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Abstract

Polyurethane (PU) foams, despite their low mechanical and thermal conductivity properties, are preferred materials in applications
such as automotive, insulation and adhesives because of their ease of processing and their possibility to be produced as rigid/flexible
materials. Rigid polyurethane foams are materials used in the automotive, ship and construction industries due to their low density and
closed cell structure. In recent years, various properties of polyurethane foams reinforced with different additives, such as
morphological, mechanical and conductive properties, have been extensively investigated. However, the effect of
magnetite/wollastonite hybrid systems on thermal transition and mechanical properties of rigid PU foam composites was not studied
yet. The aim of this work is to explore thermal transition temperatures and mechanical properties of wollastonite (W) and magnetite
(M) filled rigid polyurethane foams. The relationships between mechanical and thermal transition properties of the foams and in
particular, the effect of the weight ratio of magnetite/wollastonite (1:3, 1:1 and 3:1) hybrid systems on the PU foam properties were
studied. The foams produced were characterized by a Fourier transform infrared spectrometer, differential scanning calorimeter and
tensile test device. As a result of the studies, it has been determined that the chemical structure of polyurethane foams is not affected
by additives (magnetite and wollastonite). Thermal transition results revealed the presence of two main behaviors. In the first case an
overall increase of the glass transition temperature of hard segments is observed and this behavior can be explained by the diminution
of the mobility of polyurethane chains with the inclusion of magnetite and wollastonite particles between polymer chains. In the
second case a general decrease tendency of the glass transition temperature of soft segments is obtained probably due to the presence
of magnetite or wollastonite into the polymer matrix which hinders the formation of entanglements of polymer chains. A more
important negative impact of wollastonite is observed in tensile properties of rigid PU foams compared to magnetite.
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Vollastonit ve Manyetit Katkilh Rijit Politiretan Kopiiklerin Isil Gegis
ve Mekanik Ozellikleri

Oz

Poliiiretan (PU) kopiiklerin sahip oldugu diisiik mekanik ve termal iletkenlik 6zelliklerine karsin isleme kolayligi ve sert/esnek olarak
iretilebildiklerinden dolay1 otomotiv, yalitim ve yapistirict gibi uygulamalarda tercih edilen malzemelerdir. Sert poliiiretan kopiikler
ise sahip olduklar1 diisiik yogunluk ve kapali hiicre yapisi1 6zelliklerinden dolay1 otomotiv, gemi ve insaat sektorlerinde kullanilan
malzemelerdir. Son yillarda, farkli katkilarla takviye edilmis olan politiretan kdpiiklerin morfolojik, mekanik ve iletkenlik 6zellikleri
gibi gesitli 6zellikleri yogun bir sekilde arastirilmaktadir. Ancak manyetit/vollastonit hibrit sistemlerin sert PU kopiik kompozitlerin
termal gecis ve mekanik 6zellikleri tizerindeki etkisi heniiz aragtirillmamigtir. Bu ¢aligmanin amaci vollastonit (W) ve manyetit (M)
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takviyeli sert politiretan kopiiklerin termal gegis sicakliklari ve mekanik 6zelliklerinin incelenmesidir. Kopiiklerin mekanik ve termal
gecis ozellikleri arasindaki iligkiler ve 6zellikle manyetit/vollastonit (1:3, 1:1 ve 3:1) hibrit sistemlerin agirlik oranlarimin PU kopiik
dzelliklerine etkisi incelenmistir. Uretilen kopiikler Fourier déniisiimlii kiziltesi spektrometre, diferansiyel taramali kalorimetre ve
¢ekme testi cihazi ile karakterize edilmistir. Yapilan ¢alismalar sonucunda, poliliretan kopiiklerin kimyasal yapisinin katkilardan
(manyetit ve vollastonit) etkilenmedigi tespit edilmistir. Termal gegis sonuglari iki ana davramgin varhigmi ortaya cikarmustir. ilk
durumda, sert segmentlerin camsi gegis sicaklifinda genel bir artis gdzlemlenmistir ve bu davranis, polimer zincirleri arasinda
manyetit ve vollastonit partikiillerinin eklenmesinden dolay1 poliiiretan zincirlerinin hareketliliginin azalmasi ile agiklanabilir. ikinci
durumda, yumusak segmentlerin camsi gegis sicakliginda gozlemlenen genel bir diisiis egilimi, muhtemelen polimer matrisinde
manyetit veya vollastonitin varligindan dolay1, polimer zincirleri arasinda diigiim olusumunun engellenmesinden kaynaklanmaktadir.
Sert PU kopiiklerde, vollastonitin manyetite gore ¢ekme dayanimi Ozelliklerine daha belirgin bir olumsuz etkisinin oldugu
goriilmektedir.

