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This article discusses the use of high-tech methods to optimize the production process of manufacturing
polyethylene products by rotary molding. Special emphasis is placed on non-destructive testing methods,
which are most effective in terms of reliability, non-waste, labor intensity and time costs. From a wide variety
of traditional methods of non-destructive testing, ultrasonic flaw detection was chosen for the study, which is
due to the presence of reliable identification properties of the ultrasonic bottom signal. One of these
parameters is the temperature stability coefficient (TCS), determined by the influence of polyethylene
temperature on the amplitude of the bottom signal. TCS is considered as one of the identifiers of the plastic
brand, defects determined by incomplete sintering and thermal oxidative degradation of plastic, which have a
significant impact on product quality. The authors propose a formula based on probabilistic-deterministic
planning, taking into account the combined effect of the internal peak air temperature (PIAT) and the thickness
of the plastic on the TS, the formula demonstrates high reliability, estimated by the coefficient of nonlinear
multiple correlation. The use of non-destructive testing methods in the production of polymer products by
rotary molding allows us to guarantee high quality products and prevent possible breakdowns and accidents
during operation. This article is an important contribution to the field of quality control of polymer products
and opens up new opportunities for optimizing production processes.

plastic products by rotary molding, more effective
methods of detecting product defects are required.
Rotary molding is a unique process that takes

In the last few years, the process of processing
polymer materials has undergone significant changes,
especially due to the introduction of digital
technologies. One of the leading trends in this field is
the integration of complex technologies, methods and
tools aimed at ensuring reliability, flexibility and
optimization of production processes. In terms of
product quality control, preference is given to non-
destructive methods, as they help to save resources,
eliminating the risk of damage to entire parts, devices
and mechanisms. Even in the production of hollow
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place at high temperature, low pressure and low shear
force for the production of hollow plastic products
(Zhanibekov, Brilkov, 2023; Crawford, Throne,
2002; Ogila, Shao, Yang, Tan, 2017). Currently, the
Russian Federation is a rapidly growing sector of the
polymer processing industry. Products obtained by
the rotary molding method from plastics are
characterized by a long service life, chemical
resistance and low cost (Gupta, Ramkumar, Sangani,
2020; Hanana, Rodrigue, 2015; Vazquez Fletes,



Cisneros Lopez, Moscoso Sanchez, Mendizabal,
Gonzélez Nufiez, Rodrigue, Ortega Gudifio, 2020).
Currently, the development of new formulations
based on various polymers (Sezemsky, Spatenka,
2021; Ruiz-Silva, Rodriguez—Ortega, Rosales—
Rivera, Moscoso—Sanchez, Rodrigue, Gonzalez—
Nuifiez, 2021; Vignali, lannace, Falcone, Utzeri,
Stagnaro, Bertini, 2019) and fillers for rotary molding
is carried out at an accelerated pace, so compositions
with clay (Greco, Ferrari, Buccoliero, Trono, 2019;
Daryadel, Azdast, Khatami, Moradian, 2021), quartz
(Anisko, Barczewski, Piasecki, Skorczewska, Szulc,
Szostak, 2022), galloisite (Glogowska, Paczkowski,
Samujto, 2022), fiberglass or powder (Sangeetha,
Gopinath, Prithivirajan, Girish Chandran, Manoj
Kumar, 2020; Gupta, Ramkumar, 2021), copper slag
(Chang, Harkin—Jones, Kearns, McCouri, 2011) or
graphite (Ghanem, Sourkova, Sezemsky, Spatenka,
2022; Barczewski, Hejna, Anisko, Andrzejewski,
Piasecki, Mysiukiewicz, Bak, Gapinski, Ortega,
2022) are proposed. During rotary molding, the raw
material is distributed over the inner surface of the
cavity of the rotating mold, and simultaneous heating
of the mold causes its melting with the formation of a
thin coating in the form of a shell (Fig.2) (Vignali,
lannace, Falcone, Utzeri, Stagnaro, Bertini, 2019;
Anisko, Barczewski, Piasecki, Skorczewska, Szulc,
Szostak, 2022).

The quality of polyethylene parts manufactured
by rotary molding is determined by two main
negative factors: insufficient sintering and thermal
oxidative degradation (Gulmine, Janissek, Heise,
Akcelrud, 2003; Cramez, Oliveira, Fakirov,
Crawford, Apostolov, Krumova, 2001; Hiejima,
Kida, Takeda, lgarashi, Nitta, 2018). Incomplete
sintering is associated with an insufficient degree of
fusion of polyethylene powder. Thermal oxidative
degradation occurs when products overheat. During
the melting process of polyethylene powder, liquid
bridges are formed between its particles, which can
trap air bubbles. These bridges should collapse in the
subsequent stage of compaction at moderate
temperatures, above the melting point of the material
(more than 135 degrees Celsius). If the bubbles are
not removed, the finished parts will have
unsatisfactory mechanical characteristics. In addition,
when the products overheat, thermal oxidative
degradation of polyethylene occurs, which also
significantly worsens its mechanical properties.
Thermal oxidative degradation can lead to color loss
and a reduction in the service life of hollow
polyethylene structures.

