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Abstract. Most of the industrial machines use round-shaped drive belts for
power transfer. These drive belts are often a few millimeters in diameter,
and made of thermoplastic elastomer, especially polyurethane. Their
production process requires the bonding step, which is often performed by
hot plate butt welding. The authors have undertaken an effort to design an
automatic welding machine, which calls for an analysis of the hot plate
welding process consisting in describing the dependency between the
technological parameters (temperature, pressure force, time) and the quality
of the joint. To analyze this process in a proper way, it is necessary to
describe the physical phenomena in the material during temperature and
force impacts. In this case the research of thermomechanical properties of
the belts is needed. The paper shows results of some preliminary research of
the thermomechanical properties of the polyurethane. This research allows
to predict the material reaction to increased temperature and force during hot
plate welding.
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1 Introduction
Drive belts are commonly used in industrial machinery as parts of the powertrain or transport
system. Flat or toothed belts used for transportation are primarily made of composite
materials: polyester, polyurethane or PVC, reinforced with fibers made of steel, aramid or
polyester [1, 2]. Apart from the classical flat belt design with filled cross-section, industrial
practice also employs belts with perforations for low-pressure conveying system [3]. Among
the most commonly utilized drive belt types are: flat, toothed and shaped (e.g. round and
V-belts). Flat belts are most commonly used in high revolution speed powertrains. Toothed
belts are used for in classic drive transmission systems as well as in non-standard
applications, e.g. drive systems with variable ratio [4-7]. Shaped belts, in particular round
and V-belts are commonly used in transmissions which are to transmit torque to significant
distance and where belt slippage is permitted. Such belts may be made of rubber, rubber
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composite as well as artificial thermoplastic elastomers based on polyurethane or polyester
[8-10].
The manufacturing process of drive belts with round cross-section usually consists of two
stages [11]: manufacturing the belt which is wound on rolls and afterwards cut to size, and
making a permanent connection of the ends. This allows to achieve a continuous belt of
specific length [9, 10].
Bonding the belt ends is usually achieved via hot plate butt welding. The method is
inexpensive and easy to perform [12]. The authors have undertaken design work on a device
for automatic butt welding of drive belts utilizing this method [10]. In order to obtain input
data for construction works, examination of the welding process was undertaken. The aim of
such examination was to determine the influence of process parameters on the quality of
achieved weld as well as changes in the dimensions of bonded belt. In order to obtain such
information, one must first of all determine the thermomechanical properties of the joined
material.
It was assumed that the welding is to be performed on thermoplastic polyurethane TPU
C85A [9]. Drive belts made of this plastic material are commonly available in commercial
offerings. Unfortunately, the available information regarding the physical properties of this
material in subject literature are very general [13]. Consequently, preliminary empirical study
of selected thermomechanical properties of this plastic material was carried out, among
others: density, longitudinal flexural modulus and compressive yield strength, thermal
expansion coefficient and melting point together with the heat of this transformation.

2 Material treatment in the hot plate welding process
The hot plate butt welding process consists in five stages during which occur different
physical phenomena (Fig. 1-5) [14, 15].
In the first stage of welding (Fig. 1), the belt ends (1) held in shaped grips (2) are brought
closer to the hot plate (3) with velocity vm, and afterwards pressed to the plate with force Fm.
This causes preliminary softening of the material which removes the unevenness of the belt
end surface. The most important physical phenomena occurring at this stage are: direct
contact heat transfer between the hot plate and the belt, heat transfer along the diameter of
the belt and its compression under the conditions of elevated temperature. Compression of
plastic material heated up to temperature greater than the softening threshold, this causes the
formation of a ring-shaped outflow thus shortening the belt.

