
1. Introduction
More than one billion tires reach the end of their
service life every year, creating a large and continu-
ously growing waste stream worldwide. Tire rubber
has a permanently crosslinked structure and a com-
plex composition, which prevents its reprocessing
with conventional thermoplastic technologies. Ma-
terial recycling is therefore often based on mechan-
ical size reduction to produce ground tire rubber
(GTR), which can be incorporated into various poly-
mer matrices [1–3]. GTR contains valuable materi-
als, including elastomers, carbon black, processing
oils and other additives, but its use in high-value

 applications is still limited. The crosslinked rubber
particles have limited deformability and usually
form weak interactions with thermoplastic matrices.
As a result, increasing GTR content often reduces
tensile strength, elongation at break and fracture re-
sistance [4–6].
Thermoplastic polyurethane (TPU) is an attractive
matrix for recycled tire rubber. Its soft and hard seg-
ments form a microphase-separated structure that
gives TPU a combination of elasticity, toughness,
abrasion resistance and melt processability [7, 8].
The difference in modulus between TPU and tire rub-
ber is also smaller than between GTR and common
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polyolefins such as polyethylene or polypropylene.
This may reduce stress concentration around the rub-
ber particles and allow relatively high GTR contents
while the blends retain their elastomeric character.
However, the interaction between TPU and GTR re-
mains limited. Particle debonding, cavitation and
pull-out can occur during mechanical loading and
lead to early failure of the blends [9–11].
Devulcanization offers a possible way to change the
structure of recycled tire rubber. The main purpose
of devulcanization is to break sulfur-containing cross -
links while limiting polymer chain scission. A de-
crease in crosslink density increases rubber chain
mobility and improves processability [12, 13].
Changes in the rubber network and surface may also
affect the interaction between the rubber phase and
the thermoplastic matrix. However, crosslink cleav-
age and polymer chain scission usually occur simul-
taneously. The balance between these processes
strongly affects the properties of devulcanized ground
tire rubber (dGTR) and its blends [14].
The partially broken network of dGTR also allows
the rubber phase to be vulcanized again. During dy-
namic vulcanization, crosslinking occurs within a
molten thermoplastic matrix under shear. The rubber
phase is crosslinked and dispersed into particles,
while the thermoplastic phase remains the continu-
ous phase. The resulting thermoplastic dynamic vul-
canizates (TDV) combine rubber-like behavior with
thermoplastic processability [15, 16]. These materi-
als are usually prepared from virgin rubber, but
dGTR can also be used as the rubber phase because
its modified network can form new crosslinks [17–
19]. The dynamic vulcanization of dGTR may there-
fore offer a new way to control the properties of TPU
blends with high recycled rubber content.
TPU/GTR blends, devulcanized tire rubber and ther-
moplastic dynamic vulcanizates have been studied
previously in several studies, but they are usually in-
vestigated separately [9, 10, 20]. There are not many
direct comparisons of GTR, dGTR and dynamically
vulcanized dGTR within the same TPU matrix and
under the same processing and testing conditions.
Therefore, the effect of the structure of recycled tire
rubber on the mechanical and rheological properties
of TPU blends remains incompletely understood. In
particular, limited information is available on how
the partial breakdown and subsequent rebuilding of

the rubber network affect blends with increasing rub-
ber content.
Our goal was to compare TPU blends containing
GTR, dGTR and dynamically vulcanized dGTR
within the same material platform and under the
same processing and testing conditions. We varied
rubber content from 30 to 60 wt% to compare the
different rubber phases across a wide composition
range, and characterized the network structure and
vulcanization behavior of the rubber phases first. We
then studied the mechanical properties and melt rhe-
ology of the TPU blends as a function of rubber con-
tent. Sulfur- and peroxide-based vulcanization sys-
tems were also compared for the dynamic vulcan-
ization of dGTR. Our main goal was to understand
how the amount and structure of recycled tire rubber
affect the properties of TPU-based blends and to
evaluate dynamic vulcanization as a route for the
high-value use of end-of-life tire rubber.

2. Materials and methods
2.1. Materials
We selected a polyether-based thermoplastic poly -
urethane, Elastollan 1170 A 10 000 (BASF, Mann-
heim, Germany), as the matrix polymer for the inves-
tigated blends. Ground tire rubber (GTR) and devul-
canized ground tire rubber (dGTR), both derived
from end-of-life truck tires, were supplied by Ty-
romer Inc. (Arnhem, Netherlands). According to the
manufacturer, the dGTR was produced via a thermo-
mechanical devulcanization process assisted by su-
percritical carbon dioxide. According to the manu-
facturer’s data sheet, the Mooney viscosity (ML, 1+4,
100°C) of dGTR was 45±15 MU. The GTR had a
particle size of less than 2 mm, with an average par-
ticle size of 610±7 µm. Table 1 contains the other
additives incorporated into the rubber compounds.

