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in the polyurethane/ground tire rubber foamed composites 
enhanced their cross-link density estimated from the swell-
ing measurements. It was also confirmed by an increase of 
glass transition temperature measured by dynamic mechan-
ical analysis and differential scanning calorimetry. Addi-
tion of ground tire rubber to polyurethane foams had very 
positive influence on their thermal stability measured by 
the temperature corresponding to the 2 % mass loss dur-
ing degradation of material. Modification increased initial 
degradation temperature even by 14 °C compared to a ref-
erence sample.

Keywords Polyurethane foams · Ground tire rubber · 
Recycling · Waste rubber · Thermal properties

Introduction

Estimated data suggest that around the world over 17 mil-
lion tons of waste tires is generated every year, of which 
nearly 3.3 million tons comes from the European Union 
(EU) [1]. Made from high-quality raw materials, waste 
tires and other rubber wastes are a very valuable source 
of secondary raw materials. The material recycling, still 
conducted only on a small scale, is a very good alterna-
tive for energy recovery. Incineration of waste tires, mainly 
in cement and power plants enables the recovery of only 
about 37 % of energy used for the production of new tires 
[2]. Nowadays, industries and research centers in the EU 
and the whole world are searching for new, alternative and  
economically justified industrial scale methods of waste 
rubber recycling. Shredded rubber wastes have been used 
as fillers or substitutes of elastomers in rubber compounds, 
thermoplastic elastomers, thermoplastic compositions, 
epoxy resins, etc. [3–5]. A comprehensive review of the 
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literature, on this subject, has been recently published by 
Karger-Kocsis et al. [6]. Waste rubber particles have been 
found to be valuable modifiers of asphalts and cements [7–
9], and substrates in the processes of regeneration/devul-
canization [10, 11] and pyrolysis [12].

The cross-linked structure of shredded rubber waste has 
significant impact on the strength of interfacial interac-
tions between rubber particles and polymer matrix. As an 
effect, the incorporation of big amounts of ground tire rub-
ber (GTR) in polymer compositions results, in many cases, 
in worsening of mechanical properties. One of the possible 
solutions for the problem of weak adhesion of GTR to a 
polymer matrix is foaming of processing material [13].

Over the last few years, several research works [14–16] 
on the foamed polymer compositions containing rubber 
waste have been published. However, the main topic was 
the chemical foaming of polyolefin mixtures with waste 
rubber particles. An interesting alternative is foamed pol-
yurethane (PUF) materials filled with ground tire rubber, 
whose properties can be changed, for example, by chang-
ing the chemical structure of polyurethane, type of modifi-
ers (blowing agents, catalysts, surfactants), content of filler, 
etc.

The cross-linked structure of ground tire rubber in com-
bination with the cellular structure of polyurethane matrix 
enables the application of prepared compositions as, among 
others, insulation materials, bumpers, damping materials 
and vibration absorbers.

Cachaço et al. [17] investigated the possibility of using 
polyurethane foams filled with GTR to produce floating 
trays and compression-absorbing buoys. They found the 
results of the research very promising and their materi-
als showed similar mechanical properties to commercial 
buoys, simultaneously decreasing the ecological footprint, 
by incorporating waste rubber. Gayathri et al. [18] found 
out that the incorporation of ground tire rubber into poly-
urethane matrix caused enhancement in static mechanical 
properties and thermal stability measured by thermogravi-
metric analysis. Rubber-filled polyurethane foams showed 
also beneficial properties as acoustic insulation. Zhang 
et al. [19] also investigated the acoustic absorption prop-
erties of polyurethane foam compositions with GTR. They 
claimed that the incorporation of waste rubber into the PUF 
matrix could significantly enhance the insulation properties 
of the prepared foams in a very environmentally friendly 
way.

In all works mentioned above, there has been noticed 
disruption of cellular structure of polyurethane foams asso-
ciated with the addition of ground tire rubber, which may 
be responsible for the enhancement of the mechanical and 
insulation properties of the resulting materials.

The main purpose of the presented work is the char-
acterization of basic physical, mechanical and thermal 

properties of the polyurethane foams filled with untreated 
and thermo-mechanically reclaimed (using a co-rotating 
twin screw extruder and auto-thermal conditions) ground 
tire rubber. The influence of the type and amount of added 
ground tire rubber on the properties of flexible polyure-
thane foam was determined. In present literature, there is 
very little information about the incorporation of reclaimed 
GTR into polyurethanes [19]. In the presented research 
work, a reclamation process was performed using a co-
rotating twin screw extruder, which provides continuity of 
the process. In most cases, the reclaiming/devulcanization 
of ground tire rubber is performed in a periodical manner 
using mills.

