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Abstract. Most of the industrial machines use the belt transmission for the
power transfer. These mechanisms often use the round belts with a few
millimetres in diameter, which are made of the thermoplastic elastomers,
especially the polyurethane. Their production process requires the bonding
step, which is often performed by the butt welding, using the hot plate. To
design the automatic welding machine in a proper way, the authors analyzed
this process. One of the most important parameter which describes the hot
plate welding is plasticized distance. Knowledge about its value is necessary
to predict the length reduction of the belt during welding and will be used
during the quality of the joint rating. To obtain value of this parameter the
temperature distribution calculations are needed. The paper shows the
results of the analytical calculations of the temperature distribution and their
comparison with analyses performed by the FEM implements. Calculations
were performed for the thermoplastic elastomer during the heating phase in
the hot plate welding process.
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1 Introduction

Loops of flexible material, including conveyor and power transmission belts are, owing to
their behaviour, commonly used in machine engineering. Conveyor belts are most often made
of composite materials, consisting of polystyrene or polyurethane matrix reinforced with
steel, aramid or polyester fibres [1, 2]. Besides conventional conveyor belts there are also
perforated belts used in light-duty vacuum conveying systems [3]. In the group of power
transmission belts the most popular are flat and toothed (timing) belts and belts with non-
rectangular cross-section (including in particular V-belts and round belts). Flat belts are used
predominantly where relatively high linear speeds of the intermediate link are desired.
Timing belts, in turn, are used both in simple drives and in non-conventional systems, such
as variable ratio transmissions [4-6]. Belts with a non-rectangular cross-section, in particular
V-belts and round belts, the types commonly used in power transmission applications, are
made of rubber, rubber composite and polyurethane or polyester based elastomers [7-9].
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Elastomeric belts with a non-rectangular cross-section are often made of polyurethane
[8, 9]. The efficiency of this process (most often performed in two phases) [10] is of essence
especially when we take into account its vast popularity in industrial applications. In the first
phase a long strip of belting material is produced which is next cut to length and looped by
firmly connecting the ends [8, 9]. In most cases the belt ends are butt welded with a hot plate.
This process is relatively cheap and uses a relatively simple technology [11]. Butt welding
of polymeric materials is commonly used in industrial and civil engineering sectors. This
technique has been in use for many years now for bonding items such as reservoirs of vehicle
fluids, lamp enclosures, engine auxiliaries [12] and pipes [13]. A number of research projects
have been carried out concerning welding of different polymeric materials, including
acrylonitrile butadiene styrene (ABS) [14], methyl polymethacrylate (PMMA) [15],
polycarbonate (PC) [16] and also polypropylene (PP) [17].

The authors of this paper started a research project to design an appliance for automatic
hot-plate butt welding of belts [9]. In order to verify the design assumptions the process was
analysed to investigate the effect of the process parameters on the quality of the obtained
joint. Polyurethane TPU C85A, a commonly available belting material [13, 18] was chosen
for the research. According to a review of the available literature, the previous research
projects concerned mainly high stiffness polymers [11-17]. On the other hand, information
on the application of this technique for joining thermoplastic elastomers, in particular
polyurethane can hardly be found. The planned examinations of the butt welding process
require investigation of the thermomechanical phenomena taking place during the process,
including determination of the temperature distribution pattern during heating of the belt to
be joined. This will enable us to determine the depth of the plastic region (plasticized
distance). Next we can determine the loss of length during the heating process and identify
the weld flaws [19].

The temperature distribution pattern resulting from the interaction between the hot plate
and the belt end being heated has been predicted in literature sources. These predictions are
generally based on a model in which one side of a rectangular prism is heated up with
a precisely defined heat flux density [11-14, 20, 21]. In our opinion this approach is not
suitable for analyses of this kind performed for belt welding processes to be used on
an industrial scale.

