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New materials, new opportunities
by Dr. Georg C. Ganzenmüller

Preface

In recent years, additive manufacturing has leapt forward at an 
extraordinary pace. Today, the technology enables us to realise the 
most complex structures, which are not obtainable by conventional 
machining. 

As a result, new functional materials with their engineered mesoscale struc-
tures have become a central pillar in today’s materials research. The term 
“materials”, however, requires attention. Is the matter that is produced by addi-
tive manufacturing a material or a structure? The answer depends of course on 
the length scale used to characterise the matter. 

To avoid contradiction, the term mechanical metamaterial is used to describe 
a structured material, whose properties are very different from the intrinsic 
behaviour of the constituting base material used for manufacturing. The 
mechanical properties of a metamaterial are governed by its geometrical struc-
ture on a length scale smaller than the overall dimensions of the manufactured 
object, i.e., its external dimensions, but larger than the microscopic length 
scales, i.e., its atomistic structure.

Metamaterials allow us to design mechanical behaviour with properties that 
are dramatically enhanced compared to, or inexistent in natural materials. 
Examples include negative elastic moduli, negative compressibility, and nega-
tive thermal expansion.

The understanding of these effects is limited at the moment. Considerable 
research effort has been devoted to investigate the phenomena under quasi-
static, or steady-state conditions. However, investigation into the dynamic 
properties of mechanical metamaterials is still in its infancy. The research is 
complex, as the term metamaterials implies that both the constituting base 
material as well as geometrical choice for the mesoscale are significant.



At the same time, the possibilities of new material behaviour that can be 
achieved by suitable geometrical design choices are fascinating: anisotropic 
gradients in wave propagation, surface localization of vibration and deforma-
tion energy, acoustic and mechanical rectifiers as well as by-passers are within 
reach.

At this threshold, the 26th Technical Meeting of the DYMAT Association takes 
place. More than 30 presentations are presented along the four topics:

1. Metallic base materials
2. Metallic structures
3. Simulation
4. Polymers

The conference proceedings thus offer a comprehensive view of cur-
rent research in the field of »Dynamic Behavior of Additively Manufactured 
Structures & Materials«.
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Interest in the shock-loading response of alu-
minum(Al) dates to the early seminal study of 
John S. Rinehart in 1955.  In this study, a [100] 
high purity Al single crystal was shock loaded 
in a target assembly comprised of three ma-
chined pieces, the sample a [100] Al single 
crystal and two surrounding concentric tanta-
lum rings.  A 3.94mm thick tantalum(Ta) flyer 
plate was accelerated and impacted target as-
sembly at 455 m/s at -165o C.   Due to this 
configuration, the stress path in the [100] Al 
crystal starts at 5.7 GPa in the Al but transi-
tions to the peak stress state given by the Ta 
impactor hitting the Ta ring around the Al crys-
tal at the impact velocity which is ~ 14 GPa. 
The central Al crystal thereafter rings up via 
lateral Mach waves such that the Al crystal 
sees a complex biaxial strain field across the Al 
and higher shear stresses. In this paper, the 
substructure evolution in the (100) Al crystal 
is presented and discussed in relation to pre-
vious data on the shocked polycrystalline Al. 

1 INTRODUCTION 

Deformation twinning is an important mode of plastic deformation, particularly in lower symmetry 
metals and alloys, and is also known to occur in a variety of face-centered-cubic(fcc) metals and 
alloys[1, 2].  While deformation twinning is commonly seen in many fcc metals and alloys, its occur-
rence in fcc metals and alloys with higher stacking fault energies, like Cu, Ni, and Al, is less commonly 
observed[1]. Unlike many other face-centered-cubic pure metals and alloys, such as Ag and brass, 
these studies have documented the absence of shock-induced twinning in polycrystalline Al even 
when Al is shock loaded to high peak shock stresses and at low temperature[3].   This is especially 
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crystal and two surrounding concentric tanta-
lum rings.  A 3.94mm thick tantalum(Ta) flyer 
plate was accelerated and impacted target as-
sembly at 455 m/s at -165o C.   Due to this 
configuration, the stress path in the [100] Al 
crystal starts at 5.7 GPa in the Al but transi-
tions to the peak stress state given by the Ta 
impactor hitting the Ta ring around the Al crys-
tal at the impact velocity which is ~ 14 GPa. 
The central Al crystal thereafter rings up via 
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and higher shear stresses. In this paper, the 
substructure evolution in the (100) Al crystal 
is presented and discussed in relation to pre-
vious data on the shocked polycrystalline Al. 

1 INTRODUCTION 

Deformation twinning is an important mode of plastic deformation, particularly in lower symmetry 
metals and alloys, and is also known to occur in a variety of face-centered-cubic(fcc) metals and 
alloys[1, 2].  While deformation twinning is commonly seen in many fcc metals and alloys, its occur-
rence in fcc metals and alloys with higher stacking fault energies, like Cu, Ni, and Al, is less commonly 
observed[1]. Unlike many other face-centered-cubic pure metals and alloys, such as Ag and brass, 
these studies have documented the absence of shock-induced twinning in polycrystalline Al even 
when Al is shock loaded to high peak shock stresses and at low temperature[3].   This is especially 
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Aluminum (Al) single crystals of orientation [100] and 99.9999 purity were purchased from Princeton 
Scientific Corporation[16]. Plate-impact experiments were performed on an 80 mm bore single-stage 
light gas-gun. The target assembly was mounted to the front of a steel “stripper-can,” designed to 
arrest the projectile and the material surrounding the samples, while allowing the sample to be ejected 
into a soft-capture media. This experimental technique has been described in detail by Gray[17]. The 
target assembly was comprised of three machined pieces, the sample (a disc) Al single crystal [100] and 
two surrounding concentric tantalum(Ta) rings.  The target assembly was precision machined so that all 
the pieces where lightly pressed together to form an assembly 69.85mm in diameter and 7.85mm thick 
(Figure 1).  6.35mm soft copper tubing was soldered to the outer perimeter of the outer Ta momentum 
trapping ring to allow liquid nitrogen to flow and cool entire target assembly.  The primary diagnostics 
used was Photonic Doppler Velocimetry (PDV)[18] and sample recovery with post –mortem metallurgi-
cal analysis.  Sample assembly was impacted using an 80mm smooth bore gas launcher and soft recov-
ery technique were deployed stripping sample from assembly and decelerating the Al single crystal 
sample into low-density materials.   Seven single-point PDV probes were placed behind of sample as-
sembly to measure free surface velocity (FSV), two on the inner Ta target ring, two on the tapered in-
terface between the [100] Al crystal sample and Ta inner ring, and three on the [100] Al sample itself.  
The 80mm launcher target chamber pressure was bought to 300 millitorr and liquid nitrogen was run 
through the copper tubing cooling sample assembly to -165o C for 8 minutes before impact.   
 

 
  
FIGURE 1     Schematic of the shock-loading assembly.  The assembly was surrounded by a copper tube soldered 
to the assembly to allow cooling of the assembly to cryogenic temperature while multiple PDV probes track the 
particle velocity in the [100] Al single crystal and the surrounding Ta momentum trapping rings. 

The shock-recovered [100] Al crystal was cross sectioned and prepared according to standard 
metallographic techniques. Sample preparation consisted of grinding on SiC paper with increasingly 
finer grit under very light pressure, followed by mechanical polishing with 0.3 μm alpha alumina 
slurry, and then a mixture of 5:1 by volume of 0.04 μm colloidal silica and hydrogen peroxide. The 
as-polished sample surfaces were lightly etched with a solution containing 6g of sodium hydroxide 
and 50 ml water.  A Zeiss Axio Imager M2m optical microscope was used to interrogate the etched 
surface and to identify regions of interest for electron microscopy.  Electron Backscatter Diffraction 
(EBSD) was employed to investigate the cross sections of the samples on a Thermo Scientific™ AP-
REO 2 SEM, using the Oxford AZtec Data Collection software.  EBSD data was acquired with a step 
size of 0.2μm to obtain detailed information on the microstructure.  Boundaries with more than 50° 
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true in single- and polycrystalline Al alloys which do not twin under normal deformation conditions 
but were seen in a shock-loaded Al-4.8Mg alloy[4] and emanating from a crack in a foil of pure 
aluminum[5].  Twinning in most fcc, body-centered-cubic(bcc), hexagonal-close-packed(hcp), and in-
termetallic compounds is known to significantly increase in importance as the temperature is low-
ered or the strain rate is increased, particularly under impact and/or shock-wave loading[1, 6-8].   

Research interest in the shock-loading response of copper(Cu) and aluminum(Al), including the 
activation of deformation twins during shock loading, dates to the early seminal study of John S. 
Rinehart in 1955[9] on Al and shock studies of C.S. Smith on Cu in 1958[10].  While C.S. Smith[10] 
found that shock loading activated extensive twinning in shock prestrained polycrystalline Cu, Rine-
hart did not observe deformation twin formation but rather complex dislocation slip behavior in an 
explosively loaded Al single crystals[9].  Ogisevskii and Bushnev also studied the deformation struc-
ture development in Al and Cu single crystals subjected to shock loading up to 50 and 100 GPa, 
respectively[11].  No evidence of deformation twinning was found in that study on [110] and [113] 
oriented Al-single crystals shocked to 20-50 GPa[11].  Since that time, numerous researchers have 
probed the substructure evolution in shock-loaded single and polycrystalline Al[3, 4, 12] but none 
of these studies have documented deformation twin formation.  More recent research on a Cu 
[100]/	[011%] bicrystal[13] has demonstrated the strong influence of crystal orientation on the peak 
shock stress required to initiate deformation twinning in high-purity Cu single crystals.  In this study, 
transmission-electron microscopic(TEM) revealed well-defined dislocation cell structures in both 
crystal orientations shocked to 10 GPa but also found deformation twins to be dominant within the 
[100] grain and absent in the [011%] grain.   This twin activation was analyzed by examining the ener-
getically favorable dissociations of slip dislocations into Shockley partials coupled with the stress-
orientation effect on the width of the partial dislocation[13].  In this analysis, it was shown that the 
core separation in the [100] crystal shocked to 10 GPa was enough to cause twinning but not in the 
[011%] Cu crystal case[13]. 

