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Abstract: Most industrial machines use belt transmission for power transfer. These mechanisms often use the round belts of several milli-
metres in diameter that are made of thermoplastic elastomers, especially polyurethane. Their production process calls for bonding the ma-
terial, which is often performed by hot plate butt welding. In order to achieve proper design of an automatic welding machine, the authors
analysed the hot plate welding process of round belts. This process consists of five phases. It is necessary to recognize all the physical
phenomena that occur during welding, especially those connected with thermomechanical properties of material. This knowledge is neces-
sary to determine the temperature distribution during each step of the process. The paper presents a standard welding cycle together with
an explanation of the physical phenomena in each phase. An analysis of these fundamentals will be used to derivate the function of tem-
perature distribution during all process phases. In addition, some assumptions for calculation of temperature distribution and some funda-

mental physic correlations were presented.
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1. INTRODUCTION

Industrial grade belts, both used in drives and conveyors, are
commonly utilized in machine building for transferring torque
between the connected workstations or for transporting products
on manufacturing lines. Both full cross-section and perforated
conveyor belts are utilized in transportation, especially the latter
are present in vacuum transportation of light objects (Wojtkowiak
et al., 2018; Wojtkowiak and Talaska, 2019; Wilczyniski, 2019).
The most commonly used types of drive belts are flat, toothed and
shaped belts. Toothed belts are used both in simple transmissions
as well as non-classical solutions, for example, with variable ratios
(Domek and Dudziak, 2011; Domek et al., 2016; Krawiec et al.,
2018; Krawiec et al., 2019). Shaped belts, in particular V-shaped
and round belts, are commonly employed in drives, that is, special
robotic arm joint mechanism, with two twisted small diameter belts
(Inoue et al., 2016), they can be made of rubber (Kukla et al.,
2015) or polyester or polyurethane based elastomers (Behabelt,
2015). Their common application in industrial machines calls for
an efficient manufacturing process, which usually takes place in
two stages (Sikora, 1993). First of all, a long belt is manufactured
and cut down to required size. Finally, the ends are joined perma-
nently to form a continuous loop (Watesa, 2018).

Due to the peculiar characteristics of thermoplastic elastomers
used in the manufacturing of such belts, it is possible to join them
by hot welding (Groover, 2015). A specific approach to this pro-
cess is butt-welding utilizing the hot plate method; it is popular due
to its simplicity and efficiency (Grewell and Benatar, 2007;
Yousepour et al., 2004). This method is commonly employed in
the automotive industry and civil engineering, for example, in the
process of joining: tanks for utility fluids, lamp enclosures, engine
instrumentation (Pietrzak et al., 2019; Grewell and Benatar, 2007)
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and pipes (Rzasinski, 2017; Troughton, 1997; Cocard et al.,
2009). Furthermore, studies were carried out on the hot welding of
inflexible polymer materials, for example, acrylonitrile butadiene
styrene copolymer (ABS) (Mokhtarzadeh and Benatar, 2012),
polycarbonate (PC) (Krishnan and Benatar, 2004), as well as
polypropylene (PP) (Nieh and Lee, 1992). However, it needs to be
pointed out that all of them apply primarily to plastics.

The authors started design work on a device for automated
butt welding of drive belts utilizing the hot plate technique, which
is to improve the efficiency of the manufacturing process of con-
tinuous belts. For the purpose of verification of the design as-
sumptions, the process has to be analysed together with further
study of the influence of heating parameters on weld quality
(Watesa et al., 2019a and 2019b). One of the basic research
actions regarding this topic is to analyse the heat transfer during
the hot plate welding process. To this end, it is required to identify
the heat transfer phenomena taking place during hot plate weld-
ing. These considerations will consequently form the basis for
performing temperature distribution calculations, which describe
the temperature values at every point of the material, according to
time. The results obtained from calculations and research, in
combination with known material characteristics, will be used for
calculating the plasticized distance. Identifying this value and its
dependence on process variables (e.g., hot plate temperature,
time and applied force) will be used to control the hot plate weld-
ing process. This allows to anticipate the extent of belt shortening
throughout the manufacturing process and to determine the best
parameters to obtain a satisfactory weld quality. Moreover, analy-
sis of plasticized distance and temperature distribution will be
used in the research regarding the influence of welding process to
macrostructure of material. Thanks to this, the division for three
heat affected zones, commonly expected for semi-crystalline
material (Casalino and Ghorbel, 2008), will be verified.
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In addition, it should be noticed that a lot of thermal exchang-
ing processes can be described in a mathematical way, especially
using the FEM implements (Dyja et al., 2017; Gawroniska, 2019;
Kubiak, 2019; Saternus et al., 2018 and 2019; Winczek et al.,
2016). Considering the partial results of examinations of the plas-
ticizing process and mechanical parameters derivation (Watesa et
al., 2020a and 2020b), in further works, the hot plate welding
process will be described by a mathematical model, which will
take into consideration conclusions from the presented process
analysis.