Today, despite the high resource costs, many
enterprises engaged in the production of plastic

products by rotary molding still adhere to traditional
quality control methods based on destructive tests.
The measurement of impact strength is the most
important parameter that allows you to identify
product defects associated with incomplete sintering
and thermal destruction of the material. Analysis of
other parameters such as tensile strength, modulus of
elasticity, elongation at fracture and yield strength are
also used. However, none of these tests guarantees
absolutely accurate results, and a small number of
products from the batch are usually used as test
samples to check the quality. This process may take
several hours before a conclusion can be made about
the acceptability of the production parameters. To
increase the reliability, accuracy and speed of quality
control of polyethylene products, the use of non-

destructive methods is becoming increasingly
important.
Non-destructive  testing methods include:

magnetic (based on the analysis of the interaction of
the magnetic field with the controlled object), electric
(based on the registration of the parameters of the
electric field interacting with the controlled object or
arising in the controlled object as a result of external
influence, eddy current (based on the analysis of the
interaction of the electromagnetic field of the eddy
current converter with the electromagnetic field of
eddy currents induced in controlled object), radio
wave (based on registration of changes in the
parameters of electromagnetic waves of the radio
range interacting with the controlled object), thermal
(based on registration of changes in thermal or
temperature fields of controlled objects caused by
defects), optical (based on registration of parameters
of optical radiation interacting with the controlled
object), radiation (based on registration and analysis
of penetrating ionizing radiation after interaction with
a controlled object), acoustic (based on the
registration of elastic wave parameters, excited or
arising in the controlled object), vibroacoustic (based
on the registration of the parameters of the
vibroacoustic signal that occurs during the operation
of the controlled object). In general, the use of non-
destructive testing methods for the control of plastic
products obtained by rotary molding allows us to
ensure high quality products and prevent possible
breakdowns and accidents during operation.

Out of all the variety of existing methods of non-
destructive testing, the scientific and technical
literature describes the use of two main methods for
assessing the quality of plastic products produced by
rotary molding: acoustic (ultrasonic) (Tyukanko,
Demyanenko, Semenyuk, Dyuryagina, Alyoshin,
Tarunin, Voropaeva, 2023) and visual inspection.



The ultrasonic method of non-destructive testing
is widely used to assess the thickness of manufactured
products, such as barrels, pools and others. Ultrasonic
thickness gauges from various manufacturers are
used in this method. Ultrasonic flaw detection is a set
of non-destructive testing methods that use ultrasonic
waves to detect defects in products. The data obtained
is then analyzed to determine the shape of the defects,
their size, depth and other characteristics.

These methods allow for more accurate and
reliable quality control of plastic products produced
by rotary molding, and prevent possible defects and
breakdowns during operation. The ultrasonic method
of detecting incomplete sintering of polyethylene in
products manufactured by rotary molding, through
the analysis of the amplitude of the bottom signal,
carried out using the flaw detector USD-60, is an
interesting solution. It is based on the transmission of
an ultrasonic signal using a contact pad pressed
tightly against the plastic. The reflected bottom
signal, represented as a radio pulse with a deviation
frequency,  contains  important  information
parameters, such as the thickness of the product, the
propagation speed of the ultrasonic signal and its
amplitude.

However, it is important to note that
this method does not allow to accurately
determine the branching of chains and the
formation  of  cross-links  between
crystallites, which is typical for the thermal
oxidative degradation of polyethylene. Also,
in (Gaisin, Tyukanko, Dem’yanenko, 2021), no
studies were carried out on the dependences
of the amplitude of the bottom signal on the
thickness and temperature of polyethylene.
In (Tyukanko, Demyanenko, Semenyuk,
Dyuryagina, Alyoshin, Tarunin, Voropaeva, 2023),
ultrasound studies of  mirror-shadow
methods were carried out in order to
determine the effect of temperature,
thickness, PIAT on the spectrum of the third
harmonic of the ultrasonic signal at a
frequency of 3.75 MHz. It was found that for
samples with thermo-oxidative degradation,
the amplitude coefficient of the third
harmonic is greater than for samples with
normal and incomplete  sintering.
Incomplete  sintering  samples  are
characterized by an increase in the noise
level with an increase in the heating
temperature of the plastic. In (Tyukanko,

