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Abstract

Additive manufacturing (AM) is an attractive approach for the design and production of complex
structures not possible to realize with conventional methods. While the dynamic mechanical
response of bulk material is object of extensive investigation, the dynamic behavior of
mesostructured material is lacking attention. In this study, a series of different mesostructures,
such as lattice and auxetic structures, was designed and additively manufactured in Ti-6Al-4V by
laser beam melting (LBM). Dynamic compression tests at velocities around 150 — 360 m/s were
conducted at selected samples using a gas-gun. In-situ X-ray imaging provided image data
showing an influence of the design of the mesostructure on its failure behavior. Numerical
simulations of the impact were compared to the experiments demonstrating a promising
accordance. The results enable improved numerical simulation models enhancing their prognostic
capacity. Moreover, the findings support the development of design approaches considering the
structure-dependent failure behavior.

1. Introduction

In contrast to conventional manufacturing methods like milling or turning, additive manufacturing
(AM) offers a broader design freedom. This enables the realization of complex structures on the
mesoscale. Examples for these structures are inter alia fine cellular lattice structures. The design
and manufacturing of these structures is driven by their ability to feature high mechanical
performance such as high strength, high modulus and good energy absorption capacity at a



relatively low mass [1]. These characteristics implicate a great potential for the absorption of kinetic
energy and can therefore be used in applications like crash absorbing systems in the automotive
or aerospace field and blast mitigation in the security or civil protection sector. Moreover, the
reduction of resource consumption and building time are welcomed side effects of these structures.
However, the manufacturing costs are still high and the reliability of the fabrication process is still
challenging. Consequently, the development of working predictive numerical models plays a
crucial role. The capability to evaluate design concepts is of fundamental importance in order to
optimize structures for their specific use.

Different designs of lattices have been investigated in recent studies [1-7]. However, the focus is
on strain rates up to 103 s or quasi-static loading. Therefore, in some of the simulation models
dynamic effects and material failure were not taken into account. Jin et al. [1] investigated the
failure and the energy absorption characteristics of different lattices structures. Hereby, the relation
between relative density, cell type and energy absorption was studied. Strain rates of 10° s were
analyzed. Imbalzano et al. [2] effectively simulated auxetic sandwich panels under high velocity
impact. However, damage of the lattices was not considered and no experimental validation is
published so far.

In this paper, we focus on the investigation of several mesostructures under high velocity impact
resulting in high strain rates in the range of 10%- 10° s*. A couple of homogeneous and gradient
lattice structures as well as auxetic mesostructures have been tested. The structural and failure
behavior was captured by ultra-high-speed in-situ X-ray imaging [8]. This enables the analysis of
the failure behavior like buckling or local and global deformation of various lattice designs. The
experimental outcomes allow a validation of the predictions of the numerical simulation results and
an improvement of the applied numerical models. Furthermore, this study shows a first approach
to influence the location of initial failure.

2. Materials and Methods

In this study, a series of different auxetic and non-auxetic mesostructures was designed. Several
auxetic structures based on different unit cell shapes were constructed with homogeneous
distributions of identical cells. The auxetic cell geometries were inspired by existing
literature [9, 10]. Additionally, cubic space centered lattices have been designed with variations in
truss diameter or with a continuous gradient of the truss thickness. All digital information regarding
the non-auxetic lattice structures were generated by an in-house developed algorithm enabling the
creation of complex lattice structures. The CAD-constructions are based on NURBS splines and
smooth transitions between structural members [11]. The cubically designed mesostructures had
a volume of 8x8x8 mms3 and were arranged between two plates of 2 mm thickness. Figure 1 (left)
illustratively shows a CAD model of a designed mesostructure.
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Figure 1 — Left: CAD model of a designed mesostructure. Right: 3D printed metallic mesostructures on the building plate.



