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Calcium carbonate (CaCO
3
) is a filler often utilized by the Brazilian mattress factories in the production of 

polyurethane foams. The filler allows the substitution of part of the polymeric agents, conferring dimensional 
stability and hardness to the foams. However, in agreement with experimental data, it is observed that the 
excess of commercial CaCO

3 
utilized in industry causes the increase of hysteresis, possibly causing permanent 

deformations and damaging the quality of the final product. In the present work, the physico-chemical analyses 
of the flexible polyurethane foams with different contents of CaCO

3
 were performed. The foams are submitted 

to the morphological, mechanical and positron analyses to verify the alterations provoked by the progressive 
introduction of this filler. 
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1. Introduction

The versatility of polyurethane chemistry permits the production 
of a great variety of materials such depending on the initial ingredients 
used in the synthesis1. Flexible polyurethane foams are one of the 
most important classes of cellular plastic and can be applied in the 
fabrication of a wide range of materials for different uses such as foam 
mattresses, pillows, furniture, cushioning materials for automobiles, 
packing, recreation, shoes, etc.2. 

In general, industries that produce flexible polyurethane foams 
use fillers to modify the material’s properties in some way, such as: 
dimensional stability, retraction from the mold and density3-4. When 
adding a filler to a polymer to form a conjugated biphasic material, 
the tension applied to the polymeric matrix will be transferred in part 
to the disperse phase, the filler, since it presents properties superior 
to the pure polymer5. Efficient reinforcement is achieved by interac-
tions of the constituents of the biphasic material6-7 via mechanisms 
of adhesion, which could be: adsorption, electrostatic attraction, 
chemical bonding and mechanical adhesion. 

Chemical bonding is the most efficient form of adhesion and 
occurs with the application of coupling agents on the surface of the 
filler, which serves as a bridge between the polymer and the reinforce-
ment. In mechanical adhesion, the polymer fills in the grooves of the 
filler; this adhesion tends to be low unless there is a large number of 
recesses on the surface of the filler8.

 In principle any material can be used as a filler. However, some 
aspects must be considered when selecting the material for this pur-
pose. These include: size9, in that the particles must be small and able 
to easily disperse in the polymer matrix; chemical purity, to avoid 
undesired reactions; and abrasiveness, which can cause excessive 
deterioration to the mixing equipment and increase costs8. 

 Among the inorganic materials utilized as filler, notable ones 
include: calcium carbonate, aluminum hydroxide, silica, titanium 
dioxide and talc6. Some of the organic materials more commonly 
used are carbon black10 and natural fibers11-12.

In flexible polyurethane foams, the fillers promote an increase 
in density and resistance to compression. However, they reduce the 
resiliency and contribute to the increase in permanent deforma-
tion. In addition, properties such as tear strength, for example, are 
significantly affected by the introduction of filler13. Accordingly, it 
is necessary to know the end-use of the material in order to use the 
correct concentration in the polymer matrix, obtaining a product of 
reliable quality. 

In spite of the polyurethane industry widely using calcium carbon-
ate as a filler, generally the quantity used is defined randomly. Com-
mercial calcium carbonate has large use in this industries because its 
lower cost, non-toxicity, non-abrasiveness and facilitate pigmentation. 
In the businesses visited in the region of Belo Horizonte, no data was 
available on the influence of this filler on the foam, nor was there any 
methodology to define the ideal quantity of calcium carbonate that 
should be added without causing damage to the mechanical proper-
ties of the final product. 

Thus the proposal of the present work was to analyze the mor-
phological and mechanical behavior when various concentrations 
of commercial calcium carbonate were introduced into the polymer 
matrix, using scanning electron microscopy (SEM), energy dispersive 
X ray spectroscopy (EDS) microanalysis, compressive strength tests 
in accordance with the ISO 3386-Part 1 standard14, thermal analysis 
(TGA/DTA) and positron annihilation lifetime spectroscopy. In 
particular, the positron annihilation technique is revealing itself to 
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be a promising tool to study the properties of the free volume holes 
in a non-destructive form.

