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Abstract

Additively manufactured lattice structures are extensively utilized because of their unique characteristics, including light-
weight design, high energy absorption capabilities, and exceptional specific strength. This study focuses on accurately
simulating the dynamic mechanical behavior of AlSi10Mg lattice structures produced using selective laser melting (SLM).
A series of experimental studies has been conducted to establish the parameters of the J-C hardening and damage model for
additively manufactured AlSi10Mg alloys. The lattice structures, featuring face-centered cubic (FCC) and diamond topologies
with a 25% designed relative density, underwent scanning electron microscopy (SEM) for geometrical precision assessment.
Dynamic compressive behavior was investigated via split Hopkinson pressure bar (SHPB) tests. Numerical simulations in
Ls-Dyna, utilizing the identified J-C parameters, were employed to replicate SHPB tests. Findings indicate that the specific
strength and the specific energy absorption values of FCC lattice samples have higher than those of diamond samples at
strain rates of 750 and 1100 s~!. While the overall strains and deformation modes were well predicted by numerical analyzes,
a deeper insight into local stress concentrations under dynamic loads was achieved. Consequently, the obtained J-C model
parameters offer valuable insight into characterizing the dynamic behavior of Al1Si10Mg lattice structures produced by SLM.

Keywords Additive manufacturing - Selective laser melting - A1Si10Mg - Lattice structures - Dynamic mechanical
behavior - Finite element method

1 Introduction

Additive manufacturing technology, which facilitates the
production of computer-designed objects by sequentially
layering materials, has been rapidly developing and becom-
ing widespread in recent years [1, 2]. Laser powder bed
fusion, also referred as selective laser melting (SLM) is one
of the metal additive manufacturing method that enables
obtaining products by melting metal powders with laser in
powder bed systems. In this technology, a laser beam melts
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the metal powder along a specified path and performs this
process in each layer. The advantages of SLM technology
are often used in the production of complex structures, such
as lattice structures, that are challenging to produce using
traditional methods. The design flexibility inherent in SLM
has prompted researchers to concentrate on optimizing the
performance of geometrically intricate lattice structures
[3-5]. Lattice structures stand out as extensively utilized
porous arrangements across a wide array of applications due
to their exceptional combination of high specific strength,
rigidity, and capacity to absorb energy [6-9].

The performance of lattice structures under both static
and dynamic loads has undergone comprehensive investiga-
tion across numerous studies [10-19]. For instance, Platek
et al. [10] conducted an in-depth examination wherein they
subjected 316L steel lattice structures to both quasi-static
and dynamic compression tests. Their findings revealed that
lattice structures effectively absorb and distribute dynamic
effects, positioning themselves as viable components for
passive protection systems. Additionally, Tancogne-Dejean

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-024-13570-3&domain=pdf
http://orcid.org/0000-0003-2173-8656

3862 The International Journal of Advanced Manufacturing Technology (2024) 132:3861-3875

et al. [11] conducted dynamic experimental analyses on
316L alloy lattice structures and observed these materi-
als to possess a notable energy absorption capacity across
various loading directions. Ozdemir et al. [12] characterized
the quasi-static and particularly dynamic load deformation
behavior of Ti6Al4V alloy lattice structures. Their employ-
ment of split Hopkinson pressure bar (SHPB) tests dem-
onstrated that lattice structures efficiently distribute impact
loads in a timely manner and mitigate the peak impact stress.

Among the alloys commonly processed using SLM,
aluminum alloys, known for their balanced combination
of strength and ductility, exhibit higher energy absorption
capabilities compared to high-strength alloys in specific
circumstances [20-22]. Notably, the A1Si10Mg alloy, dis-
tinguished by its remarkable mechanical attributes within
the realm of aluminum alloys, is one of the few alloys that
is widely produced with SLM [23-26].

One of the most important tools to predict the mechani-
cal behavior of the complex structures is the finite ele-
ment method (FEM). FEM studies have a great place in
the literature and industry to solve the engineering prob-
lems which requires long efforts and costly experiments to
perform. FE modeling of additively manufactured samples
has also gained popularity, particularly in predicting the
dynamic absorption properties [10, 27, 28] and machining
performance [29-32]. By considering the effects of strain
rate, temperature, and pressure on the material’s response,
Johnson—Cook material and damage model (J-C model) is
well-suited for simulating and analyzing complex dynamic
phenomena [33]. The findings in the literature suggest that
employing the J-C model allows for the customization of lat-
tice specimens and facilitates the control and optimization of
cutting performance in additively manufactured specimens.

