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ARTICLE INFO ABSTRACT

Keywords: In this study, we examined the weldability of thermoplastic elastomers made from ground tire rubber (GTR) with
Ground tire rubber polypropylene and explored the effects of devulcanized GTR (dGTR) and dynamic vulcanization to produce
Devulcanization

thermoplastic dynamic vulcanizates (TDV). We characterized the damping properties of blends and revulcanized
dGTR and found that increasing load does not affect the damping of the rubber, but the blends behaved similarly
to polypropylene. We examined the effect of welding force and time on welds between polypropylene and the
blends and found that both time and force have an optimum for the best maximum force and elongation: the best
properties were examined with 0.3 s of weld time and 200 N of weld force. Similar trends were observed in welds
between identical blend types. We also examined the morphology of the seams and found that both devulca-
nization and dynamic vulcanization helped to distribute the rubber phase better, which resulted in seams with
smaller rubber particles that can act as defects. With Taguchi analysis we determined that the best weld quality
was achieved between TDV and PP at 300 N of weld force. We also showed that no specimen exhibited voids and
cracks in the seam. Our findings show that filling GTR or dGTR in polypropylene results in a rubber-like ther-
moplastic material which is also characterized by good weldability. This article shows an application of inserting
GTR into circular economy.

Dynamic vulcanization
Thermoplastic elastomers
Ultrasonic welding
Circular economy
Rubber recycling

1. Introduction

Recycling is one of the most important issues the polymer industry
faces. While numerous studies have dealt with the recyclability of
thermoplastic polymers, particularly focusing on bottles due to their
majority in plastic waste [1], recycling rubber waste presents its chal-
lenge [2-4]. Unlike thermoplastics, rubbers present a greater challenge
in recycling: their elasticity stems from crosslinks within their molecular
chains. However, these crosslinks block reversible melting, making their
recycling process more complex [5]. The most pressing issue with rubber
waste is waste tires: the amount of them is expected to reach 3.4 billion
tons annually in 2050 [6]. After dismantling, the tire rubber can be
shredded thus ground tire rubber (GTR) is formulated [7]. GTR can be
used in a wide range of applications, from mixing into asphalt to
covering artificial grass and other types of surfaces [7,8]. The most
viable usage is to take it back to the source and use it as building blocks
of new rubber goods or fill thermoplastic materials with it. Filling
thermoplastic materials with GTR is not a new practice; it is used to
improve the toughness of these plastics [9,10]. However, compatibility
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between the GTR and the thermoplastic is poor, which means that in
order to achieve high performance, some kind of compatibilization is
necessary [11,12].

One possible way to compatibilize the phases is also used in the
recycling of rubber waste: devulcanization and reclamation aim to break
up crosslinks between the molecules [13]. This makes the rubber
reformable and usable in virgin rubber compounds and enhances
compatibility with the thermoplastic matrix by mobilizing the molecules
in rubber. Devulcanization accomplishes the objective through selective
crosslink scission, while reclamation involves chain scission [14]. This
means that devulcanization is the more sought-after concept since se-
lective crosslink scission does not worsen the material’s properties as
much as chain scission. Various methods exist for devulcanization, with
the most prevalent being thermomechanical [15-18], thermochemical
[19], and microwave devulcanization [20-22].

Devulcanized ground tire rubber (dGTR) can be blended with ther-
moplastic materials to produce thermoplastic elastomers (TPE). TPEs
exhibit rubber-like behavior due to their physical crosslinked structure
while being reversibly meltable, granting easy recyclability [23]. One
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special group of TPEs is polymer-elastomer blends, which gain their
rubbery behavior thanks to finely dispersed rubber domains in a ther-
moplastic matrix [24,25]. The particle size of the rubber phase is
essential to be in the micrometer range for rubber-like behavior, which
can be achieved via dynamic vulcanization [26-28]. In this process, the
rubber mixture is fed into the processing equipment in its unvulcanized
form; vulcanization occurs in situ during the compounding under
intensive shearing [29,30]. It reduces the size of the rubber domains,
resulting in thermoplastic dynamic vulcanizate (TDV).

