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Abstract

The results of modelling regular structures made of plastics and studying their destruction can be effectively used as a
starting method for development of a technology for manufacturing composite materials. Numerical experiments and field tests
helped to determine the most preferred types of structures — plastic-based honeycomb structures with the following strength
properties: Young’s modulus, E = 342.3 MPa, compressive strength, 6 = 20.4 MPa, specific strength, o, = 81 MPa cm®/g.
Plastic 3D models were utilized in manufacturing of metal composites using a technology combining selective laser melting of
titanium frame from powders and infiltration with more fusible alloys. The values of the bending strength change within the
range from 1440 to 1560 MPa, the values of the Young’s modulus — from 49500 to 54000 MPa, hardness — 400HB. The
increased strength values can be explained by the composite structure of the material formed by the combination of two
mutually penetrating frameworks.
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AHHOTaI M

Pesy/bTaTbl MOZ|e/IMPOBAHUSL PETY/NAPHBIX KOHCTPYKLUMM K3 IUIaCTMacC M H3y4eHHsl MX pas3pylleHUs MOTyT ObITb
3(HeKTUBHO HCIIOb30BaHbl B KauecTBE OTIPABHON TOYKU [Jisi pa3pabOTKH TEeXHOJIOTMM HM3TOTOB/IEHHSI KOMITO3MLIOHHBIX
MareprasoB. Unc/ieHHble KCIIepUMEHTHI U T0/IeBble WCIIBITAHUS TTOMOIVIM OINpeZie/IUTh Hauboree MpeArouTUTe bHbIE THIIbI
KOHCTPYKLIMHA — COTOBble KOHCTPYKLIUM Ha OCHOBe IJIACTHMKA CO C/IeAYIOLMMU NPOYHOCTHBIMU XapaKTepUCTUKAMU: MOZYJIb
FOHra © = 342,3 MIlIa, npouHocTs Ha cxarue o = 20,4 MIla, ynensHad npounocTts osp = 81 MIla cm3/r. ITnactukoBele 3D-
Mozieny ObITM MCIOMb30BaHbl TPU U3TOTOB/IEHUH MeTa/UTMUeCKHUX KOMITO3UTOB C MCIIO/Ib30BaHUEM TeXHOJIOTHH, COUYeTaroIei
CeJIeKTHBHOE Jla3epHOe pacrliaBlieHWe TUTAHOBOTO KapKaca W3 TOPOLIKOB W TIPOMUTKY 6osiee JETKOTUIABKUMH CIijIaBaMH.
3HaueHus TIPOYHOCTH TIPU M3rube M3MeHsSIOTCs B nipefenax ot 1440 no 1560 MIla, 3HaueHust moaynst FOHra — ot 49500 no
54000 MIIa, tBeppocts — 400HB. IloBbIlIeHHBbIE TOKa3aTeqd MPOYHOCTH MOXKHO OOBSCHUTH KOMIIO3UTHOUW CTPYKTYpO
Marepuasa, 06pa30BaHHOI coueTaHWeM JIBYX B3aHMOIIPOHHKAIOIINX KapKacoB.

KiroueBble c/10Ba: a/iUTHBHbIE TEXHOJOTHM, IJIaCTUKOBbIe MPOTOTHUIIBI, Pery/sipHble KOHCTPYKLIMH, MeTa/laddyecKre
KOMITIO3UThI, MHOHU/IBTPALHS, IPOYHOCTHbIE CBOMCTBA.

Introduction

Additive technologies of 3D printing methods by fused deposition modelling (FDM) have a number of advantages over
other traditional processing methods for manufacturing composites: powder metallurgy, fabric and woven prepregs, investment
casting, etc. They enable obtaining complex spatial structures with unprecedented geometry and high performance in
accordance with a computer model. Their use makes it possible to form so-called lattice structures formed by repeating regular
geometric cells in space (stochastic and regular) — arranged by 3D printing, this architecture gives polymer, metal, or ceramic
materials a unique combination of properties that cannot be achieved by traditional methods: increased values of specific
strength, specific surface area, heat transfer coefficient, elastic modulus, etc. As a result, we have extended prospects for
application in various fields: manufacture of geometrically-complex parts for mechanical engineering, aerospace industry,
biomedicine, oil and gas industry, etc. [1], [2]. A number of papers provide data on the effect of the composition and structure
of the arrangement of layers on the physical and mechanical properties and suggest options for topological optimization of
surfaces of the gyroid and honeycomb structures to obtain products for various purposes with properties set at the design stage.
The works [1], [2], [3], [5] provide examples of the practical use of the FDM method in creating contour-complex solid parts
made of plastics, metals, and alloys. Despite a significant amount of studies and applied work in the field of additive
technologies, the problems of topological optimization of structures obtained by 3D printing are still relevant, first of all, due
to the need to adapt them to the shape, size and operating conditions of a particular product, and the modelling of parts with
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complex geometry requires further improvement and development. In addition, topological optimization on plastic prototypes
reduces the amount of experimental tests and speeds up the procedure of subsequent transformation and adaptation in relation
to structures made of metals and alloys. In the field of additive technologies, designers have also developed other methods to
increase the density and strength of materials obtained by Selective laser melting (SLM). Metal compositions based on
titanium and its alloys [6], [7] etc. can also be produced by a combination of printing technology and application of an
intermediate liquid layer of a binder between the layers of the base material. Residual porosity in materials obtained by layer-
by-layer deposition can also be eliminated by infiltration, i.e. impregnation with a melt of other (more fusible) material [8], [9],
[10]. The aim of this study is to model regular structures made of plastics and the processes of their destruction as a starting
method in the development of a technology for manufacturing metal composite.

