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ABSTRACT

Metallic lattice structures are being considered for shock mitigation applications due to their
superior mechanical properties, energy absorption capability and lightweight characteristics
inherent of the additive manufacturing process. In this study, shock compression experiments
coupled to x-ray phase contrast imaging (PCI) were conducted on 316L stainless steel lattices.
Meso-scale simulations incorporating the as-built lattice structure characterized by computed
tomography were used to simulate PCI radiographs in CTH for direct comparison to
experimental data. The methodology presented here offers robust validation for constitutive
properties to further our understanding of lattice compaction at application-relevant strain rates.
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1. INTRODUCTION

Lattice structures are becoming increasingly important in the automotive, aecrospace and defense
industries that require lightweight structural components for load bearing and energy absorption
applications.! These periodic cellular structures can be tailored to have superior vibrational
behavior,? mechanical properies’-'? and energy absorption performance!!"!3 due to their high
stiffness and strength at a low relative density.!®!” Through the years, there have been numerous
efforts to characterize the effects of the manufacturing processing parameters and the resulting
topology on the mechanical properties of metal lattices.!8->* More recently, in-situ materials
characterization utilizing synchrotron radiation light sources for x-ray diffraction and imaging
measurements has revolutionized efforts in model validation and improved our understanding of
the process 23-3% and topology3!-3? effects of metal lattices. But to date, in situ x-ray
measurements have not been employed to understand the compaction response 3334 at
application-relevant strain rates despite these materials being primary candidates for shockwave
mitigation barriers due to their interface dominated structure.?’

Current advancements of pairing shock compression experiments with in-situ phase contrast
imaging (PCI) enables the characterization of the predominate deformation mechanisms driving
compaction in AM materials. Thus far these studies have been limited to polymers.33-3® These
efforts used meso-scale simulations utilizing the idealized three-dimensional structure generated
from a computer aided design (CAD) file to make qualitative comparisons to the PCI
radiographs and infer material properties from the observed deviatoric (shear) and volumetric
(pressure) response. 3337 These idealized simulations ignore manufacturing discrepancies such
as enlarged strut diameters, porosity and other common printing defects which can affect the
observed mechanical response.?? This lack of comparison with PCI radiographs weakens the
relationships inferred from these efforts.

Here, we demonstrate shockwave dynamics in 316L stainless steel lattices using x-ray phase
contrast imaging and report a methodology to perform detailed simulations that incorporate the
as-built lattice characterized by computed tomography into the finite-volume hydrocode CTH
v12.0 39 to produce simulated radiographs for direct comparison. Our work illustrates, for the
first time, a robust validation method for the constitutive modeling of transient deformation
states during the compaction in metal lattices while accounting for common build defects, such
as porosity and broken/misshapen struts, or printing irregularities such as strut diameter. These
results open the possibility of understanding material behavior beyond topological effects
towards material properties that are highly dependent on the manufacturing process and have
previously been disregarded.
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2. METHODS

2.1. Laser Powder Bed Additive Manufacturing

Additively manufactured lattices in three geometries were fabricated using a laser powder bed
fusion (LPBF) system, ProX DMP 200 (3D systems): octet, single-x, and double-x.

Figure 2 shows three-dimensional renderings at three different views of the three lattice
geometries tested. The ProX DMP 200 incorporates a continuous 1070 nm Yb-fiber laser which
was focused roughly 1 mm above the powder layer with a 1/e* spot size approximately 50 um at
the beam waist. The incident laser power was 113 W with a scan speed of 1400 mm/s. Two laser
scan patterns were used depending on the lattice geometry printed. For the octet geometry a
"normal" configuration was used, which raster each part sequentially with scan lines alternating
between layers being parallel/anti-parallel to the powder feed direction (0°) or

perpendicular (90°). The single and double X designs used a hexagonal hatch pattern where each
layer scan direction alternated between 45° and 135°. Laser scan paths and machine instructions
were generated using the 3D systems proprietary software, 3DXpert. The three different
geometries were produced on a single build plate. The feedstock powder distribution was
characterized using a Malvern 3000 (Malvern Panalytical) particle size analyzer and the 10%,
50" and 90™ percentile for particle size were found to be 11.4, 23.1 and 42.6 um, respectively.
Powder composition was quantified on a Aspex using energy-dispersive X-ray spectroscopy
(EDS) to be 59.6% Fe, 18.73% Cr, 8.36% Ni, 1.19% Mn, 1.69% O,, 0.01% Si and 0.009% Al.
Each layer of powder was spread by a roller to a 30 um thickness and a constant flow of argon
gas was used in the build chamber to maintain oxygen levels below 1000 ppm. After fabrication,
parts were removed from the AISI 430F stainless steel build plate using a Makino U6 wire EDM
machine with 0.25mm diameter brass wire. The AM lattices were then characterized using x-ray
computed tomography (CT) on a X3000 CT machine (220 kV and 7.5 watts) with Varex
2520DX x-ray detector system. Each lattice was scanned for 80 minutes at 2.75 frames per
second with a filter of 0.25 mm of copper. Four frames were averaged to produce tiff stacks that
fully captured the tortuous surface features, asymmetric cell structures and printing defects (
Figure 1).