In addition to the studies conducted with traditional J-C
material model, there have been other researches which
numerically investigated behavior of additively manufac-
tured materials with other material models. One of these
studies was performed by Tancogne-Dejean et al. [28]. They
modeled high strain rate tension and compression response
of stainless steel 316L fabricated through SLM in conjunc-
tion with a modified JC material model. They declared that
the numerical results obtained by modified JC model was in
good agreement with the compression test results. In another
study by Mahbod and Asgari [34], compression responses
of additively manufactured functionally graded porous
materials were simulated using Ls-Dyna software. In their
proposed numerical model, the structures were simulated
with plastic-kinematic material model implemented in Ls-
Dyna software. In a study by Gebhardt et al. [35], AlSi10Mg
alloy rhombic dodecahedron lattice structures fabricated
with SLM were numerically modeled in terms of tension,
compression, and shear and torsion loading conditions with
Abaqus software. Researchers in that study used isotropic
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elastic-plastic material model with von Mises yield surface
and isotropic hardening. They concluded that the material
model successfully predicted the responses of the specimens
under all the loading conditions aforementioned above.

Literature review showed that even though there have
been other material models to model dynamic behavior of
lattice structures, traditional J-C material model is one of
the most efficient and simple material model owing to its
ability to simulate plastic strain with triaxiality [36—38]. A
limited number of investigations have been conducted to
establish the J-C material model parameters specific to addi-
tive manufacturing of AlSil0Mg alloys [39—-41]. However, it
is noteworthy that the damage parameters within this model
were absent in the studies by Maconachie et al. [40] and
Akturk et al. [41]. Additionally, Nirmal et al. [39] utilized
the FEM simulations to deduce these parameters. Never-
theless, comprehensive experimental investigations aimed
at identifying the constants of the J-C material and failure
model for AlSi10Mg alloys produced by SLM are lacking
in the literature.

The dynamic mechanical properties studies of the
AlSi10Mg porous structures are rarely found. Hou et al.
[42] recently examined the energy absorption properties
of AlSi10Mg structures featuring triply periodic minimal
surfaces (TPMS) across different strain rates by using
SHPB. In another study, Maconachie et al. [38] explored
the dynamic characteristics of the body-centered cubic
(BCC)-based and face-centered cubic (FCC)-based
AlSi10Mg structures. Nonetheless, their study utilized
relatively modest strain rates within the range of 100 s~
Therefore, there is still a need to examine the dynamic
mechanical properties of the AISilOMg lattice alloys
which can be particularly effective at absorbing and
dissipating impact energy during crashes, collisions, or
ballistic penetration. To address these gaps, in this study,
J-C material and failure model parameters of AlSil0Mg
alloy produced by SLM were obtained by utilizing series
of experimental tests. The lattice structures were designed
with FCC and diamond topologies. By subjecting these
structures to dynamic compression tests at varying strain
rates using SHPB tests and numerical analyses, their
dynamic compressive behavior is thoroughly explored.

2 Material and methods

2.1 Fabrication of the bulk samples and their
mechanical tests

The manufacturing process using selective laser melting
(SLM) involved the utilization of spherical metal powder
ERMAK A461-AlSil0Mg (15-50 pm). Employing the
ENAVISION 250 SLM device (ERMAKSAN, Turkey), all
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samples were manufactured using processing parameters
including a 320-W laser power, 100-pm hatch distance, 800-
mm/s scanning speed, and 30-pm layer thickness under an
argon gas atmosphere.

To identify the J-C model parameters, bulk tensile and
compression tests were conducted, subjecting them to both
quasi-static and dynamic conditions. For quasi-static ten-
sile testing, cylindrical tensile specimens were fabricated
in accordance with ASTM E8/E8M [43], featuring a gauge
length measuring 20 mm and a gauge diameter of 4 mm.
The samples were clamped at an 8-mm diameter, and their
overall length was 55 mm. Furthermore, the notched tensile
testing specimens were manufactured employing identical
overall dimensions. Notch radii of R, 1 mm, 2 mm, and 5
mm were applied. Figure 1(a—d) present three-dimensional
perspectives of the design for the samples subjected to
quasi-static tensile testing. These specimens were tested at
room temperature (approx. 20 °C) and a reference strain rate
(1073 571 using an Autograph AG-IS-100 kN tensile testing
machine (Shimadzu, Japan), as depicted in Fig. 1(e).

Fig. 1 Quasi-static tensile test a
samples a unnotched (standard),
bR=1,cR=3,anddR=5.¢
An image captured following a
quasi-static test of an unnotched
sample
2 b
SHPB
Tensile Test Quasi-Static Striker bar
Specimens Tensile Test
Specimens —
Support ‘Building
structures Direction

In preparation for the dynamic compression tests, cylin-
drical compression samples measuring @6 X 8 mm? were
manufactured. Similarly, for the high temperature dynamic
tests, tension specimens were produced to align with the
device’s tensile heads, with a gauge length diameter and
length of 6.35 mm and 13.7 mm, respectively. Figure 2(a)
shows a portion of SLMed tensile specimens produced for
both quasi-static and dynamic tests before detachment from
the substrate, along with their respective supports.

