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Abstract:  is work describes the synthesis of composites steatite/flexible polyurethane
by replacing 4.5 wt. % of polyol with steatite rock powder. We evaluated two mechanical
properties of composites (comfort factor and support factor) for various formulations
based on a fractional factorial design. e new synthesized composites showed higher
support factor, greater comfort factor, and lower cost, compared to conventional flexible
polyurethane foams. ere is not a significant change in the chemical composition of the
foams, due to substitution of 4.5 wt. % polyol by steatite. However, there was a decrease
in cell size and greater interaction between the hard segments of the composite.
Keywords: composites, foam, steatite, mechanical properties, polyurethanes.

1. Introduction

e polyurethane is a polymer which does not contain monomer unit,
but is predominantly formed by urethane linkages (-HN-CO-O-). It is
produced by the simultaneous reactions between an isocyanate with a
polyether polyol (polimerization), Figure 1 , and water (blowing), Figure
2 . ey are also placed in the formulation other reagents, such as catalysts,
blowing agents, fillers, flame retardants and pigments[1,2].

Figure 1.
Polimerization reaction of polyurethane.
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Figure 2.
Blowing reaction of flexible polyurethane.

In a few minutes, a liquid mixture of low molecular weight reactants
polymerize to form a solid, the supramolecular material formed by open
cells, high permeability to gases, low density and with a phase separated
morphology[3]. e foams are composed of a polymeric solid phase and
a air gaseous phase [4]. e solid phase has a heterogeneous separation
(micro scale), oen accompanied by the mixture of crystalline hard
segments and amorphous so domains[5]. e hard segments are formed
by substituted ureas and urethanes, which can interact, by hydrogen
bonds, due to the polar nature these bonds. e flexible domains
are formed by the polyether polyol or polyester chain[4-6]. ese hard
segments are covalently bonded to the polyol domains by urethane
linkages [7-8].

e reversible deformation, excellent light weight, strength/weight
ratio performance, comfort protection, thermal and acoustic insulating
and other positive aspects of this polymeric material are the biggest selling
group of polyurethanes[9-11]. e flexible foams find wide application
in furniture, mattresses, upholstery, automotive seats and packing
systems[12-13]. However, flexible polyurethane foam presents some
undesirable features such as low thermal stability and low mechanical
strengths[14].

In this paper, we proposed the use of powdered rock steatite from
Pedras Congonhas Ltd., Nova Lima, Brazil, an inorganic filler rich in talc,
partially replacing the polyol in the production of flexible polyurethane
foams in order to reduce costs and improve the mechanical properties
of the polymer, such as support factor and comfort factor. Support
factor measured by compression modulus is perhaps the most important
function of flexible polyurethane foam. Foam's ability to provide support
has a direct effect on other key properties such as comfort and durability.
It is valid measurement of foam’s cushioning ability. It also means that
the foam is capable of distributing the weight of the person for maximum
comfort[15]. e comfort factor is the property that measures the foams
firmness. It is the ratio of the force required for an indentation disk
compress the sample to 65% of its original thickness divided by the
force required for an indentation disk compress the sample to 25% of its
original thickness.

e mineral talc is widely used as filler in paper industry, paints,
cosmetics, pharmaceuticals, refractories, ceramics, pesticides, lubricants,
food industry and accident prevention, due to its properties, low
hardness, whiteness, low electrical and thermal conductivity, chemical
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resistance and adsorption of organic substances[16-19]. Talc is also used
as filler in composites, in order to improve the compound mechanical
characteristics, increasing the nucleation of the polymer and the
dimensional stability of the final product[19].

2. Materials and Methods

2.1 Materials

e production of flexible polyurethane composites used: polyether
polyol Voranol 4730 Dow Chemical (polymer of ethylene oxide/
propylene oxide), toluene diisocyanate Voranate T 80 Dow Chemical
(80/20 blend of toluene diisocyanate isomers 2,4 and 2,6, respectively),
amine catalyst Aricat AA 805 Arinos Chemistry (mixture of N,
N-diethylethanolamine and 2,2'-oxydiethanol), tin catalyst Liocat 29
Miracema-Nuodex (bis (2-ethylhexanoate) tin (II)), surfactant Niax
L-540 GE Silicones (composition protected by patent) and distilled water
as blowing agent.

2.2 Sample preparation of steatite

A steatite rock sample of Mustards Mine, New Lima, Brazil was milled
for 5 min in a ring mill and sieved by mechanical stirring for 12 h. e
entire sample had a size smaller than 100 mesh (< 149 µm).

