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Compression behavior of 3161 lattice structures
produced by indirect additive manufacturing
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Abstract: As a new type of lightweight structure, metaiiic iattice structure has higher stiffness, and strength to
weight ratio. To freely obtain 316L lattice structures with designed cell structure and adjustable porosity, additive
manufacturing combined with investment casting was conducted to fabricate the 316L lattice structures with
Kelvin cell. The compression simulation of 316L lattice structures with different porosities was carried out by
using the finite element method. The numerical simulation results were verified by compression experiment,
and the simulated results were consistent with the compression tests. The results showed that the compressive
mechanical properties of 316L lattice structures are directly related to porosity and independent of strut diameters
size. The 316L lattice structures with Kelvin cell have a smooth stress-strain curve and obvious plastic platform,
and the hump stress-strain curves are avoided.

Keywords: 316L lattice structures; indirect additive manufacturing; compression behavior; investment
casting; finite element simulation

CLC numbers: TG146.21

1 Introduction

The metallic lattice structures show broad application
prospects in aerospace, rail transportation, ships,
and other fields because of their excellent structural
characteristics such as specific strength and stiffness "),
and functional characteristics ™ such as vibration and

B8] >3] and so on.

noise reduction ¥, energy absorption |
Its preparation methods mainly include investment
casting "', powder metallurgy method ™, deformation
forming method ®”, and so on. For the preparation of
nonferrous metallic lattice structures, such as alummum
and titanium lattice structures, the above methods are
relatively mature, and some of them have achieved
industrial applications *1. However, due to the high

melting point of steel materials, the preparation of 3161,
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lattice structures has some problems, such as difficulty
in controlling porosity and cell structures, and low
degree of integration of structure and function. Additive
manufacturing technology can prepare metallic lattice

2, 22-25 =
L 1 realize

structures with complex cell structures
the free design of cell structure and free control of
porosity of metallic lattice structures ), which provides
a new solution for the preparation of 316L lattice
structures. However, there are still several challenges
to fabricate the metallic lattice structures using additive
manufacturing, such as poor surface and anisotropic
properties due to patterning mechanism, the selection
of materials is limited, and so on. In this study, additive
manufacturing combined with investment casting
was implemented to fabricate 316L lattice structures,
the fabrication method is also called indirect additive
manufacturing !¢

In the research of the metallic lattice structures, various
representative topological configurations were proposed.
Among them, tetrahedron, pyramid ***”' kagome #*"
and other unit cells are the most widely used of the
lattice unit cells. However, metallic lattice structures
designed with the above-mentioned unit cells are
generally anisotropic, the application conditions are
limited and the applicability is obviously insufficient.

It is an important research direction to find a lattice
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structure that tends to be isotropic performance. Meanwhile,
for the compression mechanical properties of the metallic
lattice structures, the stress-strain curve of most metallic
lattice structures shows the hump curve '****% few of them
have smooth stress-strain curves and obvious plastic yield
platform 3%, To realize the integrated design of the structure
and function of 316L lattice structures, it is necessary to design
and prepare metallic lattice structures with a smooth stress-strain
curve and an obvious plastic yield platform. In the research of
porous materials, Kelvin once put forward the hypothesis that
the tetrakaidecahedron is the ideal cell structure of porous
materials, which has good spatial expansion and symmetry **.
Mathias et al. ®* studied the anisotropy of the mechanical
properties of lattice structures with different cell structures
by numerical simulation, which showed that Kelvin's
tetrakaidecahedron has good isotropy performance of the
mechanical properties.

In this study, the Kelvin structure was selected as the
unit structure of the 316L lattice structures, and the 316L
lattice structures were obtained from additive manufacturing
combined with investment casting. The compression behavior
of the 316L lattice structures was conducted using the finite
element simulation and quasi-state compression test, and the
compression stress-strain curves with different porosity of
316L lattice structures were established by using numerical
simulation and experimental tests.

2 Finite element analysis model

The compression behavior of the 316L lattice structures was
simulated by using the finite element method. The static
performance of the 316L lattice structures contains the
stress-stain curve, equivalent elastic modulus, equivalent
yield strength, and so on. The equivalent elastic modulus
and equivalent yield strength of the 316L lattice structures
were calculated by finite element analysis with the static
compression, and the bearing performance of 316L lattice

structures was predicted based on the simulated and tested
results.

The 316L lattice structures with the porosity of 70% (Sample 1),
80% (Sample 2), and 90% (Sample 3) were used to carry out
the static compression simulation, and the equivalent elastic
modulus or yield strength of 316L lattice structures were
studied by the compression stress-strain curve.

Figure 1 shows the finite element model diagram of the
quasi-static compression simulation, the size of the metallic
lattice structure is 51 mmx51 mmx51 mm, the strut diameters
of the metallic lattice structures is 3 mm, the element size was
set as 1 mm, and the total number of elements are 510,000.
The 316L stainless steel was chosen as the matrix material of
lattice structures, and the bilinear isotropic hardening model
was adopted to simplify the mechanical constitutive relation.
The plastic performance of the stainless steel was simplified as
a tangent, and the tangent modulus was set to 1.8x10’ Pa in the
finite element simulation. The static mechanical properties of
the 316L stainless steel are shown in Table 1.