2. Experimental

2.1. Raw materials

 The raw materials employed were the following: Polyether polyol 
Voranol 4730N and TDI Voranate T-80 (Dow Chemical); the silicone 
surfactant PDMS/POE (General Electric); amine Aricat AA  805 
(Arinos) and stannous dioctoate II (Miracema-Nuodex) were used as 
catalysts in the polymerization and expansion reactions15-16; distilled 
water; and commercial calcium carbonate obtained from the mat-
tress manufacturing industries in the region of Belo Horizonte. The 
isocyanate index used was 132. A Fisatom model 710 shaft stirring 
device (power: 25 W, rotation: 25-200 rpm) was used for stirring. 
Table 1 shows the formulations employed in this work.

2.2. Preparation of flexible foams 

Polyol and the filler were placed in a plastic receptacle, and the 
mixture was stirred until complete homogenization. Next, the amine, 
surfactant and water were added. The mixture was submitted to me-
chanical stirring for one minute. Shortly after the catalyst was added 
and the mixture was stirred again for 30 seconds. After introducing 
the isocyanate, the mixture was submitted to six seconds of stirring 
and then poured into a cubical cardboard box (7 x 7 x 7 cm). The 
foams were left to cure for tree days.

2.3. Flexible foams analyses

For the instrumental analyses, the following instruments were 
used: SEM – Jeol JSM-840; 

Microanalysis (EDS) – Jeol-8900 electron probe microanalyzer; 
mechanical analysis – Lloyd LR5K; thermal analysis – Netzsch 
STA409EP; positron annihilation sprectroscopy – A fast-fast coin-
cidence spectrometer from Ortec.

SEM:  The samples were cut into little pieces (0.5 x 0.5 x 0.5 cm) 
using scissors. Next they were covered with a fine layer of gold. The 
samples were analyzed under magnifications of 50, 150 and 500x. 

EDS: The samples of calcium carbonate were covered with a 
fine layer of carbon and analyzed under an accelerating voltage of 
15 kV and a current of 20 nA. 

Mechanical analysis: The specimens taken, 5.0 cm from the 
edge, were submitted to four compression-decompression cycles at 
70% of their original height and a velocity of 100 mm/min in accord-
ance with the ISO 3386-Part 1 standard. During the fourth cycle the 
hysteresis was obtained17. 

Thermogravimetric analysis (TGA): The TGA/DTG curves 
were performed in the temperature range of 25-950 °C, with samples 

of approximately 12 mg packed in alumina crucible, and dynamic air 
atmosphere (100 mL/min gas flow).

Positron annihilation lifetime spectroscopy (PALS): For this 
measurement, an electronic device called a fast-fast coincidence 
circuit it was used and consisting basically, of two gamma detec-
tors, two constant fraction differential discriminators (CFDD) and 
a time-to-amplitude converter (TAC) was used. The measurement 
of the foams samples were performed with 22Na positron source in 
sandwich configuration. The calibration of MCA was 50 ps/chan-
nel and the time resolution of the positron lifetime spectrometer 
measured for γ ray of 60Co was 260 ps. The analyses by PALS were 
performed on foams ground in liquid nitrogen. The lifetime spec-
tra were satisfactorily resolved in three components utilizing the 
POSITRONFIT-EXTENDED program and supplying the values for 
intensities (I

i
) and mean lifetime (t

i
). The subscripts i = 1, 2, 3 refer 

to the para-positronium (p-Ps), free positron and ortho-positronium 
(o-Ps) species, respectively18-19. 

3. Results and Discussion

3.1. Analysis of commercial calcium carbonate

When a filler is introduced into a polymeric material, the ideal is 
that it has regular granulometry and that its particles are sufficiently 
small to enable good distribution in the matrix7. Figure 1 presents 

Table 1. Formulations of foams with CaCO
3
.

Polymeric 
Reagents♦

Foam with 1% 
of CaCO

3 
(g)

Foam with 9% 
of CaCO

3 
(g)

Foam with 15%  
of CaCO

3 
(g)

Foam with 21%  
of CaCO

3 
(g)

Foam with 30% 
of CaCO

3
 (g)

Polyol 30.24 30.24 30.24 30.24 30.24

TDI 15.28 15.28 15.28 15.28 15.28

Amine 0.04 0.04 0.04 0.04 0.04

Surfactant 0.17 0.17 0.17 0.17 0.17

Water 0.90 0.90 0.90 0.90 0.90

Catalysts 0.07 0.07 0.07 0.07 0.07

CaCO
3

0.47 4.20 7.01 9.81 14.01
♦Total weight of polymeric reagents = 46.70 g;  pph = parts per hundred parts of polyol.