TDVs are commercially available materials (e.g., Santoprene®) that
are composed of polypropylene (PP) and ethylene propylene diene
monomer rubber (EPDM). They are characterized by high elongation
and good recyclability, but they are more expensive compared to con-
ventional rubbers, so manufacturers are reluctant to change [31]. Using
GTR to produce TPEs would not only lower the price but also be an
innovative way to insert rubber waste into the circular economy [32].

Using a rubber coating would have several advantages for many
products, as it would greatly increase the resistance to external forces
and make the product much tougher [33]. The problem is, however, that
for classic cross-linked rubbers, this coating is very costly and compli-
cated due to vulcanization processes (e.g., the need for a special
formulation, additional equipment and professional knowledge that an
injection molding company does not always have). The solution to this
issue could be the application of welding, which is also a common
process of joining in the industry [34].

Ultrasonic welding is one of the most popular and commonly used
welding processes. It is a very clean and versatile technology that uses
mechanical vibrations to generate interfacial heating and melting to
weld the components together [35]. For the rubber, melting is a crucial
problem, but using TPE could eliminate this. A thermoplastic part of a
TPE blend can be an excellent way to create welded joints. In this case,
the GTR would act as a filler, changing the product’s mechanical
properties.

The effect of fillers on ultrasonic weldability is an area that has been
heavily researched. However, the primary focus here is not on elastic
fillers like GTR, but rather on traditional fiber reinforcements, which
enhance stiffness and tensile strength. The well known factors that in-
fluence the weld quality are welding power, welding time, welding
force, the use of energy director, or the presence of moisture [36,37].
However, because of the obvious differences between a reinforcing fiber
and a GTR, whether mechanical or morphological, the previously shown
guidelines cannot be taken as fundamental as the damping of the GTR
can cause difficulties in ultrasonic welding. Consequently, the effect of
these parameters on the weld quality as a function of the filler material
has to be investigated. The weldability of TPEs is an area that has hardly
been explored but offers great potential because it could be worthwhile
from a manufacturing and economic point of view. Moreover, no study
has dealt with the weldability of GTR-filled thermoplastic materials. In
this study, we investigated the weldability of PP-based TPEs with
recycled rubber using ultrasonic welding for sustainable applications.

2. Materials and methods
2.1. Materials

We used R660 polypropylene random copolymer (extrusion grade,
MFI (2.16 kg, 230 °C) 2 g/10 min) provided by MOL Petrochemicals Ltd
(Tiszatjvaros, Hungary). We used this PP for compounding and welding
experiments.

Devulcanized ground tire rubber (dGTR) was provided by Tyromer
Inc. (Waterloo, ON, Canada). Ground tire rubber, made from truck tires
with a particle size under 1 mm, is thermomechanically devulcanized in
an extruder with the help of supercritical CO2. The company also pro-
vided the original GTR they used during the process.

We used the curatives and additives presented in the rubber phase of
the TDVs (Table 1).
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Table 1
Materials used for curing the rubber phase of the TDV.
Material Manufacturer Trademark Function
ZnO Werco Metal - Activator
(Zlatna, Romania)
Stearic acid Oleon Radiacid
(Ertvelde, 0154
Belgium)

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

Sulfur Ningbo Actmix ACTMIX S- Curing

Polymer (Ningbo, 80 agent

Zhejiang, China)

Table 2
Recipe for the rubber phase.

Amount of ingredient (phr)

dGTR 100
ZnO 5
stearic acid 2
CBS 1.5
Sulfur 1.5
Table 3
Formulation of the compounds.
Compound Components
PP_GTR 40 wt% PP + 60 wt% GTR
PP_AGTR 40 wt% PP + 60 wt% dGTR
PP_TDV 40 wt% PP + 60 wt% dGTR dynamically vulcanized
Table 4

Samples for the preliminary tests.