2. THE HOT PLATE WELDING CYCLE

Concerning the necessary technological operations, the hot
plate welding process of the drive belts can be divided into five
phases (Watesa et al., 2019a and 2019b; Klimpel, 2000; Potente
et al., 2002; Jasiulek, 2006), with different physical phenomena
occurring during the heat transfer in each phase. Considering this
fact, the approximate temperature distribution can be expected
(Potente et al., 2002). One of the most important activities is the
plasticization of the belt end that enables the chemical reaction
and physical interaction between the macromolecules in the join-
ing process (Amanat et al., 2010; Amancio-Filho and dos Santos,
2009; Madej and Ozimina, 2010; Puszka, 2006; Zuchowska,
2000). The course of plasticization process conditions the rest of
welding process, especially the ability of the ends of the belts to
make durable joint during cooling step, where durable connections
between macromolecules are made (Ciszewski and Radomski,
1989).
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2.1. The matching phase

The first phase of welding is the matching of belt ends (Fig. 1).
It entails plasticizing and melting the flat surfaces of the belt dur-
ing their contact with the heated plate. The plate has the tempera-
ture Ty, which facilitates the welding process by gaining the weld-
ing temperature Tw in the bonded material. The welding tempera-
ture choice is very important issue and its value depends on
polymer type. Exceeding the degradation temperature causes
destructing the material in a few stages (Wanqing et al., 2017). On
the other hand, in case of some polymers, joint strength increases
with welding temperature (Evers et al., 2017).

In matching phase, the belt ends (1) are held by shaped grips
(2), and are moved towards the hot plate surface (3) with velocity
vm. After the surfaces of the belt and the hot plate make contact,
the belt is pressed to the plate with force Fnm. In this phase, flash is
formed due to the belt plasticizing in contact with the hot plate.
The partial melting results in the surface of the belt adapting to the
surface shape of the hot plate. This is the result of the material's
reaction to the temperature of the hot plate.

The belt heating causes the temperature to increase along its
axis. Two main characteristic quantities can be therefore distin-
guished:

— the distance p, where belt temperature exceeds the welding
temperature Ty (the temperature when a material is plasti-
cized and melted),

— the distance h, where belt temperature exceeds To.

L]
Fm, Vi

Distance X

Fig. 1. The matching phase of the hot plate welding process with expected temperature distribution: 1 — belt, 2 — shaped grip, 3 — hot plate, Fm — matching
force, vm — matching velocity, Tp — the hot plate temperature, Tw — welding temperature, To — ambient temperature, p — plasticize distance,

h - heating distance; Qps-1, Qp1, Qr1, Qr3, Qo1, Qe3— heat

During this phase, the following heat transfer phenomena are
observed: conduction, convection and radiation. Considering the
particular heat fluxes, the following can be identified:

— the heat Qps.7, which stands for heat transfer from the hot plate
to the belt by contact conduction,

— the heat Qp1, which stands for heat transfer in the volume
of the belt material through conduction,

— the heat Qc3, which stands for heat transfer from the hot plate

through convection,

— the heat Qrs, which stands for heat transfer from the hot plate
through radiation,

— the heat Qcs, which stands for heat transfer from the outer
surface of the belt through convection,

— the heat Q, which stands for heat transfer from the outer
surface of the belt through radiation.
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In this case, the dominant methods of heat transfer are: con-
duction in the belt material and contact conduction between the
hot plate and the belt surface. The radiation is not as significant as
the phenomena mentioned above, because the process tempera-
ture is relatively low. In further analysis, it is possible to disregard
the issue of convection because the airflow around the belt or hot
plate will be not forced; therefore, forced convection is not pre-
sent. It is also possible to disregard natural convection during the
analysis because the ends of the belt will be clamped in the
shaped grips and dies, thus limiting the heat energy transfer to the
cooler air.