The focus of the current study was to investigate if deformation twinning can be activated in 
a 99.999 purity  [100] Al single crystal when the shock-loading conditions have been manipulated 
to suppress dislocation slip.   Based upon the previous study of Cao et al.[13], a [100] single crystal 
was chosen as one means to bias the stress and orientation conditions conducive to dissociate dis-
locations into glissle twinning dislocations.   Secondly, the experiment was designed to be conducted 
at a cryogenic temperature to favor twinning by suppressing overall thermally-activated slip pro-
cesses consistent with previous literature findings on temperature effects on twin activation[1, 2, 
4].  Finally, given that twins constitute homogeneously sheared regions, choosing a shock-loading 
loading path that can increase the magnitude of the shears applied during the shock was designed 
into the experiment.  In this regard, research by Brown et. al.[14, 15] has demonstrated a technique 
by which converging shocks in a bi-material concentric shock assembly can be utilized to develop a 
Mach conical converging shockwave leading to higher shock stresses.  Utilizing this technique coni-
cally converging shocks are generated at the interface in the bi-metallic shock assembly which upon 
convergence lead to irregular reflections and a high pressure state due to the formation of a Mach 
disk[14, 15].  As the Mach reflections grow to steady state in the central sample,  a multidimensional 
state of longitudinal and shear stresses and strains ahead of the shock develops [14, 15].  This tech-
nique was chosen as a means to subject the [100] Al single crystal is a higher level of longitudinal 
stress and shear stresses than could be achieved via a 1-dimensional plane shock impact. 

2 EXPERIMENTAL PROCEDURE 
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The focus of the current study was to investigate if deformation twinning can be activated in 
a 99.999 purity  [100] Al single crystal when the shock-loading conditions have been manipulated 
to suppress dislocation slip.   Based upon the previous study of Cao et al.[13], a [100] single crystal 
was chosen as one means to bias the stress and orientation conditions conducive to dissociate dis-
locations into glissle twinning dislocations.   Secondly, the experiment was designed to be conducted 
at a cryogenic temperature to favor twinning by suppressing overall thermally-activated slip pro-
cesses consistent with previous literature findings on temperature effects on twin activation[1, 2, 
4].  Finally, given that twins constitute homogeneously sheared regions, choosing a shock-loading 
loading path that can increase the magnitude of the shears applied during the shock was designed 
into the experiment.  In this regard, research by Brown et. al.[14, 15] has demonstrated a technique 
by which converging shocks in a bi-material concentric shock assembly can be utilized to develop a 
Mach conical converging shockwave leading to higher shock stresses.  Utilizing this technique coni-
cally converging shocks are generated at the interface in the bi-metallic shock assembly which upon 
convergence lead to irregular reflections and a high pressure state due to the formation of a Mach 
disk[14, 15].  As the Mach reflections grow to steady state in the central sample,  a multidimensional 
state of longitudinal and shear stresses and strains ahead of the shock develops [14, 15].  This tech-
nique was chosen as a means to subject the [100] Al single crystal is a higher level of longitudinal 
stress and shear stresses than could be achieved via a 1-dimensional plane shock impact. 

2 EXPERIMENTAL PROCEDURE 
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misorientation and having <111> as the disorientation axis were identified and highlighted. Amongst 
these boundaries, several boundary segments were highlighted as Ʃ3 boundaries when a 10° devi-
ation was imposed for the identification algorithm.   
 Parallel to the experiment, computer simulations of the experiment were also conducted.  
Simulations were performed using FLAG, an Arbitrary Lagrangian-Eulerian (ALE), explicit, finite-vol-
ume hydrodynamics code using arbitrary polyhedral computational zones developed at Los Alamos 
National Laboratory. Two-dimensional axi-symmetry was assumed in all simulations. The utilized 
quadrilateral structured mesh consisted of an average cell size of 9E-3 cm. The tantalum impactor 
and outer rings were modeled using a Maxwell-constructed version of a multiphase Ta EOS (SES-
AME 93524)[19], while SESAME 3720 EOS was utilized for aluminum[20]. A Steinberg-Cochran-
Guinan derived strength model was used for both materials, with model parameters obtained 
from[21].  Strength model parameters corresponding to pure tantalum and aluminum 6061-T6 were 
assumed[21].  Within the simulations, the tantalum flyer was initially moving at the impact velocity 
and impacted the target assembly at to. Thus, the simulation data has been shifted in time to coincide 
with the experimental results in order to facilitate comparison. Rear surface velocities coinciding 
with experimental photon doppler velocimetry (PDV) probe locations were monitored utilizing vir-
tual PDV diagnostics within FLAG. 

3 RESULTS AND DISCUSSION 

Figure 2 presents a comparison of the measured free-surface velocity measured with the PDV probes 
on the [100] Al crystal versus the Flag simulation; the PDV data is offset by ~ 0.2 microseconds to al-
low the PDV data to be clearly visualized versus the simulation).  Excellent agreement is seen between 
the experimental FSV data and the Flag simulation.  Conversion of the FSV to shock stress reveals the 
impact stress in the [100] Al starts at nominally 5.7 GPa but then “rings up” to the state in the Ta rings 
from the Ta impactor of ~ 14 GPa.  The central [100] Al therefor “rings up” via the lateral Mach waves 
bringing the Al crystal up to the higher peak shock stress aka Brown et al [14, 15].  The Flag simulation 
shows that the peak shear stress in the [100] Al crystal reaches ~ 320 MPa near the center of the Al 
crystal due to the complex stress state imposed within the crystal by the Mach oblique reflections.   
 

 
FIGURE 2     Comparison of the free-surface velocity (FSV) measured with the PDV probes as a function of time 

for the [100] Al crystal and the inner Ta ring surrounding the Al crystal between the experimental data and the 

FLAG simulation. The FSV and simulation is offset by 0.2 microseconds to allow better comparison. 
 
The substructure evolution in the recovered [100] Al crystal is seen to be comprised of a high density 
of slip activity as well as long lenticular features as seen in Figure 3.  Analysis of the {111} pole figure in 
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the regions displaying the lenticular features following the Mach disk loading of the [100] Al crystal 
shows a nominal ~60 degrees rotation around the (11%1)	plane between the matrix and the lenticular 
features.  The boundary character is seen to vary along the lenticular / matrix interface between 54 
and nearly 58 degrees.  This orientation relationship and the 60 degree rotation suggests the lenticular 
features are deformation twins that were formed and then subsequently severely plastically deformed 
during the complex stress path in the [100] Al crystal during the Mach wave “ring up”.  Previous re-
search by Niewczas, Engler, and Embury[22] similarly used {111} pole figure analysis to identify defor-
mation twins in severely deformed Cu single crystals.  According to the model of Mahajan and 
Chin[23], the twin formation in fcc metals and alloys requires fine slip over coarse slip.  In this the-
ory[23], coplanar ½ <110> dislocations of different Burgers vectors that interact repulsively combine 
to form three-layer twin nuclei according to the following reaction: ½[11%0] (111) + ½[01%1] (111) -> 
3x1/6 [12%1] (111).  Upon further stressing, the three-layer nuclei located at different levels within a 
microslip band grow into each other to form a defective twin.  It is postulated that the complex loading 
path in this experiment, i.e., an initial nominal 1-D plane shock into the [100] Al crystal followed by the 
oblique reflecting shocks leading to a Mach disk within the crystal, produces the complex slip activity 
leading to deformation twin formation.  Thereafter, the multiaxial stress state impinging on the [100] Al 
crystal upon rarefaction release from the shocked state produces the severe plastic deformation dis-
torting the twins from their pristine linear orientation relationship along {111} habit plane.   On-going 
detailed EBSD and transmission electron (TEM) analysis is underway to validate conclusively that the 
lenticular features in the 99.999 [100] Al single crystal are deformation twins.    
 
 

   
FIGURE 3     Substructure developed in shocked [100] Al crystal: a) Electron backscatter diffraction (EBSD) image 

of lenticular twin-like features, and b) misorientation measurements across the Al-Al features in (a) are denoted 

by the arrows in the figure.   
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FIGURE 1     Overview of the experimental and Finite Element Analysis results for the binder jetted 316L. Compari-

son of the force, local strain and temperature evolution at different strain rates for the (a) NT6 and (b) SH geometries.  
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 The purpose of this work was to measure the 
equation of state in additively manufactured 
(AM) and wrought 304L stainless steel in 
velocity regimes where microstructure still 
matters or in other words the material retains 
a two-wave structure.  The results showed 
that there was a measurable difference in the 
shock velocity between the AM and wrought 
304L.  Specifically, the shock velocity for the 
AM 304L was found to be ~3% slower than 
that for wrought 304L at a similar particle 
velocity. To understand these differences, 
properties such as densities, sound speeds, 
and texture were measured and compared 
between the two materials.  However, no 
measurable difference was found in these 
properties.  Eventually, the difference in the 
equation of state was attributed to differing 
elastic wave amplitudes which have been 
shown to have an effect on the shock velocity. 

1 INTRODUCTION 

Additive manufacturing (AM) is a process for manufacturing metals in an efficient and rapid manner 
which shows great promise for real-world applications.  The use of AM materials is becoming more 
prevalent in various fields because they offer some advantages over conventionally manufactured 
materials. For example, AM parts can be printed to near net shape in a relatively short time with 
minimal machining, which can accelerate the process of producing prototypes. It is also relatively 
easy to make changes to part designs on the fly using AM. However, there are new challenges 
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 The purpose of this work was to measure the 
equation of state in additively manufactured 
(AM) and wrought 304L stainless steel in 
velocity regimes where microstructure still 
matters or in other words the material retains 
a two-wave structure.  The results showed 
that there was a measurable difference in the 
shock velocity between the AM and wrought 
304L.  Specifically, the shock velocity for the 
AM 304L was found to be ~3% slower than 
that for wrought 304L at a similar particle 
velocity. To understand these differences, 
properties such as densities, sound speeds, 
and texture were measured and compared 
between the two materials.  However, no 
measurable difference was found in these 
properties.  Eventually, the difference in the 
equation of state was attributed to differing 
elastic wave amplitudes which have been 
shown to have an effect on the shock velocity. 