Sample Component Component Welding force Welding time
name 1 2 ) (s)
triall PP_TDV PP_R660 300 0.1
trial2 PP_TDV PP_R660 300 0.2
trial3 PP_TDV PP_R660 300 0.3
trial4 PP_TDV PP_R660 300 0.5

2.2. Preparation of TDVs

We prepared the rubber phase of the TDVs using a Brabender Lab-
Station internal mixer (Brabender GmbH & Co. KG (Duisburg, Ger-
many)) equipped with a W 350 E chamber (free volume 370 cm®). The
temperature was set to 50 °C, and the batches were mixed at 40 rpm. The
recipe is presented in Table 2.

We prepared the compounds with a twin-screw extruder (Labtech
Engineering Co., Ltd., Samutprakarn, Thailand) with a revolution speed
of 120 rpm. The compositions of the compounds are listed in Table 3.

We prepared flat specimens of both the TDVs and the reference PP by
injection molding using an Arburg Allrounder Advance 270S 400-170
type (Arburg GmbH, Lossburg, Germany) injection molding machine
with a temperature profile of 190/190/185/180/175/45 °C.

2.3. Ultrasonic welding

We used a Herrmann Ultraschalltechnik HiQ Evolution Speed Con-
trol (Herrmann Ultraschalltechnik, Brunn am Gebirge, Austria) ultra-
sonic welder for the welding experiments. We created the welds on 20
mm wide flat specimens with a frequency of 20 kHz and an overlapping
of 15 mm x 20 mm. To determine the adequate parameters, we per-
formed preliminary tests with parameters shown in Table 4.
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Table 5
Samples for the welding tests.

Sample name Component 1 Component 2 Welding force (N)

PP_GTR150 PP_GTR PP_R660 150
PP_GTR200 PP_GTR PP_R660 200
PP_GTR300 PP_GTR PP_R660 300
PP_dGTR150 PP_dGTR PP_R660 150
PP_dGTR200 PP_dGTR PP_R660 200
PP_dGTR300 PP_dGTR PP_R660 300
PP_TDV150 PP_TDV PP_R660 150
PP_TDV200 PP_TDV PP_R660 200
PP_TDV300 PP_TDV PP_R660 300
GTR150 PP_GTR PP_GTR 150
GTR200 PP_GTR PP_GTR 200
GTR300 PP_GTR PP_GTR 300
dGTR150 PP_dGTR PP_dGTR 150
dGTR200 PP_dGTR PP_dGTR 200
dGTR300 PP_dGTR PP_dGTR 300
TDV150 PP_TDV PP_TDV 150
TDV200 PP_TDV PP_TDV 200
TDV300 PP_TDV PP_TDV 300
1
. ®
PORIE IR I 4 PPN IR R IR R R A ¢
O} 1 = PP
AR EREEE TR RS TR LR SO
" — = = v PP TDV
Revulcanized dGTR
¢ dGTR
0.01 T
1 10 100
Frequency (Hz)

Fig. 1. Results of the DMTA tests.

We performed welds with parameters listed in Table 5 (welding time
was fixed at 0.3 s).

2.4. Characterization methods

We performed dynamic mechanical thermical analysis (DMTA) tests
using a TA Instruments Q800 (TA Instruments, United States) DMA
tester in tensile mode to evaluate the damping properties of the mate-
rials. A frequency sweep was performed on the specimens at 30 °C be-
tween 1 and 100 Hz (at least 5 measurements at each level). The
amplitude was chosen previously according to an amplitude sweep at 10
Hz at 30 °C. We determined the border of linear viscoelasticity based on
30 measuring points at every amplitude and chose an adequate ampli-
tude for the frequency sweep.

We characterized the effect of ultrasonic loads on revulcanized
rubber using Horikx’s analysis [15] on 5 replicates. Horikx’s analysis is a
method that establishes a relationship between the soluble content and
the decrease in crosslink density after devulcanization. The soluble
fraction of the dGTR samples was determined by Soxhlet extraction in
toluene, and the decrease in crosslink density was determined with
swelling.

