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3D PRINTING OF IRON-BASED LATTICE STRUCTURES
PRODUCED BY SELECTIVE LASER MELTING
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The mechanical properties of lattice structures with 78-79% pore volume produced from iron
powders by selective laser melting were studied. As the mechanical properties of lattice structures
can be predicted from the topology and dimensions of the unit cell, the influence of spatial
orientation of the unit cells on the mechanism whereby the samples are deformed should be also
established. Three types of lattice structures with different spatial orientation of unit cells
represented by simple cubic volumes of porous material with the same size of lattice and unit cell
generatrixes were considered. The response of the lattice structure to different types of loads was
analyzed. Measurements of the elastic modulus in four-point bending tests showed that porous 3D
lattices with different unit cells had an elastic modulus of the same order, from 17.2 to 23.9 GPa.
Compression tests of the 3D lattice structures indicated that the lattices located at an angle of 45° to
the z axis deformed according to similar patterns and had almost the same yield stress (14.0—
15.4 MPa). The highest yield stress (40.5 £ 3.3 MPa) was observed in the lattices whose unit cells
were parallel to the x, y, and z axes, which is due to the layered deformation of the cells. The
greatest impact toughness (22.1-23.2 J/cm?), as well as the compressive yield stress and elastic
modulus, was also shown by these lattices. Analysis of the fracture structure of the samples after
impact toughness tests indicated that the iron lattice structures of all three types had pit microrelief
characteristic of viscous fracture. The results demonstrated the prospects of applying additive
manufacturing techniques for the development of iron-based powder materials by selective laser
melting to form a lattice structure with highly reproducible mechanical characteristics.

Keywords: additive manufacturing, selective laser melting, lattice structures, iron powder, 3D
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INTRODUCTION

In recent years, additive manufacturing (AM) processes have found wide application as they allow the
fabrication of complex parts, reduce the number of operations, and decrease the net cost of precision products [1-3].
Selective laser melting (SLM) is one of the most common 3D printing methods [4-6]. This process produces
articles of different configuration and, importantly, of different internal pore channel system, providing for the
development of lattice structures [7, 8].

Lattice structures are becoming increasingly popular in engineering because they find a wide range of
applications, including protective structures, heat exchangers, orthopedic implants, and vibration absorbers [9].
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Gibson and Ashby [10] were among the first to describe in detail the application of additive manufacturing
processes to develop lattice structures. Lattice structures that consist of continuous bars or lamellas formed by cell
edges and faces are used as structural materials in mechanisms to which weight reduction requirements are applied.
The lattice mechanical properties depend not only on the powder material and printing quality but also on the
geometry of structural components [11].

The paper [12] examined the deformation of stainless-steel lattice structures. Relative density and topology
of unit cells, which determine the height of the stress—strain curve and structural fracture mechanism, turned out to
be two basic parameters characterizing the mechanical behavior of such structures. It was pointed out that imperfect
lattice surface could not ensure stable results in the case of shear strains, and high reproducibility of the mechanical
characteristics was observed only when lattices were tested by compression.

An analytical model was developed in [13] to describe variation in the elastic modulus and initial
compressive strength in multilayer lattice structures shaped as bee unit cells. Layer-by-layer fracture mechanism
was revealed for such structures. Hence, the effect from the number of layers and cells on the deformation mode
and fracture mechanism was studied.

The paper [14] examined the mechanical compressive properties of samples with lattice structures with two
bee cell types: simple cells and cells with an additional stiffening rib along the z axis. The effect from sizes of
lattice components and cells on the deformation was found. The unit cell size was shown to be the main factor that
influenced the deformation and fracture mechanism for the samples.

One of the recent papers on lattice structures paid significant attention to the search of the optimal cell
topology that would promote the best mechanical properties at the lowest amount of the material and the maximum
ratio between stiffness/strength and weight [15]. The unit cell topology, relative density, and structure were shown
to play an important role in determining the mechanical properties of lattice structures fabricated by selective laser
melting. A simple cubic lattice has the highest compressive strength among all the lattice structures analyzed.

Analysis of the publications demonstrated that a simple cubic lattice was most promising topology for unit
cells. However, the important factor such as angles at which the unit cells are oriented in the space of lattice
structures was not determined. To understand the interrelation between the location of unit cells of set size and
topology and the mechanical properties is a necessary condition for the development of metal structures with
excellent mechanical properties. Considering that iron and steel remain the main structural materials as they have
high mechanical properties and low cost, the mechanical properties of lattice structures produced from iron powders
by selective laser melting should be examined. Such structures can be used as protective components with low
specific weight and thus promote high deformation energy for military equipment.

The objective is to study how the spatial orientation of a cubic unit cell influences the mechanical
properties of lattice structures produced form iron powders by selective laser melting.