1 INTRODUCTION 

Additive manufacturing (AM) is a process for manufacturing metals in an efficient and rapid manner 
which shows great promise for real-world applications.  The use of AM materials is becoming more 
prevalent in various fields because they offer some advantages over conventionally manufactured 
materials. For example, AM parts can be printed to near net shape in a relatively short time with 
minimal machining, which can accelerate the process of producing prototypes. It is also relatively 
easy to make changes to part designs on the fly using AM. However, there are new challenges 
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associated with AM especially related to determining the suitability of the materials generated in 
this process to actual applications. While there has been a plethora of research to characterize the 
microstructure and mechanical properties of AM materials as a function of strain rate [1-3], there 
have only been a handful of studies investigating the dynamic properties such as spall strength and 
equation of state  [4-8] of AM materials. These complex loading regimes that subject AM materials 
to extreme mechanical loads are of potential interest to various applications. The goal of this work 
is to systematically measure the shock velocity of additively manufactured 304L stainless steel (SS).  
While many studies exist to understand the specific microstructure and the resulting properties at 
low strain rates, there are only a handful of studies on the dynamic behavior of AM materials [4-7, 
9]. Gray et al. [7] performed spall experiments on AM 316 L SS and found that while the spall 
strength of these materials was higher than their wrought counterpart, there was also a change in 
the damage morphology between the two materials. This work also investigated the effect of 
annealing on the dynamic response of AM materials and showed that post-processing of materials 
can drastically alter mechanical properties. Jones et al. [5] investigated the spall strength of AM Ti-
6Al-4V and found the spall strength to be dependent on the sample orientation with respect to the 
build layer thickness. Specifically, the spall strength was much higher when samples were loaded 
parallel versus normal to the AM build layer interfaces. Fadida et al. [10] studied Ti-6Al-4V and 
examined the effects of initial porosity on dynamic strength, finding that denser samples displayed 
greater strength, while ductility remained comparable whether the samples were dense or porous. 
Jones et al. [11] also investigated the spall strength of AM tantalum and found that while the AM 
materials had a higher Hugoniot elastic limit their spall strength was lower than wrought tantalum 
(Ta). This was attributed to the change in the microstructure of the AM Ta that led to the creation 
of a higher amount of void nucleation sites. As shown above, the majority of the published work has 
focused on investigating failure in AM materials. To our knowledge the only previously published 
study to investigate the equation of state of AM metal under dynamic loading is that of Wise et al. 
[8] which investigated the equation of state of AM 304L and found no measurable differences in the 
shock stress of AM vs. wrought 304L. However, Wise et al. did not report directly measured or 
calculated shock velocity in the stainless samples. This scarcity in experiments investigating the 
equation of state of AM materials is possibly related to the fact that prior research has shown that 
equation of state is fairly insensitive to changes in grain size [12], texture and orientation [9, 10, 12, 
13]. 
The goal of this work is to fill this gap in knowledge by performing systematic experiments on AM 
304L SS. The rest of the paper is organized as follows. Section 2 presents the experimental methods 
used in this work. The results are presented in Section 3 followed by a discussion of results in Section 
4. Finally, a summary of the results is presented in Section 5. 

2 EXPERIMENTAL PROCEDURE 

The top-hat method was used to accurately determine the shock velocity in these experiments. This 
top-hat method uses z-cut quartz below its Hugoniot elastic limit as the “brim” so that a single wave 
travels through the quartz and breaks out at the free surface creating a sharp timing fiducial. Because 
the metal studied was manufactured with a directional printing technique, this design also allowed for 
dependence of the equation of state on the orientation of the samples w.r.t the build direction. To 
achieve this goal, samples were obtained from a manufactured plate in multiple directions as will be 
discussed later. This section describes the manufacturing process in more detail and elaborates on the 
experimental techniques used to carefully measure shock and particle velocities. 
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2.1 Material and AM processing 
A single lot of pedigreed micro-melt 304L SS powder (termed ADET powder) manufactured by 
Carpenter Powder Products in Sweden was used for manufacturing the AM material. A detailed 
chemistry analysis of this powder is shown in Table 1. 
 

Element wt% Element wt% 

C 0.015 N 0.05 

Si 0.53 O 0.019 

Mn 1.5 Cr 18.4 

P 0.012 Ni 9.8 

S 0.003 Fe Balance 

Table 1. The measured chemical composition of the 304L SS powder. 
 
The plates fabricated on the GmbH Electro Optical Systems (EOS) M 280 were built on a 50.5 mm 
thick AISI 304L baseplate in the vertical and horizontal directions as shown in Figure 1. The 
processing parameters used were the EOS-developed PH1 20 µm settings. This license from EOS 
was developed specifically for SS and uses rotational rectilinear hatching with 20 µm layer heights. 
However, due to the proprietary nature of the fabrication method, the only detail that was known 
during the fabrication was the layer height. The plate from which samples for the current work were 
obtained was manufactured by the Sigma Division at Los Alamos National Laboratory (LANL), with 
raster directions set at 0, 90, and 45 degrees.  Figure 1 (right) depicts plate 2 and shows the locations 
from which samples were obtained. These included two large samples in the z-direction and many 
smaller samples at various orientations. The specific samples studied here are Z1a, X1, XY1(+45), 
and XY2(+45). 

 

 
Figure 1. (left) Optical photograph of EOS builds on 304L SS baseplate. (right) Schematic of plate 2 

and locations from which samples were obtained for dynamic experiments. 
 

2.2 Equation of State measurements 
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A pulse-echo technique was used to measure the longitudinal and shear sound speeds. Density was 
characterized using immersion techniques. Sound speeds are estimated to be accurate within 0.5%, 
while immersion densities are estimated to be good to better than 0.5%. Sample thicknesses were 
measured after the samples were lapped flat and parallel to within 5 to 10 μm. These values are 
shown in Table 2. 
 

Table 2. Measured thicknesses, densities, and longitudinal and shear sound speeds of 
the samples. 

Expe
rime

nt 

Material Thickness 
(mm) 

Density 
(g/cm3) 

Sound speed 
(km/s) 

Longitudi
nal 

Shea
r 

172 Wrought 2.010 ±0.010 7.86 ±0.03 5.78 
±0.08 

3.15 
±0.06 

173 AM-XY1 1.997 ±0.010 7.87 ±0.03 5.77 
±0.08 

3.10 
±0.06 

174 AM-Z1a 1.999 ±0.010 7.87 ±0.03 5.72 
±0.08 

3.20 
±0.06 

176 AM-XY2 2.001 ±0.010 7.90 ±0.03 5.80 
±0.08 

3.12 
±0.06 

177 AM-X1 1.996 ±0.010 7.83 ±0.03 5.80 
±0.08 

3.16 
±0.06 

  
Shock velocities were measured using a top-hat design with a z-quartz baseplate and stainless 
sample, with z-, xy-, and x-directions of the AM 304L SS material as shown in Figure 1. For these 
experiments, the impactor was a z-quartz disc backed by syntactic foam bonded directly to the 
projectile nose. The target was a quartz baseplate with the same dimensions (35 mm diameter by 
2 mm thick) as the impactor, and with the sample material (304L) with the same nominal thickness 
(2 mm) and a smaller diameter (10 mm), bonded to the quartz baseplate using a thin glue bond. 
Finally, a sapphire window (10 mm diameter by 12 mm thick) was glued to the back of the target to 
reduce elastic-plastic wave interactions due to reflectance from the free surface.  A schematic of  
this experimental design is shown in Figure 2. These target dimensions were carefully chosen to 
ensure edge releases (lateral releases) did not affect the velocimetry measurements at the 
sample/window interface during the desired measurement timescale. This is particularly important 
because of the use of a sapphire window, a material that is well known to have high wave speeds. 
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Figure 2: Quartz top-hat experimental design. The projectile and target plates are shown in gray. 
Affixed to the front of the projectile is the syntactic foam backing (orange) and the quartz impactor 
(purple). The target is centered on the target plate and is comprised of a quartz baseplate (purple), 
the 304L sample (blue), and a sapphire window (yellow). A single collimating probe measures the 
projectile velocity. There are two 2-fiber probes in the center, one slightly offset from the center of 
the target, and four additional 2-fiber probes that circle the quartz baseplate at a fixed radius 
(11.25 mm). The design also includes a single piezoelectric pin (green) that serves as a diagnostics 
trigger. 

 
The projectiles were launched at a nominal velocity of 400 m/s. Four 2-fiber photonic Doppler 
velocimetry (PDV) probes [14] were placed at opposite sides around the brim of the quartz 
baseplate. These four probes not only acted as accurate timing fiducials for the arrival of the shock 
wave at the back surface of the 304L sample, but also provided cross-timing information. Because 
quartz remains elastic in the stress regime of this study, only a single wave propagates into the 
stainless sample. It is important to note that this technique is limited to stress states below which 
quartz stays elastic; for z-cut quartz, this is ~8.5 GPa. Timing information from these four ‘brim’ 
probes is used to calculate the time of shock wave entrance into the center of the stainless sample. 
Two additional 2-fiber probes illuminated the center of the sample through the sapphire window to 
provide information regarding the timing of the elastic and plastic waves exiting the sample, one in 
the center, and one offset by 2.5 mm. The difference between the entrance and exit times of the 
shock wave provides the transit time for the shock to travel though the sample. This information, 
coupled with the thickness of the samples, provides measurements for the shock velocity with an 
accuracy of about one percent (1%). 

 

3 RESULTS AND DISCUSSION 

The measured shock velocity for the wrought and AM 304L SS samples is shown in Table 3. Due to 
anisotropy in the microstructure of the AM 304L SS, measurements were performed in samples that 
were orientated along the various directions w.r.t the build direction as shown in Figure 1. 
 
Table 3. Impactor velocity (UD), particle velocity (up), and shock velocity (US) measurements from the 
quartz top-hat experiments. 
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Experiment  
number Material 

Velocity 
(km/s) 

Impactor, UD Particle, up Shock, Us 

172 Wrought 0.399 ±0.003 0.128 ±0.002 4.77 ±0.05 

173 AM-XY1 0.400 ±0.003 0.131 ±0.002 4.68 ±0.05 

174 AM-Z1a 0.400 ±0.003 0.132 ±0.002 4.64 ±0.05 

176 AM-XY2 0.400 ±0.003 0.132 ±0.002 4.66 ±0.05 

177 AM-X1 0.395 ±0.003 0.130 ±0.002 4.59 ±0.05 

 
Figure 3 shows velocity-time plots extracted from all experiments, and from experiments 172 (wrought 
304L) and 177 (AM 304L, X1). The velocimetry curves are plotted such that the elastic waves are aligned 
in time. This figure shows that the plastic wave arrives earlier in the wrought sample because of the 
higher shock velocity, Us 

 

Figure 3: Velocity-time plot from (left) experiments 172 (wrought 304L) and 173 (AM XY1), 174 (Z1a), 
172 (XY2) and 177 (AM X1) with aligned elastic waves. (right) Velocity-time plot for experiments 172 
(wrought) and 177 (AM X1) highlighting differences between wrought and AM 304L SS. 
 