The crosslink density of the samples was determined using the
equilibrium swelling test method. The samples were soaked in toluene
for 72 h at room temperature as recommended by ASTM D6814-02
(2018). After that, the samples were removed from the solvent, dried
with paper towels, and the swollen mass was measured. The samples
were then dried at 80 °C for 12 h and their mass was measured again.

We calculated the crosslink density using the Flory—Rehner equation
(Eq. (1)).
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where v, is crosslink density (mol/cms), V; is the molar volume of the
solvent (for toluene: 106.27 cm®/mol),  is the Flory-Huggins interac-
tion parameter (0.391), and V; is the volume fraction of rubber in the
swollen network. V; can be calculated using the Ellis-Welding equation
(Eq. (2)).
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where m; is the weight of the dry sample (g), mg is the weight of the

solvent absorbed by the sample (g), p; is the density of the rubber sample

(g/cms), and p; is the density of the solvent (for toluene: 0.867 g/cmB).
We also determined the swelling index (%) of the samples using Eq.

(3).

Swelling index = % 3)

T

where myg; is the weight of the swollen sample (g).

The density of the samples was determined according to the ASTM D
297-93 standard (hydrostatic method) with a Sartorius Quintix 125D
semi-micro balance with a resolution of 0.01 mg. The test medium was
distilled water with a temperature of 20.8 °C and a corresponding
density of 0.998 g/cm®.

We determined the soluble content of the treated samples with
Soxhlet extraction. We performed the examination in boiling toluene for
24 h and determined the soluble content with Eq. (4).

Sol fraction = (1 - %) 100 (4)

i

where m¢and m; stand for the mass of rubber before and after extraction,
respectively.

We performed shear tests on the welded specimens to measure their
weld strength on 5 specimens. A Zwick Z005 (Zwick GmbH (Ulm, Ger-
many)) universal testing machine with 5 kN load cell was used with a
100 mm/min crosshead speed.

We used a Keyence VHX-5000 (Keyence Corporation (Mechelen,
Belgium)) light microscope. We examined the cross-section of the wel-
ded specimens to find defects in the weld, and we also defined the ratio
of the overlapping and the actual welded area. We titled this index weld
efficiency, and it can be calculated according to Eq. (5):

L
WE = LJ-100 5)

t

where WE is weld efficiency (%), L, is the real length of the weld (mm),
and L; is the theoretical length of the weld (mm).

We performed all microscopical examinations on welded specimens
embedded in epoxy resin. We ground and polished these samples using a
Struers LaboPol-5 (Struers A/S, Netherlands) in 7 steps according to
manufacturer advice.

Optimal welding conditions can be determined with Taguchi anal-
ysis [38]. We defined the maximum force as the most important factor,
as it signals the load bearing of the seam. We determined two factors:
type of blend and welding force, then calculated the signal to noise ratio
according to Eq. (6):

S 1 n 1
N —10-log,, (E'Zuy_lz) (6)

where S/N is the signal/noise ratio (-), n is number of measurements (-)
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Fig. 2. Horikx’s analysis of the revulcanized rubbers subjected to ultra-
sonic treatment.

Table 6
The results of the Horikx’s analysis.

Welding force (N) Sol fraction (%) Decrease in crosslink-density (%)

150 23.6 £ 6.5 60.8
200 27.5 + 4.6 61.8
300 33.1+1.6 65.8

500

400
Z 300+
3 triall (0.1 s)|
H trial2 (0.2 s)‘
= 200+ wal3 (03 )

trial4 (0.5 s)|
100
0 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Strain (%)

Fig. 3. Typical force-strain curves of the preliminary welds.

Table 7
Maximum force and strain for the trials.

