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Abstract Neat polyurethane (PU) foams and poly-

urethane/nano tin oxide composites were prepared using

in situ polymerization, blending methods. The produced

nanocomposites were investigated by scanning electron

microscopy, Fourier transform infrared spectra, thermal

gravimetric analysis (TGA), and compression test. It was

found that modification of tin oxide particles caused to

make better distribution in PU foam nanocomposites. The

results showed that increasing isocyanate content leading

to enhance cross-link, density and compression strength of

neat PU foams. Addition of SnO2 nanoparticles in different

density of PU foam showed variety effects. In low density

foam increasing amount of SnO2 nanoparticles from 0.5 to

1 wt% leaded PU foam to become soft with low strength.

Moreover, TGA results of all PU foams exhibited one

thermal decomposition step. Also, increasing isocyanate

ratio and SnO2 nanoparticles improved thermal stability of

PU foams.
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1 Introduction

Polyurethanes (PUs) are a significant class of polymers

used to produce a large number of products. PUs are unique

polymer materials with a wide range of physical, chemical

and mechanical properties. PU materials exist in a variety

of forms including flexible and rigid foams, chemical

resistant coatings, specialty adhesives and sealants, and

elastomers. The PU foam is popular for some of its suit-

able properties like good moisture resistance, excellent

sound dampening, vibrational and oscillating environment

tolerance. PU foams have a notably broad range of appli-

cations including cushioning, buoyancy, energy absorption

(packaging) and thermal insulation. PU foams are produced

by the reaction between a polyisocyanate and a polyol

(polyether). There are two main important reactions in the

production of flexible polyurethane foams: the blow reac-

tion and the gelation reaction. Properties of the foam can be

drastically altered by changing the isocyanate component

[1–3]. The micro-phase separated to hard and soft blocks in

PU foams lead to their elastic properties. Hard blocks are

rigid structures that are physically cross-linked and give the

strength of the polymer. soft blocks are flexible chains

make the polymer to be elastic. By adapting the ratio of the

polyol and polyisocyanate, PU can be customized to its

application [4]. Over 90 % of all flexible foam slabstock is

based on polyether polyols. Conventional polyether-based

flexible foams made in variety of densities from 11 kg/m3

upwards to about 60 kg/m3 and in a wide range of hard-

ness. The physical and mechanical properties of PU foam

are dependent upon the cellular structure of the foam [5].

PU foams have some limitations, such as low thermal

stability and low mechanical properties, etc. Recently

researchers have investigated polymer nanocomposites

containing nanoparticle to improve their physical,

mechanical, and chemical properties [6, 7]. Polymer

composites by second phase have a number of attractive

material properties such as high specific stiffness and

strength, fatigue behavior, and physical properties, which

make them suitable for use in applications [7]. For PU

foams, it was found that chemical composition significantly
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affected the structures because it led to different cellular

morphology [8]. Gunashekar et al. [9] studied filtration

behavior of PU foams in different chemical composition. In

addition, particle-filled nanocomposites could effect on the

cell size and density [10]. Cao et al. [7] reinforced PU foam

with the inclusion of 5 % functional organoclay and

reported enhancement of physical and mechanical proper-

ties of PU foam. The modified montmorillonite clay was

dispersed in either polyol or isocyanate, before mixing to

polymerization. Uddin et al. [11] studied ballistic perfor-

mance of PU foam nanocomposite by TiO2 nanoparticles

and showed that dispersion of 3 wt% of TiO2 into PU foam

affected on cell structures and mechanical properties.

Mahfuz et al. [6] were investigated PU foams/TiO2/SiC

nanocomposites to observe their structural and mechanical

characteristics. Nanoparticles have been dispersed into the

virgin materials of PU foam by ultrasonic process. Dif-

ferent techniques are available to infuse nanoparticle in the

polymer matrices.

According to literature survey done by the authors there

is no any systematic work concentrated on the role of SnO2

nanoparticles on the physical, thermal and mechanical

properties of PU foam. In the current research efforts have

been made to improve the mechanical performance of PU

foam by dispersing of nanoparticles in PU matrices.

