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The paper examines the main advantages and disadvantages of modern methods for
recycling of polymers and polymer composites based on them, which to a certain extent
allow preventing environmental pollution by products made of them at the end of their
life cycle and after failure. The most progressive and efficient method of polymer waste
recycling has been determined, that consists in using biodegradable materials as a polymer
base, the products made of them being decomposed into environmentally safe compounds.
Polylactide as one of the most widespread biodegradable polymers was considered as a
very promising material. It was processed into a product by using 3D printing. The
optimal processing temperature (210°C) was determined, at which the maximum level of
physical-mechanical properties of polylactide products is observed. We studied the effect
of the degree of products infilling, which were obtained on a 3D printer, on their main
strength characteristics. The mathematical dependences describing this effect were derived.
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Introduction

In the modern world, polymers and polymer
composites (PC) based on them are gaining more
and more distribution in all industry branches and
are displacing such “traditional materials” as metals
and their alloys, woods, etc. [1—3]. According to the
analysis of the BCC Research Report Overview
“Engineering Resins, Polymer Alloys and Blends:
Global Markets” (April 2022), the global market for
structural polymers and composites based on them
will increase from $70.7 billion in 2021 to $94.0
billion by 2026. Thus, spending on polymer products
in the world will grow by 25% during this period. At
the same time, this growth is not related to an increase
in the products price made of polymers and PC based
on them, but to an increase in the number of products
made of them. Accordingly, a rather important
problem of their disposal at the end of the life cycle
after operation or failure is actualized. Moreover, taking
into account the fact that most polymers and PC
based on them are rather inert materials that
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decompose into elementary compounds for tens and
sometimes hundreds of years, it can be argued that
they have become the materials that extremely pollute
the environment.

The following methods of recycling polymers
and PC based on them are known [4,5]: burial in
landfills; burning; and recycling.

Despite the increased development of methods
of utilization and disposal of plastic waste, a very
large proportion of waste is buried in landfills or
landfills. Even in developed countries up to 70% of
all plastic waste becomes a subject to landfill. Despite
the fact that in many countries strict measures have
been introduced for the preliminary disposal of waste
before burial, this method is a serious source of
environmental pollution (especially groundwater). For
example, according to the analytical portal «Ci0Bo i
Hino» and the media agency «<ACC», there are more
than 5,500 landfills in Ukraine which occupy up to
7% of its total area [6,7].

In accordance with the above, the disposal
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method of polymers and PC based on them by means
of disposal in landfills is inefficient and not relevant.

In recent years, the incineration has been
increasingly used to solve the problem of disposal and
disposal of solid waste [8]. This method is especially
widespread in those cases where the waste does not
find practical use and cannot be disposed of by other
methods. At the same time, together with the utilization
of polymer waste, it is also possible to obtain a fairly
large amount of energy that can be used for industrial
and household needs.

However when polymers are burned, a large
amount of harmful gases are released (NH;, nitrogen
oxides, cyanide compounds, etc.) that pollute the air
quite strongly. Therefore, this method does not allow
to fully disposing the problem of polymer wastes
without harming the environment.

The methods of disposal of polymer waste by
landfilling and incineration have more disadvantages
than advantages, therefore nowadays, there is a
tendency of using methods of disposal and disposal of
polymer waste, the impact of which on the
environment is insignificant [9]. One of these methods
is the reprocessing of individual polymer waste into
finished products. Recycling allows not only protecting
the environment from polymer waste, but also reducing
the cost of manufacturing products from polymer
materials due to the use of recycled polymer waste as
raw materials. It is quite widespread in the developed
countries of the world, where the population is engaged
in sorting polymer waste already at the stage of its
disposal. In Ukraine, sorting is still not widespread
enough, that significantly limits the use of the method
of reprocessing polymer waste into products.

Thus, according to the literature, landfilling,
incineration and recycling into products contribute to
environmental pollution and do not manage to dispose
the problem of all polymer waste.

There is another approach to combating polymer
waste, which consists in the use of biodegradable
polymers as a polymer base, and after the end of
their service life, decomposition into low-molecular
products that are assimilated in the soil, entering into
a closed biological cycle [10—14]. These polymers
retain their properties throughout the entire service
life and only decompose after the end of this period.
According to the research of the German Nova-
Institute (Hurth), to date, the total volume of
production of such polymers is up to 2% of the volume
of petrochemical-based polymers production. At the
same time, according to the analysis of the BCC
Research Report Overview “Biodegradable Polymers:
Global Markets and Technologies” the global market
for biodegradable polymers will increase from 3.7 to

9.5 billion US dollars within the period from 2022 to
2027. Thus, such a significant increase in the
biodegradable polymers costs indicates the relevance
of their use in the present and future.