Maximum force (N) Maximum strain (%)

triall (0.1 s) 233.4 £ 40.6 6.3 +2.7
trial2 (0.2 s) 378.1 £ 38.7 36.2 £ 15.3
trial3 (0.3 s) 452.7 + 30.1 53.9 +12.8
trial4 (0.5 s) 380.2 £ 41.3 26.5+ 5.2

yi is the observed value. The S/N values were compared to each other,
and since we want to maximize the load bearing capacity of the seam,
the maximal value of S/N means the best parameter. We also created an
interaction plot to visualize the results.

3. Results and discussion

We performed DMTA tests (Fig. 1) to investigate the damping (tand)
of the blends, as it is a key factor in creating good welds with ultrasonic
welding. We found that the damping of the blends lies between the
damping of the PP and the revulcanized dGTR. Even though all blends
contain only 40 wt% of PP, their damping is closer to PP than the neat
and revulcanized dGTR. This can be caused by the morphology of the
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Fig. 4. Typical force-strain curves of the welds between the blends and
polypropylene.

Table 8
Maximum force, strain and weld efficiency of the welds between the blends and
polypropylene.

Maximum force (N) ~ Maximum strain (%)  Weld efficiency (%)
PP_GTR150 431.3 + 50.8* 31.4 +11.7 68
PP_GTR200 341.4 £ 41.2 45.3 +17.4 55
PP_GTR300 324.5 £+ 445 18.9 + 8.4 52
PP_dGTR150 274.6 +£ 45.7* 37.8 £12.5 79
PP_dGTR200  269.6 + 21.9 40.8 + 19.4 68
PP_dGTR300  251.1 +41.4 16.7 £ 7.2 62
PP_TDV150 343.1 £ 51.4 14.6 + 4.4 83
PP_TDV200 392.9 + 62.7 26.3 + 6.5 71
PP_TDV300 452.7 + 30.1 53.9 +12.8 67

* the break initiated at the seam.

blends: they are characterized by finely dispersed fillers in the PP ma-
trix, and the damping properties of the matrix are more dominant in this
case. There is no significant change in the damping of the blends, which
suggests that there is no difference in the weldability between the
blends. It is also evident that the damping can be reduced with devul-
canization, which can also help with creating better seams. It is also
evident that increasing frequency does not influence the daming of the
blends. However, increasing the frequency results in a slight increase of
damping in the case of rubber and devulcanized rubber which can imply
molecular degradation.

3.1. Horikx’s analysis

Horikx’s analysis (Fig. 2, Table 6) shows the effect of increasing
welding force on the molecular structure of the revulcanized rubber. The
results align more closely with the random scission curve, indicating
that scission under these conditions is random rather than selective. As
the force increases, the sol fraction grows, along with a greater reduction
in crosslink density. This indicates that ultrasonic loads applied during
the welding process led to the cleavage of both crosslinks and polymer
backbones. Additionally, increasing the welding force amplifies this
effect by promoting greater scission of the polymer chains.

3.2. Welding trials

In the case of the welding trials (Fig. 3, Table 7), it can be seen that
increasing welding time increases both the maximum strength and the
maximum elongation. If we increase welding time, molecular chains will
be allowed more time to intertwine and form good-quality connections.
However, there seems to be an optimum for welding times: after 0.3 s, a
clear decline can be seen in the results. A degradation of the material can
cause this. If the welding times are increased, the intensive stress (and
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Fig. 5. Morphology of the welds between the blends and polypropylene.
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Fig. 6. Typical force-strain curves of the welds between the blends.

resulting heat) can cause both the molecular chains and the interface
between phases to deteriorate. Therefore, the 0.3 s welding time pro-
vides sufficient time for the molecular chains to connect, but it degrades
the materials much less than longer times.