2.2. Preparation
Before processing, the TPU pellets and all prepared
compounds were dried in a Baxter DN-63 hot-air
oven (Baxter Inc., Glenview, USA) at 80°C for 12 h,
which eliminated absorbed moisture, as thermoplas-
tic polyurethane is highly susceptible to moisture up-
take. Because of their manufacturing process, both
the GTR and the dGTR also had considerable mois-
ture content and were therefore subjected to the same
drying procedure before compounding.
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The rubber compounds (dGTR-S and dGTR-P) were
prepared with a Brabender Plasti Corder internal
mixer (Brabender GmbH, Duisburg, Germany)
equipped with a 370 cm3 mixing chamber (W 350 E).
Mixing was carried out at 50 °C, with a rotor speed
of 40 rpm and lasted for 10 min. The formulation of
dGTR-based rubber compounds for dynamic vulcan-
ization was selected based on our previously pub-
lished optimization study (Table 2) [21].
Contrary to standard practice, when calculating the
formulation of rubber compounds, we assumed that
dGTR, as a rubber, was 167 phr rather than 100 phr.
The reason for this is that, based on thermogravimet-
ric analysis (see Section 3.1), dGTR contained ap-
proximately 60 wt% elastomer.
Two-millimeter-thick vulcanized rubber sheets were
prepared by compression molding between polyte-
trafluoroethylene-coated metal plates. Vulcanization
was carried out at 180°C under 2.8 MPa with the use
of the optimal vulcanization time (t90), determined
for each compound. Molding was performed with a

Teach-Line Platen Press 200E hydraulic press
(Dr. Collin GmbH, Ebersberg, Germany).
TPU-based blends containing different rubber phas-
es were compounded with a co-rotating twin-screw
extruder (LTE 26-44, Labtech Scientific, Labtech
Engineering Co., Ltd., Samutprakarn, Thailand)
equipped with 26 mm diameter screws and an L/D
ratio of 44. During processing, barrel temperature
was gradually increased from 155 °C in the feeding
section to 190 °C at the die according to the follow-
ing profile: 155–155–160–160–165–170–175–180–
185–190–190 °C. The rotation speed of the screw
was maintained at 120 rpm throughout the extrusion
process.
Before melt compounding, the TPU pellets were
dry-mixed with GTR, dGTR, or the corresponding
rubber compounds for a homogeneous feedstock.
The resulting dry mixture was subsequently intro-
duced into the extruder through the hopper. Table 3
shows the formulations investigated in this study.
Square, 2 mm thick, 80×80 mm plates were manu-
factured from the prepared blends with an Arburg
Allrounder Advance 270S 400-170 injection mold-
ing machine (Arburg GmbH, Lossburg, Germany).
Table 4 shows the processing conditions applied dur-
ing injection molding. All specimens used for sub-
sequent characterization were cut from the injection
molded plates.
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Table 1. Additives used in the rubber compounds.
Material Manufacturer Trademark Function

Zinc oxide Werco Metal
(Zlatna, Romania) – Activator

Stearic acid Oleon
(Ertvelde, Belgium) Radiacid 0154 Activator

N-cyclohexyl-2-benzothiazolesulfenamide (CBS) Rhein Chemie
(Mannheim, Germany) Rhenogran CBS-80 Accelerator

Tetramethyl thiuram disulfide (TMTD) Lanxess
(Mannheim, Germany) Rhenogran TMTD-70 Accelerator

Sulfur Ningbo Actmix Polymer
(Ningbo, Zhejiang, China) ACTMIX S-80 Curing agent

1,4-butanediol dimethacrylate (BDMA) Lanxess
(Mannheim, Germany) Rhenofit BDMA/S Coagent

Di-(2-tert-butyl-peroxyisopropyl)-benzene (DIPP) Pergan GmbH
(Bocholt, Germany) Peroxan BIB-40 EV-G Curing agent

Table 2. Recipes for the rubber compounds (phr: parts per
hundred rubber).