One of the most widespread biodegradable
polymers is polylactide (PLA), that is synthesized
from renewable resources such as corn, sugar cane,
etc. [15,16]. PLA is used to produce products with an
adjustable service life: food packaging, disposable
tableware, bags, etc. This polymer is one of the most
advanced biodegradable polymers due to its rather
high level of physical-mechanical and thermophysical
properties. Its products are obtained by injection
molding, extrusion, 3D printing, and so on. The
most modern and the one that is intensively developing
is the method of obtaining products using 3D printing
[17]. This method makes it possible to obtain PLA
products of a rather complex design without the use
of additional equipment (casting mold, strippers, etc.).
The disadvantages of this method include its low level
of productivity. However, the modern development of
3D printers is constantly reducing this disadvantage.
In addition, 3D farms are used for more productive
production of products on 3D printers [18].

In accordance with this fact, an urgent task is to
determine the optimal processing modes PLA and
the design features of its products which are obtained
by means of the 3D printers.

Experimental

Materials

Polylactide brand “Devil Design” produced in
Poland was chosen as the material for manufacturing
products. In its original form, it is a filament in the
form of a round wire with a diameter of 1.75 mm.

Polylactide samples were produced on a Creality
Ender-3 3D printer (Fig. 1) manufactured by Creality
(China).

Samples were obtained at different processing
temperatures and with different degree of infilling.
The degree of infilling varied from 100 to 10%.
Examples of samples with different degrees of infilling
are shown in Fig 1.

Methods

The temperature resistance of the research objects
was measured using the method of thermogravimetric
analysis in accordance with ISO-11358 by temperature
scanning methods on a TGA Q50 derivatograph.

The density of products and PC based on them
was determined according to ISO 1183-3 using the
measuring and weighing method. To measure products,
we used PROTESTER electronic calipers with a
measurement accuracy of 0.02 mm. The weighing of
products was carried out on analytical scales “BJIP-
200”.
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Fig. 1. General view: a — 3D printer Creality Ender-3; and b — samples for studies with different degree of infilling

The impact strength (a,) of polylactide products
was determined in accordance with ISO 179-1:2000
(Plastics — Determination of Charpy impact properties)
on the MK-30 pendulum tester.

The compressive stress at yield (c,) of polylactide
samples was determined according to ISO 604 on a
2167 P-50 universal tearing machine.

Results and discussion

The main technological parameters of polymer
processing on 3D printers include the processing
temperature, degree of infilling products, printing speed,
supply of the initial polymer, etc.

It is known [19,20] that one of the main
parameters of polymer processing is temperature. To
determine the optimal processing polylactide
temperature, it is necessary to set the processing
temperature interval. The maximum processing
temperature can be determined by thermogravimetric
analysis of the original polymer. The results of the
research are shown in Fig. 2.
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Fig. 2. Thermogravimetric curve of the original polylactide

According to the registered thermogravimetric
curve, a decrease in the polymer weight is observed
with an increase in temperature from 20 to 400°C
due to its thermal destruction. Thus, no weight loss
of the investigated polymer is observed in the
temperature range of 20 to 230°C. Starting from 230°C,
a weight loss of up to 1% is observed; and starting
from 330°C, the weight loss increases sharply and
reaches 20% at 400°C. According to the conducted
investigations, it can be stated that the maximum
processing temperature of polylactide should not exceed
230°C when the weight loss of the polymer is observed
when it is exposed to a temperature field.

The minimum processing temperature should
exceed the transition temperature of polylactide from
a highly elastic to a viscous state. According to
reference literature [21], it equals to 176—180°C.

Thus, the optimal processing temperature of
polylactide will be in the range of 180°C to 230°C.
However, when processing polylactide on a 3D printer
at a temperature of 180°C, it was impossible to obtain
a solid product (Fig. 3), which is due to insufficient
viscosity of the polylactide melt. Therefore, the
processing temperature range was narrowed to 190—
230°C.

Determination of the optimal processing
temperature of polylactide was carried out by an indirect
method according to the values of the main physical
and mechanical properties (density and impact
strength) of the obtained products.

Figure 4 shows the investigation results of impact
strength (a,) and density (p) as a function of processing
polylactide products temperature (T).

Optimization of parameters of polylactide processing on a 3D printer
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Fig. 3. Polylactide samples obtained at temperatures: a — 180°C; and b — 190°C
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Fig. 4. Dependences of (1) impact strength (a,) and (2)
density (p) on processing temperature (T) of polylactide-based
products (3D printed with 20% product filling)

According to the obtained results, it can be
concluded that there is an increase in the impact
strength and density of polylactide products with an
increase in temperature from 190 to 230°C. Moreover,
the most intensive increase is observed in the area of
processing temperatures from 190 to 210°C with further
stabilization of the values of impact strength and density
up to a temperature of 230°C. Analysis of these results
confirms that the optimal processing temperature for
polylactide products on a 3D printer is 210°C. At this
temperature, the maximum values of impact strength
and density of the studied samples are observed with
minimal energy costs for their processing.