EXPERIMENTAL PROCEDURE

Lattice structures with 78—79% total pore volume were produced by selective laser melting (SLM) with a
Realizer SLMS50 3D printer (Realizer, Germany) using the SOLIDWORKS software. The atomized spherical
PZhR3 iron powder of —63+45 um size fraction was used for printing. The powder had the following chemical
composition, wt.%: Fe matrix, 0.05 C, 0.08 Si, 0.20 Mn, 0.02 S, 0.02 P, and 0.2 O. The layer thickness was 70 um.
The laser power was 75 W at a scan rate of 0.4 m/sec, which corresponds to a distance of 20 um between the
processing points and an exposure time at one point of 50 usec [16].

To plot a microstrain curve with data of four-point bending testing, a Ceramtest machine was employed
(Gobor LLC, Ukraine) with automatic computer recording of experimental data. The distance between the external
supports was 40 mm and that between the internal ones was 20 mm. A highly sensitive displacement sensor
(sensitivity not lower than 2 -10~7 m) was fixed between the middle rolls to record the deformation with an
accuracy of 107>, The beam moved at a rate of 0.2 mm/min. The Ceramtest machine was equipped with an
automated control and data processing system, allowing the elastic modulus, strength, and ductility to be
determined with an accuracy of no less than 2%.
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Fig. 1. Nodal distribution of the lattice structure in the ANSYS software package (a) and boundary
conditions and symmetry conditions ()

Impact toughness tests of 3D lattice structures were performed using a KM-5 pendulum machine (Asma-
Prylad, Ukraine), which complies with ISO 148 requirements through DSTU 3669-97.

Metallographic analysis was carried out with a REM-106I scanning electron microscope (Selmi, Ukraine).

The deformation of lattice structures was modeled by finite-element simulation with the ANSYS 19R1
Academic Edition applied software package [17].

The development of a 3D lattice model with the ANSYS19R1 system ensures correct analysis of the
mechanical properties and stress—strain state of the materials for parallel-sided planes. The inverse finite-element
problem is one of the most common methods for determining effective or homogenized properties of
inhomogeneous materials [18]. In contrast to the direct problem, which is intended to analyze the spatial
distribution of strain and stress fields and their division into normal and shear strains and stresses, the inverse
problem is aimed at assessing the effective properties of the structure from its response to the load applied.

A representative volume was used as a lattice structure model (Fig. la). Parameters of the 3D lattice
structure of iron with parallel unit cells were assigned as a simple cube.

Boundary conditions and symmetry conditions A, fixed plane B (Dirichlet boundary conditions), and load
C (Neumann boundary conditions) were applied (Fig. 15). The force load on one of the planes (z = 8.2 mm) was
oriented in the lattice compression direction. The opposite plane (z = 0) was fixed (Ax, Ay, and Az = 0 for all plane
points). The symmetry condition was imposed along the normal line to the surface on the section (denoted by x).

DISCUSSION OF RESULTS

The calculations resulted in a field of displacements (, v, w) and total displacement (Fig. 2).

The response of parallel unit cells to different loads was analyzed. For each of the loads, maximum
displacements were calculated along the load axis (such displacements are observed on the plane to which the load
was applied). The dependence of displacements (w) on loads applied (F) is shown in Fig. 3.
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Fig. 2. Deformed model as compared to the initial sizes () and total deformation of the model ()
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Fig. 3. Strain field (a) and stress field (b)

Let us calculate the effective area of the element as
Sgp=a-b=2.55-2.55=6.5025 mm?

€

and strain as
Sff = W/ l,

where w is the maximum displacement in the load direction (z axis) and / is the size of the element along the z axis
before deformation.
The effective elastic modulus is calculated as

Eopp=F | (Segr * Ecfp)-

The model calculations indicated that the effective elastic modulus, according to the stress—strain curve
(Fig. 4), is 23.5 GPa.

For experimental assessment of the mechanical properties of lattice iron structures, three types of lattices
with different spatial orientation of unit cells as simple cubes in a porous material were 3D-printed (Fig. 5). Hence,
lattice 1 has unit cells oriented at 45° to the x, y, and z axes; lattice 2 has simple cubes parallel to the x, y, and z axes
(identically to the 3D model); and lattice 3 has unit cells parallel to the y axis and located at 45° to the x and z axes
(Fig. 6).