2 Theoretical background of the heating phase of the hot plate
butt welding process

The hot plate welding process applied for joining of belts comprises 5 phases [21, 22]. These
are: squaring the mating surfaces on the heated plate, heat soak phase, plate removal, pressing
the ends against each other and, finally, cooling down. The whole process takes from a few
seconds up to over a dozen minutes [23].

The first two phases are very similar in terms of the thermodynamic processes taking
place. For this reason, they can be considered together and referred to by a single term: belt
heating phase (Fig. 1, A and B). The primary aim of this process is to transfer heat from the
heating tool to the belting material. As a result, the mating surfaces are activated for the
subsequent physical/chemical processes which are critical for the quality of the joint [12].

The heating process (A) starts by moving the belt ends (1) held by clamps (2) towards the
hot plate (3) with speed vi.. As soon as the surfaces have been brought into contact, the belt
end is pressed against the plate with force F,. This is the bead-up phase in which some
amount of the belting material becomes mouldable and a bead is formed on the perimeter
when the end face is pressed against the hot plate. This is a very important step in which the
mating surfaces are squared against the hot plate, this minimising the risk of joint flaws.
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During the heat soak phase (B) the belt ends are pressed against the hot plate with a smaller
force F; as compared the force applied in the bead-up phase.
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Fig. 1. The expected distribution of temperature during the hot plate welding process: A — squaring
(bead-up) phase, B — heat soak phase; 1 — belt, 2 — holder, 3 — hot plate, Fin — bead-up force,
vm — matching (squaring) speed, 7, — hot plate temperature, 7 — welding temperature, 7p — ambient
temperature, p — depth of plastic region, 4 — depth of heat penetration; Ops-1, Op1, Or1, Or3, Oct, Oc3 —
heat flux densities [22]

The hot plate temperature is maintained at the value of 7, which is higher than both the
welding temperature 7, and the melting point of the work piece material 7;. For amorphous
or network polymers the last of these values is somewhat indefinite as these materials melt
over a certain temperature range rather than at a specific melt point [24, 25]. The hot plate
temperature 7, must be carefully chosen, such that the welding temperature 7, is maintained
throughout the mating surface of the belt (loss of energy caused by thermal contact resistance
at the plate and belt interface must be taken into account) without causing thermal
deterioration of plastic [26].

Heating of the mating face results in a gradual increase of the temperature along the belt
axis. As such, the following zones can be identified:

- p — in which material is heated up above Ty,
- h — in which material is heated up above 7).

The heating process involves various heat conduction phenomena, including conduction
by thermal contact at the plate/belt interface, heat conduction along the belt axis, free
convection and, finally, heat radiation. In the heating process under analysis we can
distinguish the following heat fluxes (Fig. 1, A and B):

- Ops.;— transferred at the plate/belt interface,

- Qp1 — transferred through the belt body,

- Oczand Q.; — released to the surroundings through natural convection by the hot plate and
by the belt,

- Or3and Q,; —released to the surroundings through radiation by the hot plate and by the belt,
- Op1.2 — transferred to the belt holders by thermal contact conduction.
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The thermal contact conductance at the belt and plate interface and heat conduction
through the belt body are the most important phenomena from the point of view of heat
exchange. Due to low process temperatures (the maximum being 300°C) the amount of heat
transferred by radiation has a minor share in the total heat exchange and, as such, it will be
ignored in the further part of this analysis. Moreover, the transfer of heat by convection will
also be omitted at this stage due to problems with estimating the values of convective heat
transfer coefficient and hardly attainable in industrial conditions repeatable temperature of
the surroundings [27].