Demyanenko, Semenyuk, Dyuryagina, Alyoshin,
Tarunin, Voropaeva, 2023), the parameter of the
ultrasonic signal is derived — the temperature
coefficient of stability, which shows the
influence of temperature on the amplitude of
the bottom signal. This parameter made it
possible to differentiate the brands of the
studied polyethylene plastics (ELTEX,
DOWLEX, M350), but the authors have not
fully studied the influence of other important
factors, such as PIAT, plastic thickness, on
the TCS parameter. To establish
dependencies and derive the corresponding
equations for calculating the effect of the
above-mentioned parameters on TCS from,
you can use the probabilistic deterministic
planning (PDP) method. This method is
similar to the Taguchi method (zaverl, Misra,
Mohanty, 2013; Hakimian, Sulong, 2012; Erzurumlu,
Ozcelik, 2006; Sreenivasulu, 2013) and allows
you to create multifactorial mathematical
models, taking into account the influence of
various parameters on the processes under
study. This approach is widely used in
chemical technology to optimize the
compositions and processing parameters of
various materials and compositions, and its
application can be useful for clarifying the
quality control methods of polyethylene
products manufactured by rotary molding. A
detailed description of the process of
applying the PDP method for modeling
multiparametric processes is presented in
(Dyuryagina, Lutsenko, Tyukanko, 2019;
Dyuryagina, Lutsenko, Ostrovnoy, Tyukanko,
Demyanenko,  Akanova, 2022; Dyuryagina,

Lutsenko, Demyanenko, Tyukanko, Ostrovnoy,
Yanevich, 2022; Tyukanko, Dyuryagina, Ostrovnoy,

2019; Tyukanko, Duryagina, Ostrovnoy,
Demyanenko, 2017; Ostrovnoy, Dyuryagina
Demyanenko,  Tyukanko, 2021;  Tyukanko,

Demyanenko, Dyuryagina, Ostrovnoy, Lezhneva,
2021; Tyukanko, Demyanenko, Dyuryagina,
Ostrovnoy, Aubakirova, 2022).

2 MATERIALS AND METHODS

2.1 Materials



For research, rotary polyethylene "DOWLEX
2629UE" (hereinafter "DOW") with a density of
0.935 g/cm3 was used.

2.2 Sample preparation

For the rotary molding process, a model F D 4.0
machine from Yantai Fengda Rotary Molding Co.
was used. Ltd (Yantai, China), which was equipped
with three cubic steel molds and two axes of rotation.
After the introduction of the required amount of
polymer, the mold was closed and placed in a
machine preheated to 300 °C. The mold was kept in
rotation for 25-35 minutes at a temperature of 300 °
C. During the entire process, the internal air
temperature was controlled by a thermocouple
through the mold vent. After heating the mold to the
required values (from 170 to 245 ° C) of the
maximum internal air temperature (PIAT), the
cooling process began. The samples were removed
from the mold at a decrease in the internal air
temperature to 90 °C. The rotation speed of the main
axis (lever speed) and the minor axis (plate speed)
were set to 5 and 9 revolutions per minute,
respectively. A steel mold with a size of 500 mm X
500 mm x 500 mm was used.

The temperature coefficient (TCS, %) was
determined by the echo pulse method during
ultrasonic control of the samples. An industrial
ultrasonic flaw detector USN 60 from Kropus
(Russia) was used in the research. Before conducting
studies of the surface of the plastic sample, a layer of
glycerin was applied to it to improve the transmission
of the ultrasonic signal. The piezoelectric transducer
was placed on the surface of the sample treated with
glycerin. An electric pulse with an amplitude of 200
V, a filling frequency of 2.5 MHz and a repetition
frequency of 20 Hz was supplied from the flaw
detector to the piezoelectric converter. After
reflection from the opposite plastic wall, a bottom
signal was recorded on the flaw detector screen,
which is an important informative parameter.

In order to heat the DOWLEX polyethylene test
samples to the desired temperature conditions, they
were placed for 8 hours in a drying oven SPU SHS-
80-01. This time interval guarantees the heating of the
plastic to the desired temperature, which is confirmed
by repeated measurements using the TAINA
pyrometer, TN350 model.. Four temperature values
were selected to determine TCS indirectly: 20°C,
40°C, 60°C and 80°C.

I have previously measured all the amplitude
values of the bottom signal under conditions of
different RE heating temperatures. The average value
of A. is determined. After TS, it is calculated by the
formula (2):

A 1
T, = max 1009 @
0,25 (A + Ay + A3 + Ay)

where Amax — is the maximum deviation of the
amplitude of the bottom signal from the arithmetic
mean; Ai— is the amplitude of the bottom signal under
conditions of different temperatures of polyethylene
plastic.

2.3 Experiment planning

The following experimental input factors were
chosen: thickness (S, mm: 7.5, 85, 9.5 mm) and
maximum mold temperature (T, 0S: 174, 200 and
235C). Then we made an orthogonal plan matrix of a
two-factor 3x3 experiment. Taking into account the
different number of levels of the two input factors, the
total number of experiments will be 3*3=9. TCS was
taken as a response function. The numerical values of
the levels for each factor are presented in Table 1.

