polyol on
such properties as hardness, support factor and ability
for absorbing energy (hysteresis). The hysteresis loops of
the foams with different nanosilica content are shown in
Fig. 5. It was found that when more nanofiller was app-
lied, the material was characterized by a hysteresis loop
of smaller surface area. This means that modified foams
have a smaller ability to absorb energy. These changes

correlate with higher values of resiliency, which is pre-
sented in Fig. 6a. The values of resilience increases from
33 % for the reference foam to more than 35 % for foam
modified with 1.0 php of nanosilica.

A similar correlation between the foams’ properties
and the amount of nanosilica was found when analyzing
the hysteresis (Fig. 7a), support factor (Fig. 8a), hardness
at 40 % strain and compressive strength at 75 % strain
(Fig. 9a). The results shown in Fig. 7 and Fig. 8 confirm
that the increase of nanosilica content caused an impro-
vement in the useful properties of modified foams
(higher support factor, lower hardness) taking into ac-
count their potential application in the furniture industry.
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The unexpected higher values of compressive strength,
as well as lower resiliency, of the foams with 1.5 php of
nanosilica versus the foams with 1.0 php of nanosilica can
be an effect of the difference in the apparent densities of
the compared materials.

Interesting dependencies were noted when analyzing
the properties of foams obtained using different homoge-
nization methods of nanosilica with polyols. Extension of
the time of mixing and applying an ultrasonic homogeni-
zer resulted in a greater reproducibility of the mechanical
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properties of the obtained materials, as evidenced by the
smaller standard deviations of the analyzed results. In
addition, better homogenization of the investigated mix-
tures resulted in foams with a lower hardness and
a higher support factor (Fig. 8b and 9b). The resilience
(Fig. 6b) of foams increased from 33 % for the foam in
which the nanosilica was mixed with a polyol only 30 s to
more than 35 % for the foam, in which the raw materials
were mixed using a sonicator.

CONCLUSIONS

The application of silica nanoparticles in the synthesis
of flexible polyurethane foams incorporating polyols ba-
sed on rapeseed oils significantly influences the foaming
process.

A small additive of this nanofiller causes a consider-
able slow-down of the polyurethane-forming reaction as
evidenced by the decrease of reaction mixture temperatu-
res and a slowing-down of the dielectric polarization
changes during the foaming process.

Polyurethane formulations containing nanosilica re-
quire higher concentration of catalysts in comparison to
the reference formulation without this nanofiller.

The mixing method of polyol with nanosilica is a very
important factor in the reproducibility of the preparation
process of polyurethane foams and influences the pro-
perties of the final porous products.

Cell structure analysis of the obtained materials de-
monstrated that the addition of silica nanoparticles in
amounts up to 1.0 php does not significantly affect pore
size and shape in the investigated foams. However, pro-
longed mixing of the polyol premix with nanofiller and
the application of an ultrasonic homogenizer allows us to
obtain materials with finer cells.

The application of nanosilica in polyurethane formu-
lation can be a beneficial influence on the physical and
mechanical properties of flexible foams causing a greater
support factor, lower hardness and higher resilience.
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