Utilizing a split Hopkinson pressure bar (SHPB) test setup
(as schematically shown in Fig. 2(b)), a series of dynamic
compression and tensile tests are conducted at various
strain rates and temperatures. Dynamic compression tests
were performed at room temperature, encompassing strain
rates of 600, 1100, and 1800 s~!. Moreover, split Hopkinson
compression tests were executed at 100, 200, and 300 °C
with a constant strain rate of 600 s~!. The SHPB tensile tests
were applied under strain rates of 750, 1000, and 1400 g1
at room temperature, and similarly, at a strain rate of 1000
s~! tensile tests at temperatures of 100 and 150 °C were

”
”

Incident bar Specimen

Strain gauge 1T Strain gauge :I

Transmission bar

Wheatstone Bridge

X

00

Oscilloscope

Fig.2 a A view of the unnotched and notched tensile test specimens for the quasi-static tests (on the right) and the split Hopkinson pressure bar
(SHPB) tensile test specimens (on the left) on top of the build substrate. b A schematic view of the SHPB test setup
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employed. All quasi-static and dynamic mechanical tests
were applied by using three samples from each condition.

2.2 Design and fabrication of the lattice structures
and their dynamic tests

To examine the dynamic properties and verify the J-C model
properties through numerical studies, lattice samples with
a unit cell size of 4 mm and overall dimensions of 12 X 12
%12 mm? were digitally designed in lattice structures. The
face-centered cubic (FCC) and diamond topologies, were
created using Solidworks software. Computer-aided design
(CAD) representations of these samples can be observed
in Fig. 3. For the FCC and diamond lattice structures, the
strut diameters of these parts were configured as 1.09 mm
and 0.97 mm, respectively, to achieve relative densities of
25%. The samples were manufactured using the identical
processing parameters outlined in Section 2.1 through the
process of SLM.

For the computation of the effective relative density of the
samples, measurements of width, thickness, and height were
taken for each manufactured specimen using a caliper. Uti-
lizing these measurements, the total volume of the samples
was determined, enabling the calculation of their apparent
densities through division by the sample mass. Then, the
experimental relative densities were determined by dividing
the calculated apparent densities by the material density of
2.67 g/lem®.

High strain rate compression tests were conducted at
room temperature on two specimens each to explore the
dynamic mechanical behaviors of FCC and diamond lattice
structures fabricated through SLM. These tests were per-
formed at strain rates of 750 and 1100 s™! using the SHPB
test configuration. Imaging of the lattice structures was car-
ried out both before (as-built) and after the dynamic com-
pression tests by utilizing a MIRA3 XMU scanning electron
microscope (SEM) (TESCAN, Czech Republic).

Fig.3 CAD views of lat-
tice structures: a FCC and b
diamond
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2.3 FEM model of the SHPB test setup

A robust representation of the SHPB test setup was devel-
oped to simulate dynamic compression experiments con-
ducted on lattice structures within the Ls-Dyna software.
The simulation involved a mesh structure consisting of a
total of 174,424 and 155,152 elements for the FCC and dia-
mond lattice simulations, respectively, including Hopkinson
bars in hexahedral structure and lattices in tetrahedron struc-
ture. In these investigations, a uniform element size of 0.4
mm was used for the FCC and diamond lattice structures.
Meanwhile, the striker, incident, and transmission bars were
modeled using an element size of 3 mm. The initial veloc-
ity values acquired from the experimental SHPB device are
assigned to the striker as the governing boundary condition.

The J-C model was employed, integrating parameters
established in this study (detailed in Section 3.1) for the lat-
tice structures fabricated using SLM with AlSi10Mg alloy
powder. Lattice structures were modeled with 15-JOHN-
SON-COOK material model. Hopkinson bars, on the other
hand, are elastically modeled with 01-ELASTIC material
model by using 7.85 kg/m® density, 210 GPa modulus of
elasticity, and 0.3 Poisson ratio values of C350 steel. The
schematic representation of the generated numerical model
is shown in Fig. 4.

In numerical models, contacts between bars
and bar/sample were described by means of
AUTOMATIC_SINGLE_SURFACE.