2.3 Synthesis of flexible polyurethane composites

In a 300 mL polypropylene cup were added: distilled water, surfactant,
amine catalyst and polyol. It was stirred at 2000 rpm for 1 minute
by a mechanical stirrer. Steatite was added and stirred for 1 min. Was
added to the tin catalyst, stirring up again for 30 seconds. Was added
toluene diisocyanate, stirring for a further 6 seconds and transferred
the mixture to a wooden cubic box of 10 cm edge (template). Aer
24 h, the foams were removed from the molds and stored to prevent
the incidence of sun, wind and humidity for at least three days, for the
healing. Flexible polyurethane composites were synthesized in random
order by drawing lots. e formulations varied according to a fractional
factorial design type 2v

5-1 (fih order) with five factors (variables): steatite
and polyol, isocyanate, amine catalyst, tin catalyst and silicone; two
levels (concentration): low -1, high +1; and triplicate central point
generating relationship I = 12345. is type of fractional design is of
interest because the main effects will be confused with fourth order
interactions (low significance), and there is no confusion between the
second order interactions[20]. e water used as blowing agent was kept
fixed concentration of 3.2 wt. % to have the same density foams. e
responses considered for the design were foam comfort factor and support
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factor. e triplicate in central point (experiments 17, 18 and 19) was
used to calculate the experimental error and the significance of effects.

2.4 Analysis of mechanical properties of the foams

e support factor of foams measured by compression modulus was
determined in a universal testing machine EMIC DL-3000, according to
Brazilian standard NBR 8910:2003 (ASTM D3574 - Test C), Figure 3
(a). e comfort factor determined by the indentation force deflection is
determined on the same machine, according to Brazilian standard NBR
9176:2003 (ASTM D3574 - Test B1), Figure 3 (b).

Figure 3.
Mechanical test of foams Compression Modulus (a) and Indentation Force Deflection (b).

2.5 Chemical and physical characterization of steatite

e steatite is dried in an oven at a temperature of 110 °C to a constant
mass. e loss of mass due to drying is considered to be water. XRD
patterns were collected with a Siemens D5000 instrument using a Ni-
filtered Cu Kα radiation (λ = 1.5418 Å) and a graphite monochromator
in the diffracted beam. A scan rate of 1° min-1 was applied to record a
pattern in the 2θ range of 5° - 80°. e XRD lines were encountered
in JCPDS (Joint Committee on Powder Diffraction Standard). e
chemical composition of steatite was determined using a Shimadzu
EDX-720 Energy Dispersive X-ray Fluorescence Spectrometer. e
following operating conditions were selected: voltage of 15 kV tube
(Na-Sc) and 50 kV (Ti-U) with current in the tube 188 and 37 μA,
respectively; in vacuum and detector Si(Li) cooled with liquid nitrogen.
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e quantitative method used for counting of hydroxil groups was the
acetylation of a known mass sample with acetic anhydride in excess, in the
presence of pyridine as solvent and imidazole as catalyst[21]. e Figure 4
shows the acetylation reaction of hydroxyl containing minerals.

Figure 4.
Acetylation reaction of the mineral OH.

Infrared spectra were obtained from a Perkin-Elmer Spectrum RX
FT-IR spectrometer, using KBr disks in the 4000-400 cm-1 region with
64 scans and 4 cm-1 of spectral resolution. ermogravimetry (TG)
and Differential ermal Analysis (DTA) were carried out by DTG-60
Shimadsu instrument at temperatures ranging from ambient to 650 °C
with a heating rate of 10 °C min-1 in air flow of 100 mL min-1.

2.6 Chemical and physical characterization of foams

It used the same conditions for the thermal analysis and infrared
spectroscopy of steatite. However, infrared spectra were obtained using
ATR (Attenuated Total Reflectance) configuration. In a scanning
electron microscope JEOL JSM-6360LV, operating in high vacuum,
images of the polymer fracture surfaces were obtained by backscattered
electron. e identification of mineral or polymer phase was carried out
by a EDS (Energy Dispersive Spectrometry) probe. A foam cube with
edge 1 cm was metallized with gold to conduction electrons. e foams
were sliced into 1 mm thick strips, with the aid of scissors and fixed on
a glass slides with adhesive tape. ose glass slides were examined with a
microscope Carl Zeiss Model Axioskop 40 under 25x magnification (2.5x
objective and 10x eyepiece) and photographed with a coupled digital
Canon camera.