Fig. 1. The matching stage of the hot plate welding: Fm – matching force, vm – matching velocity,
1 – belt, 2 – shaped grips, 3 – hot plate

Fig. 2. The heating stage of the hot plate welding: Fh – heating force, 1 – belt, 2 – shaped grips,
3 – hot plate
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During the second stage of the welding (Fig. 2), the heating of the belt is continued,
however the joining force is reduced to the value Fh (which is approximately 10-20% of the
value of force Fm) [16]. Consequently, this prevents excessive outflow of softened material
outside the area of the belt which allows for free transfer of heat into the material, along the
belt’s axis. This serves to reduce loss of material, prevents faulty joint formation [13] and
increases heating efficiency [15]. The most prominent physical phenomena in this stage as
the same as in stage one, but their intensity is different.
During the third stage (Fig. 3), after the belt achieves the required state of plasticity, the
hot plate is withdrawn from the heating area. The physical phenomena occurring at this time
are primarily: transmission of heat along the belt axis as a result of the occurring temperature
gradient and free cooling of belt ends caused by natural convection.

Fig. 3. The switchover stage of the hot plate welding: 1 – belt, 2 – shaped grips

During the joining stage (Fig. 4), the belt ends are brought close to each other with
velocity vj, and are pressed together with force Fj. At this stage, the following phenomena are
dominant: heat transfer along the volume of the material, cooling of the surface as a result of
natural convection, contact heat transmission between the ends of the belt and compression
force which causes swelling of the material. During this stage, a permanent bond between
the belt ends is formed as a result of physical and chemical interactions between the polymer
chains. The primarily role in this process is fulfilled by the chemical reactions between
macromolecules and the bonding of polymer chains [17].

Fig. 4. The joining stage of the hot plate welding: Fj – joining force, vj – joining velocity,
1 – belt, 2 – shaped grips

Fig. 5. The cooling stage of the hot plate welding: Fc – compression force during cooling, 1 – belt,
2 – shaped grips

During the last stage of the welding (Fig. 5) the connection is cooled down by the
surroundings. At that time, the belt ends are pressed together with force Fc. Its value is usually
comparable to the belt matching force [16]. The dominant physical phenomena at this stage
are: heat transfer along the belt material volume, heat exchange with the environment through

3

MATEC Web of Conferences 254, 06007 (2019)
MMS 2018

https://doi.org/10.1051/matecconf/201925406007

natural convection and compressing forces. The polymer macromolecules continue to bond
until the joint cools down completely.
Hot plate butt welding of polymer plastics is commonly utilized in the automotive
industry and civil engineering to connect, e.g.: containers for utility fluids, lamp casings,
engine instrumentation [17] and pipework [18]. Therefore, a body of research is available on
hot-welding of different polymer materials, among others: acrylonitrile-butadiene-styrene
(ABS) [19], poly(methyl methacrylate) (PMMA) [20], polycarbonate (PC) [21], as well as
polypropylene (PP) [22]. Please note that to date the welding process for polymer materials
of considerable rigidity was the most studied. It is therefore difficult to obtain information
relevant to the joining of flexible plastics, such as thermoplastic elastomers, and polyurethane
in particular.
During the hot-welding of drive belts, there occurs a number of physical phenomena of
thermomechanical nature. The dominant phenomena are: heat conduction and material
compression under conditions of elevated temperature. Therefore, for further study to
account for the above physical phenomena, one needs to determine, among others: density,
thermal expansion coefficient, specific heat, enthalpy and temperature of phase transitions,
compressive strength and modulus of proportionality in compression, depending on
temperature value.