3 Results and discussion

3.1 Determination of J-C hardening model
parameters

The Johnson—Cook (J—C) hardening model characterizes
how a material responds mechanically under varying rates
of strain and temperatures. The stress-strain relationship
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Fig.4 Schematic representation of the numerical model created for
the dynamic compression tests performed with the SHPB test setup

describing the plastic behavior of the material is represented
as Eq. (1) [44-47].

g=M+B%ﬂP+Cm(f>hL4ﬁW] (1
0

where A is initial yield strength of the material at reference
strain rate and reference temperature. B and n denote the
strain hardening modulus and strain hardening constants,
respectively. While C represents the strain rate hardening
parameter, m is the thermal softening coefficient. ¢ is the
equivalent plastic stress, and ¢, represents the accumulated
plastic strain. £ and £, correspond to the test strain rate and
reference strain rate, respectively. Lastly, 7" relates to the
homologous temperature, and it is found with Eq. (2):
T, —-T,

where T, T, and T,, are test, reference, and melting tempera-
ture, respectively.

3.1.1 Determination of parameters A, Band n

When the test was done at the reference strain rate and refer-
ence temperature which were specified as 107 s~! and 298
K in this study, Eq. (1) can be modified as Eq. (3):

o= [A+Be,"] €)

The true stress-strain curves depicting the unnotched
standard specimens subjected to quasi-static tensile testing
are shown in Fig. 5. Evidently, reproducible results were
achieved across all three samples, and the average val-
ues derived from these curves were employed for param-
eter calculations. It is worth noting that although only one

500
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©
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=
~ 300 -
& — Sample 1
g —— Sample 2
0 200 - —— Sample 3
o
=]
=
100
0 1 T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06

True Strain (mm/mm)

Fig.5 True stress-strain curves derived from the quasi-static tensile
testing of standard tensile specimens

representative curve out of the three is presented hereafter,
all calculations were conducted using the average values.

Herein, the yield stress value of 251.45 MPa acquired
from Fig. 5 corresponds to the value denoted as A. Upon
reordering Eq. (3) following the derivation of parameter A,
Eq. (4) is obtained.

In(c —A) =1In(B) + nln (ep) 4)

The parameter n is determined by the slope of the
regression line formed by plotting ln(ep) (in x axis) against
In(c —A) (in y axis). Consequently, a value n=0.68 was
computed. Upon substituting the acquired A and n param-
eters into Eq. (4), B value was computed as 1664.61 MPa.

3.1.2 Determination of parameter C

To obtain the parameter C (strain rate hardening param-
eter), the true stress-strain curves were generated through
dynamic compression tests. These SPHB tests are done at
600, 1100, and 1800 s~! at the room temperature, and the
resulting stress-strain curves, as well as the reference strain
curve, are presented in Fig. 6(a). The mechanical properties
derived from these curves are also shown in Fig. 6(b). It
is evident that the yield and ultimate compressive strength
values, as well as the fracture strains, exhibited an increase
with higher strain rates. Notably, the fracture strain values
showed approximately threefold increase when the strain
rate escalated from 1073 57! to 1800 s~

Because all the tests aimed at determining the C param-
eter were conducted at room temperature, Eq. (5), derived
from Eq. (1), was employed.
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Fig.6 a True stress-strain a b
curves obtained as a result of
compression tests performed at 600 600 0.20
different strain rates. b Yield, 500 | 500+ /”" £
compressive strength, and T 5 Lo.15 g
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o = [A+Be,"] [1+Cln (i>] )

€
C was computed as 0.00605 using stress values and accu-
mulated plastic strain at 0.02 true strain values, which varied
based on the strain rate. A curve-fitting approach involving
non-linear regression was employed on the data points in the

form of In (f > (x axis) — — 1 (y axis) to find param-
0

9o
[A+B£/,"]
eter C.

3.1.3 Determination of parameter m

To compute the parameter m within the J-C material
model, the true stress-strain curves shown in Fig. 7(a) are
utilized. These curves were derived from tests conducted
at varying temperatures (100, 200, and 300 °C) with a
constant strain rate of 600 s™'. The yield stress, ultimate
compressive stress, and total strain values extracted from
these curves are illustrated in Fig. 7(b). As expected, the
strengths exhibited a decline, while the total strain value
showed an increase with higher strain rates.

By plugging in the previously calculated A, B, n, and C
parameters into Eq. (1), and through a non-linear curve-
fitting process involving stress variations at different
temperatures, the value of m was determined to be 0.835.

Fig. 7 True stress-strain graphs a
derived from compression

Strain Rate (s)

3.2 Determination of J-C damage parameters

Following the computation of all the parameters within the
J—C hardening model for the SLM-produced AlSi10Mg alloy,
the corresponding parameters of the J-C damage model,
defined by Eq. (6) [48, 49], were subsequently determined.

