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Abstract

This article presents studies of the of lightweight mesh structures properties made by selective laser melting
technology. The study of lattice structures with different sizes of struts was made. Also, methods for optimizing
grid structures with variable strut sizes were also used. The structure of the mesh elements after hot isostatic
pressing and heat treatment was studied. The results of changes in porosity and mechanical properties of
lattice structures after hot isostatic pressing and heat treatment as compared with properties of cortical bone
are shown. The presented results can be used in the manufacture of medical implants in order to reduce their
weight, improve implantation, while ensuring optimal mechanical properties.

Keywords: Functionally graded materials, lattice structure, titanium alloy, selective laser melting

1. INTRODUCTION

The development trend of materials science and metallurgy, in particular, relates to solving problems of ensuring
certain properties of materials not only at the micro level, but also on a macroscopic scale. In connection with the
growing requirements for the materials, the task of configuring macroelements has become an particular part of
the functional material concept. Lattice and biomorphic structures have become an adequate solution, inspired
by natural structures with properties spreaded in volume [1]. The use of gradient designs allows to reduce the
mass while maintaining the required mechanical characteristics, and in some cases to increase the rigidity, affect
the energy absorption and thermal insulation properties of the object.

One of the possible ways to obtain such materials besides the gas-phase and liquid-phase methods, such as
physical gas-phase deposition and film casting, or solid-phase sintering of powders [2,3], accompanied by the
formation of randomly organized structures, can be called additive production, which, together with the
technology of rapid prototyping not only advance to construct the desired product, but also to test its efficiency
under certain conditions within the virtual space. This approach not only reduces the cost of consumed raw
materials, but also reduces the period of the object preparation for release. Generative design as a way to
create computer models has found application in the creation of medical products, ranging from equipment to
prosthetic products with a complex geometry and a certain roughness.

Due to high accuracy and wide combination of technological parameters, the selective laser melting (SLM)
method [4] allows to manufacture of porous structures with a complex geometry, but the selection of an
effective design and optimization strategy, as well as manufacturing modes, remains a rapidly developing field
of research. So, despite the fact that the topological optimization method iteratively improves the layout of the
material in a given design space for a given set of loads and boundary conditions, it becomes necessary to
take into account the influence of the parameters of the additive process, the material used and its physical
properties, warping and shrinkage, the effect of the thickness of the applied layer, the size of the bath of the
melt, etc. In addition, the irregular distribution of internal pores in the material obtained as a result of laser
fusion can also contribute | contribution to the difference between simulated and empirical data.
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Among the advances in software focused on computer-aided design of computer models of porous structures
with different cell sizes and optimization for additive production, Autodesk Within can be noted, with which the
authors of this study compared the properties of gradient mesh samples made from computer models, one of
which was designed manually, and the other as a result of optimization using the finite element method [5].

2. MATERIALS AND METHODS

For the purpose of studying the alloy in a mesh state, the samples presented in the form of 12.5 x 12.5 x
12.5 mm?, consisted of repeating 5 x 5 x 5 unit cells. Top and bottom parts of parallelepipeds are solid and have
5 mm height. The device for samples manufacturing is SLM 280HL machine which principle of operation is based
on the obtaining of the required sections on powder bed by laser radiation according the computer model slicing.
[6] Samples manufacturing were carried out using the following technological mode: laser power - 250 W,
movement speed - 700 mm/s, distance between individual passes - 120 ym. The manufacture was carried out
from VT6 spherical shape powder (Normin, Russia) with size distribution 14.3 - 70 um (d10-deo). Such alloy is
suitable for implantation into living tissue due to its light weight and biocompatibility [7,8]. The study of particle
morphology and surface condition of the samples was carried out on a scanning electron microscope (SEM)
TESCAN Mira 3 LMU.

