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The influence of epoxy and polyurethane fillers on the physical and mechanical properties

of combined polylactide composites was investigated. An adapted method for determining

the elastoplastic properties of the combined composites was proposed, based on identifying

load–deformation relationships while considering the material’s elastic response. The

calculations revealed changes in material characteristics, particularly hardness and elastic

modulus, depending on the nature of the filler, the composition of its modifiers, and the

plane of load application. It was found that 3D polylactide matrices filled with epoxy

resin exhibit high impact strength, highlighting their ability to effectively absorb and

dissipate impact energy. Epoxidized soybean oil was shown to enhance the composite’s

impact strength by increasing its flexibility and improving its capacity to withstand dynamic

loads. The introduction of modified epoxy resin contributed to increased flexural and

tensile strength, thereby enhancing the material’s resistance to applied forces. At the

same time, composites filled with polyurethane demonstrated higher tear strength

compared to epoxy-based systems; however, the addition of modifiers led to a slight

reduction in this property. Variations in material properties with and without heat

treatment indicate the potential for flexible adjustment of the resin composition to achieve

the desired mechanical performance in the final products. The results confirm the

feasibility of using FDM technology for manufacturing modified composites.
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Introduction
An effective way to improve the mechanical

strength of products made using additive manufacturing
(3D printing) is to infiltrate printed structures with
modified polymer resins based on thermosetting
binders to form polymer materials. This technology
significantly reduces the internal voids inherent in
most 3D printing methods. This improves the
mechanical properties of finished products by
increasing tensile strength and impact toughness while
reducing brittleness. At the same time, the key

advantages of 3D printing are preserved: high design
flexibility; the ability to manufacture complex
geometries; and rapid production scaling [1–4]. The
proposed method does not require complex equipment
and involves a series of simple post-processing
operations, making it suitable for widespread
implementation.

Of the polymer matrices used in the manufacture
of such products, polylactide (PLA) is of particular
interest. It is a biodegradable and biocompatible
polymer derived from renewable sources [5]. Some of
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the most versatile thermosetting materials used in
various industries, including construction, transport
engineering and aviation, are polyurethane, epoxy and
polyester resins [6–8].

Polyurethanes are characterized by their high
mechanical strength, wide elasticity range, resistance
to aggressive chemical environments and good dielectric
properties. Polyurethane resins consist of two main
components, isocyanates and polyols, which form a
solid, durable structure when mixed together. This
allows the final properties of the material to be
controlled, ranging from elastomers to hard and soft
foams, adhesives, sealants, and protective coatings [3].

In addition to polyurethanes, epoxy resins, which
are characterized by high adhesion, rigidity, and
thermal stability, are promising materials for modifying
3D-printed products [9,10]. Their ability to fill the
porous structure of printed products effectively and
form a strong thermosetting matrix significantly
increases mechanical strength and wear resistance.
Epoxies are characterized by low shrinkage during
polymerization, resistance to chemical reagents, and
compatibility with functional fillers, expanding their
application possibilities in composite systems. Due to
these properties, epoxy resins are an effective alternative
to or addition for polyurethanes in post-processing
and strengthening technologies for additive products.

Despite their significant operational advantages,
epoxy and polyurethane composites have several
limitations. These include insufficient plasticity,
susceptibility to internal stress accumulation, limited
impact resistance and reduced chemical resistance of
adhesive joints in aggressive environments. One of
the key issues is their relatively low heat resistance
and limited thermal stability, which significantly
restricts their use at elevated temperatures [11].

In this regard, methods of physical and chemical
modification are becoming increasingly relevant. In
particular, the introduction of functional fillers, high-
molecular compounds and plasticizers allows the
operational characteristics of the material to be regulated
[12]. Taking into account environmental friendliness,
bioavailability, and the capacity to enhance mechanical
and thermal properties, starch and epoxidized soybean
oil (ESO) are ideal candidates for use as modifying
additives.