&= [D, + D,exp (Ds0*)] [1 +D, ln(é)] [1+4DsT*] (6)

D, to Ds in Eq. (6) represent J-C damage model param-
eters. In addition, € stands for fracture strain, and o is the
stress triaxiality ratio. According to Bridgman’s formula [50,
51], 6* can be calculated by using Eq. (7):

=L+ 4
o' =3+ iR (7

where d; is the initial diameter of the sample, and R corre-
sponds to the notch radii.

3.2.1 Determination of parameters D, D,, and D,

The formulation of Eq. (6) applicable to tests conducted at
room temperature and at the reference strain rate, fracture
strain value can be written as Eq. (8):

& = [Dy + Dyexp (Dso*)] ®)

tests conducted under various
temperatures at a strain rate of
600 s~!. b Yield, compressive
strength and fracture strain
values obtained from a

True Stress (MPa)
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By employing Eq. (7), ¢* values of the notched samples
R1, R2, and RS were computed as 0.908, 0.661, and 0.478,
respectively. The ¢ value of the unnotched sample is 1/3.
The fracture strain (¢) is a parameter dependent on the initial
(d;) and final diameters (d)) of the tensile specimen post-
testing. Its mathematical expression is provided in Eq. (9):

d;
e =2In (d—) ©)

dyvalue of the samples was ascertained through image
processing of the tensile test specimens after the tests.
After conducting tests at the reference strain rate and room
temperature, the first three damage parameters were deter-
mined based on the fracture strains that varied accord-
ing to the o™ (stress triaxiality factor), in accordance with
Eq. (8). The 6" — ¢, graph is illustrated in Fig. 8, and the
values of D, =1.047, D, = —0.965, and D;=0.0432 were
obtained using a non-linear regression algorithm.

0.10

0.08

0.06 *

0.04 -

Fracture Strain

0.02 -

0.00 . T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Stress Triaxiality

Fig. 8 & (fraction strain) values as a function of ¢* (stress triaxiality
factor)

Fig.9 The perspectives of the
tensile specimens within the
SPHB test configuration after
the dynamic experiments at
strain rates of a 750, b 1000,
and ¢ 1400 s™!

3.2.2 Determination of parameter D, and D,

Equation (10) is derived by rearranging Eq. (6) for tests
conducted at various strain rates (750, 1000, and 1400 s_')
and room temperature:

The calculation of d; values rely on image processing of
high-speed camera captures shown in Fig. 9 which were
obtained immediately after the fracture of the tensile
samples. These values were then used to find & using
Eq. (9). Subsequently, the damage parameters obtained
in the previous section (Sec. 3.2.1) were substituted and
calculated as D,=0.0205 by a non-linear curve fitting
method based on the fracture strains of the unnotched
tensile specimens, which vary depending on the different
strain rates.

To calculate the parameter Ds, the initial step involved
determining 7" (homologous temperature) values through
Eq. (2), utilizing the tensile test temperatures of 20, 100, and
150 °C. Subsequently, by substituting the damage parameters
D, to D,, along with values for ¢* of 1/3 (for unnotched
tensile specimens), & of 1000 s (constant strain rate value
for high temperature tests), T* and the &, (calculated from
Eq. (9)) into Eq. (6), a curve fitting procedure led to the
determination of D5 as 0.785.

Finally, all J-C material and damage parameters for the
AlSi10Mg alloy, produced using SLLM, have been derived
from calculations based on experimental data. These
parameters are tabulated in Table 1.

3.3 Dimensional accuracy of the lattice structures

Additively manufactured diamond and FCC samples were
firstly investigated through SEM images to evaluate both
the dimensional and morphological characteristics of the
struts. Figure 10 shows the SEM images focused on the
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Table 1 Experimentally

identified Johnson—Cook A 251.45
material and damage model B 1664.61
parameters for selective laser n 0.68
melted AlSi10Mg alloy C 0.00605
m 0.835
D, 1.047
D, —0.965
D, 0.0432
D, 0.0205
Dy 0.785

lattice test specimens and the visual depiction of the unit
cells belonging to the diamond and FCC lattice structures.
It is seen that the structural integrity is successfully
preserved.

To ascertain disparities between the intended and
fabricated strut diameters, a minimum of 10 strut diameter

Fig. 10 SEM images from
SLM-generated lattice struc-
tures: a and ¢ Diamond, b and d
FCC lattice structures

measurements were conducted on selected regions of
the manufactured samples using the Image J software.
Table 2 provides details of the strut diameters specified
for each lattice structure, accompanied by the mean and
standard deviation values derived from measurements
in experimental production. Additionally, the measured
relative densities are also included.