Experimental

Materials

Flexible polyurethane foams were synthesized from poly-
ether polyols with trade names Rokopol M1170 (tri-func-
tional copolymer of ethylene oxide, propylene oxide and 
glycerol) and Rokopol F3000 (tri-functional copolymer 
of propylene oxide based and glycerol). Both Rokopols 
were acquired from PCC Rokita S.A. (Poland) and recom-
mended for the production of flexible polyurethane foams. 
The density of Rokopol M1170 at 25 °C equals 1.09 g/cm3 
and its hydroxyl number has the value of 33 mg KOH/g of 
resin. The viscosity at 25 °C equals 1.2–1.5 Pa s. Its aver-
age molecular weight equals 5,000 g/mol. Rokopol F3000 
is characterized by density at 25 °C of 1.01 g/cm3 and by 
hydroxyl number of 56 mg KOH/g of resin. Its viscosity at 
25 °C and average molecular weight equal 0.46–0.52 Pa s 
and 3,000 g/mol, respectively.

Isocyanate used in the reaction was 4,4′-methylene 
diphenyl diisocyanate (MDI) and it was characterized 
by 32 % content of NCO groups (Borsdochem, Hun-
gary). A 33 % wt solution of 1,4-diazabicyclo[2.2.2]
octane in ethylene glycol (DABCO 33LV), tin(II) 
2-ethylhexanoate(Sn(Oct)2) and sodium acetate (NaOAc) 
were applied as catalysts. All catalysts were purchased from 
Sigma Aldrich. Niax Silicone SR-393 (Momentive, Czech 
Republic) was used as a silicon-based surfactant. Distilled 
water served as a chemical blowing agent. All chemi-
cals were used as received. The foams were filled with a 
ground tire rubber with grain size 0.4 mm (r-recyclate) 
and a thermo-mechanically reclaimed ground tire rubber 
(d-devulcanize). The ground tire rubber was obtained from 
GrupaRecykl S.A. (Poland). The auto-thermal reclamation 
of the ground tire rubber was performed using co-rotating 
twin screw extruder EHP 2 × 20 from Zamak (Poland), 
with the screw configuration presented in Fig. 1. The rotat-
ing speed of screws was 300 min−1, while the yield of the 
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process was 1.92 kg/h. To create auto-thermal conditions of 
reclamation, during initiation of the process, the cylinder of 
plasticizing unit was heated to 60 °C, then after the stabili-
zation of the process (stabilization of screw torque value) 
the heaters were turned off. The process of reclamation of 
the ground tire rubber in auto-thermal conditions has been 
described in a more detailed way in patent application [20]. 
Among the advantages of auto-thermal reclamation the fol-
lowing should be mentioned: intensification of shear forces 
acting on ground tire rubber, limitation of secondary cross-
linking, reduction of energetic costs and reduction of the 
amount of gases generated during reclamation.

Foam synthesis

The flexible polyurethane foams were produced on a labo-
ratory scale by a single step method from a two-component 
(A and B) system with the ratio of isocyanate groups to 
hydroxyl groups (NCO/OH) equal to one. The component 
A (polyol mixture) consisting of the proper amounts of 
polyethers Rokopol M1170 and Rokopol F3000 (70:30), 
catalysts, surfactant, distilled water and filler in case of 
modified foams was weighed and placed in a 500 mL poly-
propylene cup. Next, the polyol mixture was homogenized 
with a mechanical stirrer at 1,800 rpm for 60 s. Such pre-
pared component A was mixed with component B(MDI) 
at a predetermined mass ratio and stirred at 3,000 rpm 
for 10 s. The resulting reaction mixture was poured into a 
closed metal mold of dimensions 100 × 50 × 40 mm. After 
demolding, the obtained PUF samples were kept at 60 °C 
for 24 h and then seasoned at room temperature for 24 h. 
Table 1 contains the details of foam formulations.

Characterization

After seasoning, the properties of the produced foams were 
determined according to standard procedures. In accord-
ance with PN-EN ISO 845: 2000, the apparent density of 
PUF samples was calculated as a ratio of the sample weight 
to the sample volume. The volumes of cube-shaped sam-
ples were measured with a slide caliper with an accuracy 

of 0.1 mm. The samples were weighed using an electronic 
analytical balance with an accuracy of 0.1 mg.