The particle and shock velocities presented in Table 3 are plotted along with the extrapolated shock 
Hugoniot for 304L SS from work performed at Los Alamos Scientific Laboratory (LASL) [15] and shown 
in Figure 4.  The shock velocities in this work were calculated by using the average of the exit times from 
the quartz baseplate collected by the four PDV probes and subtracting that time from the plastic wave 
arrivals at the back of the target, then dividing it into the thickness of the target, as shown by 

𝑈𝑈𝑆𝑆 =
𝑥𝑥target

𝑡𝑡steel − 𝑡𝑡quartz
, (2) 

where US is the shock velocity, xtarget is the thickness of the target, and tsteel and tquartz are the times the 
plastic wave exits the steel target and quartz baseplate, respectively. Particle velocity was calculated 
using the measured shock speed in the target and the known Hugoniot for quartz to impedance match 
between the quartz and the steel target [16]. Uncertainties associated with the calculations are estimated 
to be between 1.0% and 1.5%. 
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Figure 4: Shock velocity as a function of particle velocity also known as the Hugoniot equation of state 
from quartz top-hat experiments with 1% error bars plotted over the extrapolated shock Hugoniot for 
304L SS from the LASL Shock Hugoniot Data [15]. 

4 DISCUSSION  

The differences in the EOS measured in this work could be attributed to a few reasons: 1) porosity in 
the AM material, 2) grain morphology and 3) dislocation density.  Each of these reasons was 
systematically investigated to determine if this was the cause of the varying EOS.   In fact, the effect of 
even relatively small amounts of porosity on shock velocity is known to cause it to be slower than for 
full density samples. This is due to the mechanics of the dynamic void collapse process, and the 
resulting increase in thermal energy. In fact, it has been shown by previous research on porous 
materials that even a 1% drop in density for certain metals can lead to drop in shock velocity of more 
than 2% [17, 18]. This highlights the importance of initial density measurements. As observed in Table 
1, the initial densities for samples used in these experiments show no clear trends that are aligned with 
the differences in measured shock velocities. Based on this data, we conclude that porosity cannot be 
clearly identified as the factor leading to the measured differences in the shock velocity.   

Another hypothesis is that the grain size and morphology differences between the AM and 
the forged samples could be causing a 3% decrease in the shock velocity. However, previous work by 
Yang et al. [12] on aluminum to investigate the effect of grain size on measured shock velocities has 
clearly shown that grain size does not alter the shock velocity. Work by Choi et al. [19] on Nickel also 
shows no measurable differences in the equation of state of single crystal Nickle measured through 
molecular dynamics and the experimental equation of state from polycrystalline Nickle. However, these 
studies were performed at particle velocities where the plastic wave was over-driven and as such the 
material microstructure did not matter. In contrast, the regime of the current experiments is much lower 
where the measurements exhibit two-wave structure. Systematic experiments where only the grain size 
is varied in a metal, in the elastic-plastic regime (<600 m/s), would be required to conclusively prove this 
hypothesis. 

Another contributing factor to the observed differences in shock velocity could be the varying 
dislocation densities in the AM vs. wrought material. Systematic neutron diffraction experiments by 
Pokharel et al. [20] measured an increased dislocation density in the same AM 304L SS used in this study. 
This change in dislocation density could alter the equation of state in a measurable manner as shown by 



Equation of State measurements in AM and wrought 304L Stainless Steel     033  S. J. Fensin et al. Page 6 

 

 

Experiment  
number Material 

Velocity 
(km/s) 

Impactor, UD Particle, up Shock, Us 

172 Wrought 0.399 ±0.003 0.128 ±0.002 4.77 ±0.05 

173 AM-XY1 0.400 ±0.003 0.131 ±0.002 4.68 ±0.05 

174 AM-Z1a 0.400 ±0.003 0.132 ±0.002 4.64 ±0.05 

176 AM-XY2 0.400 ±0.003 0.132 ±0.002 4.66 ±0.05 

177 AM-X1 0.395 ±0.003 0.130 ±0.002 4.59 ±0.05 

 
Figure 3 shows velocity-time plots extracted from all experiments, and from experiments 172 (wrought 
304L) and 177 (AM 304L, X1). The velocimetry curves are plotted such that the elastic waves are aligned 
in time. This figure shows that the plastic wave arrives earlier in the wrought sample because of the 
higher shock velocity, Us 

 

Figure 3: Velocity-time plot from (left) experiments 172 (wrought 304L) and 173 (AM XY1), 174 (Z1a), 
172 (XY2) and 177 (AM X1) with aligned elastic waves. (right) Velocity-time plot for experiments 172 
(wrought) and 177 (AM X1) highlighting differences between wrought and AM 304L SS. 
 
The particle and shock velocities presented in Table 3 are plotted along with the extrapolated shock 
Hugoniot for 304L SS from work performed at Los Alamos Scientific Laboratory (LASL) [15] and shown 
in Figure 4.  The shock velocities in this work were calculated by using the average of the exit times from 
the quartz baseplate collected by the four PDV probes and subtracting that time from the plastic wave 
arrivals at the back of the target, then dividing it into the thickness of the target, as shown by 

𝑈𝑈𝑆𝑆 =
𝑥𝑥target

𝑡𝑡steel − 𝑡𝑡quartz
, (2) 

where US is the shock velocity, xtarget is the thickness of the target, and tsteel and tquartz are the times the 
plastic wave exits the steel target and quartz baseplate, respectively. Particle velocity was calculated 
using the measured shock speed in the target and the known Hugoniot for quartz to impedance match 
between the quartz and the steel target [16]. Uncertainties associated with the calculations are estimated 
to be between 1.0% and 1.5%. 
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Figure 4: Shock velocity as a function of particle velocity also known as the Hugoniot equation of state 
from quartz top-hat experiments with 1% error bars plotted over the extrapolated shock Hugoniot for 
304L SS from the LASL Shock Hugoniot Data [15]. 

4 DISCUSSION  

The differences in the EOS measured in this work could be attributed to a few reasons: 1) porosity in 
the AM material, 2) grain morphology and 3) dislocation density.  Each of these reasons was 
systematically investigated to determine if this was the cause of the varying EOS.   In fact, the effect of 
even relatively small amounts of porosity on shock velocity is known to cause it to be slower than for 
full density samples. This is due to the mechanics of the dynamic void collapse process, and the 
resulting increase in thermal energy. In fact, it has been shown by previous research on porous 
materials that even a 1% drop in density for certain metals can lead to drop in shock velocity of more 
than 2% [17, 18]. This highlights the importance of initial density measurements. As observed in Table 
1, the initial densities for samples used in these experiments show no clear trends that are aligned with 
the differences in measured shock velocities. Based on this data, we conclude that porosity cannot be 
clearly identified as the factor leading to the measured differences in the shock velocity.   

Another hypothesis is that the grain size and morphology differences between the AM and 
the forged samples could be causing a 3% decrease in the shock velocity. However, previous work by 
Yang et al. [12] on aluminum to investigate the effect of grain size on measured shock velocities has 
clearly shown that grain size does not alter the shock velocity. Work by Choi et al. [19] on Nickel also 
shows no measurable differences in the equation of state of single crystal Nickle measured through 
molecular dynamics and the experimental equation of state from polycrystalline Nickle. However, these 
studies were performed at particle velocities where the plastic wave was over-driven and as such the 
material microstructure did not matter. In contrast, the regime of the current experiments is much lower 
where the measurements exhibit two-wave structure. Systematic experiments where only the grain size 
is varied in a metal, in the elastic-plastic regime (<600 m/s), would be required to conclusively prove this 
hypothesis. 

Another contributing factor to the observed differences in shock velocity could be the varying 
dislocation densities in the AM vs. wrought material. Systematic neutron diffraction experiments by 
Pokharel et al. [20] measured an increased dislocation density in the same AM 304L SS used in this study. 
This change in dislocation density could alter the equation of state in a measurable manner as shown by 
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Hahn et al. [21] in their molecular dynamics simulations. An increase in dislocation density would also 
lead to an increase in the Hugoniot Elastic Limit of the AM 304L SS.  This is corroborated by Figure 3. In 
addition, a change in the Hugoniot elastic limit may have the effect of changing the shock velocity.  
However, additional experiments are required to test this hypothesis.   
 
5 CONCLUSIONS 
 Equation of state was measured for additively manufactured 304L and compared with its wrought 
counterpart.  The results showed that in the velocity regime where microstructure matters, the shock 
velocity for the AM 304L was 3% lower than that of the wrought material.  Initially, this difference was 
attribute to porosity and hence perhaps a lower density in the AM material.  However, density measured 
using different techniques like immersion and pycnometer did not show a systematic variation in the 
porosity to justify the difference measured in the EOS.  Due to the fact that other parameters like grain 
size, morphology and dislocation density were changed in the AM 304, it was difficult to determine with 
high confidence the reason for the lower shock velocity.  However, it was hypothesized that higher 
dislocation density can affect the HEL, which in turn reduced the shock velocity.  Additional work is in 
progress to investigate the reasons behind the current observations.   
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This study focus on the dynamic properties of additive manufac-

turing (AM) laser powder bed fusion (LPBF) of AlSi10Mg. Using 

various experimental systems such as split Hopkinson pressure 

bar (SHPB), newly designed dynamic punch, and highly accurate 

split Hopkinson tension bar (SHTB), we characterize the LPBF 

AlSi10Mg alloy under pure compression, shear, and tension load-

ing. Using an SLM solutions machine, we manufacture two types 

of samples, parallel and perpendicular to the building direction, 

designated as Z and XY specimens, respectively. Surprisingly, Z 

samples exhibit higher dynamic stress until failure than that meas-

ured in the XY specimens. This variance at maximum dynamic 

stress in all mentioned dynamic loading is significant and ranges 

from 12% to 16%. On the other hand, the elongation until failure 

is higher at XY specimens, and the difference between the orien-

tation can get up to 25%. The anisotropic dynamic property is re-

lated to the fish scale morphology and the crystallographic orien-

tation of the LPBF AlSi10Mg. 