Evident from this data, structures with strut diameters
exceeding the intended dimensions were fabricated.
The variance amounts to approximately 50 pm for both
topologies. In the process of SLM fabrication, incomplete
or partial fusion of powder particles can be observed, as
depicted in Fig. 10(c, f). This occurrence leads to an
enlargement of the produced strut diameters beyond
the intended specifications, a phenomenon documented
in various studies [6, 27, 52, 53]. Consequently, the
effective relative densities surpass the original design
values by a slight margin.

Table 2 Comparison of strut
diameter and relative density

Designed strut diam-

Measured strut diam-  Designed relative Measured rela-

. eter (mm) eter (mm) density (%) tive density
values obtained through (%)
measurements from SEM
images with the designed values Diamond 0.97 1.01 £ 0.07 24.85 2746 +0.34

FCC 1.09 1.14 + 0.05 25.00 27.25 +0.44
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3.4 Experimental dynamic mechanical response
of the lattice structures

In this section, the dynamic mechanical properties of the
FCC and diamond lattice structures produced via SLM
under high strain rates were investigated. To achieve
this, compression tests on two samples from each lattice
structure using the SHPB test configuration were conducted
at two different strain rates (750 and 1100 s~'). The
samples were oriented within the test setup to ensure that
the applied force was parallel to their respective building
directions in SLM to align with the methodology employed
in bulk sample testing. Figure 11 represents the views of
the non-tested and tested samples. While the FCC structure
underwent primary compression from both its lower and
upper layers, a more uniform crushing pattern was detected
in the diamond structure.

Fig. 11 Non-tested and tested
a,b,and ¢ FCCand d, e, and f
diamond samples: a, b, ¢, and

d non-tested, b and e tested at a
strain rate of 750 s™', and ¢, d,
e, and f) tested at a strain rate of
1100 57!

Fig. 12 True stress-strain a

Figure 12a and b show the complete set of stress-
strain plots acquired at strain rates of 750 and 1100 s,
respectively. Notably, these curves exhibit remarkable
proximity among samples of the same lattice type, indicating
consistent quality across the production of samples sharing
similar lattice characteristics.

Upon comparing the sample types, it becomes evident
that the FCC lattice demonstrates superior compressive
strength. The highest compressive strength, approximately
37 MPa, was consistently observed at both strain rates for
FCC samples. These findings demonstrate that, in terms of
dynamic mechanical response, the selection of topology
holds significant importance, even when the relative
densities of the designs are equivalent.

Average specific strength and specific energy absorption
values are calculated by considering the sample masses, and

graphs obtained as a result of 50
dynamic compression tests per-
formed on lattice structures at a
750 and b 1100 s! strain rate

sf

True Stress (MPa)

—FCC-1 - —_— -
e 1100 571 T reer
Diamond-1 —~ 40 _ Diamond-1
.- ~. - - Diamond2 S LT T T~ — = Diamond-2
=
=3
[
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[
=
=
(2]
[
=]
=
-
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the results are shown in Fig. 13(a) and (b), respectively. Ana-
lyzing the data from Fig. 13(a), it is apparent that the peak
compressive strength values remain consistent for the same
lattice type across strain rates of 750 and 1100 s~!. How-
ever, as strain rate magnifies, the material displayed more
ductile characteristics, as evidenced by Fig. 12(a) and (b).
Peak strength and failure occurred at higher strains for the
samples deformed at higher strain rate. Therefore, the higher
strain rate led to elevated specific energy absorption for both
lattice topologies due to the increase in the ductility of the
samples (Fig. 13(b)).

The dynamic mechanical behavior of the Al1Si10Mg FCC
lattice structure, designed with an approximate relative
density of 7%, was investigated by Maconachie et al.
[38]. The results indicated a specific compressive strength
of around 15 kPa/(kg/m?) for this sample, which was
compressed under the strain rate of 133 s~!. Notably, this
value constitutes around 30% of the specific compressive
strength determined for the same lattice structure with a
designed relative density of 25%, subjected to compression
at strain rates of 750 and 1100 s™! in the present study. This
discrepancy in specific compressive strength highlights
the notable impact of relative density and strain rate on the
mechanical behavior of FCC lattice structures. However,
as the strain rate increase did not affect the specific
strength values prominently in this study, it can be said
that the dominant influence on these outcomes is primarily
attributable to the relative density rather than the variation
in strain rate.

3.5 Numerical dynamic mechanical response

comparing the total deformation values in the compression
direction between experimental and numerical studies, strain
values were compared. Both experimental and numerical
results of the SHPB compression test applied to the FCC and
diamond lattice structures are presented in Table 3.

The numerical strain values acquired at a deformation
rate of 1100 s~! exhibit a remarkable proximity to the corre-
sponding experimental strain values, showing an approxima-
tion error of merely around 2%. For the numerical analyses
at a deformation rate of 750 s, an approximate 15% error
is obtained in comparison to the experimental values.