3 The basics of round drive belts’ material characteristics
Hot-welded polyurethane exhibits physical properties typical for thermoplastics and
elastomers [23]. Its macrostructure is of segmented construction, with hydrocarbon chain
consisting of alternating flexible domains: methylene, ester or ether, as well as rigid:
carbamide, urethane or aromatic. Rigid domains are responsible for high durability
parameters, whereas flexible domains significantly improve its deformability. The segments
do not mix, forming a two-phase, heterogeneous structure [24-26]. The physical
characteristics and properties are strongly dependent on the percentage share of rigid and
flexible segments. A completely flexible polyurethane contains between 60-80% flexible
segments. Most of the time, this results in high elasticity and deformability with quite good
abrasion resistance [25, 27].
The segmented structure of polyurethane affects its physical state which is of particular
importance during heating. The material is principally amorphous [28, 29]. However, one
needs to point out that the rigid segments exhibit a tendency to form ordered structures similar
to a crystalline arrangement. Therefore, under certain conditions, polyurethanes may be
partially crystalline [25, 28]. The rigid segments are interconnected with weak hydrogen
bonds which slightly reticulate the material, this causes to exhibit properties related to
elastomer plastics [24, 30, 31].
From the standpoint of analyzing the butt welding process of this material, it is important
to determine its behavior under elevated temperature. Amorphous or slightly crystalline
plastics such as polyurethane do not exhibit a prominent flow limit. Their state changes from
vitreous, through thermoflexible leather-like, to thermoplastic and viscous [32]. When
heated, reticulated materials may transform directly from vitreous state to highly flexible
state, until thermal degradation occurs [28, 33]. Therefore, it is anticipated that the tested
polyurethane will exhibit the characteristic behaviors of both the amorphous and reticulated
materials. As its temperature increases, the thermally unstable reticulating bonds disintegrate,
which makes the material gradually more flexible [24, 33-35]. The dissolution and reforming
of these bonds is reversible. This allows the material to be reprocessed. Moreover, notice that
a clear threshold melting point value is not observable. From the practical standpoint, the
properties of such thermoplastic elastomer are related to classic elastomer plastics up to the
threshold temperature of approx. 100°C. Above this temperature, the material acts like
a typical thermoplastic material [29].
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4 Research methodology
properties of polyurethane

of

selected

thermomechanical

The determination of thermodynamic properties of the plastic material calls for selecting the
appropriate testing instrumentation. The examination was carried out using the available
laboratory equipment: laboratory scale, durometer with climate box a DSC differential
scanning calorimeter.
4.1 The density examination
Material density tests were carried out in the first order using AXIS AD200 laboratory scale
with a stand equipped with two scale pans (Fig. 6).

5
2
3
4
1

Fig. 6. Example density measurement of drive belt material, the sample on the scale pan is placed in
the air: 1 – laboratory scale, 2 – scale pan in the air, 3 – scale pan in water, 4 – stand, 5 – sample

The cylindrical sample of tested belt 4 mm in diameter and approx. 10 mm in height, was
weighted sequentially: on a scale pan in the air, and subsequently on a scale pan in water.
Measuring both weights with known amount of water allows to determine material density
using the below formula:
𝜌𝑏 =

𝑚1
𝑚2

∙ 𝜌𝑤 ,

(1)

where: ρb – belt material density, ρw – distilled water density, m1 – weight of sample in air,
m2 – weight of sample in water.
The above method was utilized in 15 tests, under normal atmospheric conditions
i.e.: atmospheric pressure approx. 1013 hPa and room temperature 25°C.
4.2 Examination of compressive strength and flexural modulus during
compression
The compression test of drive belt material was carried out using MTS Insight 50 durometer
with enclosed climate box (Fig. 7).
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Fig. 7. Testing station for thermomechanical characteristics of drive belts with MTS Insight 50
durometer and climate box during examination: 1 – durometer, 2 – climate box, 3 – climate box
controller, 4 – compressing grips, 5 – temperature sensor, 6 – sample before testing,

Compression tests were performed in order to establish: modulus of proportionality in
compression and yield stress, at set level of strain as well as the dependence of these values
on temperature. Consequently, the samples were conditioned in the climate box and the
compression test was carried out afterwards. Tests were carried out for two parameter groups
(Tab. 1), for which the values were selected based on the standards PN-EN ISO 604 and PN80/C-04246 on the compression of thermoplastic materials and elastomers. There were 5 tests
carried out for all parameters. The relationship between stress and strain and modulus of
proportionality were recorded in form of a graph.
Tab. 1. Thermomechanical testing parameters used with the durometer
Examination

Sample type

Temperature conditions
Initial load
Fastening conditions
Cross-beam travel speed
Test finish condition