Results of numericaland experimental studies of regular structures made of plastics

The first stage of research was to analyze the state of the problem, and promising directions and designs of regular
structures for subsequent manufacture of composite materials. Preliminary numerical calculations (Cura, Prusa, and
Solidworks Simulation software products) to determine the stress-strain state of various types of structures are necessary to
reduce the number of field experimental studies. The images of the models, the topology of the samples, and the assessment of
the stresses arising in the samples’ volumes are shown in Fig. 1. The numerical analysis of the strength of various types of
structures according to the model showed that the longitudinal construction of layers is preferable to the transversal (35%), and
the honeycomb structure provides strength higher than the gyroid one (75%).
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Figure 1 - Types of structures:

a — gyroid, transversal along the normal to the construction axis; b — gyroid, longitudinal along the construction axis; ¢ —
honeycomb, longitudinal along the axis of construction; d — honeycomb, transversal along the normal of the axis of
construction
DOT: https://doi.org/10.60797/1RJ.2024.148.152.1

A numerical assessment of the strength properties was carried out on samples of ten different types of structures made of
plastics — acrylonitrile butadiene styrene (ABS) and polylactide (PLA). Using the FDM technology and a Hercules printer, our
team made 40x40x40 mm samples with cell sizes from 1 mm to 5 mm (large honeycomb) for compression testing. An
experimental analysis of the strength properties was carried out on the samples of ten different types of structures made of ABS
and PLA plastics.

The compression tests of the samples were carried out in accordance with ISO 604:2002 on a Tinius Olsen 100ST
universal testing machine, which enables to measure deformations with a video extensometer (Fig. 2a). The specific strength



International Research Journal = Ne 10 (148) = October

was calculated taking into account the fact that the density of the samples when filled with plastic material for 20% of the total
volume is 0,25 g/cm?® for the honeycomb, and 0,21 g/cm? for the gyroid.

The Tinius Olsen H25KT universal testing machine was used to determine the bending strength (Fig. 2b). The VT6
titanium samples with an aluminium or bronze binder had dimensions and shape in accordance with ISO 3325:1996: length: 50
mm; width: 10,0 £ 0,1 mm; height: 5,0 £ 0,10 mm. Rockwell hardness was measured on a TP50-14 on a C scale with a load of
1500 N subject to ISO 6508-86. Determination of the density and calculation of the porosity of the samples was carried out
according to the standard method of hydrostatic weighing on an EX205 analytical balance by Mettler Toledo with a hydrostatic
weighing kit. The study of the morphology of the initial powders, microstructure and elemental composition of the obtained
samples was carried out by the methods of secondary electrons and energy dispersive microanalysis using a JEOL JSM-7001F
scanning electron microscope equipped with an INCA Penta FETx3 X-ray spectrometer by Oxford Instruments. The
microstructure of the samples was studied on polished surfaces using a JEOL JSM-7500FA scanning electron microscope.

Figure 2 - Testing equipment:
a — for compression tests; b — for bending strength
DOI: https://doi.org/10.60797/IRJ.2024.148.152.2

It is worth noting that the deformation processes and the destruction pattern of most samples with structures of different
topologies occur in accordance with the forecasts based on the model and classical concepts of destruction of materials, for
example, along the direction of the shear planes (Fig. 3). This indicates a fairly high quality of 3D-print construction of the
regular structures.