Table 1: Numerical values of levels for each factor.

Number | Thickness, PIAT, TCS,

of mm °C %

sample
1 7.5 174 43
2 7.5 200 30
3 7.5 235 20
4 8.5 174 19
5 8.5 200 19
6 8.5 235 13
7 9.5 174 6
8 9.5 200 6
9 9.5 235 19

3 RESULTS

In fig. 1 presents oscillograms from the screen of the
UCD 60 flaw detector, demonstrating the key
parameter for determining TCS — the amplitude of the
bottom signal. Fig 1.a shows an oscillogram of the
bottom signal characteristic of a sample of plastic
with a thickness of 8.5 mm of the DOWLEX brand at
PIAT 174 °C, Fig 1.b - PIAT 200 °C, fig 1.c — PIAT
235 °C.



Figure 1. Bottom signal waveforms characteristic of
DOWLEX plastic with a thickness of 8.5 mm under
conditions of different PIAT values (a - 174°C; b - 200°; ¢
- 250°C).

Fig 2.a shows the effect of DOWLEX plastic
PIAT on the TCS parameter, and Fig 2.b shows the
curve of the dependence of TCS on the thickness of
plastic..
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Figure 2: Schedule dependencies Apostille from Apostille
(Apostille) and plasticine brands Apostille (Apostille).

As a result of the analysis of the graphs, it was found
that as the temperature increases (Fig. 2a), TS decreases.
For example, with an increase in PIAT from 174 to 235
°C, TCS decreases by 23% (from 43 to 20 with an error
= 5%) for samples with a thickness of 7.5 mm.
Moreover, this TCS depression is characteristic of all
three studied polyethylene thicknesses. For a thickness
of 8.5mm, depression was 6%, and for a thickness of
9.5mm, depression was 13%. Therefore, according to
the TCS depression, a number of thicknesses can be
built: 8.5 <9.5<7.5 mm.

Then the experimental array was sampled for
each level of each factor in accordance with Table 2.

Table 2: Sampling an experimental array.

Factor Selection Facto | Selection
levels r

Thickness levels

, mm PIAT,




°C
7.5 (Yityatys)) | 174 (Yit+yaty7)!
3 3
8.5 (Yatystye)/ | 200 (Yotys+ys)/
3 3
9.5 (yr+ystye)/ | 235 (Yst+Yetys)/
3 3

On the basis of a sample of the experimental
data array, the partial dependences of the response
functions on thickness and PIAT were determined.
Further, these functions were combined into a
multifactorial ~ statistical ~mathematical model
(generalized equation) based on the proposed
(Zhanibekov, Brilkov, 2023) semi-empirical formula

(2):

P

[
= @

av

where Y, — generalized equation; Y; — private

P
function; ]_[Yi — the product of all partial functions;

i=1
p — the number of partial functions equal to the
number of input factors; Y.>* — the arithmetic mean of

all the experimental values of the response function
taken into account (the general average) to a degree
one less than the number of partial functions.

Each particular dependence was approximated
by a function of one variable, then these functions were
combined into a multifactorial statistical mathematical
model (generalized equation) based on the proposed
semi-empirical formula (1) (Zhanibekov, Brilkov,
2023):

TCS = 3)
(-0,1914 T+76,628)-(—5,833 S 2+99,333 S—:
37,44

where TCS - Temperature coefficient of stability,
%; S — plastic thickness, mm; T — PIAT, °C.

The accuracy of the obtained multivariate
statistical mathematical model was evaluated by
calculating the coefficients of nonlinear multiple
correlation (R) according to (4) (Tyukanko,
Demyanenko, Semenyuk, Dyuryagina, Alyoshin,
Tarunin, Voropaeva, 2023):

(n_l)'zn:(yi_yi)z

R= |1~ =

(n-p-1)-3(y, -5

n
i=1

: (4)

where n — number of experiments; p — number of
input (independent) parameters; i — serial number of
the experiment; y; — the actual value of the output

parameter in i- th experiment;y, — the calculated

value of the output parameter, calculated using a
multifactorial mathematical model, for conditions
(values of input parameters) | - th experiment; y —

the average value of the actual value of the output
parameter for all n experiments (the general average).
As a result of the calculation according to equation
(3) R =0.905, which is acceptable.

4 CONCLUSION

By the method of probabilistic-deterministic
planning, a formula is derived that takes into account
the combined effect of PIAT and plastic thickness on
Temperature Stability Coefficient (TCS). For the
proposed formula, the coefficient of nonlinear-
multiple correlation is calculated equal to (0.905),
which is the criterion for the reliability of the
proposed mathematical model.
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