Figure 1. Micro X-ray computed tomography three-dimensional renderings of the 316L
stainless steel lattice geometries at different visual angles and the designated sample
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number (shown at the bottom) for the single-x (SN57), double-x (SN-89) and octet
configurations (SN1-3).

2.2, Meso-Scale Modeling

2.2.1. CTH Rendering of the As-built Lattice

To incorporate the CT characterization of each lattice into CTH, 2D slices were generated from
the CT scan and converted into binary images to clearly identify the AM 316L stainless steel as
shown in Figure 2b. This was done with a simple MATLAB script using the Image class in the
Sandia Matlab Analysis Hierarchy (SMASH) toolbox.** Each image was smoothed using a
median filter and then a thresholding was applied to the intensity of each pixel. While some of
the finer surface features are obscured due to the numerical smoothing, the method clearly
captures the gross features of the lattice.

(@) (b)

Figure 2. Two-dimensional CT slice of the as-built SNO1 lattice (a) and a binary
representation used for generating the 3D geometry in CTH.

Using this stack of 2D binary images of the lattice, a 3D representation of the lattice was
rendered in CTH using a custom MATLAB script.#! This script traced the edges of the 316L SS
lattice in each image, storing the coordinates of each point on the edge in pixels. These points
are converted to x and y dimensions using the known voxel size of the CT scan. A user defined
shape is generated in CTH using these x and y coordinates, defining the lattice boundary. The
thickness of each user defined shape is set equal to the voxel size. These voxel thick slices were
successively stacked until the entirety of the lattice was generated. While this method lacks
elegance, generating input decks on the order of several hundred megabytes, it does render the
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as-built geometry of the lattice to level of accuracy on the order of the CT scan. A CTH
rendering of the as-built lattice using this methodology is shown below in Figure 3, where a clear
printing error is seen in the lattice as indicated by the arrow. Such an anomaly would not have
been captured using the CAD file used for printing the lattices to represent the geometry.

2.2.2. Modeling the Compaction Response in CTH

The simulation used the measured thickness of the impactor and the measured impact velocity.
Semi-infinite boundary conditions were used along the X and Y boundaries along with the
negative Z direction. The semi-infinite boundary condition allowed for simulation of only part
of the Al backer and stainless-steel impactor. This was done to save computational resources,
since wave reflection from the edges of the flier and projectile will not influence the results
during the time of interest. The positive Z direction was given a voided boundary condition.
Since the compaction wave never reached the positive Z boundary during the length of the
simulations, this choice is inconsequential to the outcome of the simulations.

At these large impact velocities, significant off-Hugoniot behavior was expected. As a result, the
equation of state (EOS) of the 316L SS was modeled using the SESAME 4270 table*> and
calibrated Steinberg-Guinan (SG) strength model parameters for 304L stainless steel.*¢47 This is
an approximation, especially given the issues with the SESAME 4270 formulation.*> However,
given that both 304L and 316L stainless steel are austenitic and have similar composition, this
was deemed appropriate for the goals of this work. For the AM lattice, the initial yield point for
the SG strength model was increased to 0.55 GPa to match quasi-static compression
measurements.*® The Al6061 projectile was modeled with the 3700 SESAME table* and
parameterized SG model for A16061.47 Simple void insertion based on a tensile pressure
threshold was used to approximate the failure response of all materials and interfaces. The
impact plane was given an extremely low failure pressure to ensure that it would separate upon
any tensile load.

For the simulations, the cell size in the lattice was kept to roughly the voxel size of the CT scans.
While there is not a one-to-one alignment of the lattice and cells, given CTH is a Eulerian
hydrocode, this was deemed to be a reasonable resolution to capture the geometric irregularities
of the lattice. Adaptive mesh refinement (AMR) was used to reduce the computational cost of
these simulations. Additionally, small flecks of material at non-physical conditions that slow the
timestep were removed from the simulations. While this does not strictly conserve mass and
momentum, the amount of material removed is extremely small and will have no effect on the
results. Even with these measures, the simulations required up to 40 hours on 576 processors to
run to completion.