Experimental
To produce the composite materials, a two-

component polyurethane resin (Axson F180, Axson
Technologies, France) consisting of a white polyol
and a yellow isocyanate, as well as an ED-20 epoxy
resin (Ukrainian state standard DSTU 10587-87),
were used. To cure the epoxy resin, a low-molecular-
weight polyethylene polyamine (PEP) hardener
(Ukrainian standard TU 6-01-33069) was selected.

To create the 3D matrices, 1.75 mm diameter
polylactide filament from Monofilament
(Ukraine) was used. Printing was performed on a
Prusa i3 UA 3D printer. The digital model was sliced
using PrusaSlicer software. The samples were formed
as rectangular bars with 50% infill and a «triangle»
geometry, with a wall thickness of 0.3 mm (Fig. 1).

Potato starch (PBP «VIMAL», Ukraine) and
epoxidized soybean oil (AKESBO, Turkey) were used
to modify polyurethane compositions.

Resin-based compositions were prepared in
containers according to the established resin component
ratio, after which the mixture was stirred for a further
five minutes. The resulting composition was degassed
in a vacuum before being introduced into the cells of
the 3D-printed matrix via a dispenser. These
compositions were then cured at room temperature
until the samples were no longer sticky. Heat treatment
was then carried out for two hours at 353 K.

The hardness of the samples was determined
using the Brinell method in accordance with
ISO 410:1982. This method involves pressing a steel
ball into the surface of the sample at a perpendicular
angle under a load for 30 seconds. After the load is
removed, the diameter of the indentation is measured.

The impact strength of the samples was evaluated
in accordance with the requirements of ISO 179-1,
«Plastics – Determination of Charpy impact properties
– Part 1: Non-instrumented impact test», using an
impact load of 50 kgf.

The tensile strength and relative elongation at
break, as well as the other physical and mechanical
properties, of polylactide composites were determined

Fig. 1. 3D matrix obtained by FDM printing with

thermosetting filler
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in accordance with ISO 527-1 using a TIRA Test
2200 tensile testing machine.

The load-deformation curve was constructed using
a Hepler consistometer, with the load on the sample
gradually increased to create the curve. A conical
indenter was used for the study and the maximum
applied load was 300 N. Once the maximum load
value had been reached, the device was gradually
unloaded to construct the unloading curve. The depth
of indentation was recorded using a calibrated scale
installed on the device.

Results and discussion

Hardness is one of the key physical and
mechanical characteristics of polymer materials. It
determines their ability to withstand local mechanical
stress, abrasion, and surface damage. For combined
polymer composites, particularly those based on
polylactide, epoxy and polyurethane resins, this
indicator is important for ensuring operational
reliability, durability, and the preservation of functional
properties. It should be noted that the structure and
properties of the surface layer of polymers can differ
significantly from those of the internal volumes. This
is due to the molecular structure, the thermodynamic
conditions of formation, the duration of processing
and the composition of the system’s components.
Insufficient surface hardness can result in the
degradation of a material’s protective and aesthetic
properties during operation, while excessive hardness
often leads to internal stresses and brittleness. The
optimal combination of surface hardness, elasticity,
impact resistance, and the ability to bond structural
components together is a criterion for the durability
and reliability of polymer composites.

In the process of 3D printing, it is known that
products with different surface roughness are obtained
depending on the printing orientation. In particular,
the base plane that contacts the substrate has a smoother
surface compared to the other planes, while the outer
contour of the side exhibits the most pronounced
«step effect» (layering effect).

Table 1 shows the hardness and impact strength
values of composite products based on 3D-printed
polylactide and polyurethane matrices, depending on
the type and amount of modifier used in the composite
filling matrix.

Adding starch significantly increases Brinell
hardness. This is because the starch particles distribute
the applied load more effectively, thereby increasing
the material’s resistance to indentation and
deformation. The increased hardness indicates that
starch contributes to creating a more rigid, strengthened
epoxy matrix structure. Conversely, adding ESO to
starch-modified epoxy resin leads to a noticeable
decrease in hardness. ESO acts as a plasticizer,
disrupting the density of polymer chains and increasing
their mobility and flexibility.

