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Abstract

Rigid polyurethane foam is found virtually everywhere in our modern world
and is used in sound and thermal insulation applications such as refrigerators,
insulated buildings, thermosets. Organometallic compounds are used as po-
lyurethane catalysts since they are very highly selective towards the isocya-
nate-polyol reaction. Also, amine catalysts are used to balance both the gelling
reaction and the gas-forming or foaming reaction responsible for foam for-
mation. In this work, the effect of a tin octoate catalyst on the mechanical
properties and morphology of polyurethane foam were investigated. Also, the
thermal conductivity and sound absorption coefficient for polyurethane foam
mortar formulations were measured. The morphological properties of polyu-
rethane foam were investigated using scanning electron microscope to deter-
mine the influence of varying the concentration of tin octoate. It was clear
from the results that polyurethane foam has good thermal and sound insula-
tion capabilities.
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1. Introduction

Polyurethane (PU) is actually another name for the family of chemicals known
as the urethane polymers, which are composed of two principal raw materials:
polyols and polyisocyanates, brought together with catalysts and additives [1].

It is well known that foam is a composite solid-gas material. The continuous
phase is the polyurethane polymer and the discontinuous phase is the gas phase.
Polyurethanes are an extremely versatile group of polymers, produced in a wide

range of crosslink densities, stiffness and densities, from very soft to very hard
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structures [2] [3].

Polyurethane foams are classified according to the nature of the cell structure
(open, closed) or according to their stiffness (flexible or rigid). Generally, ri-
gid-type foam materials have been used to increase stiffness and provide extra
energy absorption when applied, but their contribution diminishes with aging of
the structure.

The molecule weight of the polyols used in polyurethane synthesis ranged
between (300 - 10,000 Daltons), in the region of low molecule weight polymers
(oligomers), the number of hydroxyl groups/molecule of polyol being generally
in the range of (2 - 8 OH groups/molecule).

A high molecule weight polyol of (2000 - 10,000 Daltons), with a low functio-
nality of around (2 - 3 hydroxyl groups/molecule) leads to an elastic polyure-
thane and on the contrary, a low molecule weight polyol of (300 - 1000 Daltons),
with a high functionality of around (3 - 8 hydroxyl groups/molecule) leads to a
rigid cross-linked polyurethane [4].

The most important applications of polyurethane foam are the furniture in-
dustry; around 32% of the total polyurethanes industrial worldwide are used for
the production of mattresses from flexible slab stock foams. The second impor-
tant application for flexible polyurethanes is automotive manufacture (seat cu-
shioning, bumpers, sound insulation and so on). Rigid polyurethane foams are
used in thermal insulation of buildings and refrigerators, pipe insulation, ther-
mal insulation in chemical and food industries. The polyurethane elastomers are
used for footwear, athletic shoes, pump and pipe linings, industrial tires, micro-
cellular elastomers. Versatile rigid polyurethane foam is even used in solar tech-
nology, in horticulture and also for rock consolidation in mining and civil engi-
neering [5] [6].

There are two main reactions important in the manufacture of polyurethane
foams as shown in Figure 1. The first one is isocyanate-polyol reaction, identi-
fied as the gelling one which forms the backbone urethane group. This reaction
leads to the formation of a cross-linked polymer, since polyols with several hy-
droxyl groups are used. The secondary reaction of a urethane group with an iso-
cyanate group to form an allophanate group is another possible way to further
cross-link the polymer.

The second one is isocyanate-water reaction, known as the blowing one which
forms the unstable carbamic acid which decomposes to give an amine and car-
bon dioxide gas in the form of bubbles. Next, the formed amine group reacts
with another isocyanate group to give a disubstituted urea. The second part of
the blowing reaction contributes to chain extend the aromatic groups of the iso-
cyanate molecules to form linear hard segments. Another secondary reaction
involves the formation of biuret and allophanate linkages which could lead to
the formation of covalent cross-linking [7] [8] [9].

Catalysts have a key role in polyurethane production being required to main-
tain a balance between the reaction of the isocyanate and polyol. The combina-

tion of very complex Polyurethane chemistry and diverse processing and mold-
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Figure 1. Scheme of gelling and blowing reactions in the preparation of polyurethane
foam [7].

ing conditions make great demands of the catalyst. Its main function is to exploit
the diverse reactions to create a product with the desired properties. Polyure-
thane catalysts can be classified into two categories, amine compounds, and or-
gano-metallic complexes. They can then be further classified as to their specific-
ity, balance and relative efficiency [9] [10].