The swelling degree of resulting foams (0.2 g samples) 
was determined by equilibrium swelling in toluene (room 
temperature, 72 h). The swollen samples were dried with 
a filter paper and weighed. The methodology used in this 
study for determination of PU foam swelling degree has 
been previously described in literature [21, 22].The swell-
ing degree was calculated in accordance with Eq. (1):

where: Q is swelling degree; mt mass of sample after 72 h; 
mo initial mass of sample.

The sol fraction for each sample was calculated in 
accordance with Eq. (2):

where: W1 is the dry weight before extraction; W2 is the dry 
weight of the sample after extraction.

The compressive strength of PUF samples was estimated 
in accordance with PN–EN ISO 604:2006. The samples 
of cubic shape and 50 × 50 × 50 mm size were measured 

(1)Q =

mt − mo

mo

× 100 %

(2)Sol fraction =

W1 − W2

W1

× 100 %

Fig. 1  Screw configuration used during ground tire rubber thermo-mechanical reclaiming. (SMD kneading element, SC, SD and SDG types of 
conveying elements. The segments were named according to Zamak Mercator specification)

Table 1  Foam formulations

Weight of a chemical, pbw Foam symbol

P0 PR10/D10 PR30/D30

Rokopol M1170 60.0 54.0 42.3

Rokopol F3000 25.0 22.5 17.6

DABCO 0.09 0.08 0.06

Sn(Oct)2 0.06 0.05 0.04

NaOAc 0.06 0.05 0.04

SR393 0.3 0.3 0.2

Water 0.7 0.6 0.5

Isocyanate 13.9 12.5 9.7

Filler 0 10 30

Isocyanate index 1 1 1
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with a slide caliper with an accuracy of 0.1 mm. The com-
pression test was performed on a Zwick/Roell tensile 
tester at a constant speed of 10 mm/min to reach a 30 % 
deformation.

The dynamic mechanical analysis was performed using 
DMA Q800 TA Instruments apparatus. The samples were 
analyzed in uniaxial bending mode, with a frequency of 
1 Hz. Measurements were performed for the tempera-
ture range from −80 to 220 °C, with heating rate 4 °C/
min. The samples were beam shaped, with dimensions of 
40 × 10 × 4 mm.

Differential scanning calorimetry (DSC) was performed 
on a NETZSCH DSC 204 F1 Phoenix apparatus under 
nitrogen atmosphere in the temperature range from −85 to 
250 °C, and at a heating rate of 10 °C/min.

The thermogravimetric analysis (TGA) was performed 
on a NETZSCH TG 209 apparatus using 5 mg samples in 
the temperature range 100–600 °C and under argon atmos-
phere, at a heating rate of 20 °C/min.

The morphology of PUR/GTR foams was characterized 
with Philips-FEI XL 30 environmental scanning electron 
microscope (ESEM) using an acceleration of 20 kV. The 
samples were cut to the required dimensions at ambient 

temperature. The SEM images were analyzed with ImageJ 
computer software to measure the size of cells.

Results and discussion

Auto-thermal reclamation of GTR

The results of thermogravimetric analysis of neat and 
thermo-mechanically reclaimed ground tire rubber are pre-
sented in Fig. 2. Two peaks from DTG curves are related 
to the temperatures of maximum rate of thermal degrada-
tion of natural rubber (Tmax1) and styrene–butadiene rubber 
(Tmax2). Those rubbers are the main compounds used in car 
tires manufacturing.

The obtained results confirmed changes in the chemi-
cal structure of GTR during reclamation at 60 °C. High 
shear forces acting on GTR during low temperature extru-
sion caused scission of sulfide bonds. Cross-link density 
decrease corresponded to the lower thermal stability of 
reclaimed GTR [23].

Structural, physical and mechanical properties

The resulting foam properties are summarized in Table 2. 
Figure 3 shows the morphology of flexible polyurethane 
foams and Fig. 4 shows the results of dynamic mechanical 
analysis.