The strain rate in the numerical tests is derived by extract-
ing strain values from the middle sections of both the inci-
dent bar and transmission bar, arranged in a configuration
similar to the placement of strain gauges illustrated in
Fig. 2(b)). The approach is rooted in 1D wave propagation
theory, utilizing signals obtained from strain gauges attached
to the bars. The strain rate as a function of time was calcu-
lated using the following formula:

£ - &
l r ( )

Here, C, is the elastic wave speed in the bar; L is the
length of the specimen. ,(?) is the reflected wave, calculated
from the difference between the transmitted and incident

Table 3 Comparison of the experimental and numerical results of
SHPB compression tests on samples with FCC and diamond topolo-
gies

. . N Strain rate (s™!)  Strain (mm/mm) Numerical
of the lattice structures and verification of J-C error (%)
parameters

FCC Exp. 750 0.0822 12.77
The experimental dynamic studies were replicated numeri- EEM 730 0.0717 -
cally by using a developed finite element model (FEM). This xp- 1100 01059 27
. . FEM 1100 0.1083
model was created using the J-C model parameters acquired . E
and introduced in Sections 3.1 and 3.2. In the numerical ~ Piamend Exp. 750 0.0711 16.03
. . . FEM 750 0.0825
analyses, computer-aided design (CAD) geometries of the E 1100 01284
lattice structures imported into the model. Thus, instead of XP- ' 202
FEM 1100 0.1258
Fig. 13 a The specific strength a b
and b specific energy absorption 0 40
values resulting.from the SHPB = 7508 ’g a5 750"
tests based on different lattice E 504 1100 s = — [ 11100s"
structures g 5 30
g 4N g 25
=2 s =
£ 30- < 20
£ 2 s
» 204 c
o w
% 'g 1.0
;'-J- 107 g:_ 0.5
(7]
0 0.0
FCC Diamond FCC Diamond
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Fig. 14 Curves showing the relationship between strain rate and time
derived from both experimental and numerical tests at a strain rate of
1100 s™!

waves. Figure 14 shows the comparison between the strain
rate values over time for the numerical and experimental
SHPB tests on an FCC structure at a strain rate of 1100 s~
Although the experimental values are slightly lower than

the experimental values, potentially attributed to the omis-
sion of losses induced by friction, the close alignment of
the curves affirms the similarity between the numerical and
experimental tests.

Through the application of FEM, it becomes feasible to
analyze the alterations in internal stress within the structure
as the structure undergoes loading. The internal stresses
at various deformation levels during the dynamic com-
pression test conducted at 1100 s™! are presented for FCC
and diamond structure in Fig. 15 and Fig. 16, respectively.
For both lattice structures, it is obvious from both figures
that the highest stresses were obtained as the compression
wave traveled along the lattice structures (Fig. 15(b) and
Fig. 16(b)). In the case of the FCC structure, immediately
following the approach of compression wave to incident bar/
sample interface, the highest stresses were observed on the
outer surfaces of the connecting region where two diagonal
struts meet. As the compression wave traveled through the
structure (Fig. 15(b)) during compression, maximum von
Mises stress increased for the entire structure about 92%.
FCC sample reaches a steady state (Fig. 15(c)) after some
time with the equivalent stress nearly the same as with the
one in Fig. 15(b). In all three deformation stages, it is seen
that the maximum internal stress values were concentrated in
the junction points of the struts. At other parts of the lattice

Von Mises Stress Von Mises Stress Von Mises Stress
a (Pa) (Pa) c (Pa)
P 38340408 7.3060+08 7.139+08
Sy 3.4580+08 6.7070+08 :I 6.439¢+08
2 S 2 e 3.082¢+08 _ 61070408 _ 5.739¢+08 _|
: 2.706e+08 _ 55080408 _ 5.039¢+08 _
. 2.329¢+08 \/ \/( 4.9090+08 4.3380+08
I ) ‘ ) ‘ 5 I < ' 1.953e+08 4.309¢+08 3.638e+08
1.577e+08 | 3.710e+08 2.938¢+08 _
g . | 1201e+08 ' < y 3.1100+08 | 22386408 _
' I¥ ¢ ‘ . ‘ ‘ 8.247e+07 Y, . 2 ) 2 25110408 1.537e+08
A S PR 4.485¢+07 . 1.911e+08 8.370e+07
y 9 y - 7.233¢+06 | G - = 13120408 | 1.367e+07 |
£=0.008 e=0.112 £=0.108

Fig. 15 Equivalent stress evolution across the FCC lattice structure during the numerical SHPB test at 1100 s~
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Fig. 16 Equivalent stress evolution across the diamond lattice structure during the numerical SHPB test at 1100 s~
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structure, aside from junction points, the stress levels tended
to increase at the beginning of the deformation and decrease
at the end of compression process as the sample reached a
steady state.