2 Materials and methods

Polyether polyol (Part A) containing all of required addi-

tives, and a polymeric MDI isocyanate (Part B) (diphenyl-

methane 4,40-diisocyanate) for flexible PU foam were

from KUMHO PETROCHEMICAL Co. Technical data of

polyether polyol are listed in Table 1. Tin oxide nanopar-

ticles was used with purity and average particle size of

about 99.9 % and 40–70 nm respectively.

The fabrication of polyurethane nanocomposite foam

was carried out in three steps. The first and second steps

were concentrated on the functionalizing of nanoparticles

and the doping of liquid polyurethane with nanoparticles.

In the third step it was tried to make standard foam spec-

imens using casting method. The details of mentioned steps

are summarized in flow chart appeared in Fig. 1.

Step1: 2.5 g of SnO2 nanoparticle in 100 ml toluene was

disturbed with magnet stirring (1000 rpm) at 90 �C for

10 h. After isolation and washing with methanol; modified

SnO2 powder was then cast in a Teflon mold as shown in

Fig. 1. After about 1 h the cast PU foam was demolded and

dried in an oven at 80 �C for 24 h.

Step 2: Liquid PU material has two parts, Part A and

Part B. Part A was selected for distribution of nanoparticles

since it is less reactive. Functionalized SnO2 nanoparticles,

were first carefully measured along with Part A to have a

specific percentage of weight. After infusion by ultrasonic,

the modified Part A was mixed with Part B by using a

mechanical stirrer at about 1270 rpm. In this study differ-

ent ratio of Part A and Part B were chosen. Furthermore,

different content of nanoparticles were added to PUs.

These samples have listed in Table 2.

Step 3: The mixture was then cast in a Teflon mold as

shown in Fig. 2a. After about 1 h the cast PU foam was

demolded (Fig. 2b).

The Cylindrical test specimens (40 mm in diameter and

40 mm in thickness) were cut from samples. The specimen

was weighted, and then the densities were calculated. The

reported densities are the average of at least three mea-

surements. The PU foams were cut in perpendicular

directions to the foam growth and structure of samples was

examined by scanning electron microscopy (SEM, Cam-

bridge S360 model). The average cell sizes and strut

thickness were measured by applying measurement soft-

ware (manual microstructure distance measurement,

Nahamin Pardazan Asia Co.) to the micrographs.

Uniaxial compression test was performed for PU foam

with different densities. Mechanical properties were eval-

uated as a function of foam density using a conventional

mechanical testing machine. Tests were conducted at cross

head of speed 10 mm/min and at room temperature using

Santam STA 150 machine. Fourier transform infrared

spectra (FTIR) testing was performed using Spectrum RXI

FTIR apparatus. Thermal analysis experiments were

accomplished with a thermal gravimetric analysis (TGA)

apparatus operated in the conventional TGA mode (BAHR:

STA 503 Instrument) at the heating rate of 10 �C/min from

25 to 500 �C in a nitrogen atmosphere, and the sample

weight was about 10 mg.

3 Results and discussion

3.1 FTIR results

Two samples of SnO2, both bare and functionalized, have

been investigated by FTIR in order to study the type of the

Table 1 Technical data of

polyether polyol
Grade OH No (mg KOH/g) Viscosity (cps at 25 �C) Water (%)

