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Abstract. Modern packaging is rapidly developing in all industries. The development of packaging in agriculture,
processing, and construction industries is intensive due to a significant share of large-sized cargo (styrofoam plates,
rolls of mineral wool, fuel briquettes from agricultural and forest biomass, etc.). Therefore, the urgent task is to
create equipment for high-quality packaging of large cargoes. During the large-size packaging process, the
stretched film is welded. One of the problems is the need to tighten the package with a film, to ensure the density
and strength of the welds, which will withstand the stretching of the film after sealing the formed package. The
design of such machines is specific because it includes both the mechanisms of forming the package and the
mechanisms of wrapping it with a film followed by welding. A model of the process of welding polymer films
with a thickness of 25-200 pm was built, which describes the dependence of the quality indicators of the packaging
on the technological modes - the temperature of the heater, the duration of welding, and the pressure during
welding. The welding contact pressure depends on the viscosity of the packaging material and its softening
temperature, and it is greater for a higher viscosity of the material. It should be noted that pressure affects the
strength of welds at low heater temperatures and short heating durations. At the heater temperatures of 250 - 290°C,
the pressure practically does not affect the strength of the welds. Analysis of the deformation properties of the
films shows that the amount of tensile stress for these films in packaging equipment should not exceed 10-12 MPa.
Deformation of 5-7% for polyethylene films is completely reversible, if this threshold is exceeded, the film
package will lose its shape. A new roller mechanism for welding and cooling the film is described. An experimental
setup has been developed for researching the process of packing large cargoes. The dependence of the quality of
the welding seam of the packaging film on the temperature and force of its welding, as well as on the duration of
heating and cooling of the seam, was determined experimentally.
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Introduction

The modern packaging industry is one of the most dynamically developing industries. The
development of packaging in agricultural and construction production is particularly intense due to the
large share of large-sized cargo (plates, rolls, etc.). This made it necessary to improve the equipment for
packing large cargoes. The task of designing machines for large-sized packaging is a complex problem.
Therefore, the urgent task is to create equipment for high-quality packaging of large cargoes. During the
large-size packaging process, the stretched film is welded. One of the problems is the need to tighten
the package with the film, to ensure the density and strength of the welds, which will withstand the
stretching of the film after sealing the formed package. The design of such machines is specific because
it includes both the mechanisms of forming the package and the mechanisms of wrapping it with the
film followed by welding.

We will analyse the structure of the generalized design of the installation for packing large-sized
cargo (Fig. 1), and conduct a synthesis of its layout options from the main mechanisms identified during

the analysis [1].
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Fig. 1. Technological scheme of forming a package of plates: a — forming the package; b — feeding,

¢ — wrapping with a film; d — pressing and welding; e — wrapping with the film and clamping its ends;
f — tightening and welding of the package
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The technological operation of packing plates consists of the following technological and auxiliary
transitions:
1. Formation of the set (Fig. 1, a). Slabs in the given quantity.
2. Feeding the formed package (Fig. 1, b) for covering with a film from three sides.
3. Final free formation of the package (Fig. 1, ¢) or with its collection (Fig. 1, e).
4. Welding the package and cutting the finished package from the roll film material (Fig. 1, d or Fig. 1,
e).

5. Removal of the formed and packed package from the table of finished products.

Materials and methods

In order to calculate the parameters of the tightening mechanism, it is necessary to determine the
value of the maximum elongation of the wrapping film material within the limits of its plasticity, check
the correspondence between theoretical values of the tensile force of the film material and experimental
values, determine how much the material can be stretched so that it returns to its original position after
the load is removed, and what maximum force is required for this.

Mathematical planning of the experiment with fractional plans is used to determine the dependences
of the strength, tightness, and waviness of film-welded polymer seams [2-6] on the temperature of the
heater, the pressure during heating, the duration of heating, and the duration of cooling of the weld.

This article describes only the strength research of film welded polymer seams.

To increase the accuracy of the results, 4 parallel experiments were conducted to reduce the
measurement error by a factor of 2. The reproducibility of the experiments was checked based on the
results of the dispersion of parallel experiments and the Cochrane test.

Mathematical processing of the research results is carried out according to standard methods using
statistical criteria.

The main technological factors in the formation of packaging, i.e. welding of tight film material,
are the heater temperature T, heating pressure pw, cooling pressure pe, heating time t, holding time under
pressure after welding tc.

Preliminary studies have shown that overlap seams are used mainly for longitudinal welding of the
bag, and T-shaped seams are used for transverse welding. We have found that T-shaped seams mainly
determine the strength and tightness of packages, so the experimental part is devoted to the study of T-
shaped seams.