Table 9
Maximum force, extension and weld efficiency of the welds between the blends.
Maximum force (N) ~ Maximum extension (%)  Weld efficiency (%)
GTR150 307.1 £10.7 43.6 £15.7 71
GTR200 319.7 + 22.4 32.5 £ 14.6 65
GTR300 296.6 + 19.6 25.2+7.2 60
dGTR150 274.2 £+ 32.9 52.8 £20.2 81
dGTR200 286.9 + 35.2 30.1 £12.3 74
dGTR300 249.8 + 32.1 25.9 £10.5 70
TDV150 314.7 £ 26.5 39.7 £15.4 85
TDV200 293.8 + 24.1 42.7 £ 5.8 80
TDV300 282.6 + 43.2 43.1+7.3 78

3.3. Welding of PP and blends

We studied the effect of welding forces on the welding efficiency,
maximal force, and strain of the welded PP and GTR-PP blends (Fig. 4,
Table 8). We found that both maximum force and strain have an
inflexion point at 200 N in the case of GTR-filling. This can be caused by
a similar effect as the one we have seen with welding times: if the force is
too small, the molecule chains are not close enough to make sufficient
contact; but if it is too large, the chains would degrade due to the
increased heat generated by friction. In addition, Horikx’s analysis
(Fig. 2) revealed that the ultrasonic loads used for welding also causes
cleavage of both crosslinks and the backbone. During the welding
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TDV150 TDV200 TDV300
Fig. 7. Morphology of the welds between the blends.
55 Table 10
sal S/N ratios for the welds between the blends and PP.
534 A Welding force (N) Maximum force (MPa) S/N ()
[ 3N
2] T~ A PP_GTR150 150 431,3 52,69
T 5] N PP_GTR200 200 341,4 50,66
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. In the case of the welding of PP with PP_dGTR, increasing welding
Welding force (N)

Fig. 8. Interaction plot for the welds between the blends and PP.

process, the weaker damping capacity of the PP phase (Fig. 1) enables
vibrations to propagate to the rubber domains, leading to their degra-
dation. Ultrasonic loads induce the breaking of sulfur-sulfur and carbon-
sulfur bonds even under a second, this is exploited during ultrasonic
devulcanization [39]. In our case, some degree of devulcanization can
take place at the outer surface of the GTR. If the weld force is right, this
can increase the connection between welded specimens, but if the force
is too big, it will cause degradation.

force reduces both maximum tensile force and elongation. This can be
caused by the already degraded rubber backbone in the dGTR, as our
previous results show [40]. The molecular chains degraded even more
due to compounding and the concentrated stress caused by welding.

As for the welding of PP with PP_TDV, a different kind of trend can be
observed: increasing the weld force increases both maximum force and
elongation and decreases the deviation. This can be connected to a more
uniform dispersion of the rubber particles (due to the dynamic vulca-
nization process). Smaller rubber domains are also more prone to the
devulcanization effect, which means this is more significant than the
GTR-filled welds.
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Table 11
S/N ratios of the welds between the blends.
Welding force (N) Maximum force (MPa) S/N (-)
GTR150 150 307.1 49.75
GTR200 200 319.7 50.09
GTR300 300 296.6 49.44
dGTR150 150 274.2 48.76
dGTR200 200 286.9 49.15
dGTR300 300 249.8 47.95
TDV150 150 314.7 49.96
TDV200 200 293.8 49.36
TDV300 300 282.6 49.02

As for the weld efficiency, all of the materials behaved similarly.
Increased weld forces result in a concentrated energy, which causes the
welding to be shorter. The most pronounced decrease can be observed in
the case of the welding of PP/PP_TDV, which can be associated with the
most uniform dispersion of the rubber domains.

3.4. Microscopy

We examined the morphology of the seams (Fig. 5). A clear seam can
be seen on each picture without any bubbles or voids in the welds. This
suggests a good connection between the joint surfaces granted by the
polypropylene phase of the blends. It can also be observed that the size
of the rubber domains decreases in size as an effect of devulcanization
and dynamic vulcanization, and their distribution improves. We also
detected a core-shell type of morphology: the larger rubber particles
tend to stay in the core of the material, whereas the smaller particles are
located in the shell part of the specimens. This can help to create a good
weld, as the bigger rubber crumbs would hinder the connection between
the thermoplastic phases of the specimens.