The polymer forming or gelation reaction between the isocyanate and a polyol
is promoted by organometallic catalysts. Of the many metals available, tin com-
pounds are the most widely used, these compounds act as lewis acids and are
generally thought to function by interacting with basic sites in the isocyanate
and polyol compounds as shown in Figure 2 [11].

The preparation of polyurethane foams needs precise kinetic control over the
above mentioned competing gelling and blowing reactions [12]. A greater quan-
tity of blowing results in collapsed foams and a greater amount of gelation re-
sults in closed-cell structure and shrinkage [13] [14] [15] [16].

2. Materials
2.1. Polyurethane Foam Materials

The foam formulations were prepared using:
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Figure 2. Mechanism of urethane formation (gelling reaction) catalyzed by organometal-
lic compound [12].

VORANOL 3137 having hydroxyl value equal to 56 mg KOH/g, molecular
weight of 3000 g/mole and viscosity at 25°C equal to 235 mpa-s (Polyether po-
lyol, Dow Chemical), Cosmonate M-200 PMDI (Polymeric methylene diphenyl
diisocyanate, Kumho Mitsui Chemicals), Dabco 33-LV catalyst (Triethylenedia-
mine, Air Products Company), Dabco T-9 catalyst (Stannous octoate, Air Prod-
ucts Company), Dabco SI3504 (Silicon surfactant, Air Products Company) and

Clean tap water.

2.2. Polyurethane Foam Mortar Materials

Polyurethane foam mortar is produced by a combination of Portland cement,
sand, potable water and appropriate polyurethane foaming. Properties of the

used materials were presented in Table 1.

2.3. Preparation of Polyurethane Foam

Rigid polyurethane foam (PUF) was synthesized by two-shot method. At first,
polyol mixture, catalysts and surfactant were put into a reactor and mixed for 15
sec using brushless type stirrer at the rotating speed of 2500 rpm. After premix-
ing, blowing agent was added to the mixture of reactants and mixed for 10 sec
using brushless type stirrer at 3000 rpm. Finally PMDI then was added to the
reactants and all the reactants were mixed for 7 sec using brushless type stirrer at
5000 rpm. Finally, the reactants were poured into the open stainless steel mold
(20 cm x 20 cm x 15 cm) (length x width X thickness) as shown in Figure 3 to
produce free-rise foams and cured for 1 week at room temperature [17]. In order
to avoid the change of thermal conductivity and mechanical strength, the curing

was done at room temperature.

2.4. Preparation of Polyurethane-Mortar Foam

Polyol, catalysts and surfactant were put into a reactor and mixed for 15 sec us-
ing brushless type stirrer at the rotating speed of 2500 rpm. After premixing,
blowing agent was put into the mixture of reactants and mixed for 10 sec using
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Figure 3. Rigid polyurethane foam samples

Table 1. Properties of used materials.

Component Description Source
Cement Ordinary Portland cement (CEM I—52.5 N) Suez Company
Sand Natural sand

A 3100 M lyeth lyol with functionality of 3,
Polyol (Voranol™ 3137) W polyetherpolyol with functionatity o Dow Chemical

87% propylene oxide and 13% ethyleneoxide

Water Clean tap water
Isocyanate Kumho Mitsui
u
(COSMONATE M-200) Polymeric methylene diphenyl diisocyanate .
Chemicals)
(PMDI)
Dabco SI3504 Silicone-polyether copolymer Air Products

33% triethylenediamine in 67%

R Air Products
Dipropylene glycol

Amine catalyst (Dabco®33LV)

TincatalystT-9 Stannous octoate catalyst Air Products

brushless type stirrer at 3000, then added to the cement and sand and mixed for
20 sec using brushless type stirrer at the rotating speed of 3000 rpm. Finally
PMDI was added into the reactants and all the mixes were stirred for 7 sec using
brushless type stirrer at 5000 rpm. Typical rigid foam mortar formulations were

presented in Table 2.