To carry out experimental studies of the process of welding the film material, an experimental

installation of thermopulse welding of film materials was developed (Fig. 2).
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Fig. 2. General view of the installation for researching
the welding parameters of film materials

It has a welding element in the form of a nichrome tire and a cutting element in the form of a
nichrome string. It consists of a frame 1, working table 2, system of rods and levers 3, console 4, flat
spring 5, indicator 6, system of cones 7, combined welding jaws 8, control panel 9, power supply unit
10 and a pressure pedal 11.

We calculate the relative strength of the welded joint using the expression [6-7]:

5 = = ’ (1)
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where ¢, ,, —tensile breaking force of the weld, N/15mm;
6, n, — tensile breaking force of the base material, N/15mm.

The seam is considered suitable for strength if 0.7 <6, < 1.0.
The preliminary analysis of the experimental results showed that it is advisable to present the
mathematical model of the welding process in power form:
6sm — b01 . Tbll . tz2l . pfgl . hb41 . (T . th)b51 . (T . pw)b61 X (th . pw)b71
Wz,sm — b02 . TblZ . tlb122 . plL)SZ . hb42 . t?SZ . (th . h)b62 X (T . h)b72 , (2)

b23
b03 . Tb13 . th . pl£3 . hb43 . (T . th)b53 . (T . pw)b63 . (th . pw)b73

Csm

where §,,, — strength of the welded seams of the packaging film, H/15 mm;
W, .m — height of the waviness of the seams of the packaging film, pm;

¢,m — tightness of film packaging, MPa;

T — temperature of the heater, °C;

th — heating time, s;

pw — Specific clamping force, MPa;

h — film thickness, pum;

tc — cooling time in the compressed state after welding, s.

Limits of parameter changes when welding film materials:
Tn =130+250 °C; th = 2+5's; pw = 0.1+0.2 MPa; h = 40+80 um, t, = 1+3s.

The reproducibility of the experiments was checked based on the results of 4 parallel experiments.
An automated calculation program using Microsoft Excel spreadsheets was developed to process the
results. The results of the samples were tested using Cochran’s C, Student’s T and Fisher’s tests. The
equation of the response function of the strength of polyethylene film welds obtained for tire welding
was obtained:
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In Table 1, a comparison of the experimental values of the strength of flat weld with those calculated
by the experimental response function is given.

Table 1
Comparative analysis of flat seam strength values strength, tightness, and waviness
Strength of Waviness of flat weld | Tightness of flat weld
Parameter
flat weld, N/15 mm seam, W, .., Um seam ¢, MPa
T |th| pw | h | tc | Exper. | Calc. | A, % | Exper. | Calc. | A, % | Exper. | Calc. |A, %
250 | 5] 02 |80 | 5] 11.30 | 10579 6.4 95.585 | 93.75 1.9 0.212 0.2 5.9
130 5] 02 40| 1 1.85 1.660 10.3 | 69.409 | 65.00 6.4 0.196 0.2 2.2
2501 2] 02 |40 1 3.95 3.659 7.4 56.827 | 58.75 34 0.212 0.2 5.9
130 2] 02 80| 5 0.40 0.341 14.7 15.181 | 16.25 7.0 0.061 | 0.065 | 6.8
250 | 5] 01 |40 5 3.65 3.876 6.2 64.073 | 66.25 | 3.4 0.212 0,2 5.9
130 5] 01 |80 1 1.70 1.835 7.9 103.546 | 115.00| 11.1 0.196 |0.1725| 11.9
2501201 |80 1 9.35 9.985 6.8 84.776 | 85.00 0.3 0.212 0.2 5.9
1301 2] 01 40| 5 0.30 0.309 3.0 10.176 | 1250 | 22.8 | 0.061 | 0.055 | 9.6

To facilitate visual perception and ease of use, we will carry out a graphic analysis (Fig. 3) of the
dependence, constructed based on the results of experimental studies of the height of the waviness of
the film material of the weld seam.
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Fig. 3. Dependence of waviness of flat weld on the duration and temperature of welding at
different cooling times for different film thicknesses (25, 50, 100, and 200 pm)

From the graph in Fig. 3 it can be seen that with an increase in the temperature, duration of welding,
thickness of the film material, and a decrease in the duration of cooling of the seam, the waviness of the
film material increases. Moreover, it is the welding temperature that has the greatest influence on the
phenomenon of waviness.