 

1 INTRODUCTION  

The worldwide volume of additive manufacturing (AM) was over 2 billion USD in 2017 and increas-
ing in the past few years [1]. Specifically, the laser powder bed fusion (LPBF) of AlSi10Mg is being 
excessively utilized by the aerospace and automotive sectors. Therefore, the need to characterize 
the alloy under dynamic loading has increased. Researchers study the quasi-static properties of this 
alloy in various manufacturing conditions [2]. It is established convincingly that the yield point at 
tensile loading is virtually independent of manufacturing orientation[3]. No difference was found 
under compression or shear loading at quasi-static conditions regarding manufacturing orienta-
tion[4], [5]. The results present in this study suggest otherwise, where the LPBF of AlSi10Mg is 
loaded dynamically. 
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2 METHODS   

The cylinder samples, 600 mm in height and 12 mm in diameter, were manufactured using the M280 
model of SLM solutions by the recommended default parameters. The cylinder samples were man-
ufactured in two different orientations, horizontally and vertically, to examine the anisotropic prop-
erties concerning the building direction. In the SLM M280 model, the center of the sample and the 
circumference does not manufacture by the same set of process parameters. Since this study fo-
cuses on the main bulk properties, the specimen's circumference was machined to extract the core 
of the specimen and make a suitable sample for each system. 
The compressive dynamic loading was performed by the SHPB system located at the dynamic me-
chanical properties Laboratory at the Ben Gurion University of the Negev. The sample was extracted 
into circular discs of 7 mm diameter and 3.5 mm height. More details on the sample preparation and 
the SHPB system can be found in [6]–[8]. 
The dynamic shear tests were performed with the same SHPB system equipped with a dynamic 
punch assembly that assured zero triaxiality factor (pure shear) at the LPBF AlSi10Mg samples. 
8.5mm in diameter and 2mm thick discs samples were machined from each differently oriented cyl-
inder to fit into the punch assembly. The dynamic shear and the punch assembly are elaborately 
explained in ref. [9]. 
The dynamic tension loading characterization was possible due to the highly accurate split Hopkin-
son tension bar, built recently in the dynamic mechanical properties Laboratory. Figure 1(a) illus-
trates the SHTB Built vertically with the necessary adjustment to prevent undesired friction and 
oscillations. The result processing is supported by a high-speed camera together with strain gauges. 
The sample shown in Figure 1(b) is attached to the bars by a carefully prepared thread. More details 
on the system and the validation of its results can be found in [10]. 
 
 

 
Figure 1: schematic of the split Hopkins on tension bar and tension sample 

3 RESULTS AND DISCUSSION 

The relative density was measured prior to the dynamic tests using Archimede’s method; there was a 
negligible difference between the two orientations, 99.4% ± 0.05% and 99.5% ± 0.06% for Z and XY 
specimens, respectively. Figure 2 shows the dynamic results for XY (blue ) and Z (red dash) specimens, 
respectively. Each curve represents the average of 3 experiments, and a representative standard devia-
tion (STD) is placed at the point of maximum dynamic stress achieved. All the experiments were con-
ducted at room temperature and with a strain rate of approximately 4000s-1. An evaluation of the dy-
namic compressive results in Figure 2(a) revealed a 16% increase in dynamic stress at the Z specimen 
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compared to the XY specimens; the nominal values are 606±8 and 522±10 MPa for Z and XY, respec-
tively. However, the elongation, which is the ε until the point of trend transitioning at the plastic evolu-
tion, is higher at the XY than at the Z specimen, ε≈0.9 and ε≈0.75, respectively. The dynamic shear 
characteristic is presented in Figure 2 (b) as the shear stress (τ) - normalized displacement (u). All the 
experiments achieved a normalized displacement rate (�̇�𝑢) of 4000s-1 before complete failure at puer 
shear mode. The dynamic shear strength of Z specimens is  274±4 MPa and u≈ 0.11, and for XY speci-
mens τ= 240 ± 3.3 MPa u≈ 0.14, there is a 12.5% difference between the orientations. Figure 2 (c) 
presents the dynamic tension results for Z and XY specimens and their STD.  The dynamic tension char-
acteristics indicate higher dynamic strength for Z specimens and higher elongation for XY specimens. 
σ=608± 4 MPa and ε≈0.1 for Z and σ=562± 5 MPa and ε≈0.13 for XY specimens, concluding with a 12% 
higher dynamic strength and 20% elongation difference. The anisotropic dynamic behavior is character-
ized by three load conditions: compressive, shear, and tension. The trend in the obtained results is clear: 
Z specimens reach a higher dynamic strength, and XY specimen has more compliance to deformation.  
 

 
Figure 2: Dynamic characterization under (a) compressive, (b) shear and (c) tension loading. 

A scanning electron microscope (SEM) combined with electron backscattered diffraction (EBSD) 
was used for microstructural and microtexture characterization.  Figure 3 (a) presents a color-coded 
inverse pole figure (IPF) map with a legend triangle indicating the crystallographic orientation. In 
this map, the crystallographic orientation of <001> is parallel to the building direction (BD). In the 
center of the melt-pool, most of the grains are elongated, and the  <001> orientation is parallel to 
the building direction. At the melt pools boundaries (MPBs), the grains are refined, equiaxed, and 
whit of random orientations. The layer-by-layer manufacturing process creates an overlapping of 
the MPBs; the overlapping between two nearby tracks along the XY plane usually are called track–
track MPBs, and in between two successive layers are called layer-layer MPBs, as described in Fig-
ure 3 (b). 

 
Figure 3 : (a) IPF maps of the melt pool. (b) SEM image together with the description of layer-layer in track-

track MPBs 
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center of the melt-pool, most of the grains are elongated, and the  <001> orientation is parallel to 
the building direction. At the melt pools boundaries (MPBs), the grains are refined, equiaxed, and 
whit of random orientations. The layer-by-layer manufacturing process creates an overlapping of 
the MPBs; the overlapping between two nearby tracks along the XY plane usually are called track–
track MPBs, and in between two successive layers are called layer-layer MPBs, as described in Fig-
ure 3 (b). 
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Following fracture surface analysis, the micro-crack formation follows the MPBs. It is possible to 
assume that crack passes at grain boundaries and nat intergrain. It can be seen in Figure 4 that 
under all the dynamic loading conditions, the crack pass is along the layer-layer at XY specimens 
and in between the tracks for the Z specimens. Since the crack path at the track-track MPBs needs 
more deflections to propagate, it can be assumed that higher energy is required to deform the 
specimens. Those results agree with the higher dynamic strength depicted in the Z specimens. 

 
 

Figure 4 : Fractography images of the samples after impact loading 

4 CONCLUSIONS 

The LPBF AlSi10Mg alloy is characterized by anisotropic dynamic behavior under three loading con-
ditions, compression, shear, and tension. Z-oriented specimens reached dynamic strength higher by 
12-16% than XY-oriented specimens. However, the elongation in the XY samples is higher than in 
the Z specimens. The crack propagation is by layer-layer MPBs at XY and following track-track MPBs 
at Z specimens. The inherent anisotropic microstructure is responsible for the difference in dynamic 
behavior in samples manufactured in different orientations. 
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Although Nickel-based superalloys are widely used in the industry, 

their response to shock loading is still rarely investigated. Here, shock 

experiments are used to study the high strain rate behavior of 

additively manufactured (AM) Waspaloy. Loading direction is either 

parallel or normal to the build direction. Time-resolved velocity 

measurements provide the Hugoniot elastic limit and the spall 

strength. Post-recovery analyses give detailed insight into dynamic 

failure, with a combination of transgranular ductile fracture and 

intergranular cracks dependent on sample orientation. Finally, the 

porosity inherited from AM is shown to inhibit spall fracture locally. 

1 INTRODUCTION 

The remarkable combination of excellent mechanical properties in a corrosive environment and at 

very high temperatures allows a wide use of nickel-based superalloys in many applications, such as 

aeronautical engines, gas turbines or turbochargers in motorsports. The important and rapid 

development of additive manufacturing (AM) processes is appealing to industry, including the 

aforementioned sectors. The literature on the challenge of AM is extensive [1], in particular for 

aerospace and more specifically regarding superalloys [2], [3]. However, few papers can be found yet 

on the effects of AM on the high strain rate behavior of materials thus produced [4]–[6].  

Our study focuses on Waspaloy, a Ni-based superalloy (nickel with 19.3 wt.% chromium, 12.9 

wt.% cobalt, 4.2 wt.% molybdenum, 2.8 wt.% titanium, 1.5 wt.% aluminium) rich in refractory 

elements. Historically developed by Pratt & Whitney on air-cooled radial piston engines, it is still used 

in the latest generations of jet engines. In this paper, Waspaloy was produced by an AM process, 

namely Laser Metal Deposition (LMD) [7], where the material is projected in powder and melted with 

a laser: at each pass a new bead is welded on top of the previous one, the building direction being 

referred as Z.  Our objective is to explore the potential effects of this LMD process on the dynamic 

response to shock loading, generated by high-velocity impacts or laser irradiation. Free surface 

velocity measurements provide the Hugoniot yield strength and spall strength for different 

directions of shock application vs. building direction. In addition, post-recovery analyses involving a 

variety of complementary techniques give insights into the processes governing dynamic fracture 

and their dependence on the initial microstructure. 
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2 EXPERIMENTAL TECHNIQUES 

The initial microstructure was characterized with a Scanning Electron Microscope (SEM) operated at 

20 kV in the Back Scattered Electron (BSE) mode. It shows an anisotropic texture and a large 

population of vertical grains, parallel to Z, with a length of about 250 to 450 µm (Fig. 1). This columnar 

texture results from the vertical thermal gradient generated by LMD [8]. The presence of spherical 

porosities following a macroscopically random distribution can be observed, with about 2/3 of small 

pores, on the order of 5 µm, and 1/3 of larger pores about 50 µm. Rods were extracted along the Z 

manufacturing direction and in the normal direction, called XY. Thin targets were cut from these bars 

and then polished with 500 grit silicon carbide paper. The average thickness of the specimens is 

388 µm within a of 16 µm scatter (close to 4 %). Material density ρ0 was determined to be 8209 kg/m3 

by mass and volume measurements, fully consistent with the value of 8200 kg/m3 reported by 

metallurgists (e.g. Haynes or ATI). Longitudinal (Cl) and transverse (Ct) elastic wave propagation 

velocities could not be measured in our samples. Instead, we used data from the literature [9] : 

Cl = 6010 m/s and Cl = 3216 m/s. The bulk sound velocity Cb  =  √Cl
2 − 4

3 Ct
2  is then 4725 m/s.  

                                      a)                               b) 

 
FIGURE 1 Backscatter electron microscopy of the AM Waspaloy microstructure, showing a majority 

of long grains roughly parallel to the building direction Z in the successive melted layers and epitaxial 

grains between them (a), and elongated grains of periodic orientations in the laser scan plane XY (b). 