For the case of diamond lattice structure, unlike FCC
structure, it can be seen from Fig. 16 that the stress dis-
tributes more uniformly all around the structure during
the entire compression process. In the middle stage of the
deformation when compression wave traveled along the
sample (Fig. 16(b)), the maximum stress increased approxi-
mately 95% compared to the first stage. In the steady state
stage after the middle stage, the peak stress decreased by
about 27%. The uniform stress distribution in the diamond
structure might lead to lower peak stresses in the diamond
structure without any crack formation compared to FCC
structures.

After the SHPB compression tests at a deformation rate
of 1100 s~! for both FCC and diamond structures, compara-
tive SEM images and numerical analysis results are pre-
sented, respectively, in Figs. 17 and 18. In the case of the

Fig. 17 Experimental and
numerical post-test views of the
FCC sample tested at a strain
rate of 1100 s™!

Fig. 18 Experimental and
numerical post-test views of
the diamond sample tested at a
strain rate of 1100 s

@ Springer

FCC structure, the tests revealed that the maximum stress
occurs at the junction points of the struts. This phenomenon
has been previously observed in compression tests of FCC
structures [38, 54]. Both experimental and numerical inves-
tigations indicated the presence of small cracks at the junc-
tions of struts close to the surfaces where the FCC structure
interacts with the split Hopkinson bars, as indicated by the
red arrows. A similar observation was made in the study
conducted by Maconachie et al. [38] under dynamic loads,
suggesting its association with stress wave propagation.
Upon examining the images shown in Fig. 18, captured
after conducting the experimental and numerical tests on
the diamond structure, it can be observed that, unlike the
FCC structure, no crack-like damage occurred. Instead, only
compression in the direction of the sample is evident. Conse-
quently, the deformation pattern obtained from the numeri-
cal analysis closely resembles the experimental results. Fur-
thermore, it is noteworthy that the stresses obtained from
the numerical analysis of the diamond structure distributed
more uniformly across all struts in the lattice, in contrast to
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the stress concentration observed in specific regions as in the
FCC structure. This different deformation behavior of the
diamond topology is sourced from its diagonally intersecting
struts in three dimensions which may disperse the applied
load more uniformly.

The way the diamond structure reacts to dynamic loads
holds potential significance, particularly in scenarios involv-
ing more dynamic tests like ballistic penetration. In those
scenarios, the diamond structure’s ability to exhibit a more
uniform response and evenly distribute the resulting stresses
throughout its configuration, as opposed to the FCC struc-
ture, could play a role in enhancing its overall performance.

4 Conclusion

In this study, the dynamic mechanical properties of selective
laser melted AlSi10Mg lattice structures were investigated,
employing both experimental and numerical analyses. The
primary findings can be summarized as follows:

1. Model parameters of Johnson—Cook (J-C) material and
damage model (A = 251.45 MPa, B = 1664.61 MPa,
n = 0.68, C = 0.00605, m = 0.835; D, = 1.047, D, =
—0.965, D; = 0.0432, D, = 0.0205, D5 = 0.785) for
additively manufactured AISil0Mg were determined
based on quasi-static tensile tests, split Hopkinson pres-
sure bar (SHPB) tensile, and compression tests of the
bulk samples conducted at various temperatures.

2. The face-centered cubic (FCC) and diamond AlSi10Mg
lattice structures were produced by selective laser melt-
ing (SLM), aiming for a 25% designed relative density.
While the strut diameters being approximately 0.05 mm
larger than the intended design, measured relative den-
sity of the samples were about 27.5%. This variance can
be attributed to incomplete or partial fusion of powder
particles on the surfaces, as evident from SEM observa-
tions.

3. The compressive dynamic mechanical behavior of the
FCC and diamond AlSi10Mg lattice structured was
characterized at strain rates of 750 and 1100 s~! using
the SHPB tests. The increase in strain rate did not affect
the specific strength values prominently, but only an
increment in ductility was observed. Notably, the FCC
structures demonstrated higher specific strength and
specific energy absorption values in comparison to the
diamond samples.

4. The finite element model (FEM) simulation SHPB tests
of additively manufactured AlSi10Mg implemented by
the determined J-C model parameters effectively repli-
cated the observed deformation behavior and resultant
strains from experimental investigations. Consequently,
this model holds promise for designing optimal geomet-

ric configurations of AlSil0Mg that could be well-suited
for dynamic protective applications, such as ballistic
armor, a subject scheduled for future investigations.
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