Material
Amount of ingredients

[phr]
dGTR-S dGTR-P

dGTR 167.0 167.0
Zinc oxide 5.0 –
Stearic acid 2.0 –
CBS 1.5 –
TMTD 0.5 –
Sulfur 1.0 –
BDMA – 1.0
DIPP – 2.5

Table 3. The composition of the blends.
Compound Components

TPU/GTR_X (100-X) wt% TPU + X wt% GTR
TPU/dGTR_X (100-X) wt% TPU + X wt% dGTR
TPU/dGTR-S_X (100-X) wt% TPU + X wt% dGTR-S
TPU/dGTR-P_X (100-X) wt% TPU + X wt% dGTR-P



TDV compounds containing 60 wt% rubber were
not included in the study because, at this loading, the
dynamically vulcanized systems showed insufficient
melt processability and could not be reproducibly
 injection molded into defect-free specimens with the
applied processing conditions. Therefore, the rubber
content of the TDV series was limited to 50 wt%,
whereas the non-vulcanized GTR and dGTR blends
were successfully processed up to 60 wt%. 

2.3. Characterization methods
The thermogravimetric analysis (TGA) of GTR and
dGTR was performed with a TA Q500 instrument
(TA Instruments Ltd., New Castle, USA) in a nitro-
gen atmosphere at a heating rate of 10 °C/min be-
tween 50 and 600 °C. To determine carbon black
content, we switched to an air atmosphere at 600 °C
and heated the sample at a rate of 10 °C/min to
800°C. The reported results are based on the average
of three measurements.
The crosslink density of the rubber phases was eval-
uated with the equilibrium swelling method. The
specimens were immersed in toluene at room tem-
perature for 72 h to reach swelling equilibrium. After
removal from the solvent, the samples were gently
blotted with paper towels, and the swollen mass was
recorded. Subsequently, the specimens were dried at
80 °C for 12 h, and their final dry mass was meas-
ured. Crosslink density was calculated according to
the Flory-Rehner equation (Equation (1)):

(1)

where νₑ is crosslink density [mol/cm3], Vs is the
molar volume of toluene (106.27 cm3/mol), χ is the
Flory-Huggins polymer–solvent interaction param-
eter, taken as 0.39 [22], and Vr is the volume fraction
of rubber in the swollen network. The value of Vr

was determined with the Ellis-Welding equation
(Equation (2)):

(2)

where mr is the mass of the dried rubber sample, ms
is the mass of solvent absorbed during swelling, ρr
is the density of the rubber sample, and ρs is the den-
sity of toluene, taken as 0.867 g/cm3 [23, 24]. The
reported crosslink density values are the average of
those of five specimens.
The soluble fraction of the samples was determined
by Soxhlet extraction with toluene as the solvent.
The extraction was carried out in boiling toluene for
16 h. After extraction and drying, the soluble content
(S) was calculated according to Equation (3):

(3)

where mi and mf denote the initial mass of the sample
before extraction and the final mass after extraction,
respectively. The reported soluble fraction values are
the average of those of five specimens.
The vulcanization behavior of the rubber compounds
was characterized with a MonTech D RPA 3000
Rubber Process Analyzer (MonTech GmbH,
Buchen, Germany). Measurements were performed
under isothermal (180 °C) and non-isothermal con-
ditions (155–190°C at a heating rate of 17.5°C/min),
with a testing frequency of 1.67 Hz and a strain am-
plitude of 1°. The characteristic vulcanization pa-
rameters were determined in accordance with ISO
6502-2:2018. Scorch time (t10) was defined as the
time required to reach 10% of total cure, while vul-
canization time (t90) corresponded to the time re-
quired for 90% of total cure. In addition, the torque
difference (ΔS′ = S′max – S′min) was calculated, where
S′max and S′min represent the maximum and minimum
torque, respectively. This parameter was used as an
indicator of changes in the crosslink density of the
rubber compounds. The cure rate index (CRI), which
characterizes the rate of vulcanization, was calculat-
ed according to Equation (4).

(4)

where t10 and t90 are expressed in min.
The tensile properties of the specimens were evalu-
ated with a Zwick Z005 universal testing machine
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Table 4. Injection molding parameters.
Parameter Value

Melt temperature [°C] 210
Injection rate [cm3/s] 50
Dose volume [cm3] 45
Holding pressure [bar] 450
Holding time [s] 15
Residual cooling time [s] 30
Mold temperature [°C] 30