The belt ends are matched (squared) by slightly melting the mating surfaces against the
hot plate. This reduces the probability of joint flaws and ensures consistent heat transfer
conditions at the belt and plate interface (Fig. 2) [28]. The amount of heat transferred by the
thermal contact conduction — at the surface peaks ((Qp3.1), by convection — through empty
spaces filled with hot air (Q.3) and by radiation (Q,3) will be substituted with the equivalent
contact heat conduction adopted for the entire surface (Opz./). This makes the heat exchange
conditions more predictable, at the same time enhancing the process efficiency. As a result,
the effect of thermal contact resistance, a phenomenon causing problems in modelling, is at
least reduced or even eliminated. These problems result from a number of different
mathematical models to choose from, and different parameters relating to the material
properties and the quality of interacting surfaces taken into account in them [29]. The
observable effect of the thermal contact resistance is an abrupt drop of temperature across
the interface of the two bodies in contact [30, 31].
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Fig. 2. Heating of squared and non-squared mating surface of belt: 1 — belt, 2 — hot plate, 3 — contact
points, 4 — voids (filled with hot air); Ops-1;, Op1, Or1, Or3, Qc1, Qcs — heat fluxes; Tw — welding
temperature, 7, — hot plate temperature, AT — temperature difference

In the heat soak phase the plastic region (p distance) should be increased as required to
ensure appropriate jointing conditions. The side effects of heating include expansion of the
heat penetration zone (distance /) and initiation of heat transfer to holders (Q,;->on Fig. 1 B).

3 Temperature distribution determination methodology

For a complete analysis of the hot plate butt welding process it is necessary to determine the
distribution of temperature, i.e. the relationship between the temperature values at a finite



MATEC Web of Conferences 254, 02033 (2019) https://doi.org/10.1051/matecconf/201925402033
MMS 2018

number of points of the heated area and the heating time [27]. To this end analytical
computations were carried out, followed by FEM validation of their results.

3.1 Assumptions to the temperature distribution computations

The temperature distribution during heating of the belt is determined by solving the following
thermal conductance equation [27]:

a (0T a (,0T d (0T _ .. .er
3 (25) +5,05) + 5 (%) + e =05 (M
where: 4 — thermal conductivity of the belting material [ﬁ], p — density of the plastic [%];

¢p — specific heat at a constant pressure [kg'—_K]; q» — amount of heat generated inside the

material [W]; T — temperature [K]; # — time [s]; x, y, z — rectangular coordinates.

It would be a challenging task for a general case situation. Therefore, the following
assumptions can be made for the purpose of this analysis:
- heat is transferred in non-stationary, unsteady state conditions,
- the belt is a semi-infinite body with a high value of the length-to-diameter ratio and isotropic
properties of the material,
- during initial heating heat is transferred solely from the flat face,
- heat exchange by convection and radiation are ignored,
- heat is not generated in the body of material,
- the hot plate temperature is constant and uniform over the entire surface,
- the values of density, specific heat and thermal conductivity are constant and independent
of the temperature,
- thermal expansion of the material is omitted.

Under the above assumptions the problem boils down to one-dimensional transfer of heat.
In order to obtain realistic results the input values given in Table 1 were used.

Table 1. Input values used for determination of the temperature distribution in the belt during heating

Property Value: Source:
Density p [%] 1168
. J
Specific heat at constant pressure ¢, [kg—K] 1700 [18]
Thermal conductivity 2 [~ ] 0.21
m-K
Own
Hot pl T, [K .
ot plate temperature T}, [K] 300 assumption
Ambient temperature T, [K] 20 Own.
assumption
Melting point Ty, [K] 210 [18]
Thermal contact conductance assuming the presence of
. w 2 [30, 31]
thermal contact resistance, h [T]
m2*-K
Thermal contact conductance assuming perfect thermal
w w [30, 31]
contact, h [m]
. . Own
Time span of analysis ¢ [sec.] 1-180 assumption
Melting depth to ensure perfect thermal contact p [mm] 0.2 Own
£ aep P P ) assumption

Three cases were considered:
- perfect thermal conduction conditions during the whole period of heating (ID),
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- thermal contact resistance during the initial heating period until the plastic region reaches
the distance of p = 0.2 mm when ideal conduction conditions are obtained (SR),

- thermal contact resistance during the whole period of heating (may be caused, for example,
by gasses emitted by the melting material) (WR).