Determination of longitudinal
flexural modulus during
compression
Cylindrical sample
diameter d = 18 ± 0.2 [mm]
height h = 20 ± 0.5 [mm]
The sample was cut off from an industrial grade belt with
diameter 18 mm, flat surfaces were processed by grinding,
diameter and height measured in 3 points
Testing temperatures: 25 ± 1, 40 ± 1, 55 ± 1, 70 ± 1,
85 ± 1, 100 ± 2, 125 ± 2, 150 ± 2, 175 ± 2, 200 ± 2 [°C]
100 ± 20 [N]
Grip with neck, sample end surface covered with silicone grease
1 mm/min
10 mm/min
Relative strain
Relative strain
ε = 30%
ε = 60%
Testing yield strength during
compression

The grip used for compressing the samples is the authors’ own design (Fig. 8). The
cylindrical relief with diameter 25 mm and depth 1 mm used to place the samples prevented
them from falling out of the grips during compression without inhibiting deformation of side
surfaces. Sample end surfaces were covered with silicone grease suitable for temperatures up
to 200°C. This allowed to maintain axial stress of the sample during compression.
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Fig. 8. The grip for sample compression of the authors’ design with the most important parameters of
the cylindrical relief

4.3 Examination of thermal expansion coefficient
In order to determine the linear thermal expansion value of the material, measurements were
taken for the two characteristic dimensions of the belt sample heated to different temperatures
in the climate box (2 at Fig. 7). The measurement of diameter and height of the samples was
taken in 3 points (Fig. 9), and next the average value was calculated at different temperatures,
every time for 10 samples.

Fig. 9. Two views (according to the European technical drawing standard) of the compression and
thermal expansion test sample; a – diameter measurement planes, b – height measurement planes

The linear thermal expansion coefficient, e.g. for sample height is calculated from the
formula below (2):
𝛼=

ℎ−ℎ0
ℎ0 ∙∆𝑇

1

[ ],
𝐾

(2)

where: h – sample height at test temperature [mm], h0 – sample height at temperature
T0 = 25°C [mm], ΔT – the difference in temperature between the tested value and reference
temperature T0 = 25°C. The same calculations were performed for belt diameter.
The measurements were performed in temperatures: 25°C, 50°C, 75°C, 100°C, 125°C,
150°C, 175°C. The samples, both for the compression test and dimension measurement, were
heated and conditioned in the climate box for approx. 1h which allowed to achieve proper
temperature at the entire sample volume. In order to determine the necessary conditioning
time, a FEM analysis was performed in the ANSYS system. An example graph of average
sample temperature during the process of heating up to 150°C together with a visualization
of temperature distribution, after approx. 40 minutes, are shown at Fig. 10. In order to
accurately reflect the conditions during heating in the climate box, for the purpose of FEM
calculations, forced convection was assumed in the surrounding air with temperature 150°C,
𝑊
with average heat transfer coefficient 15 [ 2 ]. Additionally, the initial temperature of 25°C
𝑚 ∙𝐾
was assumed together with the placement of the polyurethane sample on a steel plate. A finite
element Cartesian grid was used with 1.1 mm scale, maintaining actual sample dimensions
for the purpose of the analysis.
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Fig. 10. Temperature distribution along the longitudinal cross section of the sample after 40 minutes,
obtained via FEM analysis with an average temperature graph when heating up to 150°C

Fig. 10 shows that the sample achieved an average temperature equal to 150 ± 2°C (one
of the measuring points for compression and thermal expansion coefficient) after approx.
2400 seconds (40 minutes). The conditioning time was extended to 1 hour to assure an even
distribution of temperature at the entire sample volume.
4.4 Determination of phase transition temperature during heating
In order to determine the phase transition, the material was heated using a differential
scanning calorimeter DSC 204F1 Phoenix. This device allows, among others, to determine
the heat supplied to the sample as a function of its temperature. This allows to estimate the
phase transition temperature as well as their enthalpy. The weighted material sample was
heated at constant speed, and subsequently cooled down in the same manner; at the same
time, the power supplied to or emitted by the sample was measured as a function of its
temperature. The test parameters are provided in Tab. 2 below.
Tab. 2. Parameters of testing performed at the DSC scanning calorimeter
Test
Sample type
Temperature
conditions
Atmosphere