PPG-3322 46–49 500–600 \0.1
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surface groups and the nature of the chemical bond. Fig-

ure 3 shows Fourier transformed spectrum of SnO2

nanoparticles at room temperature. The spectrum was

recorded in the range of 4000–400 cm-1. The FTIR

spectrum shows the characteristics peaks at 615.38, 669.95

and 3435.59 cm-1. The band at 669.95 cm-1 corresponds

to O–Sn–O vibrations. Comparison of FTIR spectra

obtained from SnO2 nanoparticle and its modification

(Fig. 3) makes some useful data. In modification

nanoparticles it is observed that the absorbance peaks of

the Sn–O appears near 2520 cm-1. On the other hand, at

about 1620 cm-1 the peak attributes to the bending mode

of surface water molecules and –OH groups. The func-

tionalized SnO2 sample shows peak between 1250 and

800 cm-1 that is probably due to the bending of Sn–OH

bonds. The main reason of low peak intensity in the current

research rather than appeared in Scipioni et al. [12] is

dilution of OH group on nanoparticle surface. FTIR has

been used widely and successfully to study type of bonded

in PU groups [13]. Figure 4 shows FTIR spectra of neat PU

foams with different density. The peaks at 2270–2280,

1680–1690 and 1600 cm-1 belong to –NCO vibration, urea

–C=O vibration and aromatic v(C=C) vibration, respec-

tively [14, 15]. The peak at 1702 cm-1 is attributed com-

pletely to the hydrogen bonded urethane carbonyl groups.

An increase in the amount of isocyanate leads to addi-

tion reaction of foam formation. However, due to the

exothermic nature of the reaction, the temperature during

Modified 
SnO2 

+ 
polyol 

Modified 
Polyol 

+ 
Isocyanate 

Modified SnO2 PU foam 
nanocomposite 

SnO2 
+ 

Toluene 

Fig. 1 Schematic of fabrication of PU foam nanocomposite

Table 2 Specifications of produced nanocomposites

Samples Ratio

Part A:Part B

SnO2 wt% Bulk density (kg/m3)

PU4 10:4 0 168.7

PU6 10:6 0 170.3

PU8 10:8 0 173.3

PU4-0.25 10:4 0.25 176.5

PU4-0.5 10:4 0.50 179

PU4-1 10:4 1 180.7

PU6-0.25 10:6 0.25 176

PU6-0.5 10:6 0.50 178.2

PU6-1 10:6 1 180.6

PU8-0.25 10:8 0.25 176.3

PU8-0.5 10:8 0.50 178.5

PU8-1 10:8 1 180.8

Fig. 2 a Casting of PU foams in Teflon mold and b demolded PU

foams samples
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Fig. 3 FTIR spectra of neat SnO2 (blue line) and functionalized SnO2

(red line) (Color figure online)

Fig. 4 FTIR spectra of PU4, PU6 and PU8
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the formation of foam samples PU6 and PU8 are more than

PU4 sample. Higher temperature causes to formation of

hydrogen bondings that lead to increase of hard segment.

Thus PU6 and PU8 samples have higher strength than PU4

sample [13].

With looking at in more detail on FTIR results appeared

in Fig. 5, one may conclude that the link between chain

bands of PU enhances as the thickness of cell struts

increases. It is well known that the higher cross-linking

degree of PU leads to thicker cell wall structure (struts,

ligaments and junctions). These changes in the cell struc-

ture may result in higher density of PU foams. In the other

side, these changes may lead to higher density for PU

foams [16]. On the other hand, the density of PU foam

depends strongly on the SnO2 content. In this regard,

according to obtained results the number of cross-link

between chains of PU foams is relatively constant as the

content of nanoparticles increases from 0.5 to 1 % in low

density sample. In low density sample, due to lower reac-

tion between isocyanate and polyol the cross-link between

chains can be decreased. This phenomenon results to

agglomeration of particles in PU4-1 and leading to be

softened. The reverse behavior can be seen in samples with

high density. In the other hand, in Fig. 6, the intensity peak

at 3300–3500 cm-1 in comparison to PU6-0.5 and PU6-1

is significantly reduced. This peak relates to NH group

showing the strength and number of hydrogen bonds

declines from PU6-1 to PU6-0.5. On the other hand, NH

group can be mixed with the carbonyl group to form

hydrogen bond in hard PU micro-phase. The authors

believe that the reason of this variation can be attributed to

the fact that addition nano sized SnO2 causes to increase

the ability of the PU to be cross-linked. This is because the

intensity depends strongly on the carbonyl groups and their

amount will be dictated by cross linking. This is why the

intensity of PU6-1 is much lower than that of PU6-0.5.