3. Results and Discussions

3.1 Chemical and physical characterization of steatite

It is considered in this work that a portion of the polyol may be replaced
by hydroxyl-containing minerals, in order to modify the mechanical
properties of flexible polyurethane foams. erefore, the characterization
of the steatite was performed to identify its chemical properties and also
know their influence in the synthesis of polymeric composite. e Table
1 shows the chemical composition of steatite.
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Table 1.
Chemical composition of steatite sample.

e Figure 5 shows X ray diffraction pattern and infrared spectra of
the steatite.

Figure 5.
X ray diffraction pattern (a) and infrared spectra (b) of the steatite sample.

e X-ray diffraction pattern of steatite allow us to identify the rock
as composed mainly of the minerals talc Mg3Si4O10(OH)2, clinochlore
Mg5Al2Si3O10(OH) 8 and actinolite Ca2Mg5Si8O22 (OH)2. Infrared
spectra of the steatite show bands that are mainly found in vibrational
modes for talc phase. is indicates that it is the mineral in highest
concentration in the rock. is conclusion is supported by the presence
of two very fine bands at 3677 cm-1 and 3661 cm-1 related to the OH
stretching mode of talc. e enlargement of the band at 1014 cm-1

and the shoulder observed at 951 cm-1 are indicative of the presence of
clinochlore. e band at 951 cm-1 is a high intensity clinochlore mode,
not observed for talc[22,23]. e band at 756 cm-1 may be attributed to
actinolite, related to the symmetric stretching mode of Si-O-Si[24]. Talc is
a tri-octahedral layered mineral with each hydroxyl group linked to three
octahedral cations. According to the nature of these cations, there are
different frequencies for the OH stretching mode. e band found in the
spectrum at 3677 cm-1 can be assigned to υ Mg3O-H mode[25]. e band
at 3661 cm-1 is assigned to υ Mg2FeO-H mode[25], at 3460 cm-1 to υ O-
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H mode of adsorbed water on the surface [26], at 1014 cm-1 to υas Si-O-Si
mode[22], at 670 cm-1 to υs Si-O-Si mode[22] and the band at 463 cm-1 is
assigned to out of phase translational mode of hydroxyl group with others
oxygens[27,28].

erefore, based on the results of X ray diffraction and infrared
spectroscopy, it follows that the hydroxyls are on a chemical environment
according to the Figure 6[29], which will react with isocianate in the
polymer synthesis.

Figure 6.
Talc chemical structure.

e reactivity of the hydroxyl groups present in the steatite mineral
was verified by hydroxyl counting methodology for polyols used in
polyurethane synthesis. e steatite features 20 mg KOH/g, while the
polyol used in flexible polyurethane synthesis feature 34-56 mg KOH/g
[30]. In addition to this lower reactivity, the steatite presents the hydroxyl
strongly linked to Mg2+ ions and Fe2+ in the crystal structure of the
mineral. erefore, the hydroxyls of steatite are in a compact and rigid
structure, while the hydroxyl groups of the polyol are a flexible polymer
backbone, Figure 7 .

Figure 7.
Representation of the polyol monomer unit.

erefore, steatite minerals may also react with the isocyanate for the
production of flexible polyurethane foams, Figure 8 .
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Figure 8.
Reaction between the diisocyanate and the OH group of the mineral.

In the Figure 8 it can be seen that 2,4-toluene diisocyanate is reacted
with the mineral and allows the traditional polymerization (isocyanate
more polyol) on the surface of the mineral. Furthermore, minerals may
be connected by covalent chemical bonds (urethane).

e humidity of steatite is 0.1 wt. %. is value is very low, so it will
not contribute significantly to the reaction with TDI in the synthesis of
composites. e water could affect the expansion reaction and change the
properties of the composite according to the Figure 2 .

e steatite thermal analysis is shown in Figure 9 .