2.3. Shockwave Experiments

Shockwaves were generated in the metal lattices by launching a wrought 316L stainless steel
flier backed by an Al6061 projectile using the single-stage gas gun at the Dynamic Compression
Sector (DCS) located at the Advanced Photon Source (APS) at Argonne National Laboratory.
Table 1 shows the testing conditions for each lattice geometry. Since this gun is coupled to the
synchrotron, time-resolved X-ray phase contrast imaging of the transient deformation of the
lattice was possible. In situ imaging of shockwave behavior in AM polymer materials has been
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described in detail previously.**** Here we employ a similar technique, schematically shown in
Figure 3, using pulsed x-rays 153.4 nanoseconds apart with a 80 picosecond width (24-bunch
mode at APS) and a photon energy of 25 keV. The x-rays transmitted through the lattice are
detected producing eight images of the transient deformation of the lattice per experiment with a
field of view (FOV) of ~2.5 mm . Given the limited x-ray penetration depths of the high Z
stainless steel, strut spacing of the lattice was optimized to allow sufficient voided space within
the FOV to observe the compaction dynamics.

Table 1. Summary of measured projectile velocity and the lattice geometry along with
sample designation for each experiment conducted.

Shot # Lattice Sample Lattice Projectile
Name Geometry | Velocity (km/s)
20-2-053 SNO1 Octet 0.604
20-1-040 SNO02 Octet 1.259
20-2-054 SNO3 Octet 0.756
20-2-059 SN57 Single X 0.805
20-2-061 SN&9 Double X 0.801

These experimental conditions along with the as-built lattice were incorporated in the CTH
simulations. To orient the lattice in the same manner as the experiment, a lattice number was
printed on the bottom of the base plate. This enabled the impact and x-ray direction in the
simulations to be easily matched to the experiment. Additionally, precise placement of the PCI
field of view relative to the lattice boundary enabled easy generation of comparative simulated
radiographs.

Series of 80 ps width 1153-4 ns apart
X-ray bunches

= = 2D Slit &

Projectile Shutters
@
" ’ 3 CTH Simulation
acg
“ :fo Printing Error
S
— =<
Beam Scintillator
Splitter

ICCD 1
ICCD 4

Approximate
PCI Field of
View

PCI Static Image
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Figure 3. Schematic illustrating the shock compression experiment coupled to phase
contrast imaging with the stainless-steel metal lattice affixed to a target holder at the end of
the gun barrel and x-rays transmitting out of the page through the impact edge of the
lattice to the PCI detector system. The corresponding static PCI image and CTH rendering
with the as-built SNO1 lattice is also shown. The black box shows the approximate area
used to generate a synthetic radiograph to compare to the PCI images.
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3. RESULTS & DISCUSSION

Using our methodology and the built-in function for generating synthetic radiographs available
in CTH we can make direct comparisons between simulations and experiments during the
compaction of a lattice.

Figure 4 shows the PCI image for the compaction of lattice SNO1 (top) impacted at 0.604 km/s
from left-to-right and the simulated radiographs generated by CTH (bottom) where the numbers
above each set of images represent the timing of the images in nanoseconds relative to the
triggering event. There is excellent agreement between the experimental PCI images and the
simulated radiographs using this method. The first set of images (551.6 ns) in

Figure 4 is before arrival of the flyer. In this set of images, the irregularities in the lattice seen in
the PCI images are well captured by our methodology for incorporating the as-built geometry.
As the compaction event proceeds in time, we see that the simulated radiographs capture the
shape of the wave very well. While our simulations seem to slightly underpredict the speed of
the compaction wave, it is on the order of uncertainties in the timing of the images. Considering
the assumptions made in the EOS and strength model and uncertainties in timing of the images,
this agreement is excellent.

551.6 858.4 1165.2 1472 1625.4 1778.8 2085.6

HHEHEEEE
CEEEEEEE

Figure 4. PCI image of the compaction on lattice SNO1 (Top) and the simulated
radiographs generated by CTH (bottom). The numbers above each image set represent the
timing of the images in nanoseconds relative to the triggering event.