The basis for studying the grids was assumption that mechanical properties of samples with one rods thickness
should increase with rods thickening. Based on this task was set to try to minimize samples weight with safety of
these properties. It was assumed that optimization of the grid volume will allow to increase the strength
characteristics of the material by reducing the stress-strain state in critical areas. In this connection, the design
was projected by automatic and manual methods with the formation of a gradient material.

a) b) a) b)
Figure 1 Model of the sample consisted of N- Figure 2 Model of a sample consisted of N-
topology unit cells with varying rod thicknesses topology unit cells with varying rod thicknesses
generated by the manual method: front view (a), generated by computer simulation: front view (a),
side view (b) side view (b)

For the study of gradient lattice material behavior two variants of samples with variable rods thicknesses were
developed with Within Autodesk software. In the first variant, the gradient grid was generated by manual method
(Figure 1). The cells rods forming the main diagonals were increased from 0.4 mm to 0.95 mm. The thickened
cells are arranged so that they form a large N-topology cell inside the sample. Such position was selected based
on the results of mechanical tests of lattice structures with different sizes of struts, when in most cases the
destruction occurred in the central diagonal section of the mesh cube. In the second variant, the gradient
thickness of lattice structure was generated by computer simulation (Figure 2). The initial grid (type N, unit cell
size 2.5x2.5x2.5 mm3) with a thickness of 0.4 was calculated and optimized. Before starting the process it was
set, as well as the place of its attachment and a load of 150 kN. The conditions for the creation of the auto gradient
were the input data (material properties, Young's modulus and Poisson coefficient) and boundary conditions
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(maximum stress not exceeding 600 MPa), allowing to calculate the stress-strain state of the sample and change
the geometric dimensions in the structure depending on it. The gradient was changed in increments of 0.01 mm.
As aresult of the calculation, the thickness of the most loaded rods increased to 0.92 mm, and in the least loaded
rods, the thickness remained unchanged, and equal to 0.4 mm.

One of the heat treatment types was annealing in the industrial vacuum furnace MonoTherm (ALD Vacuum
Technologies) with maintaining the vacuum level up to 10-> mbar. Samples were kept for 2 hours, each regime
included cooling in the furnace. The second type was hot isostatic pressure (HIP). Deformations of the samples
during compression and tensile testing were carried with materials testing machine Zwick / Roell-Z100.

3. RESULTS AND DISCUSSION

3.1. Microstructure

SLM process accompanying rapid solidification leads to the the formation of martensite with elongated grains
of the primary B-phase, filled with finely dispersed multi-oriented lamellar a-phase. Partial remelting of the
previous layer of powder provides epitaxial growth of such grains with parameters of the order of 90-110 um
per 300-900 um, which occurs in the direction of the heat sink along the slope of the grid rods. In compact
samples, such grain growth is oriented in the building direction. The microstructure after heat treatment
at 920 °C is a lamellar a-phase (white) with a large plate size and a B-phase (dark) (Figure 3 b). There is an
enlargement of the a-phase plates inside as well as along the grain boundaries, which can lead to an increase
in plasticity, since the deformation is mainly detected along the grain boundaries. The recrystallization process
that has begun has not led to the disappearance of the preferential orientation of the grains; their size after
this type of heat treatment is about 150-200 pm.

Figure 3 Microstructure of samples with gradient structure (a) without heat treatment,
(b) after annealing at 920 °C, (c) after annealing at 1050 °C

After annealing at 1050 °C, large inclusions of a-phase and a significant amount of B-phase are visible at the
grain boundaries (Figure 3 c), which can lead to an increase in plasticity, since the deformation is mainly
detected along the grain boundaries. The recrystallization process has led to disappearance of the grains
preferential orientation. They have an equiaxial shape and size from 150 to 1500 um. Significant heterogeneity
may be caused by incomplete recrystallization and coalescence. As heat treatment that minimizes structural
defects such as pores was set hot isostatic pressure (HIP) [9] in argon and the pressure was set at 100 MPa
for 3 hours at 1050 °C for each batch. At 920 °C temperature HIP contributes to formation of a plate a-phase
with a significantly larger plate size and 3 phase (Figure 4). There is an increase in the size of the a-phase
plates inside as well as along the grain boundaries, which can lead to an increase in plasticity, since the
deformation is mainly detected along the grain boundaries. Processing at 1050 °C temperature led to the
appearance of an a-phase in the form of plates inside the primary -grains. Equiaxed B-grains have sizes of
about 60-800 um. The orientation of the grains along the cores is absent in contrast to the samples without
performing the HIP.
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Figure 4 Microstructure of samples with gradient structure after the HIP at (a) 920 °C,
(b) 1050 °C

Hot isostatic pressing contributed to both the structure formation and to closure of pores after the SLM, in
contrast to annealing. The values of the residual porosity of the rod material according to the microsections
study for the HIP mode at the 1050 °C temperature is 0.28 %, which is 0.37 % less than without additional heat
treatment.