The presented SEM images of the samples and values of 
cell size indicate significant differences in the morphology 
between foams containing neat and thermo-mechanically 
reclaimed ground tire rubber. Higher values of cell diam-
eters for PD foams (foams containing reclaimed GTR) are 
related to the increased foamability of the reaction mix-
tures, whic is associated with the introduction of different 
functional groups into the GTR surface due to the oxida-
tion of the material during the reclamation process [24]. 
Regardless of GTR type (unmodified/thermo-mechanically 
reclaimed), lower values of cell size observed in case of P30 
foams (foams with 30 pbw of filler) compared to P10 sam-
ples (foams with 10 pbw of filler) are associated with the 
increased viscosity of the reaction mixture caused by addi-
tion of rubber fillers.

Fig. 2  Differential thermogravimetric curves as a function of tem-
perature for untreated (R) and thermo-mechanically reclaimed (D) 
ground tire rubber

Table 2  Comparison of foam 
properties

Sample Apparent  
density, kg/m3

Compressive strength at  
30 % deformation, kPa

Degree of  
swelling

Glass transition 
temperature, °C

P0 290 20.9 ± 1.0 134.85 ± 2.77 −36.6

PR10 299 21.8 ± 0.6 133.70 ± 3.56 −32.9

PR30 308 22.5 ± 0.3 108.47 ± 2.21 −33.4

PD10 316 13.0 ± 0.9 137.18 ± 1.75 −32.5

PD30 315 15.7 ± 0.2 106.14 ± 3.14 −33.5
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The incorporation of both types of ground tire rubber 
increased the values of the apparent density of the mate-
rial. However, this effect was stronger in case of thermo-
mechanically reclaimed GTR particles, which was related 
to the different influence of both types of GTR on the struc-
ture of pores in the prepared foams. Functional groups pre-
sent on the surface of devulcanized GTR had reacted with 
the isocyanate during polymerization, which resulted in 
enhanced interactions between the matrix and filler. Simul-
taneously, decreased volumetric expansion of foam resulted 
in increased apparent density.

The mechanical properties of polyurethane foams are 
significantly related to their apparent density; an increase 
in the apparent density causes a corresponding increase 
in the compressive strength [12]. However, increase of 
compressive strength was observed only for the materi-
als containing neat GTR. No such effect was observed for 
the foams modified with thermo-mechanically reclaimed 
ground tire rubber, which was related to the deterioration 
of polymer matrix strength due to the filler–matrix inter-
actions and to the devulcanization of rubber, occurring 
during its reclamation, which caused breakage of S–S 

Fig. 3  SEM images of: a refer-
ence foam, b PR10 foam, c PR30 
foam, d PD10 foam, e PD30 foam
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bonds responsible for the mechanical properties of vul-
canized rubber.

The differences in values of swelling degree and sol 
fraction between the foams containing the same amount of 
unmodified and thermo-mechanically reclaimed ground tire 
rubber are related to the different amounts of S–S bonds in 
both the fillers and different interactions of fillers with the 
PU matrix. As mentioned before, the reclamation of ground 
tire rubber decreased its content of S–S bonds, which is 
equivalent with lower cross-link density. Other phenomena, 
associated with the reclamation of rubber, are oxidation of 
the material and creation of different functional groups on 
the surface of rubber particles. These groups are able to 
react with isocyanates present during the synthesis of poly-
urethane foam, which leads to specific interactions between 
the fillers and matrix. Another reason for the decrease in 
compressive strength is the reaction of isocyanate with 

the functional groups of reclaimed ground tire rubber, by 
which some hydroxyl end groups remain unreacted and the 
polyurethane matrix becomes weaker.

The dynamic mechanical analysis was performed to 
determine the glass transition temperature (Tg) of the 
obtained polyurethane foams, which was assigned to the 
maximum of loss tangent as a function of temperature. 
Determination of Tg using loss tangent enables elimi-
nation of measurement inaccuracies related to sample 
dimensions. For each investigated sample, only one peak 
is observed because of similar values of loss tangents of 
polyurethane matrix and ground tire rubber. All modifica-
tions caused stiffening of polyurethane foam, leading to 
higher glass transition temperature in comparison to the 
reference sample. The Tg observed for unmodified foam 
was −36.6 °C, while incorporation of ground tire rubber 
caused its shift into range from −33.5 to −32.5 °C. It was 
observed that higher content of GTR in PUR/GTR compos-
ites caused small decrease of glass transition temperature 
(ca. 0.5–1 °C). This phenomenon is related to reaction of 
isocyanates with the functional groups of reclaimed ground 
tire rubber. The products of this side reaction may act like 
the plasticizers of ground tire rubber.