Heat treatment further increases the Brinell
hardness of all samples, regardless of their composition.
This increase is probably due to the polymer matrix
becoming more structured under the influence of
temperature. Maintaining the temperature promotes
better adhesion and bonding between the resin and
fillers. Consequently, the material becomes less
susceptible to deformation under load. Additionally,
heat treatment can eliminate residual stresses and voids
in the composite structure, creating a more
homogeneous material.

The introduction of modifiers, particularly starch
and ESO, leads to a noticeable decrease in Brinell
hardness for polyurethane resin-based composites. This
is primarily due to the formation of a transition layer
between the polyurethane matrix and the starch
particles. The presence of starch disrupts the polymer
network’s homogeneity, thereby weakening the
composite structure and making it more susceptible
to local deformation under load.

The impact strength of polymers and composites
determines their ability to absorb energy during impact
loading. This property is important for predicting how
a material will behave under sudden dynamic loads,
such as impacts or falls. In the case of the developed

Note: * – heat-treated composites.

Table 1

Properties of poly(lactic acid) (PLA) composites based on epoxy and polyurethane resins

Composition, wt.% Properties 

ED PU ESO starch 
Hardness according to 

Brinnell, HB 
Impact strength, kJ/m

2
 

100 – – – 114.5 7.3/5.4
*
 

90 – – 10 181.8 6.0/7.7
*
 

80 – 10 10 122.5 9.8/5.2
*
 

– 100 – – 93.0 5.8 

– 90 – 10 81.5 4.7 

– 80 10 10 77.3 4.0 
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composites, impact strength reflects their resistance
to crack initiation and propagation under dynamic
mechanical forces. The impact strength values are
given in Table 1.

The high impact strength of PLA 3D matrices
filled with epoxy resin demonstrates their effectiveness
in absorbing and dissipating impact energy. This makes
them less susceptible to damage under such conditions.

Adding starch decreases the impact strength
compared to pure epoxy resin. This indicates an
increase in the brittleness of the composite, which
can be attributed to the reduced compatibility of its
components. Additionally, the decrease in impact
strength may be attributed to the suboptimal interfacial
adhesion between the starch and the epoxy resin. As
starch is hydrophilic, it may struggle to bind with the
more hydrophobic epoxy resin, resulting in cracks
forming and spreading more easily under dynamic
loading [13].

It has been found that ESO improves the impact
strength of the composite. ESO apparently acts as a
plasticizer, increasing the material’s flexibility and its
ability to absorb and dissipate energy under impact
loads [14]. The addition of ESO probably neutralizes
the brittleness caused by the starch content, ensuring
a more even distribution of stresses and thus increasing
the composite’s strength.

It has been established that the effect of additional
heat treatment varies depending on the composition
of the samples. Heat treatment resulted in a decrease
in impact strength for unmodified epoxy resin and a
composite containing both starch and ESO, probably
due to an increase in PLA crystallinity or changes in
the polymer network, reducing the composite’s ability
to absorb impact energy. However, for a composite
containing 10% starch by mass, heat treatment had
the opposite effect, increasing the impact strength.

This can be explained by improved structuring and
increased adhesion between the starch and the resin
after heating.

Variations in impact strength in different resin
compositions, both with and without heat treatment,
demonstrate the potential to adapt the composition to
achieve the desired mechanical properties of finished
products. Adjusting the ratio of additives, such as starch
and ESO, and applying additional heat treatment
ensures the composite’s impact resistance meets the
requirements of its application.

At the same time, the initial polyurethane resin
samples demonstrate higher impact strength than other
polyurethane composites, although this is still lower
than epoxy resin-based composites. Adding starch and
ESO reduces strength further, probably due to complex
interactions between the components of the
polyurethane resin, modifier and plasticizer system.

In order to determine the potential applications
of the composite materials developed, it is important
to evaluate their properties under various load
conditions, particularly during bending and stretching.

Figure 2 shows the results of a study investigating
the impact of modified epoxy and polyurethane resins
on the bending strength and deformation of polylactic
acid (PLA) matrices during bending.