Therefore, PU6-1 sample has more cross-link and strength

than PU6-0.5 [13–15]. Perhaps the most reason of lack of

peak of SnO2-PU interface can be attributed to the fact that

a thick PU film cover the interface of SnO2-PU and impede

to appear the correspondence peak by FTIR analysis. The

similar result explained in more details by Barrios et al.

[17]. The same results of PU6 nanocomposites also were

observed for PU8 nanocomposites.

3.2 Morphological analysis

SEM images of neat PU foams with different densities are

shown in Fig. 7. As can be seen that the cell structure of

neat PU foams show spherical shape. Cell sizes of PU4 and

PU6 and PU8 are listed in Table 3. With this considerable

growth in cell dimension, the cell structure still seems to be

unscathed and uniform. The reaction of isocyanate and

hydroxyl groups plays an important role in PU foam

manufacture as it provides CO2 gas for blowing the foam

[18]. Accordingly, increase of isocyanate content leads to

more growth of cells in PU6 and PU8 [19].

The average strut thickness obtained from four points

for each specimen are listed in Table 3. As illustrated in

Fig. 7a, PU4 foam shows smaller cavities with thin strut

thickness with respect to PU6 and PU8 foams (Fig. 7b, c).

Low reaction of isocyanate and polyol causes to reduce

hydrogen bond and then make thin strut in PU4. Due to

decrease in struts thickness of PU4 foam, their bulk density

is declined. These differences lead to different mechanical

and physical properties of foams. These results approve

with the TGA results and have been confirmed by previous

studies [20].

The effect of incorporation of SnO2 nanoparticles on

cellular morphology of PU foam specimens was studied.

Figure 8 shows PU foams with 0.5 wt% of SnO2

nanoparticles, the cell dimension has indeed decreased but

riddled with a number of collapsed cells. As SnO2

increases to 1 % shown in Fig. 9, the cell structure has

almost intact. The SnO2 nanoparticles can act as nucleation

sites and increase cell density of foams [21]. By compar-

ison of images presented in Fig. 10, in nanocomposite of

PU6 foams the average cell radius decreases with

increasing amount of the SnO2 nanoparticles. Further study

showed that increase amount of nanoparticles in low-den-

sity polyurethane foam (PU4) to about 0.5 wt% similar

behavior to high-density but increase amount of

Fig. 5 FTIR spectra of PU4-0.5, PU6-0.5 and PU8-0.5 Fig. 6 FTIR spectra of PU4-0.5, PU4-1, PU6-0.5 and PU6-1
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nanoparticles to 1 wt% due to agglomeration and weak

bond between nanoparticles and polymer chains showed

opposite behavior. The effect of this phenomenon is clearly

visible in reducing the mechanical properties of PU4

composites group.

3.3 Mechanical properties

The properties of PU also depend on cell morphology for

example cell size, cavity size, thickness of struts and etc.

Compressive stress–strain curves for the variety of density

of neat PU foams are shown in Fig. 11. All curves show

three steps of deformation; linear behavior, plateau region

and densification [22]. By comparison of curves, with

increase the density in PU foams strength of step 1

increases but plateau region decreases. This is because

more cross-linking taken placed with increase the density

and so initial strength of struts increases. On the other

hand, more isocyanate lead low and thick struts, therefore,

plateau region is decreased [23, 24]. The stress–strain

results of PU nanocomposites foams under quasi-static

compression loading are shown in Fig. 12. It can be seen

that compressive stress of nanocomposite PUs are higher

than the neat Pus. In comparison to the neat PU foam, the

PU4-1 nanocomposite foams show about 100 % increase in

compression strength of plateau region, while the PU8-1

nanocomposite foams with 1 wt% SnO2 show about

1000 % increase in strength of plateau region. It is also

Fig. 7 SEM micrographs of neat polyurethane foam a PU4, b PU6, c PU8

Table 3 The microscopic geometry of specimens

Sample Cell size (lm) Thickness of struts (lm)