50 m

Figure 1. SEM of commercial calcium carbonate (magnification of 500x).
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the scanning electron microscopy of commercial calcium carbonate 
at a magnification of 500x. 

It was observed that the calcium carbonate presented irregular, 
heterogeneous and coarse granulometry. The calcium carbonate, 
used in the present work, showed a large polydispersion in granu-
lometric analysis with sieves of defined particle sizes. The particle 
size varied between –100 and +250 mesh. This filler is used in the 
mattress industry without any pre-treatment because it is a residue 
generated in the fabrication of lime and sold to the manufacturers 
at reduced prices.

The calcium carbonate was also submitted to a qualitative X ray 
energy dispersive spectrum (EDS, Figure 2), where it was possible 
to detect the various elements of its constitution. It is worth noting 
that to improve the foam quality, granulometry aside, the ideal is to 
utilize a chemically pure material that does not contain substances 
that could react with the matrix8.

3.2. Analysis of flexible foams

Figure 3 presents the SEM analysis of the flexible polyurethane 
foams containing 21% of calcium carbonate. 

It is observed that the calcium carbonate added is agglomerated 
in some points in the polymer matrix and not evenly distributed ho-

mogenously, as is required to promote an efficient reinforcement5,20. 
Even though the use of excessive quantities of filler causes enrich-
ment, it also is responsible for damage to the matrix (Figure 4)21, 
causing the foam to lose its characteristic polyhedral morphology. 
The arrows show the worsening morphology as higher concentra-
tions are added. 

A low interaction of the filler used and the polymeric matrix was 
further verified by microscopy (Figure 5), which probably contributed 
to the deformations seen earlier (Figure 4). 

Figure 6 illustrates the thermogravimetric/derivative thermogravi-
metric (TGA/DTG) curves of the synthesized polyurethane foam 
and of the commercial calcium carbonate filler. The polyurethane 
foam presents typical decomposition in two stages between 200 and 
600 °C, generating a final residue of 1.73%. The commercial calcium 
carbonate decomposes in the temperature range 550-760 °C, losing 
CO

2
 and generating CaO with a final residue of ~ 65.6%. This high 

value of the residue means that the commercial calcium carbonate, 
probably, contains inert compounds like CaO, SiO

2
, Al

2
O

3
, etc, as 

show in the EDS analysis.

3.3. Mechanical analysis

In the mechanical analyses, the flexible foams were submitted 
to four compression-decompression cycles with the objective of 
evaluating the hysteresis with increasing carbonate concentration14. In 
flexible foams, hysteresis22-23 is related to the loss of the energy of the 
system when it is submitted to a compression-decompression cycle. 
Hysteresis is a very important property for evaluating the quality of 
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Figure 2. Microanalysis (EDS) of commercial calcium carbonate.
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Figure 3. SEM of flexible polyurethane foam filled with 21% of calcium 
carbonate (magnification of 150 and 500x).
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As flexible foams are submitted to cycles of compression and de-
compression in daily use, principally when used in upholstery and 
mattresses, the measure of hysteresis predicts possible deformations 
that will influence the quality of the flexible foam2. Figure 7 presents 
the hysteresis values of the foams in compression-decompression 
tests as a function of increasing filler concentration. 

It was observed that increasing the quantity of calcium carbon-
ate in the matrix also increased the hysteresis values, signifying 
that the system was losing its ability to return to the original shape. 
Therefore it was concluded that the progressive addition of filler re-
duced the foam quality since the increased loss of energy during the 
compression-decompression led to deformation of the matrix. It is 
worth emphasizing the progressive increase in hysteresis values as a 
function of the quantity of filler. Hysteresis is also related to the distri-
bution of the filler in the foams. The carbonate is a filler that presents 
a large surface energy and interaction between the particles, tending 
to form agglomerates in the matrix24. In this manner, the forces are 
not equally distributed during the compression-decompression, which 
is also responsible for the deformation exhibited by the foams.

 Another important parameter obtained in the mechanical analyses 
was the compression force deflection at 40% compression, where 
the foams were submitted to the compression necessary to cause a 
deformation of 40% of the original size. This parameter quantifies the 
compression that a flexible foam supports without a significant loss in 
its morphology. The higher the CFD 40 value, the more difficult the 
compression becomes because the foam is harder and therefore has 
a greater dimensional stability. Figure 8 shows the graph obtained of 
CFD 40 as a function of filler concentration for foams with calcium 
carbonate. 
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Figure 5. SEM of a transversal section of the flexible polyurethane foam with 
calcium carbonate (magnification of 1000x).