The matching phase is very important. The melting of the belt
surface as a result of hot plate contact allows matching the belt to
the flat surface of the plate. Consequently, belt surfaces are
placed parallel to each other and perpendicular to the central axis.
Thus, the flat ends of the belt are properly aligned for bonding.
The most important effect of material plasticizing is the removal of
any inequalities, roughness and faults, which may have been
incurred during the cutting process. This allows to avoid joint
defect issues caused by inadequate surface preparation.

AT

Contact thermal resistance

Fig. 2. Heating of the non-matched belt surface by the hot plate: 1 - belt,
2 - hot plate, 3 — contact points, 4 — cavities (filled by hot gases);
Qp3—1, Qr3, Qe3— heat

Ideal contact conductance

Fig. 3. Heating of the matched belt surface by the hot plate: 1 - belt,
2 —hot plate; Qps-1 — heat
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Another benefit of the matching phase is providing uniform
conditions for heat transfer along the whole flat surface of the belt
(Amancio-Filho and dos Santos, 2009). This allows to replace the
point thermal conduction (Qps-7), convection (Qcs) and radiation
(Qrs) occurring through the cavities in the material (Fig. 2) with
whole surface conduction (Qps.1) resulting in more stable heat
transfer conditions (Fig. 3).

2.2. The heating phase

During the heating phase (Fig. 4), the ends of the belt (1) are
pressed against the hot plate (3) by the shaped grips (2) with
force Fn. In this phase, the heat transfer phenomena are similar to
the previous one. The area of the convection (Qcr) and the radia-
tion (Qr) effect is expanded. This is the result of the expansion of
the heated area. Due to this fact, a new heat transfer mechanism
occurs: conduction between the outer surface of the belt and
shaped grips (Qp1-2).

The main assumptions of the heating phase are as follows:

— increase of the plasticized (melted) distance p to the value
ensuring the best conditions to perform the joining (chemical
reactions and mechanical interactions between macromole-
cules), the increase in the h distance is the side effect of the
heating,

— the Fnforce value is significantly lower than the matching force
Fm (Fn is about 10%-20% of Fm) because of the sharp de-
crease in polymer viscosity together with the increase in tem-
perature (Klimpel, 2000). If too much clamping force is applied
during the heating phase, it causes excessive flash formation.
The first negative consequence is unnecessary loss of materi-
al. Secondly, the plasticized polymer is displaced from the
joining area, which is disadvantageous because it can impede
the joining process and form cavities in the central area of the
joint. On the other hand, it is required to utilize a small value of
Fx force, as otherwise, issues with contact breaking might oc-
cur due to the outflow of material from the heating area. In this
case, the belt ends should be pressed toward the hot plate,
but this is impossible without applying Fnr force. It should be
noticed that this action can be performed automatically owing
to the thermal expansion of the belt material.

2.3. The switchover phase

The switchover phase consists in removing the hot plate from
the area between the ends of the belt (Fig. 5).
The belt (1) is moved slightly by the shaped grips (2) to achieve
a small clearance from the hot plate; however, this action can be
disregarded in the heat transfer analysis. In this phase, the heat-
ing process ends, because of the source of energy is being with-
drawn. Consequently, the switchover phase should be as short as
possible. The convection (Qc1) and the radiation (Qr) from the belt
surfaces (especially in the flat surfaces of the weld) cause unnec-
essary loss of energy. Considering this fact, it is necessary to
control the belt temperature, which has a tendency to decrease
mainly in the flat, plasticized area. This is the result of the convec-
tion phenomenon, which becomes more significant with higher
surface temperature. It is critical to maintain the temperature of
the welding area greater than Tw. For this reason, the switchover
time should be as short as possible.
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Fig. 4. The heating phase of the hot plate welding process with expected temperature distribution: 1 - belt, 2 — shaped grip, 3 — hot plate, Fx — force during
heating, T, — the hot plate temperature, Tw —welding temperature, To — ambient temperature, p — plasticized distance, h — heated region length; Qps-1,