PU4 122.1 34.4

PU6 203.5 76.1

PU8 283.9 83.4

PU4-0.25 115.2 38.3

PU4-0.50 105.5 41.2

PU4-1 118.3 35.1

PU6-0.25 195.4 80.1

PU6-0.5 185.3 85.2

PU6-1 160.6 92.6

PU8-0.25 272.7 87.2

PU8-0.5 268.1 93

PU8-1 235.1 96.4
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seen that increase in strength can be attributed to stiffer cell

faces and walls with addition nanoparticles. The exact

reason of higher strength of PU8-1 than that of PU6-1 and

PU4-1 refers to the load carrying by foam wall. It is clear

the capability of thicker wall to carry the load is much

higher than thinner. Mahfuz et al. [6] reported the strength

of polyurethane reinforced with different additives depen-

ded on strut thickness due to their role on carrying load .

It is also noticed in the FTIR and SEM results that there

are described in previous sections. Because of decrease of

strut thickness, it is obvious that the strength of samples

was decreased by addition 1 % nanoparticles in low den-

sity (PU4-1). But the opposite results were obtained for

other nanocomposite samples. In the other word, the

strength of specimens increasing by addition of nanopar-

ticles from 0.25 to 1 wt% in high density nanocomposite

PU foams. The compress strength of PU8 and PU6 series

(including neat and their nanocomposites) shows similar

behavior to rigid PU foams. Based on the literature survey

done by the authors, increase in both –NCO/–OH ratio and

nanoparticle content lead the system to be strengthen [25–

27]. It is worth noting that the achieved results are con-

firmed by the consequences of researchers [10, 16, 19, 28,

29].

3.4 TGA results

TGA results were obtained in the form of percent weight

loss as a function of temperature. During heating, degra-

dation and decomposition of the PU foam can be occurred.

Figure 13 shows decomposition behaviors of all neat foams

Fig. 8 SEM micrographs of

polyurethane foam a PU4-0.5,

b PU6-0.5, c PU8-0.5

Fig. 9 SEM micrograph of PU4-1 sample
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are in the form of one step degradation process, as reported

in the previous study [6]. Fig. 14 represents the tempera-

ture corresponding to 50 % decomposition of the

nanocomposite samples. It is observed that the decompo-

sition temperatures for nanocomposite PU foams are higher

than neat PU foams. This improvement in thermal stability

could also be due to the catalytic effect on the cross-linking

of the PU foam caused by the presence of SnO2 nanopar-

ticles. In the other word, the presence of nanoparticles

Fig. 10 SEM micrographs of a PU6-0.25, b PU6-0.5, c PU6-1

Fig. 11 Compressive stress–strain curves of PU4, PU6 and PU8

specimens

Fig. 12 Compressive stress–strain curves of PU4-1, PU6-1 and PU8-

1 specimens

Fig. 13 TGA curves of PU4, PU6 and PU8
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enhances the number of cross link bond between urea

chains [6, 16].

4 Conclusion

It has been observed that incorporation of a small weight

percent of SnO2 nanoparticles into PU foams can change

their cell structures. The following phrases are the sum-

mary of the current investigation:

• Functionalized SnO2 nanoparticles dispersed in a good

manner in polyol of PU foam.

• An increase in isocyanate content leaded to increase the

growth of cells and the density.

• FTIR spectra of neat PU foams showed that an increase

in isocyanate content caused to increase the bonding

between the chains.

• The dependence of mechanical properties of high

density PU foams on the presence of SnO2 nanoparti-

cles is much higher than that of low density PU foams.

• Almost all Nanocomposite PU foams (except PU4-1)

showed higher strength due to stronger cell struts be-

cause of presence of SnO2.

• Thermal resistance of PU foams enhanced due to

addition of SnO2 nanoparticles.
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