Anahtar Kelimeler: Rijit Poliiiretan Kopiik, Vollastonit, Manyetit, Termal Gegis, Mekanik Ozellikler.

1. Introduction

Polyurethane is one of the most popular polymers which is used for most applications such as automobile, electronic, adhesion
and insulations. These polymers are synthesized by a step-growth polymerization reaction of diisocyanate with polyether polyols and
polyurethane foams are mainly classified into three different types such as rigid, flexible and semi-rigid materials. Rigid polyurethane
foams, instead of their low mechanical and thermal properties, are used for most applications such as adhesion and insulation because
of their low density and moisture permeability properties. At the same time, these materials are durable, comfortable and light (Ghosh,
et al., 2018; Akkoyun & Akkoyun, 2019; Akkoyun & Suvaci, 2016; Usman, et al., 2016; Sattar, et al., 2015).

Magnetite is a preferred material in the development of advanced nanotechnologies for their applications in electronic devices,
medical diagnostics and treatment, imaging and production of magnetic nanocomposite materials. Magnetite brings highest insulation
into foams. The notable magnetic, thermal and mechanical properties of magnetite allowed this material to be used in rigid PU foam
composites for numerous applications (Alavi Nikje, et al., 2015; Akkoyun & Suvaci, 2016; Moghaddam & Naimi-Jamal, 2018; Silva,
et al., 2020). Wollastonite, thanks to its properties such as high brightness and white coloration, low moisture and oil absorption, low
volatile content and high electrical resistivity is a usefull additive which is mainly used for electrical, radio engineering, low-voltage
electric insulators. Wollastonite generally effects mechanical properties of polymers (Azarov, et al., 1995).

Nowadays, various properties such as morphological, mechanical and conductivity properties of polyurethane foams reinforced
with various fillers are intensively researched (Norshahli, et al., 2018; Krol, et al., 2015; Paciorek-Sadowska, et al., 2012; Akkoyun &
Akkoyun, 2019; Akkoyun & Suvaci, 2016). However, the effect of magnetite/wollastonite hybrid systems on the thermal transition
and mechanical properties of rigid PU foam composites was not investigated yet.

This study aims to explore the impact of wollastonite, magnetite and magnetite/wollastonite hybrid systems on the mechanical
and thermal transition properties of rigid polyurethane foams. The relationships between mechanical and thermal transition properties
of the foams and in particular, the effect of the weight ratio of magnetite/wollastonite (1:3, 1:1 and 3:1) hybrid systems on the PU
foam properties were studied.

2. Materials and Methods

2.1. Materials

Magnetite (FesOs4) was purchased from KIAS/Turkey as macro size and was milled within 30 minutes to reduce the mean particle
size from 70 pm to 5 um. Wollastonite (CaSiO3) was supplied by Quarzwerke GmbH as the supplier reference of TERMIN939 and is
a surface-treated filler (iron-free grinding and coating with an organo-silicon compound). In addition to these, isocyanate and polyol
were supplied by Kimpur Polyurethane (Istanbul, Turkey) through the supplier reference of I1zokim RD 001 and KIMrigid RD 057
respectively. The NCO content and viscosity properties of isocyanate are 30.5-32.5% and 200 + 40 mPa.s respectively. The polyol
used in this work has a viscosity of 400 mPa.s. All materials were used as received.

2.2. Preparation of PU/M/W foam composites

PU/M, PU/W and PU/M/W rigid foam composites were obtained at various filler amount in polyol (10, 15 and 30wt.%).
Furthermore, in the case of hybrid systems PU/M/W, to detect the effect of the weight ratios on the final properties of the foams, foam
samples were prepared at various M:W weight ratios (1:3, 1:1 and 3:1) for 10wt.% and 30wt.% total filler content in polyol. The filler
was first introduced in the polyol and then, the polyol/filler blend was stirred with an ultrasonic sonicator (Bandelin, UW 3200) during
10 min in a water bath. Afterwards, a mechanical mixer (DLAB, 0S20-PRO) was used in order to mix the PU/filler suspension for an
additional 1 minute at 2000 rpm. Then, the isocyanate was immediately included into the polyol/filler suspension and the mixture was
stirred for extra 5 seconds. At the final stage, the mixture was poured into an aluminum mold with the dimensions 30x30x4cm. Table
1 presents the formulations of the PU foam samples prepared in this study.
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Table 1. Compositions of the different magnetite and wollastonite filled rigid PU foam composites.