The investigated samples were produced by a commercial laser beam melting (LBM) system
(EOS M 100) equipped with a 200 W laser unit (YLR-series, CW-laser, wavelength 1070 nm,
Gaussian TEMoo mode). The titanium alloy Ti-6Al-4V (particle size distribution Dso: 39 £ 3 um) was
processed in 20 um layers. No heating was applied to the building platform and an argon-based
inert gas atmosphere of O2< 0.1 % was applied in order to avoid oxidation. A shield gas stream
flowing over the powder bed was applied to remove any side products arising from the welding
process. The samples were built in two orientations; horizontal or diagonal (see Figure 1, right).
The production in a vertical orientation is not possible due to manufacturing restrictions. The
support structures were removed manually. No heat treatment or other post treatment was applied.

In the test setup, a subset of the printed structures was impacted at velocities around 150 —
360 m/s by an aluminum flyer plate of 5 mm thickness using a gas-gun [12]. Each flyer plate with
its polycarbonate sabot had a mass of about 21 g. The samples were mounted on aluminum plates
of about 15 g. The impact process was recorded with ultra-high-speed in-situ X-ray imaging [8].
The analysis of the obtained image data was performed with the digital image correlation software
GOM Correlate.

3. Results and Discussion

3.1. Experimental

The following analysis focuses on the experiments listed in Table 1. The nominal diameter of
the trusses refers to the CAD data. Due to manufacturing tolerances, the real diameters tend to a
certain oversize.

Table 1 — Experimental data.

Sample ID Sample type Sample mass [g] | Impact velocity [m/s]

Structure 1: lattice with trusses of

1 0.25 mm nominal diameter

1.32 142

2 Structure 2: Iattlc_e Wlth_ trusses of 157 350
0.55 mm nominal diameter

3.1 Structure 3: lattice with truss diameter 1.47 137

3.2 gradient from 0.25 to 0.55 mm ' 360

4.1 . 145
Structure 4: auxetic structure 0.79

4.2 247

In the following figures, impact events for each sample type are displayed in a series of
representative images. The impact direction points to the right. With starting deformation of
sample 1 (Figure 2) due to the impact, an expansion of the lattice cells orthogonal to the impact
direction can be detected. The compressive forces are conducted to the fringe area to a certain
extent. This can be explained by the fact that the trusses leading to the fringe are free ends,
whereas the trusses in the center are supported by the back plate. This leads to a triangular area
in the right center of the sample withstanding the impact force longer. This implies that the behavior
of the unit cells is dependent on the boundary conditions. A single unit cell will behave differently
than an arrangement of several cells or even the limiting case of an infinite layer of cells. The
failure behavior of the sample starts near the impacted side and continues as a cascade through
the sample. There seems to be a structural response at low stress amplitudes that is followed by
crushing under full impact stresses from the left to the right. In contrast to sample 1, sample 2
(Figure 3) exhibits a lower degree of plastic deformation and therefore a less pronounced triangular
zone. However, it is not trivial to deduce and compare an energy absorption capability from the
image data. Contrary to the failure behavior of samples 1 and 2, a shock wave passes sample 3.1
(Figure 4) and initiates failure near the non-impact side. Nevertheless, the triangular area can also



be observed in this case. Comparing samples 1 and 3.1, it can be stated that the latter undergoes
less damage. This suggests that the energy absorption behavior of sample 1 could be superior.

Figure 2 - Sample 1 before (left, t = 0 ps) and during (middle, t = 10 ps and right, t = 26 ps) the impact process of an
aluminum flyer plate with an impact velocity of 142 m/s.

Figure 3 - Sample 2 before (left, t = 0 us) and during (middle, t = 7 ps and right, t = 23 ps) the impact process of an aluminum
flyer plate with an impact velocity of 350 m/s.

Figure 4 - Sample 3.1 before (left, t = 0 ps) and during (middle, t = 10 ps and right, t = 16 ps) the impact process of an
aluminum flyer plate with an impact velocity of 137 m/s.

Figure 5 - Sample 3.2 before (left, t = 0 ps) and during (middle, t = 9 pus and right, t = 24 us) the impact process of an
aluminum flyer plate with an impact velocity of 360 m/s.

Figure 6 — Sample 4.2 before (left, t = 0 us) and during (middle, t = 10 ps and right, t = 26 ps) the impact process of an
aluminum flyer plate with an impact velocity of 247 m/s.




Sample 3.2 (Figure 5) was impacted inversely to sample 3.1. The failure behavior on the left
side is similar to the thin structure of sample 1, on the right side to the thicker structure of sample 2.