Qp1-2, Qot, Qrt, Qr3, Qet, Qe3 — heat
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Fig. 5. The switchover phase of the hot plate welding process with expected temperature distribution: 1 — belt, 2 — shaped grip, Tp — the hot plate tempera-
ture, Tw-welding temperature, To — ambient temperature, p — plasticize distance, h — heated region length; Qp1-2, Qo1, Qr1, Qe — heat

2.4. The joining phase

In the joining phase, the ends of the belt (1) are clamped by
shaped grips (2) and moved towards each other, which results in
joining their surfaces (Fig. 6).

The joining phase is critical, because it is where the material
bonding begins. It comprises two main characteristic phenomena:
— chemical reactions between molecules of the hydrocarbons,

— mechanical interactions between macromolecules which result

in their splicing (Grewell and Benatar, 2007).

During the joining phase, one needs to consider a compro-
mise between the short duration of the phase and low joining
velocity vi. The short phase time is associated with the relatively
high velocity v;, which is beneficial because of reduced energy
loss by convection (Qcr) and radiation (Qr). On the other hand,

the joining velocity v; and the joining force Fj should be as low as
possible, to avoid the problem of excessive distortion of the plasti-
cized region.

2.5. The cooling phase

In the cooling phase (Fig. 7), the ends of the belt (1) are
pressed against each other. Free cooling occurs at the joint and
the belt as a result of the interaction with the air surrounding the
belt. In the ideal scenario, the duration of this activity should be
sufficiently long, allowing the belt temperature to decrease to the
level of ambient temperature To. Afterwards, the belt can be re-
moved from the grips and the joint can be subject to further pro-
cessing to remove the flash.

The main assumptions for the cooling phase are:

87



§ sciendo

Krzysztof Watesa, Ireneusz Malujda, Dominik Wilczynski DOI 10.2478/ama-2020-0012
Process Analysis of the Hot Plate Welding of Drive Belts

— belt temperature is equalized by contact conduction, value should decrease to the level of ambient temperature
— continuation of the chemical reactions and the mechanical Toat the end of the phase.
interactions occurring between macromolecules, The cumulative hot plate welding process time, ranging from
— main heat transfer occurs through conduction (Qe1) in the over a dozen seconds to a few dozen minutes (Cocard et al.,
material, 2009), depends on the dimensions of the welded parts. Usually,
— heat transfer with the environment only occurs via natural the longest is the cooling phase (Klimpel, 2000).

convection (Qc1) and radiation (Qr1),
— the duration of this step depends on belt temperature - its

Temperature

X Distance X
Fig. 6. The joining phase of the hot plate welding process with expected temperature distribution: 1 — belt, 2 — shaped grip, F; — joining force, v; — joining
velocity, Tp — the hot plate temperature, Tw —welding temperature, To — ambient temperature, p — plasticize distance, h — heated region length; Qp1-2,
Qp1, Qr1, Qc1 — heat

Temperature

X Distance X

Fig. 7. The cooling phase of the hot plate welding process with expected temperature distribution: 1 — belt, 2 — shaped grip, Fc — force during cooling, T, —
the hot plate temperature, Tw—welding temperature, To— ambient temperature, Qo1, Qr1, Qe1 — heat

3. MODELLING OF THE HEAT TRANSFER PHENOMENA the temperature values at all the points of the heated region,
according to time (Carslaw and Jaeger, 1959). To obtain this

The complete analysis of the hot plate welding process calls derivation, it is necessary to solve the heat transfer equations.

for establishing temperature distribution. This function describes
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3.1. Simplifications regarding the heat transfer phenomena

To simplify analysing the heat transfer process in preliminary
description of the hot plate welding process, some factors can be
omitted. Furthermore, several assumptions can be made for the
purpose of performing the mathematical calculation:

— the transient heat transfer during the entire process, that is,
the temperature in every point of the belt changes throughout
the process duration,