Heating
Cooling
Sample taken from a flat belt with thickness g = 4 [mm]
Sample weight m = 10.3 [mg]
Heating up from 20 to 320 [°C]
Cooling down from 320 to 20 [°C]
with speed 10 [°C/min]
with speed 10 [°C/min]
Nitrogen N2 with expenditure 20 [ml/min]

During the heating and cooling in the differential scanning calorimeter, if no phase
transition is present, the curve of power supplied for heating the sample (or emitted during
the cooling) is a straight line (with inclination dependent on specific heat). In the course of
phase transition: melting (endothermal) it is required to provide heat to the material at
constant temperature, whereas for solidification (exothermal), the same amount of heat needs
to be emitted. On the graph illustrating the dependence of supplied power for heating the
sample (or emitted during cooling), the phase transitions are revealed through aberrations
(peaks) of power. This allows to read the temperature of the transition as well as its enthalpy
which is determined by the area under the curve [36].

5 Results and discussion
The obtained results of study will be used for further research work on the hot plate welding
process of this material.
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5.1 Density examination
The arithmetic mean from the calculated density values according to the function (1) is
1.168 g/cm3. Every attempt to determine the density of the material produced a relatively
similar result. The maximum relative error of measurement was 1.85%.
5.2 Examination
compression

of

compression

strength

and

flexural modulus

at

Stress [MPa]

An example diagram of belt compression presenting the stress – strain function, for both
attempts (compression at speed 1 mm/min to 30% strain and with speed 10 mm/min to yield
strain 60%) is shown on Fig. 11. As seen, repeatable results were achieved. The material
exhibits a non-linear characteristic with two points of contra flexure (at strain approx. 6%
and 50%). In the range of strain not exceeding 5%, in both cases the strain function is
a straight line, thus allowing to determine the modulus of proportionality at compression. The
presented characteristics also reveal that the modulus of proportionality at compression does
not depend on the speed of performing the examination. Only during the compression of this
material to higher strain values, rigidity increases together with the increase of speed.
24
22
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16
14
12
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8
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4
2
0

S_55_1
S_55_2

S_55_3
S_55_4
S_55_5
E_55_1
E_55_2
E_55_3
0%
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Fig. 11. Example graph of compression graph function (stress – strain) for: compression speed
1 mm/min, yield strain 30 % (E_55_1…5, yellow line) and for compression speed 10 mm/min, yield
strain 60 % (S_55_1…5, black line), temperature during test 55 °C

Flexural modulus
[MPa]

Based on the obtained results, the function of the flexural modulus and temperature at
compression was determined (Fig. 12) together with the function of yield stress and
temperature at maximum strain for both types of examinations (Fig. 13).
60
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0
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175

200

Temperature [°C]
Fig. 12. The function of longitudinal flexural modulus and sample temperature during compression

The function is decreasing in linear way. This stems from the fact that with the increase
of temperature, the reticulating bonds between macromolecule chains break which causes
a decrease in rigidity and strength of the material. For this polymer which is amorphous,
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Yield stress [MPa]

slightly reticulated, this decrease is linear. This is caused by the fact that it does not exhibit
clear physical changes as the temperature increases to 175°C. Above this temperature, the
samples were not tested because they deformed autogenously, without action by compressing
forces. Additionally, in temperature value 175°C, the sample material failure occurred at
yield stress not exceeding 1 MPa and strain of approx. 35%. In lower temperatures, clear
failure of sample material was not observed.
30
25
20

1

15

2

10
5
0

0

25

50

75
100
125
Temperature [°C]

150

175

200

Fig. 13. The function of yield stress during belt compression: for yield strain 30% and compression
speed 1 mm/min (1) and yield strain 60% at compression speed 10 mm/min (2)