Samples Magnetite content | Wollastonite content | Magnetite/Wollastonite
(Wt.%) (Wt.%) content (wt.%o)

PU_O 0 0 0
PU/M_10 10 0 0
PU/M_15 15 0 0
PU/M_30 30 0 0
PU/W_10 0 10 0
PU/W_15 0 15 0
PU/W_30 0 30 0
PU/MW_10_1:3 2.5 7.5 10
PU/MW_10_1:1 5 5 10
PU/MW_10_3:1 7.5 2.5 10
PU/MW_30_1:3 7.5 22.5 30
PU/MW_30_1:1 15 15 30
PU/MW_30_3:1 22.5 7.5 30

2.3. Characterization methods

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

A ThermoFisher Nicolet 1S50 Fourier Transform Infrared (FTIR) spectrometer was used for the characterization of the chemical
bonds characteristic of the prepared rigid PU foams. These measurements were performed between a wavelength range of 4000-400
cmt,

2.3.2. Differential Scanning Calorimetry (DSC)

These measurements were realized using a TA Instrument Discovery DSC25 Differential Scanning Calorimeter (DSC). All
samples were characterized under nitrogen atmosphere and between -70°C and 270°C with a heating rate of 10°C/min.

2.2.4. Tensile Test

Specimens of each rigid PU foam samples were prepared according to ASTM D638 (Type V specimen) and the tensile test was
performed with a 5kN load cell and a crosshead speed of 5mm/min.

3. Results and Discussion

3.1. Effect of magnetite/wollastonite weight ratio on FTIR spectra of rigid PU foam composites

FTIR spectra of unfilled and magnetite/wollastonite added rigid PU foams prepared at various filler content (10, 15 and 30wt.%)
and different magnetite/wollastonite weight ratios (1:3, 1:1 and 3:1) were given in Figure 2. From this Figure 2, it can be seen that the
main specific adsorption peaks of PU foams appear with the presence of the vibration bands for isocyanurate ring in the wavelength
range of 1710 - 1690 cm™ and 1410 cm™* but also the presence of the vibration bands for urethane group in the wavelength range of
1742 - 1700 cm™. All the results were well correlated with the literature (Norshahli et al. 2018; Sri-ngo 2008). In addition, from these
FTIR spectra it could be depicted that spectra of PU foam composites exhibit similar peaks as the unfilled rigid PU foams. As a result,
it can be concluded that the chemical structure of polyurethane foams were not really affected by the fillers (magnetite and
wollastonite). In this case, no reaction occurs between fillers and polyurethane molecule.
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Figure 2. FTIR spectra obtained for unfilled and M/W filled PU foams prepared at various filler content

3.2. Effect of magnetite/wollastonite weight ratio on thermal transitions of rigid PU foam composites

DSC measurements were conducted on unfilled PU foam and magnetite/wollastinite filled rigid PU foam composites in order to
detect the effect of the presence of fillers on the thermal transitions of rigid PU foams. These polymeric materials display two
different thermal transitions with the presence of two different glass transition temperatures corresponding to two distinct behaviors of
soft segments (Tgi1) and hard segments (Tg2) of polyurethane molecules. The thermal transition observed for low temperatures (O-
50°C) represents the glass transition temperature of soft segments whereas the one obtained for higher temperatures (80-150°C)
represents the glass transition temperature of hard segments. The thermal transitions determined from DSC traces (Figures 3-6) were
gathered in Table 2.

From this Table 2, two main behaviors can be observed. In the first case of hard segments characterized by the apparition of Tgz,
an overall increase of the glass transition temperature can be observed with the introduction of fillers into polyurethane matrix with a
rise from about 119°C to around 126°C in some cases. This behavior is mainly due to the diminution of the mobility of polyurethane
chains with the inclusion of magnetite and wollastonite particles between polymer chains as largely discussed in the literature (Krol, et
al., 2015; Paciorek-Sadowska, et al., 2019). As a result, the rigidity of hard segments was augmented which induce an increase of the
glass transition temperature.
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Figure 3. DSC thermograms obtained for unfilled and magnetite filled PU foams

In the second case of Tg; representing soft segments, a general decrease tendency of the glass transiton temperature can be
noticed with a drop from about 37°C to a temperature range of 21-29°C for rigid PU foams reinforced with wollastonite and
magnetite. This behavior can be understood if the entanglements of polymer chains were take into account. In fact, the presence of
magnetite or wollastonite into the polymer matrix will hinder the formation of entanglements of polymer chains leading to the drop of
the glass transition temperature of soft segments as mentioned in the literature (Gu, et al., 2014).
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Figure 5. DSC thermograms obtained for unfilled PU and PU/M/W foams prepared at 10wt.% and various M/W weight ratios