(Zwick GmbH, Ulm, Germany) equipped with a
5 kN load cell. Tensile tests were carried out at room
temperature in accordance with ISO 37:2017 with the
use of Type 2 dumbbell-shaped specimens. Cross -
head speed was set to 500 mm/min, while initial
gauge length was 45 mm. Five parallel specimens
were tested for each composition and the measured
values were averaged.
The effects of rubber type or vulcanization system
and rubber content on tensile strength and elongation
at break were evaluated by two-way analysis of vari-
ance (ANOVA), followed by Tukey’s post hoc test
at a significance level of p < 0.05.
The Shore A hardness of the samples was measured
with a Zwick H04.3150.000 hardness tester (Zwick
GmbH, Ulm, Germany) in accordance with ISO
7619-1:2010 at 10 points per sample. The total thick-
ness of the tested specimens was approximately
6 mm, which was the result of stacking three injec-
tion-molded plates. Indentation time was 3 s.
The compression set of the samples was determined
according to Method A of ISO 815-1:2019. Circular
Type B specimens with a diameter of 13 mm and a
nominal thickness of 6 mm were compressed by
25% of their initial thickness. To determine the com-
pression set at room temperature, we compressed the
specimens at 25 °C for 72 h. For the elevated-tem-
perature test, the compressed specimens were placed
in a drying oven (Baxter DN 63, Baxter Internation-
al, Deerfield, USA) at 70 °C for 24 h. After the ex-
posure period, the compression device was removed
from the oven, the load was released, and the speci-
mens were placed on a wooden surface. After a
30 min recovery period, specimen thickness was
measured again. The reported compression set val-
ues are the average of those of five specimens for
each condition.
The rheological behavior of the samples was char-
acterized with a Kinexus Prime Pro+ rotational
rheometer (Netzsch Group, Selb, Germany). Oscil-
latory tests were carried out in a parallel-plate geom-
etry with the use of 25 mm-diameter plates with a
1 mm gap at 190 °C. To determine the linear vis-
coelastic region (LVER), we performed strain am-
plitude sweep tests over a strain range of 0.01–150%
at a constant frequency of 1 Hz. Based on the iden-
tified LVER, frequency-sweep tests were subse-
quently conducted over the range 0.01–100 Hz at a
constant strain of 0.5%.

The morphology of the blends was characterized with
a JEOL JSM-6380LA scanning electron microscope
(SEM) (JEOL Ltd., Tokyo, Japan). Fracture surfaces
obtained after tensile testing were sputter-coated with
a thin layer of gold prior to SEM observation.

3. Results and discussion
3.1. Characterization of the rubber phases
Figure 1 shows the thermogravimetric (TGA) and
derivative thermogravimetric (dTG) curves of GTR
and dGTR. The thermal degradation of both samples
occurred in several stages. The mass loss below
150°C was mainly caused by moisture. Between 150
and 290°C, low-molecular-weight additives and pro-
cessing oils were released or decomposed. Natural
rubber (NR) degraded mainly between 290 and
400°C, followed by the degradation of the synthetic
rubber components, mainly styrene-butadiene rubber
(SBR) and/or butadiene rubber (BR), up to about
590 °C [25, 26]. In air, carbon black oxidized be-
tween 600 and 660°C. The residue above 660°C was
assigned to the inorganic components of the rubber.
The temperature corresponding to 5% mass loss
(T5%) increased after devulcanization, while the pro-
portion of volatile components decreased (Figure 1
and Table 5). This change can be explained with the
partial decomposition and removal of processing oils
and low-molecular-weight additives during thermo-
mechanical devulcanization [25, 27]. Minor differ-
ences in the composition of the samples may also
arise from the heterogeneous origin of waste tires.
Tire manufacturers use different proprietary com-
pound formulations, and both GTR and the resulting
dGTR are produced from mixtures of tires with dif-
ferent compositions.
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Figure 1. TGA and dTG curves of GTR and dGTR.



The degradation peaks assigned to natural and syn-
thetic rubber were more clearly separated in the
dGTR sample. This may be related to polymer chain
scission and crosslink cleavage during devulcaniza-
tion, which reduced the connectivity between the dif-
ferent rubber components and allowed their thermal
degradation processes to occur more independently.
Thermomechanical devulcanization decreased the
crosslink density of GTR by approximately 67% and
increased the soluble content from 7.6 to 27.4%
(Table 6). These changes show that the crosslinked
network was extensively degraded during devulcan-
ization. In our previous study [21], Horikx’s analysis
showed that random polymer chain scission was the
main mechanism of the applied devulcanization
process rather than selective crosslink cleavage.
However, the remaining crosslink density indicates
that devulcanization was incomplete, as evidenced