2.5. Experimental Tests

2.5.1. Polyurethane Foam Tests

1) Compression test

Compressive strength of the cured polyurethane foam was measured accord-
ing to American Society for Testing and Materials (ASTM) standard D 1621,
“Standard Test Method for Compressive Properties of Rigid Cellular Plastics” by
Zwick Roell (Germany) device. Specimens’ dimensions of 10 cm x 10 cm X 8 cm
(length, width, thickness) were cut out from the top part of the foam buns.
Compressive properties were determined in a 10 kN force range, 30% displace-
ment till failure and record the reading.

2) Scanning electron microscopy study

Polyurethane foams were investigated with a scanning electron microscope
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Table 2. Typical rigid foam mortar formulations.

Chemicals* PUF-1# PUF-2# PUF-3# PUF-4# PUF-5#
Cement (Gram) 250 250 250 250 250
Sand (Gram) 750 750 750 750 750

Polyol (Voranol™3137) 131.25 131.25 131.25 131.25 131.25
Water 2.6 2.6 2.6 2.6 2.6

Isocyanate (COSMONATE M-200) (PMDI) 157.5 157.5 157.5 157.5 157.5

Dabco SI3504 2.6 2.6 2.6 2.6 2.6
Amine catalyst (Dabco®33LV) 2.6 2.6 2.6 2.6 2.3
Tin catalyst (DabcoT-9) 0.60 0.80 1 1.2 1.4
*part per weight (p.p.wt).

(SEM) FEI Inspect S, Czech Republic. The specimens were mounted on an alu-
minum stub and sputter coated with a thin layer of gold to avoid electrostatic
charging during examination. The accelerating voltage was 30 kV and magnifi-
cation was 70.

3) Tensile strength

The tensile strength of a substance is the maximum amount of tensile stress
that it can take before failure. The tensile strength of the cured polyurethane
foams was measured according to American Society for Testing and Materials
(ASTM) standard D 1623, “Standard Test Method for Tensile and Tensile Adhe-
sion Properties of Rigid Cellular Plastics” by Zwick Roell (Germany) device with
Load cell is 100 N. At the end of the curing process and after de molding, the
edges of the specimens are cut using a sharp knife. The resultant samples used

for tensile testing are with dumbbell shape geometry.

2.5.2. Polyurethane Foam-Mortar Tests

1) Sound absorption measurements

The measurement and calculation procedures for the determination of the
normal incidence sound absorption coefficient and related acoustic properties of
a sample was carried out using a two-microphone impedance tube (Type 4206).
It is based on ISO 10534-2 and ASTM E1050 and includes transfer function ca-
libration to eliminate the effects of phase and amplitude mismatches between the
two measurement channels. The large sample tube has an inner diameter of 100
mm. It is rated for a frequency range of 100 to 1600 Hz.

2) Thermal conductivity

Thermal conductivity was measured using thermal conductivity analyzer
(model TCA Point2), Anacon. A sample was placed in the test section between
two plates which are maintained at different temperatures during the test. Di-
mensions of the specimen were 30 cm x 30 cm X 3 cm (width X length x thick-
ness). The thermal conductivity of samples was measured according to ASTM
C518. The test was carried out for selected mixes PUF#1, PUF#3 and PUF#5.
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3. Results and Discussion

Polyurethane foams are formed by the reaction of polyol, polyisocyanate and
water in the presence of catalysts and other auxiliary agents. Catalysts play a vital
role not only in the regulation and balance between the gelling and blowing
reactions, but also in the optimization of the foam properties and the curing
speed during the foam synthesis. Tertiary amines in combination with tin oc-
toate are most widely used catalysts in the manufacture of polyurethane foams
[18] [19].

3.1. Compression Strength

Analysis of data in Table 3 show that by increasing the percentages of tin cata-
lyst leads to increase in compressive strength of polyurethane foam as shown in
Figure 4; this is due to that tin catalyst enhances gelling reaction between po-
lyether polyol and polyisocyanate which give rise to rigid polyurethane foam

with acceptable compressive strength.

3.2. Effect of Tin Catalyst on Cell Morphology

Also increasing amount of tin catalyst in polyurethane mixes enhanced gelling
reaction at the expense of blowing reaction which leads to more compact cell
structure of polyurethane foam. This refers to high cross linking polymer inside

samples with excellent mechanical properties.

3.3. Tensile Strength

From the results in Table 4 it can be concluded that increasing in the amount of

tin catalyst, lead to more compact cell structure according to scanning electron

0.25

0.2

0.15 L

0.1

0.05

Compression Strength (MPa)

PUF-1# PUF-2# PUF-3# PUF-4# PUF-5#
Formulation ID

Figure 4. Relation between different percentages of tin catalyst and compressive strength
of polyurethane foam.