An unfilled polyactide matrix has the lowest
flexural strength value. Introducing epoxy resin
increases flexural strength, improving the material’s
ability to withstand applied forces. Additionally, this
modification significantly increases the deformation
of the sample, indicating the material’s enhanced
ability to bend under load and improving its overall
flexibility and strength.

Further modification of epoxy resin using starch
and ESO increases its flexural strength. This can be
attributed to the strengthening effect of the starch

Fig. 2. Flexural strength (a) and flexural strain (b) of composite materials. Composition of composites, wt.%:

1 – PLA matrix without filler; 2 – ED/PU=100; 3 – ED/PU:starch=90:10; 4 – ED/PU:starch:ESO=80:10:1.

 Resin: I – epoxy; II – polyurethane

  

a b 
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particles, which contribute to a more rigid composite
structure. The presence of ESO also affects the material’s
mechanical properties, acting as a plasticizer. It
contributes to the composite’s greater flexibility and
plasticity, enabling it to absorb and dissipate energy
effectively during deformation. The increased
deformation values observed with the addition of ESO
suggest that the material becomes more elastic.

Table 2 shows the effect of modified epoxy and
polyurethane resins on tensile strength and relative
elongation.

A significant increase in flexural strength is
observed in 3D-printed PLA matrices filled with
unmodified epoxy resin after additional heat treatment.
The curing process is accelerated by elevated
temperatures during heat treatment, promoting the
formation of a more robust internal structure.

Similar patterns were observed when the tensile
strength of samples was tested. After heat treatment,
tensile strength increased by 200%. However, the
addition of starch alone had no effect on the tensile
strength values. This suggests that, while starch
improves resistance to deformation during bending
by strengthening the composite, its structural
characteristics limit its ability to improve tensile
properties.

Adding starch and ESO decreases the tensile
strength to 11 MPa, with ESO’s plasticizing effect
having a predominant influence on this indicator.
While ESO increases the flexibility of the composite,
it also reduces its tensile strength by destroying the
rigid structure formed by the epoxy resin and starch.
Relative elongation at tensile strength is lowest among
all samples, indicating that adding ESO makes the
material more elastic and less plastic. This reduction
in plasticity is due to the combination of starch and
ESO having a reinforcing effect, which limits the
material’s ability to deform under tensile load.
Meanwhile, the separated ESO phases contribute to
increased brittleness.

At the same time, the bending strength of
composites with polyurethane resin is significantly

lower than that of epoxy composites, which increases
by 100% with the addition of modifiers. Meanwhile,
tensile strength is slightly higher than in epoxy
systems, though it decreases slightly after the addition
of modifiers.

As with hardness measurements taken using the
load-deformation curve method, measurements were
taken for the filling planes of the samples under
investigation.

Figure 3 shows the load-deformation curves of a
PLA composite made from epoxy and polyurethane
resins.

It has been established that the load-deformation
curves obtained for the developed composites are
characteristic of elastic-plastic materials and differ in
slope. The introduction of 10% starch by mass had
practically no effect on the deformation values
(Fig. 3, curves 2 and 3), regardless of the resin type.
However, a slight decrease in deformation values was
observed for epoxy resin samples that had been heat-
treated. Epoxy resin-based materials have the highest
resistance to deformation when subjected to additional
heat treatment, regardless of the nature of the additives,
which is explained by the additional structuring of
the epoxy resin at elevated temperatures. An increase
in load leads to a change in the slope of the curve,
the value of which depends on the modifier content.
At the same time, the plasticizing effect of EPO is
clearly visible for all materials (Fig. 3, curve 4). Clearly,
EPO in such systems can reduce the total number of
cross-links and act as an interphase plasticizer, which
decreases the material’s ability to resist deformation.
Polyurethane composites also have significantly lower
deformation resistance values than epoxy composites.
Nevertheless, the slope of the unloading curve is similar
for all samples, indicating insignificant elastic
deformation in the developed composites.