by the presence of rubber particles still visible in the
dGTR. This is supported by optical microscope im-
ages of the polished surfaces of TPU-based blends
containing equal amounts (50 wt%) of GTR and
dGTR (Figure 2). The 200× magnification clearly
shows how the size and quantity of large particles in
the rubber phase decreased as a result of devulcan-
ization. The increase in soluble content can therefore
be linked to the formation of extractable polymer
chains and fragments of low molecular weight.
Revulcanization with sulfur- and peroxide-based
vulcanization systems increased crosslink density
and reduced the soluble content of dGTR. However,
the original crosslink density of GTR could not be
restored with either vulcanization system. This can
be explained with the irreversible polymer chain
scission during thermomechanical devulcanization.
The broken polymer chains cannot be reconnected
during revulcanization, therefore the newly formed
crosslinks cannot fully rebuild the original three-di-
mensional network.

3.2. Vulcanization characteristics of the
rubber compounds

The vulcanization behavior of the rubber compounds
provides useful information for understanding the
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Table 5. The result of the TGA test.

Sample T5%
[°C]

Volatile ingredients Natural rubber Synthetic rubber Carbon black
Residue

[%]Δm
[%]

Tmax
[°C]

Δm
[%]

Tmax
[°C]

Δm
[%]

Tmax
[°C]

Δm
[%]

Tmax
[°C]

GTR 278.2±3.2 6.1±0.3 – 40.3±1.7 364.6±1.8 16.5±0.3 – 30.9±2.2 617.8±1.8 6.2±1.0
dGTR 300.0±4.5 4.4±0.2 – 38.5±1.2 372.3±1.3 21.4±1.2 429.0±3.3 30.0±1.3 614.3±1.2 5.8±1.2

Figure 2. The optical microscope image (200× magnification) of the polished surface of a sample containing 50 wt% of
a) GTR and b) dGTR.

Table 6. The crosslink density and soluble content of the
rubber phases.

Sample Crosslink density, νe
[mol/cm3·10–4]

Soluble content, S
[%]

GTR 3.78 ± 0.16 07.6 ± 0.4
dGTR 1.25 ± 0.04 27.4 ± 1.3
dGTR-S 2.51 ± 0.07 11.5 ± 0.8
dGTR-P 2.16 ± 0.03 10.7 ± 0.4



development of the rubber phase during dynamic
vulcanization and its effect on the final properties of
thermoplastic dynamic vulcanizates (TDVs). There-
fore, we tested neat dGTR and sulfur- (dGTR-S) and
peroxide-based (dGTR-P) rubber compounds under
isothermal (180 °C) and non-isothermal conditions
(Figure 3 and Table 7).
Neat dGTR showed only a small increase in torque
(ΔS′ = 1.91 dNm) during the isothermal test and had
a low cure rate (CRI = 5.49 min–1). This shows that
the residual vulcanization agents in dGTR have lim-
ited activity and can only form a small number of
new crosslinks. Under non-isothermal conditions,
which followed the temperature profile used during
TDV processing, there was almost no increase in
torque. Therefore, the residual vulcanization agents
in dGTR cannot form a significant number of new
crosslinks during extrusion. Both rubber compounds
containing added vulcanization agents (dGTR-S and
dGTR-P) showed a clear increase in torque due to

crosslink formation. Under isothermal conditions,
dGTR-S and dGTR-P showed similar maximum
torque differences, but their vulcanization rates dif-
fered significantly. The sulfur-based compound vul-
canized rapidly, reaching optimum cure in 0.9 min.
In comparison, the peroxide-based compound re-
quired 6.6 min to reach the same degree of vulcan-
ization.
The non-isothermal curves provided more informa-
tion about the vulcanization of the rubber phase dur-
ing extrusion. By the end of the test, the torque of
dGTR-S had approached a plateau, showing that vul-
canization could be completed within a timeframe
comparable to the extrusion residence time. The
torque of the dGTR-P continued to increase after
2 min, indicating that the peroxide-based vulcaniza-
tion reaction was unlikely to be completed during ex-
trusion alone. However, dGTR-P passed the scorch
time (t10) within this period. The dispersed rubber
particles therefore had sufficient network integrity to
prevent coalescence within the TPU melt, which is
required for dynamic vulcanization. During injection
molding, the material was exposed to a higher melt
temperature of 210°C, which allowed the peroxide-
based vulcanization reaction to continue.

3.3. Tensile behavior of the blends
Figure 4 shows typical tensile stress–strain curves,
while Figure 5 summarizes tensile strength and elon-
gation at break as a function of rubber content. Neat
TPU had a tensile strength of approximately 22 MPa
and an elongation at break of about 890%. Gradually
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Figure 3. a) Isothermal (180 °C) and b) non-isothermal vulcanization curves for the rubber phases.