Figure 9.
Steatite thermal analysis (TG and DTA)

ermogravimetry of the steatite sample shows two caracteristic mass
loss. e first mass loss of 3.5 wt. %, which starts at 532 °C ending at 840
°C, is related to dehydration of amphibole (actinolite) and clinochlore[31].
e second mass loss of 1.2 wt. % starts at 852 °C is related to dehydration
of talc, which begins above 850 °C[32-34]. e decomposition of talc is
described by the following Reaction 1[31]:

erefore, steatite heating at high temperature promotes the release of
water, which could be an interesting feature as flame retardant[10-13]. is
could hamper the composite burning in commercial applications where
this property is required. However, it has not been studied.
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3.2 Foams mechanical properties

According to a statistical analysis of Table 2 , the variables isocyanate
and tin catalyst have a significant effect on the foam support factor, as
well as the interaction between them. Tests 1, 2, 9 and 10 of Table 2
show that the two variables being in the lower level (isocyanate index:
105; tin catalyst: 0.1) generates a null response (zero) for comfort, within
the range of 95% confidence for the experimental region investigated. In
practice, the foam had a physical and structural defect known as crack,
which prevented the realization of mechanical test. is occurred because
in tests, the low concentration of isocyanate and tin catalyst did not
favor the polymerization reaction. e reduction in the concentration
of the reagent and catalyst displaced the equilibrium of the reaction in
the direction of formation of the reactants ( Figure 1 ). Complications
arise due to the simultaneous and therefore competitive nature of the
reactions of the blowing and gelation and the effect of formulation
and process variability on the activation energy of these reactions[35].
e variable polyol + steatite have a significant effect on the foam
support factor. Table 2 shows that increasing the amount of steatite
causes an increase in support factor or hardness of the foam. Example:
Test 3 compared to Test 4; Test 5 compared to Test 6, successively.
e increased amount of isocyanate and tin catalyst also increases the
hardness of the foam by increasing both the urea phase content and the
phase connections between the polyol domain and the urea segments
in the polymer chain[2,7,36]. e interaction between the variables polyol
+ steatite and isocyanate is positive and not significant. Table 2 shows
that increasing the levels of two variables (polyol + steatite: changing
from 100.00 to 95.50 of polyol and 0.00 to 4.50 of steatite ; isocyanate
index: changing from 105 to 125) simultaneously increases the foam
hardness. e interaction between isocyanate and tin catalyst is negative
and significant within the range of 95% confidence for the experimental
region investigated. e variable silicone showed no significant effect on
the properties analyzed, since the silicone acts only as a surfactant to lower
surface tension, emulsify incompatible formulation ingredients, promote
generation of bubbles during mixing, and stabilize cell window[36,37]. is
fact confirms that the fractional factorial design used can be considered
satisfactory since the variable silicone was considered little significant,
within the experimental range investigated. Also, the amine, which
balances and controls the expansion reaction and gelification, showed
no significant effect on the mechanical properties of the formulations
studied. As the 3rd order interactions (three variables) or higher orders
among variables, as a rule, are not significant, these were not considered
for analysis.
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Table 2.
Matrix for the fractional factorial design 2v 5-1 to study the mechanical

properties of flexible polyurethane composites with answers.

3.3 Characterization of flexible polyurethane composites

In the Figure 10 we can see that the polymer (dark mass) is formed with
mineral adhered to its surface, Figure 10 (a, b and c). e polymer may
also coat the mineral, according to the side section seen in Figure 10 (e).
e mineral (white particle) is a magnesium silicate confirmed by EDS
spectrum Figure 10 (d). is was expected, since talc Mg3Si4O10(OH) 2

is the main mineral of steatite. ese observations suggest that there is
a chemical interaction between the mineral and the polymer, which was
identified by infrared spectroscopy. e Figure 11 shows the composite
images obtained by polarized light optical microscopy.
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Figure 10.
Composite images (a, b, c and e) obtained by scanning electron

microscopy and EDS spectrum (d) of mineral particle (whiter particle).

Figure 11.
Composite images obtained by polarized light optical microscopy. Test 5 foam of the Table

2 seen in the microscope without crossed nicols (a) and under crossed nicols (b). Test 6 foam
of the Table 2 seen in the microscope without crossed nicols (c) and under crossed nicols (d).

e foams of the tests 5 and 6 have similar formulations. e difference
is that the foam 5 has 100% polyol and a minimum amount of silicone.
While the foam 6 has 95.5 wt. % polyol, 4.5 wt. % of steatite and the
maximum amount of silicone. It is noted that foam 6 has smaller cells
and more interconnected. We observed the same when comparing foams
of tests 7 and 8. ey are foams with the best overall properties. As
silicon shown not to influence significantly the physical properties of
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the foams, we attribute this morphological difference between foams for
replacement of the polyol by steatite. e smaller number of hydroxyls
of steatite increases the isocyanate index promoting a greater amount of
cross-linking (hard segments interconnected in a network) in the polymer
chain[36,38]. Also, the polymer chain of the polyol contributes to the size
of the polyurethane chain. In contrast, polyurethane grows on the surface
of steatite, which serves as a center of nucleation and an additional point
of cross-linking[2].