Conclusions

The influence of modified thermosetting fillers
(epoxy and polyurethane resins) on the properties of
polylactide 3D matrices was revealed based on the
experimental data obtained.

Table 2

Physical and mechanical properties of composite materials

Composition, wt.% Properties 

ED PU ESO Starch 
Tensile strength, σt, 

MPa 

Relative elongation, εre, 

% 

100 – – – 16.1 7.9 

90 – – 10 16.0 6.1 

80 – 10 10 11.1 5.0 

– 100 – – 21.6 4.7 

– 90 – 10 19.7 4.4 

– 80 10 10 16.1 4.8 
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Fig. 3. Load-deformation curves for the filling plane for composite materials: a – epoxy resin without heat treatment;

b – epoxy resin with heat treatment; c – polyurethane resin. Composite composition, wt.%:

1 – PLA matrix without filler; 2 – ED/PU=100; 3 – ED/PU:starch=90:10; 4 – ED/PU:starch:ESO=80:10:1

 
 

а b 

 

с 

flexural and tensile strength, enhancing the material’s
resistance to applied forces. Based on the analysis of
load-strain patterns, the plasticizing effect of ESO
was evident across all combined PLA composites.
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ÂÏËÈÂ ÌÎÄÈÔ²ÊÎÂÀÍÈÕ ÒÅÐÌÎÐÅÀÊÒÈÂÍÈÕ
ÇÀÏÎÂÍÞÂÀ×²Â ÍÀ ÂËÀÑÒÈÂÎÑÒ²
ÑÒ²ËÜÍÈÊÎÂÈÕ 3Ä ÌÀÒÐÈÖÜ

Ä.Ñ. Êàòðóê, À.Ñ. Ìàñþê, Â.ª. Ëåâèöüêèé, Þ.Â. Ëàðóê,
À.Â. Äàâèäîâè÷, Ä.². Êå÷óð

Äîñë³äæåíî âïëèâ åïîêñèäíîãî òà ïîë³óðåòàíîâîãî
çàïîâíþâà÷à íà ô³çèêî-ìåõàí³÷í³ âëàñòèâîñò³ êîìá³íîâà-
íèõ ïîë³ëàêòèäíèõ êîìïîçèò³â. Çàïðîïîíîâàíî àäàïòîâà-
íèé ìåòîä âèçíà÷åííÿ ïðóæíî-ïëàñòè÷íèõ âëàñòèâîñòåé
êîìá³íîâàíèõ êîìïîçèò³â, ùî áàçóºòüñÿ íà âñòàíîâëåíí³
çàêîíîì³ðíîñòåé íàâàíòàæåííÿ-äåôîðìàö³¿ ç óðàõóâàííÿì
ïðóæíî¿ ðåàêö³¿ ìàòåð³àëó. Íà ï³äñòàâ³ ïðîâåäåíîãî ðîçðà-
õóíêó â³äçíà÷åíî çì³íó õàðàêòåðèñòèê ìàòåð³àëó, çîêðåìà
òâåðäîñò³ òà ìîäóëÿ ïðóæíîñò³, çàëåæíî â³ä ïðèðîäè çà-
ïîâíþâà÷à, âì³ñòó ìîäèô³êàòîð³â òà ïëîùèíè ïðèêëàäàí-
íÿ íàâàíòàæåííÿ. Âñòàíîâëåíî, ùî ïîë³ëàêòèä³ 3Ä
ìàòðèö³, çàïîâíåí³ åïîêñèäíîþ ñìîëîþ â³äçíà÷àþòüñÿ âè-
ñîêîþ óäàðíîþ â’ÿçê³ñòþ, ùî ï³äêðåñëþº ¿õ çäàòí³ñòü
åôåêòèâíî ïîãëèíàòè òà ðîçñ³þâàòè åíåðã³þ óäàðó. Âèÿâ-
ëåíî, ùî åïîêñèäîâàíà ñîºâà îëèâà ïîêðàùóº óäàðíó
ì³öí³ñòü êîìïîçèòó, ï³äâèùóþ÷è éîãî åëàñòè÷í³ñòü ³
çäàòí³ñòü ïðîòèä³ÿòè äèíàì³÷íèì íàâàíòàæåííÿì.  Ââåäåííÿ
ìîäèô³êîâàíî¿ åïîêñèäíî¿ ñìîëè ñïðèÿº ï³äâèùåííþ
ì³öíîñò³ íà çãèí ³ ðîçòÿã ï³äâèùóþ÷è çäàòí³ñòü ìàòåð³àëó
ïðîòèñòîÿòè ïðèêëàäåíèì çóñèëëÿì. Âîäíî÷àñ êîìïîçèòè
ç ïîë³óðåòàíîâèìè çàïîâíþâà÷àìè ìàþòü âèùó ì³öí³ñòü
ï³ä ÷àñ ðîçðèâàííÿ ó ïîð³âíÿíí³ ç åïîêñèäíèìè ñèñòåìà-
ìè, îäíàê ââåäåííÿ ìîäèô³êàòîð³â ÷àñòêîâî çíèæóº öåé
ïîêàçíèê. Âàð³àö³¿ ó âëàñòèâîñòÿõ ìàòåð³àë³â, çîêðåìà ç òà
áåç òåðì³÷íî¿ îáðîáêè, ñâ³ä÷àòü ïðî ìîæëèâ³ñòü ãíó÷êîãî
ðåãóëþâàííÿ ñêëàäó ñìîëè äëÿ äîñÿãíåííÿ íåîáõ³äíèõ ìå-
õàí³÷íèõ õàðàêòåðèñòèê ãîòîâèõ âèðîá³â. Îòðèìàí³ ðåçóëü-
òàòè ï³äòâåðäæóþòü äîö³ëüí³ñòü âèêîðèñòàííÿ òåõíîëîã³¿
FDM ó âèðîáíèöòâ³ ìîäèô³êîâàíèõ êîìïîçèò³â.