5.3 Examination of the material thermal expansion coefficient
The coefficient of linear thermal expansion as a function of temperature was determined,
separately for the sample diameter and length, following the function (2) (Fig. 14). The
thermal expansion coefficient, both for the diameter and length decreases together with the
increase of belt temperature up to 125°C, afterwards it stays on the same level. The
irregularity of this decrease is caused by the variable speed of dissolution of the reticulating
chemical bonds between polymer chains. This leads to a conclusion that up to temperature
value of approx. 125°C an increased dissolution of reticulating bonds occurs causing
decompression of the polymer structure. For this reason, in lower temperatures the sample
increases its dimensions noticeably faster in lower temperatures. The dependency between
the established coefficient is also relevant. Radial expansion (for sample diameter) is
noticeably greater than in the axial dimension (lengthwise), this may indicate that the plastic
is not entirely isotropic. This issue indubitably calls for further study.

Coefficient of linear
thermal expansionα
[1/°C]

0,0003
0,00025
0,0002

1

0,00015

2

0,0001
25

50

75

100

125

150

175

200

Temperature [°C]
Fig. 14. The function of the thermal expansion coefficient and temperature for: sample diameter (1)
and sample length (2)

5.4 Determination of temperature of phase transition during heating
The examination of the phase transition point of the studied material together with identifying
the enthalpy of this transition allowed to determine the function graph for the power required
to heat the sample and emitted during cooling, depending on its temperature value (Fig. 15).
As seen on the presented graph, during heating (A), the power supplied to the sample within
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the temperature range of approx. 30°C to approx. 300°C is constant. There were no observed
irregularities in form of peaks – which would indicate a phase transition. Similarly for cooling
(B), the power increases linearly. What follows, it is not possible to determine an exact
melting point. Consequently, it is not possible to determine the enthalpy for this
transformation.

Fig. 15. Example graph line for heating (A) and cooling (B) of the test sample employing the differential
calorimeter method – DSC

6 Conclusions
The results of preliminary examination of the thermomechanical properties of the material
used to manufacture drive belts demonstrate that its characteristics are strongly dependent on
temperature.
Material density examination results indicate that it is relatively low in comparison to
other polymer plastics used in construction, e.g. polyamide, polyacetal and rubber.
Compression tests of the studied material samples brought about predictable results. The
stress – strain functions are not linear which is typical for plastics. In the range of insignificant
strains (ε < 5%), regardless of strain velocity, the compression graphs are linear (proportional
range), this allows to determine the modulus of proportionality. Both the yield stress at
compression, with strain of 30% and 60% as well as the flexural modulus decrease linearly
as a function of temperature. Such behavior is highly predictable. The boundary temperature
at which the samples maintain mechanical compression strength is approximately 150°C.
This examination is highly important from the standpoint of butt welding analysis because
the dominant state of this process is compression in elevated temperature.
The examination of thermal expansion of the plastic material brought about unexpected
results. The change of the thermal expansion coefficient value α as a function of temperature
necessitates a further study of the material heating transitions at the level of molecular
structure. An interesting factor is the difference between the thermal expansion coefficient
for sample diameter (radial direction) and sample height (axial direction). This means that
the properties of the material as not entirely isotropic. This fact will be taken into
consideration during formulation of the mathematical model for this material.
An attempt to determine the temperature of phase transition of the examined polyurethane
material failed to bring about the expected result. The results obtained via differential
scanning calorimetry do not allow to determine the melting point for this material and even
more so the enthalpy of this transition. This is a consequence of the fact that the plastic
material is most likely amorphous and reticulated, and therefore such parameters are
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impossible to determine. In order to make sure that the obtained results are not solely caused
by a wrong selection of testing method (DSC) one needs to attempt to determine the phase
transition temperature via a different method, e.g. by determining the flow rate curve using a
rotational rheometer [36]. Additionally, it is necessary to examine the degree of crystallinity
of this plastic material, e.g. via determining the spectrum obtained after infrared or X-ray
scanning (the WASX, SAXS methods) [37].
The results of the carried out examinations will be extremely helpful in the further
analysis of the butt welding process of this material due to the exact mapping of the physical
properties occurring during the hot plate welding process.
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