0,000 0040 0,080 (m)

0020 008

Fig. 1: Finite element model of 316L lattice structure under
compression

Table 1: Static mechanical properties of the stainless steel

Elastic modulus Poisson'’s ratio

E (Pa) %

Bulk modulus
K (Pa)

Shear modulus
G (Pa)

Yield strength
o (MPa)

1.93x10" 0.31

In this finite element model, the stiffness behavior of the
upper and lower pressing plates was set as the rigid body,
the 316L lattice structures were set as the flexible body. The
boundary condition of the lower plate was fixed support
completely, and the load of the upper pressing plate was set as
the displacement boundary, to ensure that the equivalent strain
of the 316L lattice structures can reach more than 50%, so the
displacement of the upper pressing plate was set as 35 mm. The
type of the contact between pressing plates and 316L lattice
structures was frictional, and the frictional coefficient was set
to 0.25.
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3 Experimental

The selection of matrix material is critical to metallic lattice
structures. Fe-based materials have higher strength, stiffness,
and corrosion resistance compared with nonferrous. The
metallic lattice structures with Fe-based materials have a wider
application space in lightweight and high temperature resistant
components. Therefore, 316L stainless steel was chosen as the
matrix material of metallic lattice structures in this study. The
chemical composition of 316L stainless steel can be found in
Table 2.
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Table 2: Chemical composition of 316L stainless steel (wt.%)

Bal. 19.00 11.00 2.50

The 316L lattice structures were fabricated by using additive
manufacturing combing investment casting. The fundamental
fabrication procedures consist the following steps: (1) prepare
the precursor of the 316L lattice structures by selective laser
sintering, the material for the selective laser sintering process
was polystyrene. (2) prepare the casting mold on the basis of
the precursor, using ceramic materials including quartz glass as
the ceramic skeleton, fine silicon powder as the stabilizer, and
silica sol as the binder. (3) fabricate the 316L lattice structures
by using the vacuum gravity casting process, the preheating
temperature of the ceramic preform was 930 °C, the pouring
temperature was 1,550 °C, and the vacuum degree was less
than 200 Pa. (4) remove the casting mold using potassium
hydroxide in the high-pressure coreless kettle. The 316L lattice
structure fabricated by additive manufacturing combined with
investment casting is shown in Fig. 2. The strut diameters
of the 316L lattice structure were 3 mm, 4 mm and 5 mm,
respectively. The size of the 316 lattice structures were
119 mmx68 mmx68 mm, which can be ensure the integrity of
the compressed sample.

Fig. 2: Precursor (a) and sample (b) of 316L lattice
structures fabricated by additive manufacturing
combined with investment casting

Compression tests were used to evaluate the static load-
bearing properties of the 316L lattice structures. The
compression tests were conducted on the DDL300 electronic
universal testing machine, and the compression speed was
set as | mm-min™ until the sample was compacted, and the
force-displacement curve was obtained by the force and
displacement sensor. The compression stress-strain curve
of the 316L lattice structures was achieved from the force-
displacement curve, the equivalent strain of the 316L lattice
structures should reach 20%.

The compression performance test of the 316L lattice
structures is different from the solid metal, and its performance

<1.50

<1.50 <0.03 <0.04 <0.04

is affected by the size of the sample. To eliminate the size
effect, the 3x3x3 unit cell arrangement of the 316L lattice
structures was used to conduct compression test according to
the finite element analysis to ensure the accuracy of experiment
results. The compression loading figure of the 316L lattice

structure is shown in Fig. 3.

Fig. 3: Compression loading figure of 316L lattice structure

4 Results and discussion

4.1 Finite element analysis

Figure 4 shows the deformation contours of the 316L lattice
structures under the static compression process. It can be seen
from Fig. 4 that the deformation of the whole 316L lattice
structure is uniform in the static compression process, the
deformation and collapse of the unit cell occur simultaneously,
and the plastic bending of the cell edges is the main
deformation mode in the compression process.

The 316L lattice structures with different porosities were
simulated by the finite element method under the static
compression process, and the equivalent elastic modulus and
equivalent yield strength of different porosities were achieved
from the compression stress-strain curves of the 316L lattice
structures. Some of the specimen parameters of 316L lattice
structures are shown in Table 3.

Figure 5 shows the compression stress-strain curves of the
316L lattice structures from the simulated results.