Figure 3 - Stages of destruction of the walls of the honeycomb under loading
DOI: https://doi.org/10.60797/IRJ.2024.148.152.3

The corresponding experimental deformation diagrams in the load-displacement] and stress-deformation coordinates for
some samples of honeycomb and gyroid structures with different topologies are shown in Fig. 4 and 5.
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Figure 4 - Measurement results of sample 3
DOI: https://doi.org/10.60797/IRJ.2024.148.152.4

Note: PLA2 honeycomb, longitudinal along the growth axis
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Figure 5 - Sample 8 — ABS4 gyroid, longitudinal along the growth axis
DOI: https://doi.org/10.60797/IRJ.2024.148.152.5

A more visual representation of the measurement results and differences in the behaviour of the samples with different
topological honeycomb and gyroid structures and materials under load is shown in Fig. 6. The analysis of the obtained curves
and their nonmonotonic nature indicates the staging of fracture in most of the samples.
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Figure 6 - Deformation patterns during compression:
a — for all samples; b — for samples with the best strength values
DOI: https://doi.org/10.60797/IRJ.2024.148.152.6

Obviously, according to the diagrams in Fig. 6a), the most preferred material for the manufacture of frame structures is
PLA, which provides a higher level of strength properties (curves 1, 3, 5, 7, 9) for all types of structures in contrast to the ABS
samples (curves 2, 4, 6, 8, 10). Comparison of the samples of different topologies shows the advantages of the honeycomb
structures with their location parallel to the loading axis (samples 3, 4 in Fig. 6a and Fig. 6b). Regardless of the material,
reliable load strengths for the PLA and ABS samples lie in the range from 10 to 25 kN, which is the main governing factor. For
the samples with other topology — a gyroid and a transverse honeycomb (samples 1 and 5 in Fig. 6b) made of PLA — the
operability zone is from 5 to 10 kN. The curves for the remaining samples have insignificant differences, the maximum load
strength lies in the region under 5 kN. But their distinctive feature is the pronounced cyclicity (discreteness) of the destruction
processes, and numerous peaks, which is explained by the layered structure. In [1], [5], the authors observed similar effects on
the gyroid and Schwartz primitive structures, and explained them by the fact that each of the peaks-extrema corresponds to the
destruction of one of the layers of cells lying in a plane perpendicular to the loading axis. At the same time, they considered the
first peak on the deformation curve, which corresponds to the transition of the sample to the region of plastic deformation, as
the strength of the samples. For the structures studied in this work, however, this approach is not entirely correct since each of
the numerous peaks on the curves, in our opinion, corresponds to the gradual folding of the walls in the adjacent (most
stressed) layers of the sample following the mechanism of elastic-plastic deformations (irreversible upon reaching peak
stresses on the curves at which a load drop is observed). A further increase in the load and the appearance of extrema on the
curves refers to the next stage of the deformation processes of other successive layers of the structure along the compression
axis. At the same time, honeycomb structure (curves 3 and 4 — Fig. 6) have a more monotonous nature, similar to the behaviour
of plastic materials under load, which is their main advantage. Thus, the results of processing all experimental data (table 1)
indicate that the most preferred structure is the longitudinal honeycomb, and the most preferred material is PLA (sample 3),
which provide the best combination of elastic and strength properties. Besides, the experimental results show a satisfactory
agreement with the model prediction.
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Table 1 - Physical and mechanical properties of the obtained samples
DOI: https://doi.org/10.60797/IRJ.2024.148.152.7

Sample Material Structure type Young’s Tensile Specific
modulus, strength, strength,
MPa MPa MPa - cm’/g
1 PLA1 Transverse honeycomb along the 2069 5,58 2232
2 ABS1 normal of the growth axis 94,8 2,6 ]3’0
3* PLA2 Longitudinal honeycomb along 3423 20,4 81,2
4 ABS2 the growth axis 136,78 13,8 69,0
5 PLA3 Transverse gyroid along the 144,13 5,52 22,08
6 ABS3 normal of the growth axis 82,15 2,48 12,4
7 PLA4 Longitudinal gyroid along the 124,28 3,01 12,04
8 ABS4 growth axis 58,21 1,54 7.7
9 PLAS Transverse honeycomb (large 80,5 2,63 10,52
10 ABSS cclls) along the normal of the 429 1.38 69
growth axis

Thus, based on numerical analysis and experimental tests, we determined the most preferred types of structures — PLA
honeycomb structures with the following strength properties: Young’s modulus, E = 342,3 MPa, compressive strength, o = 20,4
MPa, specific strength, oy, = 81 MPa cm®g (when 20% of the total volume of the honeycomb structure is filled with plastic
material, and the same for the gyroid structure is 21%). The achieved level of properties is comparable with the results of other
researchers given in [1], [2], [4], [5] in terms of specific strength, but almost 2 times exceeds them in terms of the ultimate load
taken to failure. Besides, the experimental results show a satisfactory agreement with the model prediction, which makes it
possible to recommend the method of creating plastic models using Cura, Prusa, Solidworks Simulation for further practical
application when manufacturing products from metal powders.