Table 7. Vulcanization characteristics of the rubber com-
pounds.

Sample Temperature
[°C]

S′max – S′min
[dN·m]

CRI
[1/min]

t10
[min]

t90
[min]

dGTR
180 01.9 005.5 0.6 18.8

155→190
(17.5 °C/min) Cannot be determined

dGTR-S
180 13.3 243.9 0.5 00.9

155→190
(17.5 °C/min) 12.0 294.1 0.8 01.2

dGTR-P
180 13.4 016.4 0.5 06.6

155→190
(17.5 °C/min) 09.2 Cannot be determined



increasing the rubber content reduced both proper-
ties in all blends. This can be explained with a me-
chanically weaker rubber phase, and reduced stress
transfer between the two phases.
The rubber phase also changed the shape of the ten-
sile curves. Neat TPU showed a clear plateau

 between approximately 50 and 200% strain, which
has been linked to microstructural rearrangements
in the phase-separated TPU morphology. At higher
strains, molecular chain orientation resulted in pro-
nounced strain hardening [28–30]. In the GTR-
filled blends, the plateau and strain-hardening

A. Kohári and T. Bárány – Express Polymer Letters Vol.20, No.9 (2026) 923–938

930

Figure 4. Typical tensile curves of the matrix TPU and blends: a) TPU/GTR, b) TPU/dGTR, c) TPU/dGTR-S,
d) TPU/dGTR-P.

Figure 5. a) Tensile strength and b) elongation at break as a function of rubber content.



 regions gradually became less pronounced. Both
features almost  completely disappeared in the
dGTR-containing blends. As the rubber content in-
creases, less TPU is available for microstructural re-
arrangement and strain hardening. At the same time,
the dispersed rubber particles restrict molecular ori-
entation and structural rearrangement in the TPU
matrix. This effect was stronger in the blends con-
taining dGTR.
At the same rubber content, the GTR-filled blends
had higher tensile strength than the blends contain-
ing dGTR. This difference is consistent with the par-
tial breakdown of the crosslinked network and poly-
mer chain scission during devulcanization. However,
up to 40 wt% rubber content, the blends containing
dGTR had higher elongation at break than the
 corresponding GTR-filled blends. The increased
chain mobility and changes in surface chemistry
caused by devulcanization may enhance interactions
between the TPU matrix and the rubber phase, as re-
ported in previous studies [9, 31, 32].
The TDVs (TPU/dGTR-S and TPU/dGTR-P) showed
a similar trend. Tensile strength and elongation at
break decreased as rubber content increased, and the
plateau and strain-hardening regions of neat TPU
disappeared. At the same rubber content, the perox-
ide-cured blends had higher tensile strength and
elongation at break than the sulfur-cured blends. Per-
oxide-based dynamic vulcanization may enhance in-
teractions between the TPU matrix and the rubber
phase, enabling more efficient stress transfer and im-
proved mechanical performance [33]. Additionally,
it cannot be excluded that the peroxide-based vul-
canization system affects the TPU matrix as well.
The tensile properties of the TDVs were worse than
those of the separately vulcanized dGTR-S and
dGTR-P compounds, even though the latter formed
continuous crosslinked rubber networks. In the
TDVs, the rubber phase was dispersed within the
TPU matrix, and the mechanical response was there-
fore controlled by stress transfer between the phases,
local stress concentration, and possible phase sepa-
ration during deformation. At the same time, the in-
creasing rubber content reduced the amount of con-
tinuous TPU available for molecular orientation and
strain hardening. These effects explain why the ten-
sile properties of the blends did not follow a simple
rule of mixtures and could remain below those of

both neat TPU and the separately vulcanized rubber
compounds.
Two-way ANOVA showed that rubber type or vulcan-
ization system, rubber content, and their interaction
had significant effects on both tensile strength and
elongation at break (p < 0.05). Tukey’s post hoc test
confirmed that the GTR-filled blends had signifi-
cantly higher tensile strength than the corresponding
dGTR-containing blends at all rubber contents. The
elongation at break of the dGTR-containing blends
was significantly higher at 30 and 40 wt% rubber
content, while the opposite trend was found at 50
and 60 wt%. Among the thermoplastic dynamic vul-
canizates, the peroxide-cured blends had significant-
ly higher tensile strength and elongation at break
than the sulfur-cured blends at all investigated rubber
contents.