 

Shock loading was induced either by the impact of thin Al foils at Institut Pprime or by direct laser 

irradiation in vacuum at the Laboratoire pour l’Utilisation des Lasers Intenses (LULI, Ecole 

Polytechnique). In both facilities, time-resolved velocity measurements are performed with a 

Velocity Interferometer System for Any Reflector (VISAR) [10] system in a push-pull configuration. 

The free surface of the target, opposite the impacted surface, is illuminated with a continuous laser 

of wavelength 532 nm. The reflected light is sent to the VISAR where interference patterns due to 

the Doppler effect are recorded by photomultipliers. The time resolution is about 1 ns and the fringe 

factor is set to 843 m/s to ensure that no fringe could be lost upon velocity jumps. A polycarbonate 

shield is placed a few cm behind the free surface to protect the VISAR lens. 

In the impact experiments, a laser pulse of 1053 nm wavelength, about 20 J energy and about 

35 ns half-height duration is focused on a 3.5 mm diameter spot on the surface of a 150 µm thick 

aluminum foil. The resulting intensity is about 5 GW/cm². A thin (µm-order) Al layer is ablated into a 

plasma, whose expansion toward the laser source propels the foil in the opposite direction. To 

increase the amplitude and duration of the compression induced by the plasma, a drop of water (a few 

mm thick, transparent to the laser light) is deposited on the surface of the flyer before the shot. It 

confines the expansion of the plasma, so that the pressure load applied on this surface is higher and 

1 mm 

Z Z 

1 mm 
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longer than during a direct laser-matter interaction in vacuum [11]. After flying across a 250 µm gap, 

the Al foil impacts the alloy target. The diameter of the laser spot is much larger than the thickness of 

the complete assembly (foil + gap + target), so that one can expect one-dimensional shock loading 

upon planar impact (assuming a uniform energy distribution over the irradiated spot). According to 

preliminary shots with VISAR measurements on the Al flyer alone (without target), the average 

impact velocity is 680 m/s. More details on the setup can be found in [12]. The shock pressure at 

impact is evaluated as about 8 GPa, from a classical analysis of impedance mismatch based on the 

Hugoniot data of Al and Ni [13], which is the main component of Waspaloy.  

In complement, direct laser shocks were performed using a Nd: YAG laser pulse of 1.053 μm-

wavelength, about 200 J-maximum energy and 15.7 ns-duration focused on a 1 mm-diameter spot. 

Secondary vacuum prevents air ionization at high intensity. The laser energy is varied between 80, 

150 and 200 J via absorbing filters in the optical path. For each shot, the pulse duration and energy 

are measured. The resulting intensity is between 0.5 and 1.5 TW/cm². Subsequent loading pressures 

are inferred from peak free surface velocities recorded by the VISAR, using the same hydrodynamic 

analysis as above. They are about 6 GPa (80 J), 11 GPa (150 J) and 13 GPa (200 J). 

3 RESULTS AND DISCUSSION 

A record of the free surface velocity in a target impacted by an Al foil is shown in Figure 3a. The first 

wave to emerge is the elastic precursor. It propagates at the speed of sound Cl and produces an elastic 

compression up to the Hugoniot elastic limit (HEL), associated with a first jump to a free surface 

velocity of 100 m/s in the record, equal to twice the particle velocity UHEL, which provides the dynamic 

yield stress σHEL = ρ0 Cl UHEL  (Eq. 1). A plastic compression wave follows, accelerating the free 

surface to a maximum velocity of 405 m/s, fully consistent with the hydrodynamic analysis mentioned 

earlier. Next, the arrival of the unloading wave on the free surface leads to a deceleration called 

velocity pullback. The interaction of this release wave with the rarefaction wave resulting from the 

reflection of the shock front creates local tensile stresses. If they exceed the dynamic tensile strength 

(or spall strength) of the material, they cause spall damage [15]. The stress relaxation created by crack 

opening interrupts the deceleration at about 770 ns. The end of the velocity signal shows oscillations 

related to wave reverberation within the spalled layer: considering the bulk sound velocity Cb of 

about 4700 m/s, the ~45 ns period of these oscillations indicates a spall thickness of about 100 µm. 

Fig. 3b shows similar records in the laser shock-loaded samples, which exhibit the same features. The 

25 ns period of the final oscillations indicate a thinner spalled layer of about 60 µm. In the lower 

pressure shot (80 J), the surface deceleration is not interrupted by a spall signal, which shows that 

tensile stresses remained below the spall strength in that case. Therefore, successive reloading waves 

reverberate throughout the whole thickness of the intact sample, with a period of about 150 ns 

matching their expected transit time. Accounting for wave dynamics in an elastic plastic material [14], 
the spall strength can be evaluated as σsp = ρ0 Cb 

1
1+Cb/Cl

ΔUFS  (Eq. 2). An estimate of the strain rate 

is given by ε̇ = 1
2Cb

ΔUFS 
Δt   (Eq. 3), where Δt is the duration of the free surface deceleration in the record 

(see Fig. 2a). The measured values of Hugoniot yield strength σHEL (Eq. 1) and spall strength σsp (Eq. 2) 

are shown in Table 1. For both plate impact and direct irradiation experiments, the strain rate 

deduced from Eq. 3 is about 106 s-1. The error bars, corresponding to the standard deviation around 

the mean value, reflect the scatter between the shots. This important scatter will be discussed 

further. Within these error bars, no significant difference can be stated between both orientations. 

The very high spall strength of AM Waspaloy, about 8 GPa, can be compared to that of high strength 

metals such as Ti alloys (between 3.7 and 5 GPa) or Ta (about 4.5 GPa) [14].  
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The very high spall strength of AM Waspaloy, about 8 GPa, can be compared to that of high strength 

metals such as Ti alloys (between 3.7 and 5 GPa) or Ta (about 4.5 GPa) [14].  
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FIGURE 2 Typical velocity profiles recorded at the free surface of Waspaloy samples (a) impacted by 

a laser-launched Al flyer and (b) shocked by direct laser irradiation. 

 

TABLE 1 Measured values of the yield strength (Hugoniot elastic limit) and the spall strength under 

shock loading along or normal to the building direction Z. 

 σHEL (MPa) σSP (MPa) 

Waspaloy Z 2137 ± 446 7865 ± 1165 

Waspaloy XY 2144 ± 285 7768 ± 1150 

 

Both shock loading techniques allow for easy and systematic recovery of the samples. 

Several stages of damage were observed, depending on shock pressure, from incipient spall 

(nucleation of a few voids) to full separation of the spalled layer. Some samples were examined by X-

ray micro-tomography (Fig. 3), with a spatial resolution of 5 µm/voxel. They show extensive damage 

near a spall plane roughly parallel to the free surface, confirming the correct planarity of impact 

loading. The 100 µm thickness of the spalled layer is consistent with that deduced from oscillations 

in the VISAR record.  The fracture pattern differs from one orientation to another. In the Z-loaded 

sample (Fig. 3a and 3b), the macroscopic crack is fairly straight. Higher magnification views show that 

it results from ductile fracture, i.e. nucleation, growth and coalescence of spherical voids leading to 

numerous dimples. Electron backscatter diffraction (EBSD) maps suggest that void nucleation and 

crack propagation are predominantly transgranular for this loading direction (Fig. 4a). This is 

consistent with the majority of long grains normal to the direction of maximum tension in this case 

(Fig. 1a). In the XY-samples, where the loading direction was normal to the Z axis, some straight 

cracks, about 100 µm-long, are found at about 45° to the spall plane (Fig. 3c and 3d). They are very 

likely related to the initial microstructure observed in this XY plane (Fig. 1b). The corresponding 

EBSD map in Fig. 4b shows crack nucleation and growth, both intragranular (upper part) and 

intergranular (lower part). It suggests that grain boundaries provide preferred sites for damage 

initiation and propagation, which accounts for the cracks at 45° extending around the plane of 

maximum tension. Finally, this dependence of damage on the initial, highly heterogeneous 

microstructure probably explains the large scatter on the spall strength measurements (Table 1), 

because for both orientations, the probability that the spall plane (where release waves interact) 

coincides with grain boundaries is largely random. 

Post-recovery observations also shed light on the role of the initial porosity on the dynamic 

behavior. In Fig. 3, the green arrows point to pre-existing pores of about 25 to 50 µm diameters, which 

have inhibited spall fracture in their vicinity. Indeed, in the left sections (Fig. 3a and 3c), cracks are 

seen along the spall plane but not near these pores, In the right sections (Fig. 3b and 3d), further deep 

inside the loaded zone (see schematic disks in the figure), away from these pores, cracks form a wide, 
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roughly continuous spall plane. Such inhibition of spall fracture is likely due to local stress relaxation 

around the pores (free surfaces), which breaks up both the incident compressive pulse and the 

subsequent tensile wave. Fig. 5 is a detail around a pore in a shock-recovered sample, about 75 µm 

beneath the free surface. Housed at a grain boundary, this pore, inherited from the LMD process, was 

initially spherical with a diameter of about 50 µm. The shock propagated from left to right, inducing 

strong deformation of the left side (set into motion by the compression front) while the right surface 

remained hemispherical. Strong disorientations and severe plastic strains are observed beneath the 

left surface of the pore, due to early tension upon wave interactions near this surface. Near very large 

pores, such early tension may even produce additional, local spall fracture. Such case is evidenced in 

Fig. 3d (red arrow), where cracks are seen beneath the left surface of a large pore.   