It was unexpected that only one glass transition tem-
perature was observed. This is due to overlapping of 
glass transition temperatures from polyurethane foam and 
ground tire rubber, which was confirmed by similar results 
of differential scanning calorimetry (Tg for PUR around 
−52.0 °C and Tg for both types of GTR around −57.5 °C, 
please see “Thermal properties”). It is well known that rub-
ber particles with size around 400 μm are too big to affect 
the mobility of polymer chains within the matrix. However, 
the obtained results indicate that active groups presented in 
the surface of ground tire rubber/reclaimed GTR may act 
as linkages between polyurethane chains, affecting the Tg 
of PUR/GTR composite foams [25]. Moreover, addition of 
rubber particles to polyurethane foam causes disruption of 
cellular structure, which has been already proved in differ-
ent research works [17–19].

Fig. 4  Loss tangent of the prepared polyurethane foams with 
untreated (R) and thermo-mechanically reclaimed (D) ground tire 
rubber

Table 3  Glass transition temperatures and changes in heat capacity 
of the produced foams

Sample Tg1, °C Tg2, °C Cp1, J/(g.K) Cp2, J/(g.K) Cp2′, J/(g.K)

R −57.3 – 0.018 – –

D −57.6 – 0.032 – –

P0 – −52.0 – 0.565 0.565

PR10 −62.0 −49.3 0.107 0.327 0.363

PR30 −62.2 −49.3 0.076 0.214 0.306

PD10 −63.4 −50.4 0.055 0.404 0.449

PD30 −63.2 −49.6 0.044 0.229 0.327
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Thermal properties

The results of DSC analysis are presented in Table 3 and 
Fig. 5 as thermograms. For each thermogram for the modi-
fied foams, two glass transitions can be observed, one 
related to ground tire rubber (Tg1) and the other to the pol-
yurethane matrix (Tg2). The glass transition temperature of 
the polyurethane matrix increased with addition of fillers, 
which was associated with the lower mobility of polymer 
chains in the structure due to interaction between polyure-
thane and ground tire rubber particles. On the other hand, 
the glass transition temperature (Tg1) associated with GTR 
decreases from around −57.5 °C for neat GTR/reclaimed 
GTR to −62 to −63 °C for the PUR/GTR foam composite 
with 30 pbw of GTR. These results suggest that some of the 

unreacted hydroxyl end groups may act like the plasticizer 
of ground tire rubber, which confirms the results of DMA.

The glass transition occurs as a step increase in the heat 
capacity (Cp) of the sample during heating, which is due to 
an enhancement of molecular motion in the polymer [26, 
27]. In the case of reference foam P0, the value of ΔCp 
related to the glass transition of the polyurethane matrix 
was significantly higher compared to the filled foams, 
which can be related to different amounts of polyurethane 
in each sample due to the incorporation of GTR parti-
cles. However, values calculated for the actual content of 
PU (ΔCp2) still decrease with the addition of filler to neat 
polyurethane, which is related to the higher mobility of the 
polymer chains not affected by the presence of rubber par-
ticles [28]. These results confirm that some low molecular 
weight products were formed during the reaction between 
the isocyanate group and oxygen containing groups present 
on GTR surface.

The mechanism of thermal degradation of polyure-
thane foams is often described as being very complex. The 
thermal degradation of polyurethanes occurs in two main 
stages. The first stage is related to the degradation of the 
hard segments (HS), which occurs as a consequence of 
the relatively low thermal stability of the urethane groups. 
This step involves dissociation of the polyol and isocyanate 
components, which is followed by the thermal decompo-
sition leading to the formation of amines, carbon dioxide 
and other low molecular weight compounds [27, 29]. The 
second stage has been associated with the soft segment 
(SS) decomposition, which is relatively slower than the 
first step [30–32]. Obviously, the rate of the second step 
depends very strongly on the soft segments’ structure and 
their arrangement. Gomes Lage and Kawano in their works 
suggested that mass loss in every stage of decomposition 
could be related to the amount of hard and soft segments in 
polyurethane [33]. Using this approximation, hardly no HS 
has been observed in the prepared foams, which is related 
to the foams’ formulations.