We also observed that increasing the weld force makes the surface
flatter, while at lower forces, we experienced some surface roughness.
This is most evident in the case of the PP_TDV weld, the PP phase was
able to cross into the TDV phase. This can also explain why the PP_GTR
and PP_dGTR specimens broke in the weld, but not the PP_TDV150: this
“bridge” of PP was able to behave as a form-locking mechanism that
holds the weld together. This effect can be caused by a lower weld force
that permits the material to form better than higher weld forces.

3.5. Welding of the blends

We performed the welding tests of the blends (Fig. 6, Table 9). These
welds exhibit lower maximum force and higher extensions compared to
the welds in the previous round. This is because the increased rubber
content of the welded materials toughens the weld.
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As for the effect of weld forces, a similar trend can be seen in the case
of GTR and dGTR-filling: with increasing weld force, the maximum force
and extension tend to decrease due to the devulcanization effect. In the
case of the TDV-welds, increasing welding force decreases maximum
force but increases the elongation. This can be attributed to the
improvement in the connection of the specimens, nearing the properties
of a TDV. This improvement can be associated with the good dispersion
of rubber particles, which were activated due to the ultrasonic loads.

The weld efficiency also shows a similar trend compared to the last
round: increasing weld force results in a decrease in weld efficiency due
to the more concentrated force dispersion. We also noted that the values
are generally higher compared to the welds with polypropylene. The
joining of the same materials can cause, as the similar molecular
structure tends to form a better connection.

3.6. Microscopy of the welded blends

We observed the morphology of the seam of the welded blends
(Fig. 7), and we saw that the weld lines generally become more visible
with increasing the weld force. This can be caused by increasing pres-
sure, which does not allow the formulation of the rough interface be-
tween the sheets.

We can also observe the orientation of the rubber particles in the
vicinity of the weld. Generally, the welding force and the ultrasonic
loads can change the orientation because of the material flow. Before
welding, they are disoriented; their position is randomized. As a result of
the welding, they tend to have a horizontal orientation parallel to the
weld line. This could lead to an improved connection, as the rubber
particles are pushed out of the weld, and they do not form vacancies at
the weld line.

3.7. Taguchi analysis

The Taguchi analysis of the welds between the blends and poly-
propylene (Fig. 8, Table 10) reveals that the weld with the best load
bearing capacity was the PP_TDV_300N. It can also be seen that the S/N
ratio for the PP_GTR welds detiorated with increasing welding force, the
PP-dGTR welds were mostly unaffected, and the PP_TDV welds
improved with increasing welding force.

The analysis of the welds between the blends (Fig. 9, Table 11) re-
veals that the best weld is achieved between the GTR-filled PPs with 200
N. However, it is important to note that the difference between values is
much smaller compared to the ones in the case of welds between PP and
blends.

4. Conclusions

We prepared specimens with ultrasonic welding using polypropylene
and polypropylene-ground tire rubber blends utilizing both devulcani-
zation and dynamic vulcanization. We found that the damping of the
blends resembled that of the PP rather than rubbers. This made them
suitable for ultrasonic welding.

We examined the effect of welding times and found that the most
ideal would be 0.3 s, as less time would not allow for mobility, and more
time would degrade the molecular structure. We examined the effect of
welding force and found a devulcanization effect during welding: the
molecules of the GTR-filling were activated when selecting the right
parameters, resulting in a better weld. This was most advantageous in
the case of TDVs, as the rubber filling was distributed better than in any
other blends.

In the case of the welds of the blends, we found similar trends
compared to the welds of PP and blends. The difference was due to the
increased amount of rubber filling in the weld compared to the PP/blend
welds. We also found a devulcanization effect in this round of
examinations.

We examined the morphology of the welds on cross-sections and
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found that increasing weld force results in a more concentrated and flat
weld geometry. We also found that the increasing weld force orients the
rubber particles parallel to the weld line. We believe this work is an
important step in inserting ground tire rubber into the circular economy
by providing an interesting application: joining cheap rubber-like parts
with the help of ultrasonic welding can have multiple practical appli-
cations in the automotive industry.
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