0

20

40

60

80

100

0 200 400 600 800

0 200 400 600 800

1000

14

12

10

8

6

4

2

0
DTG

TGA

w
t. 

(%
)

w
t. 

(%
)

Temperature (°C) 

 

60

65

70

75

80

85

90

95

100

105

0.005

0.004

0.003

0.002

0.001

0.000DTG

TGA

 
dW

/d
t(

%
/°

C
)

dW
/d

t(
%

/°
C

)

(a)

(b)

Figure 6. TGA/DTG curves of (a) flexible polyurethane foam and (b) the 
filler containing commercial calcium carbonate. 

foams. It is related to the loss of energy caused by the irreversible 
slippage of the polymer chains in the compression-decompression 
cycle during use of the foam. The greater the hysteresis, the greater 
the susceptibility of the material to suffer irreversible deformations13. 
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It was observed that the increase in filler concentration increased 
the foam’s hardness, improving the dimensional stability. However, 
the foam must have an equilibrium between the CFD 40 and hyster-
esis; in spite of the resulting improved dimensional stability of the 
foam, the increase of filler favored deformations that lead to a decline 
in the quality of the material. 

3.4. Positron annihilation lifetime spectroscopy (PALS)

Polymer science uses the free-volume concept to rationalize many 
properties at the microscopic structural level, also relating them to 
macroscopic properties. One valuable method for studying holes with 
sub-nanometer sizes is positron annihilation lifetime spectroscopy 
(PALS); it can also be used to determine the size distribution of the 
holes as well as the free-volume fractions. Inside polymer matrices, 
thermalized positrons can form positroniums (Ps) that will then be 
confined to free-volume holes. The main annihilation mechanism of 
the ortho-positronium (o-Ps; the long-lived triplet state of positron-
ium) is the pick-off annihilation by electrons of the host medium. The 
annihilation parameters depend on the physicochemical properties. 
The lifetime and intensity of the o-Ps can then yield the hole size 
and density25-26.

In the present work, PALS was utilized to confirm that the calcium 
carbonate adheres in a mechanical way to the polymer matrix, not 
having significant interactions between the two materials. For this, 
two parameters were analyzed: I

3
 and τ

3
. The parameter I

3
 gives 

the probability of ortho-positronium formation and is related to the 
concentration of holes present in the material. The parameterτ

3 
evalu-

ates the dimensions of the empty spaces in the biphasic material; its 
variation suggests significant interactions between the constituent 
materials. 

Based on the graph of the variation of I
3
 (%) as a function of 

calcium carbonate concentration in the polymer matrix (Figure 9a), 
a linear trend was seen that is typical of materials that have their 
components linked by simple mechanical adhesion19. This verification 
showed that the system presents two phases, signified by the pres-
ence of empty spaces created in the interfaces of the polyurethane/
CaCO

3
 composite. 

It was still observed that for the pure components, there is a 
significant difference that refers to the positronium formation. The 

pure polyurethane showed significant (~28%) positronium formation, 
while the CaCO

3
 (1.9%) was within the experimental error and did 

not form positronium. Such a parameter, therefore, is sensitive to the 
possible interactions between the two components. 

Figure 9b displays the graph of τ
3
 as a function of the concentra-

tion of calcium carbonate in the polymer matrix. At all concentra-
tions it was observed that the carbonate did not cause a significant 
variation in τ

3
, which suggests that the carbonate is only adhering 

to the matrix by simple mechanical adhesion. Such a parameter, 
I

3
, therefore is sensitive to the possible interactions between the 

two components.

4. Conclusions

The calcium carbonate and the polymer matrix present a low 
interaction that is proportional to mechanical adhesion, as verified 
by PALS analysis.

The carbonate did not disperse well in the matrix since it has 
variable particle size and presents interactions that tend to form 
agglomerates, making it so that there is not a distribution of force 
between the carbonate and the matrix during the utilization of the 
flexible foam. 

Although the flexible polyurethane foam factories use calcium 
carbonate as a filler, the introduction of high quantities corroborates 
with the increase in hysteresis values, leading to a loss in quality. 
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