To show the robustness of this methodology,

Figure 5 through

Figure 8 compare the recorded PCI images with the simulated radiographs generated by CTH for
lattices SN02, SNO3, SN57, and SN89, respectively. Again, the PCI images are on top and the
CTH simulated radiographs are on the bottom. The numbers above each image set represent the
offset of the image in nanoseconds relative to the triggering event. The comparison for lattice
SNO02, shown in

Figure 5, exhibits excellent agreement in the shape of the compaction wave. In the third and
fourth frame, distinct localization (arrows) of material at the compaction front was observed and
modeled accurately. Additionally, the CTH simulations adequately captured the ejecta generated
from the compaction at this high impact velocity as seen in the last frames (red circle). Although
ejecta or failure of material ahead of the compaction wave is an interesting phenomenon, higher
impact velocities lead to more of a hydrodynamic response that is less dependent on an accurate
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constitutive model. Thus, for the remaining experiments we chose lower impact velocities (~0.6-
0.8 km/s) for lattices SNO3, SN57, and SN89, shown in

Figure 6 through

Figure 8. At these lower impact velocities there is good agreement in the shape of the
compaction wave with respect to the simulation and experiment

236 7 390.1 696.9 1003.7 1157.1 1310.5 1463.9
T T R S e ; S i ‘- R e

Figure 5. PCI image of the compaction of lattice SN02 (Top) and the simulated radiographs
generated by CTH (bottom). The numbers above each image set represent the timing of
the images in nanoseconds relative to the triggering event.

41.5 194.9 348.3 655.1 808.5 1115.3 1268.7 1575.5
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Figure 6. PCI image of the compaction of lattice SN03 (Top) and the simulated radiographs
generated by CTH (bottom). The numbers above each image set represent the timing of
the images in nanoseconds relative to the triggering event.
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Figure 7. PCI image of the compaction of lattice SN57 (Top) and the simulated radiographs
generated by CTH (bottom). The numbers above each image set represent the timing of
the images in nanoseconds relative to the triggering event.

1036.6 1190 1343.4 1650.2 1957 2110.4 2263.8 2570.6
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Figure 8. PCI image of the compaction of lattice SN89 (Top) and the simulated radiographs
generated by CTH (bottom). The numbers above each image set represent the timing of
the images in nanoseconds relative to the triggering event.

Using this methodology, the parameters of the constitutive model can be changed to try and
achieve better agreement between the PCI images and simulated radiographs. To illustrate this,
the SNO1 lattice was simulated with differing strength models, since it was at the lowest impact
velocity where constitutive parameters have the largest effect on the compaction response. A
comparison of the simulated radiographs from the simulations with differing strength models to
the PCI images is shown in

Figure 9. The first set of simulated radiographs (Cal.) are for the calibrated SG model with the
initial yield strength increased to match quasi-static data on the AM 316L stainless steel and are
identical to those in

Figure 4. The second set of simulated radiographs is for an elastically-perfectly-plastic (EPP)
model for the AM 316L stainless steel with an initial yield equal to that measured in the quasi-
static experiments. The third set of simulated radiographs is for a SG model where the initial
yield point is set to the maximum allowable for strain hardening, 2.5 GPa (High Y). The last set
of simulated radiographs is for a purely hydrodynamic simulation (Hydro) were the AM 316L
stainless steel is given no strength. One can see that changes in the strength model alter the
shape of the compaction wave. When no material strength is considered, one sees that
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significant amount of ejecta is generated by the collapse of the lattice. The comparison of
simulations with varying constitutive properties to in-situ x-ray phase contrast images
demonstrates a more direct validation technique than previously afforded.

551.6 705 858.4 1165.2 1472 1625.4 1778.8 2085.6

PCI

Cal.

EPP

High Y

Hydro

Figure 9. PCI image of the compaction of lattice SN01 (PCI) and the simulated
radiographs generated by CTH for various strength models: using the calibrated SG
parameters and the initial yield point as determined through quasi-static measurements
(Cal.), an elastically-perfectly-plastic model using an initial yield point as defined by quasi-
static measurements (EPP), a SG model with the initial yield point set at the maximum for
strain hardening (High Y), and a purely hydrodynamic simulations with no strength model
(Hydro). The choice of strength model is seen to alter the shape of the compaction wave,
with the hydrodynamic case generating a significant amount of ejecta.
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4. CONCLUSIONS

The unique methodology presented here incorporates as-built lattice geometries into CTH to
produce simulated radiographs for direct comparison to in situ x-ray phase contrast images
coupled to shock compression experiments. We demonstrate a technique to incorporate the as-
built lattice using 2D image slices from CT scans to construct a three-dimensional rendering of
the lattice structure in CTH. This allows for divergence from the idealized CAD printing file
used during laser powder bed fusion AM deposition (i.e. strut diameter, defects, porosity, etc.) to
be accounted for in the meso-scale simulation. This capability to produce simulated radiographs
or one-to-one comparison to PCI experiments enables in-depth analysis of how material
properties affect the compaction dynamics in 316L stainless steel lattices. The ability to
parameterize a constitutive module to such multi-dimension loading provides unprecedented
insight into the dynamic behavior of metallic lattices.
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