3.2 Analytical calculations
Under the above simplifying assumptions the above equation (1) takes the following form:

9%T _ aT
o7 "o @

2

where: a is the thermal diffusivity [mT]

The heated body can be assumed to be semi-infinite under the following condition [27]:
Fo «< 1. 3)

This condition will be applied in the heating case under analysis.
Let us assume that the following boundary-initial conditions hold:

T(x,00=T, v TO,t)=T, Vv T(oo,t)=T,, ))
and use the Laplace transform to obtain solution for infinite halfspace expressed as follows:
T(x,t) =T, + (Ty = Tp) - erf (5 jﬁ) (5)

This yields the function representing the relationship between the temperature and time
t and co-ordinate x along the belt axis. Note that this approach ignores the phase change of
the heated material during softening and melting. For describing this phase change it would
be necessary to know the melting point 7; and the phase change enthalpy. The material does
not exhibit a clear cut melting temperature as shown by the tests performed by the authors
and, as such, figuring out the enthalpy of melting will be still less practicable [24]. For this
reason, melting is ignored at this stage of modelling of the welding process. The softening
temperature adopted for the purpose of the calculations is an indicative value, taken from the
range given by the supplier of the testing material [18].

3.3 FEM modelling

The results of the performed analytical calculations were verified using finite element method
under Abaqus environment. To this end a 3D axially symmetric hot plate model was
generated (20 mm in diameter by 5 mm thick). The belt, in turn, was modelled as a linear
element (20 mm long by 4 mm in diameter). The values of the belt material properties were
the same as the calculation input values (Table 1) and the hot plate was assumed to be made
of steel. The finite element model, showing the finite element grid, is displayed in Fig. 3.
The analyses were carried out for three cases of heat transfer between the hot plate and
the belt. Therefore, the analysis was performed as follows:
- for the case of perfect thermal conduction conditions (ID): for infinitely high thermal
contact conductance (4 = o) throughout the whole period under analysis,
- for the case in which thermal contact resistance occurs during the entire heating process

(WR): thermal contact conductance of 7 =2 [%], for the whole time period under analysis,

- for the case with thermal contact resistance occurring only in the initial part of the heating
process (SR):



MATEC Web of Conferences 254, 02033 (2019) https://doi.org/10.1051/matecconf/201925402033
MMS 2018

1) thermal contact conductance of & =2 [m‘;vK] for the period of £ = 2.55 [sec.] (till the
plastic region has reached the distance of p = 0.2 [mm)]),
2) after that time and till the end of the heating process: & = .

z X

Fig. 3. Finite element model used for the temperature distribution analysis: 1 — belt, 2 — hot plate

The calculations were carried out for twenty seven heating time periods in the range of
1-180 sec.

4 Results and discussion

Fig. 4 presents the selected results of the analytical and numerical calculations of the
temperature distribution during heating for the case of perfect thermal contact between the
belt and hot plate during the entire heating time period (ID).

300
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temperature ca. 210°C
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Fig. 4. Relationship between the temperature and the distance from the hot plate at different points in
time for the case of perfect thermal contact conditions. FEM ... — FEM results, A .... — analytical
results
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The results of analytical and numerical calculations are very similar with the differences
between the respective values increasing over time.

Fig. 5 presents a comparison of selected temperature distribution curve for all the cases
of thermal contact conduction conditions for the times in the range of 8-160 sec.
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—+—100s WR —+— 160s WR 8s SR 40's SR 100s SR 160 s SR

Fig. 5. The relationship between the temperature and the distance from the hot plate at different points
in time for the case of perfect thermal contact conditions. .... ID — perfect thermal contact, ... SR —
thermal contact resistance in the initial period of heating only, ... WR — thermal contact resistance

throughout the heating process

The temperature distribution varies depending on the adopted thermal conduction model
at the hot plate or belt interface. For the case in which thermal resistance occurs during the
entire heating process (WR) a considerable drop of temperature is noted at the subsequent
points along the belt. This is caused, inter alia, by the sudden drop of temperature at the
mating face of the belt directly touching the hot plate. This drop is so big that the temperatures
do not equalise even after long heating (180 sec.).