It can be seen that the 316L lattice structures have a smooth
stress-strain curve and an obvious plastic platform in Fig. 5.
None of them shows the hump stress-strain curves. The
compression stress-strain curves of the different porosity are
quite different, indicating that with the decrease of the porosity,
the equivalent elastic modulus and equivalent yield strength
of 316L lattice structures are greatly improved, which proved
that porosity was the main factor influencing the compression
properties of 316L lattice structures under the certain matrix
materials.
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Fig. 4: Deformation contours of metallic lattice structures under the static compression process

Table 3: Specimen parameters of the 316L lattice structures

Length-to-diameter Porosity Strut diameter Specimen size
SEIRE ratio P (%) d (mm) (mm)
1 1.5 70 3 38%38x%38
2 2 80 3 51%51x51
8 25 90 3 64%64%64
90 70
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Fig. 5: Compression stress-strain curves of 316L lattice
structure with different porosities

4.2 Comparison of experiments and
simulations

The compression deformation mode of the 316L lattice
structures can be divided into three steps: (1) overall uniform
deformation in the quasi-static range; (2) structural collapse;
(3) tends to be densification finally. After the compression,
according to the force-displacement curve obtained from
the experiment, the stress-strain curve of the 316L lattice
structures with the same porosity but different pore sizes is
shown in Fig. 6. The porosity of these 316L lattice structures
was 80%. The strut diameters of the 316L lattice structures
were 3 mm, 4 mm and 5 mm, respectively.

It can be seen from Fig. 6 that the compression stress-strain
curves of the 316L lattice structures with the same porosity in
the static compression process are coincident, and the trends of
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Fig. 6: Compression stress-strain curves of the 316L lattice
structures with the same porosity but different strut
diameters

stress-strain curves are the same. It proves that the equivalent
elastic modulus and equivalent yield strength of the 316L
lattice structures are only related to the porosity for a certain
matrix material, and have no obvious relationship with the
strut diameters.

The compression speed of the three samples in the above
experiment are all 1 mm'min”', but because the lengths of the
samples are different, the strain rates are also different. The
strain rates of the three samples are 1.41x10™, 1.05x10” and
8.42x107, respectively. It can be seen that the three samples
are quasi-statically compressed at different strain rates, but
their equivalent elastic modulus and equivalent yield strength
are unchanged, which indicated that the mechanical properties
of the 316L lattice structures in the quasi-static range are not
sensitive to strain rates.
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It should be noted that the main reason for the different
strain values of the three stress-strain curves was due to the
limitations of the equipment itself in Fig. 6 (the maximum
load of the equipment is 300 kN, which is not enough to
fully compact the sample), the three samples cannot be
guaranteed to reach the same strain, but the same compression
is guaranteed. The speed also clearly characterizes the
linear-elastic stage and the plastic yield stage of the static
compression of the 316L lattice structures. Therefore, the three
curves are fully applicable to this experiment.

The above experimental and simulated results are compared
and analyzed, and the comparison curves are shown in Figs. 7
and 8. The strut diameters of the 316L lattice structures are 3 mm
in Fig. 7 and 5 mm in Fig. 8.

From Figs. 7 and 8, it can be found that there is a common
feature in the quasi-static compression simulation and
experimental comparison charts, that is, the equivalent elastic
modulus and equivalent yield strength of the simulation results
are higher than the experimental results. This is mainly because
there are no microscopic defects inside the material and no
cracks on the surface in the numerical simulation. However,
due to the characteristics of investment casting, there are a few
shrinkage cavities porosity inside the experimental sample
and micro-cracks on the surface. Therefore, the experimental
values were all lower than the simulated value.

As can be seen from Figs. 7 and 8, the two curves of the
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Fig. 7: Comparison of compression stress-strain curves
between simulation and actual measurement of the
3 mm sample
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Fig. 8: Comparison of compression stress-strain curves
between simulation and actual measurement of the
5 mm sample

experiment and simulation are basically consistent, but during
subsequent compression, the experimental curve begins to rise
gradually, which eventually exceeds the simulated curve. In
the stress-strain curve of the experiment in Fig. 7, a relatively
obvious densification phenomenon appears after the strain
reaches about 0.4, that is, the sample begins to be compacted,
but the simulation results do not increase significantly. The
main reason for this phenomenon is that due to the heat
treatment process of the experimental sample in the early
stage, there is a large amount of oxide scale on the surface,
which greatly increases the friction between the surfaces
of the sample, so that the growth rate of the experimental
compression force value gradually increases. Finally, the
simulation and experimental results are deviated. Nevertheless,
it was not affected to obtain the equivalent elastic modulus and
yield strength, because these performance paramaters were
achieved in compression with linear elasticity stage.

It can be seen that the experimental and simulated curves are
relatively consistent during static compression, indicating that
the parameters set are accurate in finite element simulation,
and the results are credible. It also verified that the 316L lattice
structures with Kelvin cell have a smooth stress-strain curve
and obvious plastic platform from the compression behavior,
the hump curves are avoided and the application range of the
metallic lattice structures is greatly broadened.

5 Conclusion

In this study, the 316L lattice structures with Kelvin unit cell
were designed and fabricated by using additive manufacturing
combined with investment casting. The compression behavior
of the 316L lattice structures was studied by the finite
element simulation and experimental test. The simulated
and experimental stress-strain curves are in good agreement
with each other. The compression deformation mode of the
316L lattice structures can be divided into overall uniform
deformation in the quasi-static range, structural collapse and
tend to be densification finally. The results show that the
compressive mechanical properties of 316L lattice structures
are directly related to porosity and independent of strut
diameter size. The 316L lattice structures with Kelvin cell
have a smooth stress-strain curve and obvious plastic platform,
and the hump stress-strain curves are avoided.
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