3.4. The hardness and compression set of the
blends

Figure 6 shows the Shore A hardness of the blends.
Hardness gradually decreased as rubber content in-
creased across all blends. The blends containing
dGTR had the largest decrease, while the hardness
of the thermoplastic dynamic vulcanizates (TDVs)
was between that of the GTR- and dGTR-containing
blends. This trend is consistent with the crosslink
density results presented in Section 3.1. Devulcan-
ization reduced the stiffness of the rubber phase,
while dynamic revulcanization partially restored it.
The compression set of the blends was measured at
25 and 70 °C (Figure 7). The addition of the rubber
phase slightly increased compression set at both
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Figure 6. Shore A hardness of the samples as a function of
rubber content.



temperatures compared with neat TPU, but the effect
of increasing rubber content was small. The blends
containing dGTR had the highest compression set
values, which is consistent with the lower crosslink
density of dGTR.
The lower Shore A hardness and higher compression
set of the GTR-filled blends compared with neat TPU
cannot be explained only by the mechanical proper-
ties of the rubber particles.The Shore A hardness of
truck tire tread compounds is comparable to that of
the TPU used in this study. Therefore, the TPU–rub-
ber interphase may also have an important role in the
mechanical response of the blends. This agrees with
the conclusions drawn from the tensile test results.
The compression set of the TDVs was only slightly
higher than that of neat TPU. The peroxide-cured
blends had lower compression set values, especially
at 70°C. At this temperature, the compression set of
the blend containing 50 wt% dGTR-P was close to
that of neat TPU. The lower compression set of the
peroxide-cured blends may be related to changes in
the TPU–rubber interphase that allow more efficient
stress transfer, or it may be due to the effect of the
peroxide-based vulcanization system on the TPU
matrix.
Shore A hardness and compression set were affected
by both the crosslink density of the rubber phase
and the TPU–rubber interphase. Dynamic revulcan-
ization, especially with the peroxide-based vulcan-
ization system, partly compensated for the reduction
in mechanical performance observed in the dGTR-
containing blends. This was also reflected in the
higher tensile strength and elongation at break and
the lower compression set of the peroxide-cured
blends.

3.5. Rheological behavior of the blends
We determined the linear viscoelastic region (LVER)
of the blends based on the amplitude dependence of
the storage modulus (G′) (Figure 8) and selected a
strain amplitude of 0.5% for the following oscillato-
ry tests, as it was within the LVER of all samples.
The storage modulus increased with increasing rub-
ber content across all blends, indicating that the rub-
ber phase enhanced the elastic response of the melt.
At the same rubber content, the blends containing
dGTR had higher G′ values than the corresponding
GTR-filled blends. This difference may be related to
the higher chain mobility of dGTR and the resulting
changes in the interactions within the melt. The ther-
moplastic dynamic vulcanizates showed a similar in-
crease in G′ with rubber content, indicating that the
dynamically vulcanized rubber phase also increased
the elasticity of the melt.
G′ gradually decreased with increasing strain ampli-
tude for all samples. This Payne effect–like behavior
became more pronounced as rubber content in-
creased due to the gradual breakdown of the particle
network during deformation. The blends containing
dGTR showed a larger decrease in modulus than the
GTR-filled blends, which may be related to the
greater structural rearrangement of the network
formed by the devulcanized rubber particles. Among
the thermoplastic dynamic vulcanizates, the perox-
ide-cured blends showed a smaller decrease in G′
than the sulfur-cured blends. The melt structure of
the peroxide-cured blends therefore appeared to be
less sensitive to structural rearrangement during de-
formation.
Figure 9 and Figure 10 show the frequency de-
pendence of the storage modulus (G′) and complex
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Figure 7. Compression set of the samples at a) 25°C and b) 70°C as a function of rubber content.



viscosity (η*). All blends exhibited the typical vis-
coelastic behavior of polymer melts: G′ increased
and η* decreased with increasing frequency. The
rubber phase clearly affected the rheological behav-
ior of the blends. Both G′ and η* increased with rub-
ber content, especially at low frequencies. At the
same time, G′ became less frequency-dependent,
which is consistent with more restricted long-term
relaxation and a stronger elastic response of the
melt. At the same rubber content, the blends con-
taining dGTR had higher G′ and η* values than the
corresponding GTR-filled blends over the entire fre-
quency range. This agrees with the amplitude-sweep
results and may be related to structural changes
caused by devulcanization, which increase chain
mobility and alter the behavior of the rubber phase
in the melt. The effect of the rubber phase was
strongest at low frequencies. As the frequency in-
creased, the complex viscosity curves gradually ap-
proached one another. At high deformation rates, the

flow behavior of the TPU matrix therefore became
more dominant.
The thermoplastic dynamic vulcanizates showed the
same general trend. Both G′ and η* increased with
rubber content, while their frequency dependence
decreased. There were only small differences be-
tween the sulfur- and peroxide-cured blends. Among
the studied compositions, rubber content had a
greater effect on melt rheology than the vulcaniza-
tion system did.