In the development of a printing model, the average sizes of cell generatrixes, which differ from each other
only by the orientation of unit cells as simple cubes in the lattice, were set; this was taken into account in the study
of their mechanical properties. To confirm the sizes of lattice elements and unit cells, lattice structure images were
subjected to computer processing. The calculation results showed that the average sizes of cell generatrixes
correspond to 420—530 um and the average sizes of cells to 1100-1250 um (Table 1).
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Fig. 4. Stress—strain curve for the 3D model Fig. 5. Images of SLM-printed lattices
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Fig. 6. Unit cells as simple cubes in the graphics editor after limitation of the measurement areas (a—c)
and image computer processing (d—f): a, d) lattice 1; b, e) lattice 2; c, f) lattice 3
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Fig. 7. Microstructure of a 3D lattice sample

Microscopy analysis indicated that the lattice microstructure typical of all lattice structures consisted of an
internal continuous framework formed in the melting of iron particles and located on the surface of spheroidized
powder particles (Fig. 7).

Testing of 3D Ilattices by three- and four-point bending demonstrated that support rolls ‘squeeze’ into the
lattice but internal cells do not fail under the impression and the connections are strong and deform plastically (Fig.
8). In the first deformation stage, a linear region, characterizing the direct proportionality between the stress and
strain, is observed on the load curve. Accordingly, the elastic moduli were found in the elastic region using four-
point bending data (Table 2). The measurement results showed that the 3D lattices had elastic moduli of one order
of magnitude: from 17.2 to 23.9 GPa.

TABLE 1. Sizes of SLM-Printed Lattices

Type of lattice Lattice generatrixes, pm Cell sizes, um
1 430-560 1100-1230
400-470 1090-1260
3 420-530 1090-1270
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Fig. 8. 3D lattice samples tested by three- and four-point bending

TABLE 2. Mechanical Properties of 3D Lattice Structures of Different Types

Type of Elastic limit 6,);, MPa | Yield stress o, MPa | Elastic modulus E, GPa Impact toughness KCB,
lattice J/em?

1 11.6+1.2 140+1.5 20.0+0.5 13.5+0.8

2 355+33 405+33 239+0.5 232+13

3 139+1.5 154+1.5 17.2+0.5 221+13

The compressive studies of 3D lattice structures indicated that lattices of types 1 and 2 deformed in a
similar manner and had almost the same yield stresses (14.0-15.4 GPa). The layers deform almost uniformly or
simultaneously with increasing stress. Small drops on the curves testify that some generatrixes located at 45° failed.

The strength properties of the lattices are summarized in Table 2.

The 3D lattices of type 2 behave differently when compressed (Fig. 9). In particular, such samples deform
layer by layer since the cell generatrixes are located at 90°. Accordingly, the components degrade discretely: layer
one deforms first, then layer two, and so on.

Table 2 shows only elastic limits and yield stresses since the materials are ductile and do not fail under such
testing in the classical sense; i.e., they do not break into parts and, therefore, it is not correct to indicate the yield
stress of lattice structures with 80% pore volume. Note that the greatest elastic limit and yield stress are exhibited
by the lattices of type 2, which is associated with layer-by-layer cell deformation.

Impact toughness testing of 3D lattice structures also showed that the lattices of type 2 had the greatest
impact toughness and yield stress in compression and the elastic modulus (Table 2). The lowest impact toughness
was observed for the lattice of type 1; the samples failed completely. The lattices of type 3 deform in a similar way
as the lattices of type 2 do. This is attributed to the same cell orientation at the y axis, which corresponds to the
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Fig. 9. Stress—strain curve for lattice structures in compression
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Fig. 10. Images of 3D lattices of types 1 (a), 2 (b), and 3 (c) after impact toughness testing
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Fig. 11. Fracture patterns for 3D lattices of type 1 (a), 2 (b), and 3 (¢) after impact toughness testing

pendulum movement, but different orientation of the cells at other axes leads to partial fracture of the lattices of
type 3 (Fig. 10). The lattices of type 2 deform without fracture because the parallel location of cells to the x, y, and z
axes ensures gradual deformation at impact. Hence, the configuration of cells in the lattices of type 2 promoted their
high damping properties.

Analysis of fracture patterns for the samples after the lattices were tested by impact toughness indicated
that the iron lattices of all three types were characterized by pit microrelief typical of viscous fracture (Fig. 11).

CONCLUSIONS

The effect of 3D lattice parameters, such as the orientation of unit cells as simple cubes, on the deformation
of materials produced from iron powders by selective laser melting has been established.

The mechanical tests of lattice structures have shown that the orientation of unit cells in the material
determines the elastic limits and yield stresses in compression and impact toughness. These properties differ for
lattice types because their deformation differs: in the case of discrete (incremental) deformation of lattice
generatrixes, the yield stress for the lattices of type 2 is 40.5-41.6 MPa, which is three times the yield stress of the
lattices of types 1 and 3.

The simulated deformation of lattice structures with parallel-sided unit cells was confirmed by
experimental studies. This testifies that the chosen methods are correct. In the future, the behavior of lattice
structures should be assessed by simulating the deformation process using software packages that allow analyzing
the complex orientation of unit cells located at different angles relative to the load applied.
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