Table 3. Compressive strength results of polyurethane foam.

Sample PUF-1# PUF-2# PUF-3# PUF-4# PUF-5#

Compression strength (MPa) 0.10161 0.1301 0.1623 0.1952 0.2206
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Table 4. Tensile strength of polyurethane foam.

Sample PUF-1# PUF-2# PUF-3# PUF-4# PUF-5#

Tensile strength (MPa) 0.12 0.14 0.16 0.22 0.17

microscope as shown in Figure 5 (PUF-1# (A), PUF-2# (B), PUF-3# (C),
PUF-4# (D) and PUF-5(E)) which cause increase in the tensile strength values
until reach to optimum ratio (Maximum tensile strength) at PUF#4 according to

Figure 6.

3.4. Sound Absorption of Polyurethane Mortar Mixes

It is clear from the results that the polyurethane foam material has high sound
absorption for sound waves in low frequencies range 100 Hz to 1600 Hz as
shown in Figure 7.

Analysis of the data in Table 5 shows that Increasing tin catalyst from (PUF#1
to PUF#3) lead to increasing in sound absorption coefficient, this is can be in-
terpreted by high porosity inside the cellular structure of the samples in these
range. But from (PUF#3 to PUF#5) gelling increase and hence porosity decreases

which leads to lowering of sound absorption coefficient as shown in Figure 8.

3.5. Thermal Conductivity for Polyurethane Mortar Mixes

Analysis of data in Table 6 indicates that foam has low thermal conductivity
comparing with limestone, concrete, sand and rubber. This could be due to cel-
lular structure of foam material as shown in Figure 9. It is clear from the results
in Table 7 that the thermal conductivity is very low for polymeric foam com-
paring with sample containing no polymer (Blank) as shown in Figure 10 be-
cause polyurethane foam consists of 92% to 98% of closed cells which are filled
with insulating gases. Only 8% to 2% of the foam is solid polyurethane polymer
[20]. The percentage of solid polymer is determined by the density of the foam:
the lower the density of the foam, the lower the percentage of solid polymer. The
closed cells are filled with several gases released by blowing agents during the

manufacture of the polyurethane foam.

4. Conclusions

The following conclusions could be drawn from this study:

Of the many organometallic compounds available, tin octoate compounds are
the most widely used, to promote polyol-isocyanate reaction which leads to ac-
ceptable mechanical strength for polyurethane foam.

Thermal conductivity measurement indicates that rigid polyurethane foam
insulation materials display excellent insulation characteristics. They have ex-
tremely low thermal conductivity values and can achieve optimal energy savings.

The excellent mechanical strength values and exceptional durability of rigid
polyurethane foam fulfill all the requirements made of insulating materials used

in the building industry.
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Figure 5. SEM micrographs for PUF-1# (a), PUF-2# (b), PUF-3# (c), PUF-4# (d) and
PUF-5 (e) showing the effect of increasing tin catalyst on the cellular structure of polyu-
rethane foam.
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Figure 6. Relation between different percentages of tin catalyst and tensile strength.
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Figure 7. Sound absorption coefficient vs. frequency of the different samples of polyure-
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Figure 8. Relation between sound absorption coefficient and different formulations from
polyurethane foam contains dissimilar dosages from tin catalyst.
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Figure 10. Relation between thermal conductivity and different formulations from po-
lyurethane foam contains dissimilar dosages from tin catalyst.

Table 5. Sound absorption coefficient for polyurethane mortar mixes.

Sample Blank PUF-1# PUF-2# PUF-3# PUF-4# PUF-5#

Sound absorption coefficient 0.14 0.19 0.22 0.267 0.225 0.188

Table 6. Thermal conductivity values for different materials [17].

Materials Limestone Concrete Sand Rubber Foam Cotton Still air

Thermal conductivity (W/m-k) 1 0.8 0.33 0.2 0.122 0.06 0.0262

Table 7. Thermal conductivity for selected samples of polyurethane mortar mixes.

Sample Blank PUF-1# PUF-3# PUF-4#

Thermal conductivity (W/m-K) 0.335 0.128 0.121 0.112

Polyurethane foam has good acoustic characteristics due to large amount of

pores inside the cellular structure of rigid polyurethane foam.
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