3.6. The morphology of the blends
Figure 11 shows representative SEM micrographs of
the tensile fracture surfaces of neat TPU and the
blends containing 40 wt% recycled rubber. The frac-
ture surface of neat TPU (Figure 11a) is relatively
smooth and homogeneous, which is characteristic of
the ductile fracture of the TPU matrix. In contrast,
all rubber-filled blends exhibit rougher fracture sur-
faces with visible rubber particles and cavities
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Figure 8. The storage modulus (G′) of samples containing a) GTR, b) dGTR, c) dGTR-S and d) dGTR-P as a function of
amplitude.



 resulting from the separation of interfaces and parti-
cle pull-out.
The TPU/GTR blend (Figure 11b) contains numer-
ous cavities and detached rubber particles, indicating
interfacial debonding during tensile loading. The
TPU/dGTR blend (Figure 11c) shows a rougher
fracture surface than the corresponding GTR-filled
blend, suggesting a different fracture mechanism that
is consistent with its higher elongation at break. Dy-
namic vulcanization further changed the fracture
morphology of specimens with 40 wt% rubber con-
tent (Figure 11d and Figure 11e). Compared with the
TPU/dGTR blend, the fracture surfaces of the dy-
namically vulcanized blends appear more continu-
ous and contain fewer large cavities. Only minor
morphological differences can be observed between
the sulfur- and peroxide-cured blends. Overall, the
SEM observations support the mechanical and rhe-
ological results and demonstrate that the structural

state of the recycled rubber phase clearly affects the
fracture behavior of the TPU-based blends.

4. Conclusions
In this study, we compared the effect of ground tire
rubber (GTR), devulcanized ground tire rubber
(dGTR) and dynamically vulcanized dGTR on the
mechanical and rheological properties of TPU-based
blends. The lower crosslink density and higher sol-
uble content of dGTR confirmed the extensive
changes in the rubber network caused by devulcan-
ization. Revulcanization with sulfur- and peroxide-
based vulcanization systems increased the crosslink
density of dGTR, but the original network structure
of GTR could not be fully restored.
The rubber phase clearly affected the mechanical
properties of the blends. At the same rubber content,
the GTR-filled blends had higher tensile strength
than the blends containing dGTR. However, up to
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Figure 9. Storage modulus (G’) of samples containing a) GTR, b) dGTR, c) dGTR-S and d) dGTR-P as a function of fre-
quency.



40 wt% rubber content, the blends containing dGTR
had higher elongation at break. The thermoplastic
dynamic vulcanizates showed intermediate behavior
between the GTR- and dGTR-filled blends. Among
the dynamically vulcanized blends, the peroxide-
cured samples had higher tensile strength and elon-
gation at break and lower compression set than the
sulfur-cured samples. These results are consistent
with improved stress transfer between the TPU ma-
trix and the peroxide-cured rubber phase, although
a possible contribution from changes in the TPU ma-
trix cannot be excluded.
The rheological results also showed clear differences
between GTR and dGTR. The blends containing
dGTR had higher storage modulus (G′) and complex
viscosity (η*) than the corresponding GTR-filled
blends. Increasing the rubber content increased the
elastic response of the melt and reduced the frequency

 dependence of G′. The sulfur- and peroxide-cured
blends showed only small differences in melt rheol-
ogy, showing that rubber content had a greater effect
on melt behavior than the vulcanization system.
The results show that both the amount and structure
of recycled tire rubber strongly affect the properties
of TPU/rubber blends. Devulcanization alters the
mechanical and rheological behavior of the rubber
phase, while subsequent dynamic vulcanization
partly compensated for the changes observed in the
mechanical properties of the dGTR-containing
blends. The choice of vulcanization system is espe-
cially  important for the mechanical properties of the
thermoplastic dynamic vulcanizates. These findings
show that controlling the structure of the recycled
rubber phase can be used to adjust the properties of
TPU blends and support the high-value use of end-
of-life tire rubber.
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Figure 10. The complex viscosity (η*) of samples containing a) GTR, b) dGTR, c) dGTR-S and d) dGTR-P as a function of
frequency.
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