One of the main characteristics when processing
products on a 3D printer is the degree of products
infilling. Thus, with this method of processing, both
solid products (100% filling) and hollow products
(less than 100% filling) can be fabricated. Moreover,

it should be noted that products with a low degree of
filling are much lighter in weight than solid ones,
which leads to a significant saving of material and is a
rather significant factor in the production of parts in
aircraft and shipbuilding and the space industry.

Therefore, it is important to determine the
dependence of the main strength characteristics of
polylactide products on the degree of products infilling.

Figure 5 shows the dependences of impact
strength (a,) and compressive stress at yield (c,) on
the degree of infilling in polylactide products.
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Fig. 5. Dependences of impact strength (a,) and (2)
compressive stress at yield (c,) on the degree of infilling (N) of
polylactide products (obtained on a 3D printer at a
temperature of 210°C)

According to the obtained results, it can be
concluded that, the impact strength and compressive
stress at yield increase with an increase in the degree
of infilling of polylactide products. Moreover, attention
should be focused on the non-linear character of the
obtained dependence. Thus, the increase in the studied
characteristics at degrees of product filling from 10%
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to 60% has a lower intensity than in the interval
from 60% to 100%. That allows recommending
products with optimal filling from the point of view
not only of strengthening characteristics but also of
material capacity.

For more convenient use of the research results,
mathematical dependences were obtained using the
MathCAD program to determine the values of the
impact strength and compressive stress at yield point
in compression of the degree of infilling of polylactide
products. The derived formulae are given below:

a,=3.8:10°-N*+0.23-N +4.583,
o, = 8.1.10°-N*-0.297- N + 22.833.

Conclusions

According to our findings, the optimal processing
temperature, at which the maximum level of physical
and mechanical properties of polylactide products is
observed, is 210°C.

The influence of the degree infilling of
polylactide products obtained on a 3D printer on
their main strength characteristics was determined
and mathematical dependences were derived to describe
it.
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OIITUMIBAIIIA ITAPAMETPIB IIEPEPOBJIEHHA
IHOJIJIAKTUAY HA 3D IIPUHTEPI

0.C. Kabam, 0.0. Haymenxo, K.B. I'emi

Y po0GOoTi pO3rIsSIHYTI OCHOBHI MepeBaru Ta HeaoJiKU Cy-
YaCHUX METOJIB yTWJi3allii rmoyiMepiB i MOJiMEPHUX KOMITO3U-
LIITHUX MaTepiajliB Ha iX OCHOBI, SIKi TO3BOJISTFOTh TIEBHOIO MipOIO
3arobiratu 3a0pyqHEHHIO HAaBKOJMUIIHBOTO CEepPeloBHMINA BU-
pobamu 3 HUX HANpPUKiHI XUTTEBOrO LMKIY MiCsl eKCIuTya-
Tauil yu BUXoAy i3 Janay. BusHaueHo HaiiOiIbLI MPOrpecUBHUN
Ta e(EeKTUBHUI MeToN YTWJi3alil BiIXOMiB MoJiMepiB, IO MO-
Jira€ 'y BUKOPUCTaHHI OionerpagabesibHUX MartepiaiiB sIK To-
JIIMEpHOI OCHOBH, BUPOOU 3 SIKMX PO3KJIANAIOThCsl Ha Oe3meyuHi
JUTSI HAaBKOJIMILHBOTO CEpeOoBUILA CIONYKU. SK Takuii MaTe-
piaJl po3IJISIHYTO TOJIJIAKTUA, IO € ONHUM i3 HAWOLIbII pO3-
MOBCIOMKEHUX OioferpanadenbHux nogimepis. [lepepobieHHs
iioro y BUpiO BUKOHAHO 3a Joromoroto 3D npunrepinry. Bus-
HAUCHO ONTUMAJIbHY Temrepatypy niepepobiensst (210°C), mpu
SIKIfl CIoCTepira€TbCsl MaKCUMaIbHUI piBeHb (i3MKo-Mexa-
HIYHMX BJIACTMBOCTEI BMPOOIB i3 mosinakrumy. JocmimkeHo
BILIUB CTYIIE€Hs 3alIOBHEHHSI BUPOOiB, ofepxaHux Ha 3D npuH-
Tepi, Ha iX OCHOBHi MillHiCHi XapaKTepUCTUKHU Ta BUBEACHO
MaTeMaTUYHi 3aJeXHOCTI, 110 OMUCYIOTH 1ieil BILIUB.

KimouoBi cnoBa: nosinakrua, ytuiisauisi, TeMmreparypa
rnepepoOJieHHsT ToJliMepy, CTYITiHb 3allOBHEHHs, T'yCTWUHA,
yaapHa B’SI3KiCTb.
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