Structure 4 (Figure 6) could be proved to exhibit auxetic behavior, meaning contraction of the
unit cells in all three dimensions due to compressive forces in one direction. This causes a material
densification potentially leading to a higher resistance against compression [13]. However, in this
case, it is not obvious from the images whether there is a beneficial effect on the energy absorption
behavior due to the structure itself. Contrary to the lattice structures discussed before, the unit cells
in this structure type are laterally isolated. This allows each cell to deform individually.

Figure 7 (left) displays the displacement behavior of the front and the back plates, respectively.
A source of error in the analysis can be the scale, due to the fact that it has to be set manually in
the software. However, this does not affect the qualitative results of the analysis. Small leaps in
the displacement curves shown below can be explained by tracking problems of the software and
may not be overrated. The curves are cut if the analyzed points are lost before leaving the record
window. Missing points in the curves are interpolated.

Looking at the displacement of the front plates, it is obvious that the slope of the curves
increases with higher impact velocity. Analyzing the beginning of acceleration of the back plates
(Figure 7, right), it can be stated that the displacement behavior of structures 3 and 4 seems to be
independent of the impact velocity and the impact direction. For structure 4, the curves for sample
4.1 and 4.2 separate at around 5 ps. In the case of structure 3, the displacement behavior seems
to be similar up to 16 ps. This implies that similar low amplitude stress waves pass the structure
before the crushing front reaches the back plate.

Comparing the displacement behavior of sample 1 with sample 3.1, it can be observed that
despite a slightly higher impact velocity, the increase in velocity of the back plate is quite lower.
This confirms the assumption that the performance of structure 1 concerning the damping behavior
is better due to a higher degree of plastic deformation. Nevertheless, the behavior of sample 3
impacted from opposite directions demonstrates the possibility to determine the location of first
failure by designing structures for specific purposes.

Concerning the samples 2 and 3.2 tested at similar impact velocities, the final velocities of the
back plates seem to converge. However, the acceleration characteristics differ considerably.
Sample 3.2 exhibits a more delayed but then faster increasing acceleration. This can be related to
the gradient characteristics of the structure with thin struts at the front changing to thick struts at
the back. At first, the finer structure offering less resistance collapses. Therefore, the transmission
of kinetic energy to the back plate is reduced in the beginning. The non-gradient structure of sample
3.2 leads to a steadier transfer of momentum.

The behavior of the auxetic structure 4 cannot be compared directly to the other samples, as
the sample mass is approximately just one half. Nevertheless, it can be stated that the structure
shows a clear damping effect which needs to be analyzed further.
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Figure 7 — Displacement of impacted samples analyzed for front (solid lines) and back plates (dashed lines), respectively. The
right image is a magnified view of the time range when the acceleration of the back plates starts.

3.2. Simulation

A three-dimensional, numerical model representative of the complex lattice structures was
developed using the Altair Radioss explicit finite element code. The model consists of three
different components, the flyer plate, the mounting plate and the structure. To minimize the
computing time, symmetric boundary conditions were applied. Therefore, only a quarter of the
components had to be modeled. The flyer and mounting plate were modeled as 2-D shell elements.
Due to the expected deformation of the mounting plate, an elastic-plastic material model was
chosen, whereas the flyer was modeled with an elastic material model. For the impacted lattice
structures, a more complex material model was used.

Deformation under impact loading is a complex and dynamic process and requires the
consideration of strain, strain rates and material failure. Therefore, the Johnson-Cook (JC)
constitutive material model was used to model the material of the lattice structures. Material failure
was taken into account by a simplified damage model, where damage occurred when a critical
fracture strain was reached. In this case, the affected element was deleted. Previous
implementation of the JC failure model showed a premature damage occurrence and therefore a
great discrepancy in the simulation results. Furthermore, an equation of state was necessary to
successfully describe the material model due to the fact that ductile material is impacted at
significant high speed (>120 m/s) [14]. Therefore, the Mie-Griineisen equation of state was taken
into account. The material parameters of Ti-6Al-4V for the JC material model and the Mie-
Gruineisen equation of state were taken from existing literature [15, 16].