Figure 6. DSC thermograms obtained for unfilled PU and PU/M/W foams prepared at 30wt.% and various M/W weight ratios

Figure 4. DSC thermograms obtained for unfilled and wollastonite filled PU foams
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Table 2. DSC results: glass transition temperatures of unfilled PU and PU/M/W foams (Tg: and Tgz)
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Samples Tg1(°C) Tg2(°C)
PU O 37.51 119.98
PU/M_10 26.85 122.51
PU/M_15 27.27 119.82
PU/M_30 25.29 118.55
PU/W_10 23.86 119.11
PU/W_15 21.42 118.56
PU/W_30 29.88 122.46
PU/MW _10 1:3 24.73 126.00
PU/MW _10 1:1 25.67 126.30
PU/MW _10 3:1 22.43 125.56
PU/MW _30_1:3 25.68 114.82
PU/MW _30 1:1 23.08 118.44
PU/MW_30 3:1 27.07 119.08
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3.3. Effect of magnetite/wollastonite weight ratio on mechanical properties of rigid PU foam composites

Tensile test results of unfilled and magnetite, wollastonite and magnetite/wollastonite filled rigid PU foam composites were given
in Figures 7-10. In particular, the evolution of tensile strength and elongation at break with the filler content of the different foam
samples were compared. From Figure 7 and 8, the results revealed a slight decrease of the tensile properties of magnetite added foams
whereas a more significant drop of these properties was observed for wollastonite reinforced rigid PU foam composites and more
specifically from 15wt.% of wollastonite. Then, it can be concluded that the negative impact of wollastonite in tensile properties of
rigid PU foams is more important compared to magnetite. A critical filler content of 15wt.% is visible mainly in the case of PU/W
foam composites which can be correlated with the percolation threshold theory where wollastonite particles create agglomerates after
this critical point (Akkoyun & Akkoyun, 2019; Yang, et al., 2004). This situation facilitate the formation of local stresses with the
diminution of the tensile strength of PU/W rigid foam composites. The effect of M:W weight ratio on the tensile properties of PU
foam in hybrid systems was also investigated. The comparison of Figure 9 and 10 showed a reduced tensile strength and elongation at
break for PU foams filled at 30wt.% compared to samples prepared at 10wt.%. These results are in correlation with the previous
results. Furthermore, as expected, the impact of wollastonite on the mechanical properties can also be observed in hybrid foam
composites obtained for lower amount of filler (10wt.%) with reduced tensile strength and elongation at break values for samples
prepared at 1:3 M:W weight ratios. Then, the mechanical properties of hybrid rigid PU/M/W foam composites are weakened as the
weight of wollastonite increases.
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Figure 7. a) Tensile strength and b) elongation at break of unfilled PU and magnetite filled PU foams
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Figure 8. a) Tensile strength and b) elongation at break of unfilled PU and wollastonite filled PU foams
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Figure 9. a) Tensile strength and b) elongation at break of unfilled PU and PU/M/W foams prepared at 10wt.% and various M/W
weight ratios
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weight ratios

4. Conclusions

The impact of wollastonite, magnetite and magnetite/wollastonite hybrid systems on the mechanical and thermal transition
properties of rigid polyurethane foams was realized and in particular, the effect of the filler content and the weight ratio of
magnetite/wollastonite (1:3, 1:1 and 3:1) hybrid systems on the PU foam properties was studied. From the results, it has been
determined that the chemical structure of polyurethane foams is not affected by additives (magnetite and wollastonite). Thermal
transition results revealed the presence of two main behaviors. In the first case, an overall increase of the glass transition temperature
of hard segments is observed with a rise from about 119°C to around 126°C in some cases. This behavior can be explained by the
diminution of the mobility of polyurethane chains with the inclusion of magnetite and wollastonite particles between polymer chains.
In the second case a general decrease tendency of the glass transition temperature of soft segments is obtained with a drop from about
37°C to a temperature range of 21-29°C for rigid PU foams reinforced with wollastonite and magnetite. This behavior is probably due
to the presence of magnetite or wollastonite into the polymer matrix which hinders the formation of entanglements of polymer chains.
A more important negative impact of wollastonite in tensile properties of rigid PU foams compared to magnetite is observed.
Furthermore, the mechanical properties of hybrid rigid PU/M/W foam composites are weakened as the weight of wollastonite
increases.
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