Results of experimental studies of metal composites produced by SLM-method

That is why, we used computer models of particularly these porous regular structures with the best strength indicators to
manufacture TIGAL4V titanium alloy samples by additive technologies (SLM) and then infiltrate them with a melt of a more
fusible aluminium bronze as a binder. The results of studies of the microstructure of Ti6Al4V+aluminium bronze composite
materials are given in Fig. 7. Application of the phase contrast method revealed the presence of two main phases: Ti6Al4V
(Fig. 7c) — spectrum 2; and aluminium bronze (Fig. 7c) — spectrum 1. The results of scanning electron microscopy of the
microstructure of the regular honeycomb samples impregnated with an aluminium bronze melt (composite material), and
determination of relative density (98% of the theoretical density) indicate a fairly high efficiency of filling the honeycomb
voids and the elimination of residual porosity (Fig. 7b). Images of the microstructure and chemical analysis of phase
components indicate a fairly high uniformity of the structure and efficiency of infiltration (Fig. 7d) — spectrum 1-3); density
and residual porosity (less than 1%) confirm this fact. A very interesting effect, which was found during the study of the
microstructure of the low-temperature-melting phase, is the formation of an acicular structure with marked elongated
crystallized grains — “whiskers” with a cross-sectional size of 0,1 pm (Fig. 6d). The appearance of this reinforced fragmentary-
nanostructured phase in a composite material gives cause to assume the possibility of dispersion strengthening of aluminium
bronze and, as a result, of the composite as a whole. The fracture surface of the samples after bending tests has a quasi-plastic
pattern, which can be explained by the dominant influence of the properties of the infiltrated material (aluminium bronze).
Similar structures are formed during ordinary sintering of hard alloy composites obtained from bimodal powder mixtures of
WC-Co-Al(Al;Os) [8] and copper-based pseudoalloys [9]. The density, porosity, the patterns of the phase components
distribution, strength, microhardness, and Brinell hardness were studied on samples in conformity with the standard methods.
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Figure 7 - Microstructure of Ti6 Al4V+aluminium bronze composite materials:

a — scheme of infiltration; b — surface of the composite material infiltrated with aluminium alloy; c — images of the
microstructure with selected areas of chemical analysis and their composition; d — acicular structure by volume of the binder
with selected areas of chemical analysis and their composition
DOI: https://doi.org/10.60797/IRJ.2024.148.152.8

Note: ¢ — x500; d — x3500

In addition to increasing the density, the level of strength properties of honeycomb structures made of titanium alloy also
increases, since aluminium bronze provides a redistribution of stresses that occur in the titanium frame under load.
Measurements of the bending strength of the Ti6 Al4V-bronze samples obtained using the infiltration technology showed an up
to 25% increase in strength in comparison to the “green model” (table 2). Bending strength values vary in the range from 1440
to 1560 MPa, Young’s modulus varies from 49500 to 54000 MPa depending on the composition of the composite material, and
SLM modes — radiation power and beam movement speed.

Table 2 - Strength properties of TIGAL4V composites
DOIL: https://doi.org/10.60797/IRJ.2024.148.152.9

Sample Ne Composites Young’s Ultimate tensile Hardness,

ple P modulus, MPa | _strength, MPa HB

1 Ti6AlY 547374 14436 390
(bronze)

2 TibAlV- 504479 14534 390
(bronze)

3 Ti6AIAV- 49459,06 1567,7 410
(bronze)

To some extent, the anomalously high hardness values can be explained by the disperse strengthening of the bronze phase
and the composite structure of the material formed by a combination of two mutually penetrating structures — the titanium
frame printed using the SLM method and the binder of aluminium bronze. The composite structure, in accordance with the
mechanics of the phases and the known provisions of the material failure theory, should have higher strength properties.

Conclusion
In the process of complex numerical and experimental studies, our team found the patterns of deformation processes and
destruction of various types of regular structures 3D-printed of plastics in accordance with the computer model and the most
preferred materials and honeycomb structures from the point of view of strength properties. The results of preliminary tests on
plastic prototypes were used in the development of compositions and manufacturing technologies for metal composite
7
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materials based on Ti6Al4V titanium alloy powders. The study of the strength properties of Ti6Al4V structures obtained by 3D
printing in combination with infiltration with aluminium bronze confirmed the effectiveness of the adopted design and
technological solutions — an increase in bending strength by 20-25% compared to the base Ti6Al4V, and up to 1,5 times
increase in the hardness values. Electron microscopy confirmed the homogeneity of the phase distribution in the composite
structure, and the absence of residual porosity.
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