— belt as a long body, with high length to diameter ratio,

— uniform temperature distribution in the belt cross section,
because the belt material is homogeneous in the macro scale;
therefore, it can be treated as isotropic,

— the phenomenon of heat generation is not present,

— considering the heat transfer along the main axis of the belt as
unidimensional, heated from a flat surface together as well as
the isotropic model of the material,

— heating of both ends of the belt is symmetrical,

— disregarding natural convection from the outer surface of the
belt and the hot plate, because the airflow is not forced, and
therefore, natural convection is not a significant factor,

— omitting the radiation from the outer surface of the belt and the
hot plate. This assumption is based on the relatively low tem-
perature and a short time,

— disregarding heat conduction from the belt to shaped grips,
which are a relatively long distance away from the heating ar-
ea, and therefore, their contribution is not significant,

— constant hot plate temperature on the whole surface, this
allows to simplify the issue because the temperature change
due to the energy transfer can be omitted,

— disregarding the effect of thermal expansion,

— density, heat transfer coefficient and specific heat of the belt
are not dependent on temperature. Considering the prelimi-
nary calculations, we can assume that these parameters do
not vary with temperature increase,

— the hot plate is a rigid and non-deformable body.

These assumptions can be made, due to relatively low pro-
cess temperature, which does not exceed 300°C (Watesa et al.,
2019b and 2020a). These simplifications allow to perform the
calculation on temperature distribution taking into consideration
the commonly known heat transfer cases, that is, the semi-infinite
space, the round rod placed between the walls or the round ribs
(Carslaw and Jaeger, 1959).

3.2. Possibilities of mathematical modelling

The heat transfer in almost every phase of hot plate welding is
primarily through conduction. Considering this fact, it is required to
solve the heat conduction equation (1). In general case, it takes
the following form (Staniszewski, 1979):

a (0T a (,0T a (,0r aT
=05 +505)+5 (05 +a =5 1)

Using the simplifications mentioned above, it can be assumed
that: thermal conductivity (A), latent heat (cp) and density (o) are
constant within the whole temperature range. Moreover, internal
heat generation (gv) can be omitted. Consequently, the simplified
Fourier's equation (2), shall have the following form:

Ly 9T
a- VT =—, (2)
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where: a stands for thermal diffusivity, described in equation:

2
a= Cp_p (3)
Assuming the unidimensional character allows to further sim-
plify equation (2) to achieve the following form:
92T _ aT
e @
The solution of this differential equation is not obvious, and its
form depends on the starting and boundary condition. For the
matching and heating phase, it can utilize the first type of bounda-
ry conditions, where the value of the hot plate and the ambient
temperature is set. The temperature distribution in switchover
phase can be simplified by transferring the coordinates of heating
temperature distribution. For the joining and cooling phase, it is
required to use the third type boundary condition in the following
form (Carslaw and Jeager, 1959):
oT (x,t) _
ax

—=:T(x,0), (5)

where: a is the heat transfer coefficient.

Obviously, other assumptions may be made as well. For ex-
ample, it is possible to account for melting. In this case, thermo-
dynamic constants (a, A, cp) and density (o) will be different in
solid and liquid phase (Taler and Duda, 2003). This fact calls for
further analysis.

4. SUMMARY

We distinguish the following heat transfer phenomena that are
of key importance for the hot plate welding process: conduction,
convection and radiation. It is necessary to analyse their specific
parameters for each phase of the hot plate welding. Considering
the phenomena in particular, together with employing a number of
simplifications allows to derive the temperature distribution, which
describes the temperature in every point along the belt axis. This
function is to be solved analytically and the results will be exam-
ined by FEM implements. Afterwards, it is anticipated that experi-
mental research should allow to verify the model.

The temperature distribution along the axis of the belt, togeth-
er with the known material characteristics, will be used to estab-
lish the plasticized area of the belt as well as the shortening of the
belt during the hot plate welding process.

After preliminary analysis, with listed simplifications of heat
transfer modelling, authors will make an effort to the estimate
radiation and convection coefficients. After that, the temperature
distribution results will be compared with calculations regarding
simplifications, to obtain precisely described temperature distribu-
tion, and real error of calculations with simplifications.
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