A slightly different result is obtained when we compare the case of heating under perfect
thermal contact conditions (ID) with the case assuming thermal contact resistance limited to
the initial softening period (WR i.e. before the plastic region has reached the distance of
p = 0.2 mm). For small heating times (up to 60 sec.) different temperature distributions are
obtained. When thermal resistance is included during the initial heating phase, the
temperatures will slightly decrease at the analysed points. The distributions equalise when
the heating time is increased (to over 60 sec.) as the belt gets sufficiently heated up owing to
the long-time of heat conduction under ideal thermal contact conditions.

Fig. 6 presents the relationship between the plastic region depth and the heating time. The
increase of the depth of plastic region over time is represented by a nonlinear curve. Note,
however, that the growth rate decreases as the heating proceeds. As such, the depth of the
plastic region will not increase in proportion to the increase in the heating time. Analysing
this relationship and the temperature distributions over time (Fig. 4 and Fig. 5) we can see
that increasing of the heating temperature could be a more efficient way to increase the depth
of plastic region (plasticized distance) as compared to a longer heating time.

https://doi.org/10.1051/matecconf/201925402033
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Fig. 6. Relationship between the depth of plastic region (plasticized distance) and the heating time

The numerical values of the depth of the plastic region and the percentage decrease in
relation to perfect thermal contact conditions (ID) are given in Table 2 below.

The depth of plastic region will not change (in relation to the perfect thermal contact
conditions — ID) if thermal contact resistance is limited to the initial heating time lasting not
longer than 70 sec (SR). Conversely, with thermal contact resistance assumed to persist
throughout the whole heating period (case WR) the decrease in the depth of plastic region is
prominent and present throughout the whole heating period.

Table 2. The numerical values of the depth of the plastic region for three different thermal contact

conditions
D SR WR |
Time [sec.]| Value [mm] | Value [mm] | Decrease [%] | Value [mm] Decrease [%]

0.380 0.355 6.6 0.278 26.8

8 0.536 0.524 2.3 0.433 19.2
10 0.599 0.588 1.9 0.496 17.2
50 1.333 1.331 0.1 1.228 7.8
55 1.397 1.394 0.2 1.293 7.4
60 1.460 1.456 0.3 1.356 7.2
70 1.578 1.578 0.0 1.473 6.7
80 1.685 1.685 0.0 1.581 6.2
90 1.786 1.786 0.0 1.682 5.8
170 2453 2453 0.0 2.349 4.2
180 2.525 2.525 0.0 2.419 4.2
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5 Conclusions

The results of calculations and simulations show that selection of an appropriate thermal
contact heat transfer model is of key importance for correct determination of the temperature
distribution and the depth of plastic region during the heating process.

The temperature distribution and, as a consequence, also the depth of the plastic region
vary significantly between the model assuming thermal contact resistance between the belt
and the hot plate throughout the whole process and the model assuming perfect thermal
contact conditions (ID). Therefore, the efficiency of the heating process would be affected in
the former case. This can result from emission of gasses during melting when the plastic is
heated up with a too hot plate (resulting in thermal destruction of the material).

With thermal contact resistance limited to the initial phase of the heating process (for
example till the plastic region has reached the depth of p = 0.2 mm) it does not influence the
plastic region determination if the heating time duration is long enough, i.e. longer than
70 sec. which holds for the thermal contact resistance conductance values given in Table 1.
This being so, for longer heating time periods perfect thermal contact conditions can be
assumed for the whole process in this case.

It is finally concluded that increasing the heating time is not an efficient way to increase
the depth of the plastic region (plasticized distance).
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