Êëþ÷îâ³ ñëîâà: ïîë³ëàêòèä, 3Ä äðóê, êðîõìàëü,
åïîêñèäîâàíà ñîºâà îëèâà, ìîäèô³êóâàííÿ, ñò³ëüíèêîâà
ñòðóêòóðà.
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INFLUENCE OF MODIFIED THERMOREACTIVE
FILLERS ON THE PROPERTIES OF HONEYCOMB 3D
MATRICES

D.S. Katruk *, A.S. Masyuk, V.Ye. Levytskyi, Yu.V. Laruk,
A.V. Davydovych, D.I. Kechur

Lviv Polytechnic National University, Lviv, Ukraine
* e-mail: diana.s.katruk@lpnu.ua

The influence of epoxy and polyurethane fillers on the
physical and mechanical properties of combined polylactide
composites was investigated. An adapted method for determining
the elastoplastic properties of the combined composites was
proposed, based on identifying load–deformation relationships
while considering the material’s elastic response. The calculations
revealed changes in material characteristics, particularly hardness
and elastic modulus, depending on the nature of the filler, the
composition of its modifiers, and the plane of load application.
It was found that 3D polylactide matrices filled with epoxy resin
exhibit high impact strength, highlighting their ability to effectively
absorb and dissipate impact energy. Epoxidized soybean oil was
shown to enhance the composite’s impact strength by increasing
its flexibility and improving its capacity to withstand dynamic
loads. The introduction of modified epoxy resin contributed to
increased flexural and tensile strength, thereby enhancing the
material’s resistance to applied forces. At the same time,
composites filled with polyurethane demonstrated higher tear
strength compared to epoxy-based systems; however, the addition
of modifiers led to a slight reduction in this property. Variations
in material properties with and without heat treatment indicate
the potential for flexible adjustment of the resin composition to
achieve the desired mechanical performance in the final products.
The results confirm the feasibility of using FDM technology for
manufacturing modified composites.

Keywords: polylactide; 3D printing; starch; epoxidized
soybean oil; modification; honeycomb structure.
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