Plastic Strain

Figure 8 - Simulation of plastic strain of the impacted auxetic lattice structure 4. with an impact velocity of 145 m/s
corresponding to sample 4.1 att = 0 ps (left), t =4 ps (middle) and t = 17 ps (right).



Exemplarily, Figure 8 shows the simulation results of the auxetic lattice structure 4 with an
impact velocity of 145 m/s corresponding to sample 4.1. Failure occurred mainly in the connection
from the lattices to the front plate as well as in the first connection point between the lattices. Also,
the auxetic effect of the cells in the first layer can be observed. These results match with the
experimental results. Furthermore, the time dependent displacements of the impacted front and
non-impacted back plate of the lattices were investigated. The displacement of the lattice
structure 4 at impact velocity of 145 m/s of both experiment and simulation are shown in Figure 9.
It can be seen that the resulting displacements of the simulation model do not totally agree with
the results of the experiment. In particular, the displacement of the non-impacted side of lattice
structures shows smaller values. It can be assumed that the difference is mainly due to the material
loss of the lattice structure. In the simulation, damaged elements were deleted from the model. In
case of impact, high strains occur and many elements satisfy the failure criterion and are deleted.
During the simulation, 6 % of the elements were deleted due to the simplified failure model in
comparison to the JC damage model, where approximately 20 % of the elements were erased. It
Is known that the erasure of an element often leads to underestimation of reaction forces and non-
physical failure patterns [17]. For example, the reaction forces could not be transferred by the
lattices from the impacted side to the non-impacted side of the structure. The resulting
displacement of the non-impacted side confirms this assumption.

For the simulation, different refined meshes were used. Although a fine mesh is required to
provide a convergent solution, it implies higher computational costs. As a result of high
deformations of the elements, a significant decrease of the time step occurred and the computing
time increased to an unwanted level.

Furthermore, it is to mention that geometrical variation due to manufacturing tolerances of the
LBM process have not been considered. Also, the JC material and damage parameters, which had
been taken from the literature, were determined based on conventionally manufactured Ti-6Al-4V.
The comparison between the experiment and the simulation results showed that the proper
material characteristics of additively manufactured Ti-6Al-4V need to be investigated. Especially,
the material and failure characteristics of fine lattices need to be analyzed.
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Figure 9 - Time-displacement-curve of front and back plate of lattice structure 4.1.



4. Conclusions

This study showed that the design of a mesostructure has an influence on the characteristics of
its energy absorption and its failure behavior. For this purpose, a selection of homogeneous,
gradient and auxetic mesostructures was analyzed under impact velocities between 140 m/s and
360 m/s. By analyzing the images, the time dependent displacements of the front and back plates
of the structures were investigated. Whereas the homogeneous lattice structures with different
truss diameters showed a similar structural behavior under impact, the lattice structure with truss
diameter gradient showed that it is possible to influence the location of initial failure under high
velocity impact. In addition, it could be concluded that the failure behavior is dependent on the
boundary conditions of the mesostructure. An auxetic effect could be proven at an auxetic
mesostructure under two impact velocities up to 250 m/s.

Besides the experimental testing, simulations of the mesostructures were realized. Although the
simulation results show the correct tendency of the structural and failure behavior of the lattice
structures, there are discrepancies caused by element erasure and imprecise material parameters.
Therefore, material characteristics of LBM manufactured Ti-6Al-4V need to be determined. In
particular, the characteristics of thin trusses and the influence of scaling should be investigated.

It needs to be mentioned that the variety of different structures and impact velocities was
restricted in this work. For further predications of the characteristics of different mesostructures,
more systematic studies at different impact velocities will be necessary. Thereby, the impact
velocities can be determined where shockwave effects have a significant impact on the structural
behavior of thin truss diameter mesostructures. As well, the strain rate dependent characteristics
of the lattices can be investigated. These results will help to obtain an effective simulation model.
Furthermore, more designs of lattices should be analyzed. Thereby, different gradients in truss
diameter of the lattices can be applied to vary the location of initial failure. An improved
understanding of the correlation between structural design and failure behavior would enable the
simulation-based design of optimized structures for specific applications.
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