Infrared spectrum of Figure 12 shows the bands related to the
vibrational transition modes of the chemical groups of the polyurethane,
demonstrating that the conversion of reactants to products has been
successfully performed in the synthesis process. e band at 3288 cm-1

attributed to νN-H of urethane, 2970 cm-1 attributed to νC-H of CH3,
2930 cm-1 attributed to νC-H of CH2, 1724 cm-1 attributed to νC=O
of urethane and primary amide without hydrogen bond, 1716 cm-1

attributed to νC=O of urethane and primary amide with hydrogen
bond, 1640 cm-1 attributed to νC=O of urea, 1598 cm-1 attributed to
νC=C of aromatic ring, 1540 cm-1 attributed to νC-N and δNH of
secondary amide, 1456 cm-1 attributed to δCH on the plan of CH2,
1418 cm-1 attributed to νC-C of aromatic ring, 1372 cm-1 attributed
to δCH off-plan of CH2, 1094 cm-1 attributed to νC-O-C of aliphatic
ether. e bands between 900-650 cm-1 are assigned to the aromatic ring
deformation modes[39-42]. e band 1640 cm-1 attributed to νC=O of
urea reflects the rigid segments of the foam. e hydrogen bond between
the carbonyl corresponds to interaction between the rigid segments[42].
erefore, the greater the intensity of the absorption band at 1640 cm -1,
the greater the interaction between hard segments and, consequently, the
greater the degree of separation of microphases (hard and so segments)
in the foam. Analyzing the absorption intensity of the band at 1640 cm-1

of normalized infrared spectrum for all foams, it is noted that foams
with steatite have higher intensities than foams without the addition of
steatite. erefore, the increase of the hardness and the comfort factor of
the foams by addition of steatite, is due to increased interaction between
hard segments. ese hydrogen bonds strengthen the phase connectivity
and provide the hard urea segments with additional disruption choices
under compression, which promotes chain slippage and mobility[7]. ere
is no significant difference in the chemical composition of the foams with
4.5 wt % or 0.0 wt. % of the steatite, according to their infrared spectra.
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Figure 12.
Infrared spectrum of the foams 5 and 6.

According to the Figure 13 , the flexible polyurethane foams have
three exothermic weight losses between 200 °C and 400 °C (DTA
curve in blue identifying the exothermic peaks and the DTG curve in
black identifying the mass variation), corresponding to approximately
88 wt. %. e polyurethane heating causes its degradation into smaller
nitrogen compounds such as hydrogen cyanide, acetonitrile, acrylonitrile,
propionitrile, pyrrole, pyridine, aniline, benzonitrile, quinoline and
phenyl isocyanate[43]. It occurs the breakdown of urethane linkages
above 200 °C, and subsequently decompressing polyether chain between
250-320 °C. At higher temperatures (around 375 °C), the polyether
bonds are broken[44]. e last stage is the breakdown of the carbon
chain[45]. Above 400 °C occurs final polymer degradation[11,46]. e foam
6 has a final residue of 4 wt. %, due to the presence in the formulation of
steatite. e foam 5 has no final residue, it is totally degraded by heating
to 600 °C. erefore, foams having steatite has a higher ash content than
traditional foams. In general, the thermal behavior of the foams during
the heating does not change significantly, due to substitution of 4.5 wt. %
polyol by steatite. us, there is not a significant change in the chemical
composition of the foam, due to addition of steatite.

Figure 13.
ermal analysis of the foams 5 and 6.
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4. Conclusions

e steatite rock is composed of attractive minerals for use in
polyurethane synthesis, since it presents reactive hydroxyl and chemical
properties useful as high thermal stability. e composites steatite/
flexible polyurethane presented in relation to conventional foams,
improvement in mechanical properties analyzed: comfort factor and
support factor. us, foams with steatite are cheaper, have greater load
support and increased comfort. ere is not a significant change in
the chemical composition of the foams, due to substitution of 4.5
wt. % polyol by steatite. However, there was a decrease in cell size
and greater interaction between the hard segments of the composite.
e fractional factorial design showed be very useful and effective to
test flexible polyurethane formulations. It enabled the study of the
influence of each formulation component on the foams mechanical
properties, as well as the influence of interactions between them. Sum
up, the multivariate approach, in contrast of the univariate one, presents
more comprehensive understanding of the investigated system through
simultaneous evaluation of variables combined with a reduced number
of experiments, that results in lower spending of reagents and laboratory
time.
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