 

            a) 

 

              b) 

 

            c) 

 

           d) 

 
FIGURE 3 Sections extracted from 3D reconstructions by X-ray microtomography of Waspaloy 

samples recovered after impact. Sample thickness is about 400 µm. The fracture surface of the Z-

target (a and b) shows ductile dimples along a well-defined spall plane while the XY-target (c and d) 

illustrates the presence of straight facets at 45°. In both orientation, the first sections (a and c) show 

that pre-existing pores (arrows) prevent fracture in their vicinity and the second ones (b and d) show 

extensive spall damage beyond these pores. 

 

a) b) 

 
FIGURE 4 Inverse pole figure map showing the crystallographic orientations of shock recovered Z-

oriented (a) and XY-oriented (b) Waspaloy target. Orientations are given along the loading direction. 
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FIGURE 5 IPF map showing the 

crystallographic orientations in the 

vicinity of a pore in the shocked zone 

on an XY oriented target recovered by 

impact. Orientations are given along 

the loading direction. 

 

4 CONCLUSION 

High power laser pulses were used to perform shock experiment, either by Al-flyer impact or direct 

laser ablation, on AM targets of Waspaloy Ni-based superalloy. Shock compression ranging from 6 to 

13 GPa was applied either along or normally to the Z-build direction. The Hugoniot elastic limit and 

spall strength were determined at very high strain rates on the order of 106 s-1: Both values seem 

almost insensitive to orientation, within the experimental uncertainties. Post-recovery X-ray 

tomography and EBSD revealed a dynamic fracture process mainly governed by ductile damage, 

which is observed, unlike the strength values, to depend on the microstructure. Indeed, while Z 

specimens show a predominantly intragranular fracture behaviour following void nucleation at grain 

boundaries, XY-specimens exhibit intergranular cracks at about 45° of the spall plane. Initial porosity 

causes a breakup of the wavefronts, which inhibits spall fracture locally, while pore collapse is found 

to generate grain disorientation, severe plastic deformation, and sometimes secondary spall damage. 

5 ACKNOWLEDGMENTS 

Authors are grateful to Amélie Caradec, Florence Hamon, and David Mellier for their kind help with 

post-recovery observations. This work was partially funded by Agence de l’innovation de défense, by 

Investissements d'Avenir (EQUIPEX GAP, ANR-11-EQPX-0018), by the Contrat de Plan Etat-Région 

(CPER) Nouvelle-Aquitaine and by the Fonds Européen de Développement Régional (FEDER). 

6 REFERENCES 

[1] W. E. Frazier, J. of Materi Eng and Perform, 23 (6), pp. 1917–1928, 2014. 

[2] S. Sanchez et al., Int. J. Mach. Tools Manuf., 165, p. 103729, 2021. 

[3] A. Wessman et al., Superalloys 2020, pp. 961–971, 2020. 

[4] M. Laurençon et al., Mater. Sci. Eng. : A, 748, pp. 407–417, 2019. 

[5] G. Asala et al., Mater. Sci. Eng. : A, 738, pp. 111–124, 2018. 

[6] G. Asala et al., Int J Adv Manuf Technol, 103, (1–4), pp. 1419–1431, 2019. 

[7] J. Kittel et al., Procedia CIRP, 94, pp. 324–329, 2020. 

[8] R. J. Moat et al., Acta Mater., 57, p. 1220-1229, 2009. 

[9] F. Margetan et al., Final Report DOT/FAA/AR-05/17, 2005. 

[10] L. M. Barker and R. E. Hollenbach, J. Appl. Phys., 43 (11), pp. 4669–4675, 1972. 

[11] L. Berthe et al., J. Appl. Phys., 82 (6), pp. 2826–2832, 1997.  

[12] E. Barraud et al., J. Appl. Phys., to be published. 

[13] LASL Shock Hugoniot Data, Stanley P. Marsh (University of California Press, 1980). 

[14] T. Antoun, Spall fracture, Springer, 2003. 

     50 µm 
XY 

Sadot O. et al. Page 1 

 

*Equally contributing authors 
 

DYMAT TM 2022 

Conference Proceedings 

Dependence of the dynamic mechan-
ical properties of AlSi10Mg on the 
manufacturing parameters. 
 
 

Sadot O. PhD1  Amir B.1, Kochavi E. PhD1,., Gruntman S. 1, Gale Y.2, 

and Samuha S. PhD 3,4 

 

1Department of Mechanical Engineering, 
Ben-Gurion University of the Negev, 
Beer-Sheva 8410510, Israel 

2Additive Manufacturing Center of Excel-
lence, Technologies Division, Israeli Aero-
space Industries 

3Department of Materials Engineering, 
NRCN, PO Box 9001, Beer-Sheva 84190, 
Israel 

4Nuclear Engineering Department, Univer-
sity of California, Berkeley, 4153 Etche-
verry Hall Berkeley, CA, United States 

 

Correspondence 
Sadot O. PhD, Department of Mechanical 

Engineering, Ben-Gurion University of the 
Negev, Beer-Sheva 8410510, Israel 

Email: sorens@bgu.ac.il 

 

 
Funding information 

Additive manufacturing has become one of 
the most promising technology for manufac-
turing prototypes. One of the techniques in 
which the process is done is laser powder 
bed fusion. With this procedure, prototypes 
made of ALSi10Mg alloy can be manufac-
tured. This paper investigates the effect of 
variation of five different manufacturing pa-
rameters on the dynamic mechanical prop-
erties using a split Hopkinson pressure bar. 
The investigation revealed what the domi-
nant parameters are. The analysis was based 
on Taguchi's design of experiments that re-
duce the number of experiments with mini-
mal loss of information. 
 

1 INTRODUCTION 
In recent years the use of additive manufacturing (AM) has become a preferred technology for pro-
totype manufacturing. Among these ever-increasing technology, laser powder bed fusion (LPBF) is 
one of the popular techniques used due to significant improvements in lasers power. One of the 
materials needed for aircraft and automobile applications is aluminum alloys. A good candidate is an 
AlSi10Mg alloy. This alloy was found to be suitable for the LPBF due to its low eutectic point tem-
perature. In order to achieve good mechanical static and dynamic properties, several studies were 
conducted in the effort to relate them to the micro-structure. [1],[2]–[4]. Those studies and others 
suggest that the most important manufacturing parameters are: laser power (P), scanning speed (V), 
hatching distance (Hd), the thickness of the powder layer (t), and the building orientation (Or). The 
energy density incorporates some of those parameters: 
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 𝐸𝐸𝑑𝑑 =

𝑃𝑃
𝑉𝑉𝐻𝐻𝑑𝑑𝑡𝑡

 (1) 

Energy density optimization is complicated since this parameter controls many mechanical proper-
ties such as hardness, density, and porosity[3], [5]–[7]. So far, there is no direct correlation between 
energy density and mechanical properties. Therefore, an attempt was made to improve mechanical 
properties by the design of experiment (DOE) methods. The methods used, among others, are the 
Taguchi and the linear techniques [8], [9]. 
Recently, an effort has been made to relate the dynamic mechanical properties of AlSi10Mg to the 
manufacturing parameters using a split Hopkinson pressure bar system  [10]–[13]. Variations in the 
manufacturing parameter cause some variations in the dynamic mechanical properties, while in the 
quasi-static tests, no significant variation in the mechanical properties was found. However, It was 
found that the measured dynamic yield stress under dynamic compression loads has a dependency 
on the relative printing to loading directions [10], [14].  
In the present study, we made an effort to correlate the dynamic mechanical behavior with different 
manufacturing parameters using the Taguchi DOE method. We chose the dominant fabrication pa-
rameters and investigated their effect on yield stress and fracture. 

2 DESIGN OF EXPERIMENTS METHODOLOGY  
Based on the Taguchi methodology [8], we select five parameters, and in each, we have three dif-
ferent variations neer the optimal value suggested by the printing machine manufacturer (SLM 
model 280). TABLE 1 present each parameter and its variation value 
 

TABLE 1  Selected parameters for the Taguchi DOE and their values 
 Parameter Nominal value levels 

1 P [W] 350 330, 250, 370 

2 Hd[mm] 0.125 0.11, 0.12, 0.13 

3 V[mm/s] 1650 1500, 1600, 1700 

4 Or. - XY, 45, Z (see figure 2) 

5 SP BNF BNF, CB, FCB (see figure 1) 

2.1 Sample preparation  

According to the Taguchi method, a set of 27 parameter combinations was manufactured for five 
parameters and three levels. The laser power, hatching distance, and scanning velocity were 
changed according to the three levels presented in TABLE 1. 
Three scanning patterns were chosen; the bi-direction pattern (BNF) in it, each layer was scanned 
linearly (back and forth) but with 67⁰ rotation between each successive layer. In chessboard (CB), 
each layer's chessboard pattern was divided into small squares (5 x 5 mm), where the scanning in 
each square was linear. Two neighboring squares were scanned in tangential directions, and (FCB) 
the fine chessboard scan is the same as the CB scan but with smaller squares (2 x 2 mm). FIGURE 1 
deposits those patterns. 
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FIGURE 1     Scanning pattern schematics: a) Bi-directional (BNF). b) coarse chessboard (CB)  and c) Fine chess-

board (FCB) 

Orientation loads were defined as follows: three different rods were manufactured, and the SHPB 
samples were machined from each rod. The rods were manufactured from the building platform up 
(all three-rod types). The load direction for the (Z) samples is parallel to the building direction. The 
(XY) sample load direction is tangential to the building orientation. The load direction to the (45) 
samples is 45⁰ relative to the building orientation. In FIGURE 2, a schematic illustration of the load 
direction and building direction is present. 
 