The results of thermogravimetric analysis are shown 
in Fig. 6 and Table 4. The thermal degradation measured 
by the initial degradation temperature (Tinit), correspond-
ing to 2 % mass loss, was, in most cases, slightly retarded 
by incorporation of rubber fillers. The incorporation of 
30 wt% of regenerated ground tire rubber increased Tinit 
by 14 °C. Incorporation of rubber fillers has, however, a 
big impact on the weight percentage of residue at 510 °C 
(wtR

510) of the prepared foams. Addition of 30 wt% of used 
fillers increased this residue over two times. Increase of 
wtR

510 for modified foams is related to very high wtR
510 of 

used modifiers exceeding 37 %, caused by the presence of 
carbon black in rubber fillers.

As mentioned before, the formulations of prepared 
polyurethane foams result in lack of hard segments in 

Fig. 5  Thermograms of the prepared polyurethane foams with 
untreated (R) and thermo-mechanically reclaimed (D) ground tire 
rubber
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their structure. This can be easily seen on the differential 
thermogravimetric curves, where generally only one peak 
is observed for each sample. The temperature of the fast-
est degradation (Tmax) of the reference foam was 406.9 °C. 
Slight differences in the course of DTG curves between 

neat and modified PU foams are observed in the temper-
ature range from 250 to 360 °C, which can be associated 
with the chemical interactions between functional groups 
present on the surface of GTR particles and isocyanate used 
during synthesis. This is also a reason for the inhibition of 

Fig. 6  Mass loss and differential thermogravimetric curves as a function of temperature for polyurethane foams filled with ground tire rubber

Table 4  Characteristics 
of thermal degradation of 
composite foams

Sample Mass loss,  % wtR
510, % Tmax, °C

2 5 10 50

Temperature, °C

R 255.7 302.6 348.1 453.1 41.52 388.8

D 249.4 301.5 349.0 450.2 37.97 387.8

P0 273.9 321.6 358.4 404.5 6.27 406.9

PR10 287.3 327.3 358.1 406.6 9.92 405.5

PR30 286.4 319.2 350.9 410.6 15.18 410.1

PD10 271.2 326.2 358.7 405.2 10.52 406.0

PD30 287.9 322.7 351.2 409.8 13.41 410.1
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thermal degradation in the initial phase. However, incorpo-
ration of rubber fillers did not have any significant influ-
ence on further stages of thermal degradation, which can 
be seen on the DTG curves and values of degradation tem-
peratures related to 10 and 50 % mass loss.

Conclusions

The presented research work confirmed that incorporation 
of ground tire rubber into polyurethane foams has a sig-
nificant and positive influence on the thermal stability and 
compressive strength of the resulting material, simultane-
ously decreasing their ecological footprint, which is related 
to the use of waste materials.

The presented results confirmed the reaction between 
the isocyanate group and active groups present on the sur-
face of rubber particles on the GTR surface, which has sig-
nificant influence on the microstructure and properties of 
polyurethane/ground tire rubber composite foams.

It was observed that, regardless of the GTR type, lower 
values of cell size were observed in case of PUR/GTR 
composite foam with 30 pbw of GTR compared to the sam-
ples with 10 pbw of GTR. This phenomenon is associated 
with an increased viscosity of the reaction mixture caused 
by addition of rubber fillers.

Addition of rubber particles to the polymer matrix 
increased the apparent density of the material; however, it 
was not always associated with enhancement of compres-
sive strength. In case of thermo-mechanically reclaimed 
GTR no reinforcement effect was observed, due to changes 
in rubber structure during reclamation. The devulcanization 
of rubber occurring during reclamation causes breaking 
of S–S bonds responsible for the mechanical properties of 
rubber and leads to creation of different oxygen functional 
groups on the surface of the material.

Due to the presence of GTR particles, the mobility of 
polymer chains was considerably decreased, which resulted 
in an increase of the glass transition temperature of polyu-
rethane matrix, confirmed, both, by the dynamic mechani-
cal analysis and differential scanning calorimetry. The Tg 
values increased even by 4 °C with addition of ground tire 
rubber.

The incorporation of rubber waste into the polyure-
thane matrix enhanced the thermal stability of the result-
ing foams. The initial degradation temperature and weight 
percentage of the residue at 510 °C significantly increased 
with addition of GTR, which was related to the presence of 
carbon black in the used fillers.

Future research related to modification of polyurethane 
foams with rubber waste will be focused on the interac-
tions between GTR particles and isocyanates and on incor-
poration of other waste materials or raw materials from 

renewable resources, such as vegetable oils or lignin, to fur-
ther reduce the ecological footprint of the resulting plastics.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s) 
and the source are credited.
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