Fig. 4 presents graphs of the dependence of the amount of waviness on the duration of welding and
cooling at different welding temperatures (for example, 200 °C and 300 °C) for different film thicknesses
(25, 50, 100, 200um, respectively, from the bottom to the top), and on the graphs (Fig. 4, b, and 4, ¢)
the cooling time is presented in the range of 0+1s.

0 B ) )

Height of

Height of the waviness, Wz
i » w &

—~ |
1

- 2

3 _/‘J/,:/

Welding (b, 5 &goting ™ b)

a) c)

Fig. 4. Dependence of the amount of waviness on the duration of welding and cooling at different
welding temperatures for different film thicknesses: a, b — 300 °C; ¢ — 200 °C)
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To facilitate visual perception and ease of use, we will conduct a graphical analysis (Fig. 4) of the
dependence (3), constructed based on the results of experimental studies of the tightness of film
packaging.
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Fig. 5. Dependence of tightness of Fig. 6. Partial dependence of tightness of
polyethylene packages on the duration and polyethylene packages on the duration and
temperature of welding temperature of welding

Analysing the results of the experimental research on the tightness of polymer bags, we can see that
the tightness directly proportionally depends only on the temperature and duration of welding.
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For a clearer graphic analysis, let us limit the tightness to its value of 0.2 MPa (Fig. 6).

The graph above shows that the required tightness is always achieved at a temperature of the welded
elements above 245 °C. With welding times of up to 2 seconds, the tightness depends more on the
welding time, while with longer welding times, this dependence becomes less pronounced.

Results and discussion
Based on the results of the research, the welding mechanism was improved (Fig. 7).

The device for packing large loads includes a wrapping film feeding mechanism, load feeding
mechanism on the wrapping table 1, welding mechanism 2 of the wrapped package with a pressure
sponge 3 and a counter pressure 4, tightening unit 5 with a pressure roller 6, which is placed on one
rocker 7 with a pressure sponge 3, opposite the support jaw 8. The package welding mechanism was
improved.

Fig. 7. General view of the package wrapping, closing and welding unit (a) and view of the
welding mechanism at the moment of contact — the side and the frontal view of the welding
mechanism(b): 1 — stretching table; 2 — welding mechanism; 3 — pressure jaw; 4 — counter pressure;
5 — tightening unit; 6 — pressure roller; 7 — support arm; 8 — support jaw; 9 — constant heating roller;
10 — cooling roller; 11 — bracket; 12 — motor — gearbox; 13 — guide bar; 14 — carriage; 15 — rail gear;
16 — gear; 17 — packaging film

This mechanism consists of sequentially located welding 9 constant heating and cooling 10 rollers,
which are fixed on the bracket 11 with the possibility of free rotation and forming contact with the
pressure sponge 3 until the end of the seam. On this bracket 11, an engine is fixed - a reducer 12, which
moves the entire welding mechanism 2 in the transverse direction with the help of a guide 13 with a
carriage 14 and a rail gear 15 through the gear 16. The packaging of goods is carried out with a wrapping
film 17.

The device for packing bulky goods works as follows. The formed large package of cargo is fed by
the cargo feeding mechanism to the wrapping table 1. The wrapping material, which is unwound from
the upper and lower rolls, wraps the cargo from three sides.

After returning the feed mechanism to its initial position, the package tightening unit 5 moves
vertically and completes wrapping and closing the load along the perimeter, that is, from the last, fourth
side.

The new technical result is expressed in the improvement of the quality of the weld seam of a
considerable length, reliability, and stability of the welding mechanism of the device for packing large-
sized packages.

Conclusions

1. A model of the process of welding polymer films with a thickness of 25-200 um was built, which
describes the dependence of the quality indicators of packaging (strength, tightness and waviness
of the seam) on the technological modes — the temperature of the heater, the duration of welding
and the pressure during welding.

2. The strength of the seam increases with an increase in the duration and temperature of welding, the
thickness of the films and the force of their pressing.
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The tightness of the seam is directly proportional to the temperature of the heater and the duration
of welding.

The welding contact pressure depends on the viscosity of the packaging material and its softening
temperature, and it is greater for a higher viscosity of the material. It should be noted that the
pressure affects the strength of welds at low heater temperatures and short heating durations. At the
heater temperatures of 250-290 °C, the pressure practically does not affect the strength of the welds.
Analysis of the deformation properties of the films shows that the amount of tensile stress for these
films in packaging equipment should not exceed 10-12 MPa. Deformation of 5-7% for polyethylene
films is completely reversible, if this threshold is exceeded, the film package will lose its shape.
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