3.2. Mechanical testing

To assess the mechanical properties of the mesh structures after annealing and hot isostatic pressing
at 920 °C and 1050 °C on the example of 0.85 mm grid as the main parameters of mechanical properties
after tensile and compression tests, the yield strength that corresponds to the beginning of the rods destruction
and the Young modulus were used.
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Figure 5 Values of yield strength (a) and Young's modulus (b) for samples with one rods thickness (0.85 mm)
passed tensile testing

As shown on the Figure 5 a values of yield strength of HIP processing are almost the same, while differences
in temperatures cause more noticeable difference of it. And more active recrystallization process at 1050 °C
promotes decline of Young modulus, because of enlarged grains and smaller movability on their boundaries
during deformation. Due to the strength and significant internal stresses of martensite microstructure that leads
to brittle destruction samples without post processing weren't tested.

The study of the mechanical characteristics of gradient lattice structure includes tests performed for two
gradient types of samples with different rods thicknesses that were obtained with HIP. According to the
Figure 6 a the yield strength after compression testing for grids created by computer simulation and the manual
method are comparable. This suggests that when compressing, the mesh geometry created by different
methods works in the same way, however, differences in geometry affect the values of the Young's modulus
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which for the computer simulation geometry is two times higher than for the created manually. In samples with
the computer simulated configuration and the manual configuration and compression tested, the difference
between the yield strengths is most significant when tested in compression. It can be assumed that the
computer simulated grids is more suitable for use in conditions of tensile forces. This is supported by its higher
strength value, which is 66.5 MPa (Figure 7).
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Figure 6 Values of yield strength (a) and Young's modulus (b) for samples with gradient density passed tensile
and compression testing with different thickness of rods within the sample, generated by computer simulation
and manual method

Such difference is caused by the geometrical features that allow to bear stronger loads, because the nature of the
microstructure and the mode of heat treatment are the same and the increase in relative elongation occurs only due
to the strengthening of the most loaded elements. The values of Young's modulus for the computer simulated
geometry are two times higher than if it created manually as well as in the case of a compression test.
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Figure 7 The values of tensile strength (a) and relative extension (b) for samples with gradient cells during
tensile testing, generated by computer simulation and manual method

In comparison with the sample of a rod thickness 0.65 mm (Table 1), which is closest in average thickness to the
gradient samples and also passed the HIP processing, higher values of mechanical properties are observed. The
same effect is also observed for the grid with a uniform 0.95 mm rods thickening in the whole volume. Its
mechanical properties after the HIP at 920 °C far exceed the upper limit of the value for the cortical bone and are
not suitable for use.
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Table 1 Mechanical properties of functionally graded lattice structures in comparison with regular lattice
structures and cortical bone

Post processing | Computer | Manual Rods thickness in grid samples Cortical

Property at 1050 °C simulation | method 0.65 (mm) 0.95 (mm) bone [10]

Compression yield HIP 53 52 138 381 100 - 230
strength (MPa) HT - - 126 376

Tensile yield stress HIP 55.7 45.2 9.7 2918 50 - 150
(MPa) HT - - 61 94.5

Young’s modulus HIP 4.8 41 8.1 34.6 7-30

(GPa) HT - - 8.8 28.3

It can be assumed that in this case, heat treatment at 1050 °C without isostatic pressing can be a suitable option,
however, such material will be quite tough and this will lead to bone damage. Moreover, the porosity of the
structure with such a thickness of rods will be less than that of the gradient sample, which can negatively affect
the introduction of living tissue into the implant.

4, CONCLUSION

Investigation of lightweight lattice structures with variable rods size generated by computer simulation and manual
method and then made by selective laser melting found the difference in the nature of destruction, and mechanical
properties. A microstructure with rounded grains was revealed both during annealing and hot isostatic pressing at
920 °C and 1050 °C, as well as a decrease in the porosity of the rod material in the second type of treatment. It is
shown that samples with a certain rod size have higher values of yield strength and Young's modulus than gradient
ones. The mechanical properties of the computer gradient turned out to be higher than that of the manually created
grid, however, the elimination of shear failure in the latter case is an advantage in the material behavior. In this
connection, an increase in insufficient mechanical characteristics due to a change in the gradient modeling strategy
in lattice samples will be a possible stage of research on this topic.
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