 
 

FIGURE 2     Illustration of the sample's building directions in relative to  the load direction 

 
The variations in the other three parameters (laser power, hatching distance, and scanning velocity 
as presented in TABLE 1 were set in the manufacturing machine (SLM 280) 

2.2 Split Hopkinson pressure bar system  
The dynamic mechanical properties were found using a standard split Hopkinson pressure bar. The 
system operates in the laboratory of dynamic properties at Ben Gurion University. True stress and 
strain were extracted from the two sets of strain gages positioned on each bar. The sample size was 
7 mm in diameter and 5 mm in height. Each sample was machined from the relevant rod, and the 
shall layer was removed. An impactor was accelerated towards the bars using a gas gun to generate 
the pressure load. The impactor velocity at impact was 20±0.5 m/s. This velocity permits reaching 
the ultimate yield stress and maximum elongation until fracture. The strain histories were captured 
by Lecroy HD-4054 digital oscilloscope. A standard analysis based on equilibrium conditions was 
used to extract the stress-strain curves. More details on the system can be found in ref's. [10], [14], 
[15] 

3 RESULTS AND DEDICATION 
According to the Taguchi method, for five parameters and three levels each, 27 different combina-
tions were needed. Five samples were manufactured for each combination; therefore, 135 experi-
ments were done. In each experiment, the strain–stress curve was measured, and from it, one points 
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(XY) sample load direction is tangential to the building orientation. The load direction to the (45) 
samples is 45⁰ relative to the building orientation. In FIGURE 2, a schematic illustration of the load 
direction and building direction is present. 
 

 
 

FIGURE 2     Illustration of the sample's building directions in relative to  the load direction 

 
The variations in the other three parameters (laser power, hatching distance, and scanning velocity 
as presented in TABLE 1 were set in the manufacturing machine (SLM 280) 

2.2 Split Hopkinson pressure bar system  
The dynamic mechanical properties were found using a standard split Hopkinson pressure bar. The 
system operates in the laboratory of dynamic properties at Ben Gurion University. True stress and 
strain were extracted from the two sets of strain gages positioned on each bar. The sample size was 
7 mm in diameter and 5 mm in height. Each sample was machined from the relevant rod, and the 
shall layer was removed. An impactor was accelerated towards the bars using a gas gun to generate 
the pressure load. The impactor velocity at impact was 20±0.5 m/s. This velocity permits reaching 
the ultimate yield stress and maximum elongation until fracture. The strain histories were captured 
by Lecroy HD-4054 digital oscilloscope. A standard analysis based on equilibrium conditions was 
used to extract the stress-strain curves. More details on the system can be found in ref's. [10], [14], 
[15] 

3 RESULTS AND DEDICATION 
According to the Taguchi method, for five parameters and three levels each, 27 different combina-
tions were needed. Five samples were manufactured for each combination; therefore, 135 experi-
ments were done. In each experiment, the strain–stress curve was measured, and from it, one points 
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was extracted: the maximum dynamic stress (MDS). The effect of the variation in the manufacturing 
parameters on those two measured parameters was tested. 

 
FIGURE 3 True stress-strain curves measured from samples having two different sets of parameters 

 
FIGURE 3 depicts the true stress-strain curves measured with two samples having different param-
eters. The figure identifies the point of interest; MDS. This measured value was used to compare 
and evaluate the effect of varying manufacturing parameters. As an example, in TABLE 2. The MDS 
is significantly different in those two experiment sets. 
 
TABLE 2  Selected two combinations from the 27 sets  

Set Scanning 
Pattern 

Hatching 
distance 

Scanning 
velocity 

Laser 
power 

Orientation MDS 

9 CB 0.13 1500 350 45 496±2 
11 CB 0.12 1700 350 90 (Z) 563±2 

 
In the next analysis stage, we implement the NOVA analysis to the obtained results. In principle, this 
analysis is based on estimating the mean signal to noise (S/N) response for the tested parameter. In 
our case, the MDS. 
In FIGURE 4, the mean-S/N response for the MDS dependency on P, V, Hd, SP, and Or. As seen in 
the figure, the must influence parameter is the orientation. The other parameters have less influence  
on the dynamic response; however, there is clear dependence on the other parameters. 
As seen in FIGURE 4, the second affecting parameter is the laser power. This can be related to the 
heat generated during the melting process. An increase in the scanning speed (v) reduces the energy 
transferring to the powder per unit length, reducing the effective heating temperature. Similar ef-
fects appear when varying the Hd; an increase in the Hd reduces the effective temperature. It is 
clear that increasing the temperature decreases the MDS. Therefore, the resulting MDS will de-
crease when changing a parameter that causes temperature increas. 
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FIGURE 4 Means Signal to noise response for the five parameters : P, V, Hd, SP, and Or. 

4 SUMMARY AND CONCLUSIONS 
In the present study, we investigate the effect of building parameters on the dynamic strength and 
elongation of fracture for the printed AlSi10Mr alloy. The design of experiments based on the 
Taguchi methods was used to limit the number of experiments. The effect of five manufacturing 
parameters was tested. It was found that the dominant parameter affecting the MDS is the relative 
orientation of the load to building directions. This result agrees with our previous studies; Moreover, 
the effect of the other parameters was found to be statistically significant. We can distinguish be-
tween the relative load to building directions and the powder's temperature during printing. Those 
two processes initiate different mechanisms during dynamic load. Due to the high temperature dur-
ing the process, the material softened, similar to the aging process, while the orientation depend-
ency could be related to the material's microstructure. More details can be found in ref. [16] 
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This work presents a comparison of the dynamic tensile 

behaviour of additively manufactured and wrought 

Ti6Al4V. Additively manufactured blocks were produced 

with different printing and post processing parameters. 

The tension specimens were wire cut from these blocks 

and from a hot rolled thin sheet. Tension tests were car-

ried out at room temperature with a universal testing 

machine and a Tensile Split Hopkinson Bar (TSHB), at 

strain rates ranging from 1.25×10−4 to 850 s−1. Adiabatic 

heating of the specimens was measured with a high 

speed infrared camera. The mechanical behaviour, strain 

hardening parameters, and heat release during defor-

mation of the materials were compared. The mechanical 

behaviour of the investigated materials was similar at 

both low strain and high strain rates, and all materials 

showed similar positive strain rate sensitivity in the in-

vestigated conditions. The strength of the additively 

manufactured specimens was in general higher than that 

of the wrought specimens, whereas the strain hardening 

rate of all specimens decreased with increasing strain 

rate. The ductility was similar for all investigated materi-

als and marginally decreased with strain rate. These re-

sults show that additively manufactured materials have 

been developed to a point where their dynamic behav-

iour is similar to that of wrought materials.

1 INTRODUCTION 

Titanium alloys are versatile materials which are essential in a variety of aerospace, sports, automobile, 

power generation and biomedical applications [1–3]. They usually have balanced properties such as 

high strength, low density and good corrosion resistance [1,4]. Depending on the alloying elements and 

heat treatments, titanium alloys can be single phase alpha or beta, or a combination of the two different 
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1 INTRODUCTION 

Titanium alloys are versatile materials which are essential in a variety of aerospace, sports, automobile, 
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high strength, low density and good corrosion resistance [1,4]. Depending on the alloying elements and 
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phases. The dual phase Ti6Al4V is the most used titanium alloy in industrial applications [3], and it is 

also of great interest for additive manufacturing of complex components. 

Additive manufacturing (AM) is a term that groups manufacturing techniques which work by join-

ing several layers to create a three dimensional part .The most common additive manufacturing tech-

nique for metallic materials is the Laser Powder Bed Fusion (LPBF) [5], also known as selective laser 

melting (SLM). The 3D object is built by selectively melting metallic powder on a flat surface with a 

focused laser beam according to according to a computer model, and then covering the surface again 

with metallic powder before repeating the melting sequence to build the subsequent slices [6]. The 

properties of the additively manufactured parts are affected by many factors related to the powder 

metal characteristics, laser properties, layer thickness, and post processing treatments. The printing 

process can lead to considerable variation in mechanical strength, ductility and microstructural fea-

tures [7]. Understanding the dynamic behaviour of these materials and the effects of manufacturing 

parameters on their thermomechanical behaviour is essential for widespread utilization in the aero-

space and automotive sectors. 

The plastic deformation and failure of titanium alloys is significantly affected by strain rate and 

temperature [3]. Fast deformation such as that experienced by a material in machining or various im-

pacts, can lead to fast strain localizations and failure due to the formation of adiabatic shear bands in 

both wrought and additively manufactured titanium [8,9]. The heat release and consequent thermal 

softening during high rate deformation has been related to possible changes in deformation mecha-

nisms in additively manufactured Ti6Al4V [10]. 

The thermomechanical behaviour of additively manufactured titanium alloys has mostly been 

studied at low strain rates, so the effect of strain rate on the strain hardening and heat release of addi-

tively manufactured titanium alloys still requires further investigation. The novelty of this work is in 

the description of the thermomechanical behaviour under tension of wrought and additively manufac-

tured Ti6Al4V at a wide range of strain rates. 

2 MATERIALS AND METHODS 

The materials investigated in this work were wrought Ti6Al4V and additively manufactured Ti6Al4V 

with different manufacturing and post-processing parameters. The different materials, parameters, 

and strain rates in which they were tested are shown in Table 1. The additively manufactured (35 x 45 

x 78 mm3) test samples were built on an EOS M 290 using 60 µm and 80 µm processes. The purpose of 

using multiple layer thicknesses was to study the effects of the increase in the build rate on the prop-

erties of the material. A batch of additively manufactured material was heat treated at a temperature 

of 800 °C for 2 hours. Other batches with the two different layer thicknesses were Hot Isostatic 

Pressed (HIP) with standard (920 °C, 100 MPa, 2 h) and optimized HIP parameters (820 °C, 140 MPa, 

2 h). Industrial standard HIP-parameters were originally developed for Ti6Al4V castings and therefore 

the AM microstructure optimized HIP-parameters proposed by Kosonen et al. [11] were also used. 

Dog-bone tensile specimens were machined with electrical discharge machining from a 2 mm thin 

plate of wrought and annealed alloy, and from the additively manufactured blocks. The wrought spec-

imens were cut so that the rolling direction was parallel to the loading (tension) axis, and the additively 

manufactured specimens were cut so that the loading direction was parallel to the building direction. 

The low rate (1.25×10−4–0.5 s−1) tension tests were carried out with a servohydraulic testing machine 

and the high strain rate (850 s−1) tests were carried out with a tensile Split Hopkinson Pressure Bar 
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system. The engineering strain in the tests was measured using an optical extensometer based on Dig-

ital Image Correlation (DIC). A detailed description of the specimen geometry and the testing setup is 

found in references [12,13]. 

 
TABLE 1   Test material conditions, additive manufacturing parameters and tensile test strain rate. 

 Material Condition Layer thickness (μm) Strain rate (s−1)  

 Wrought Ti6Al4V Annealed - 1.25×10−4–850  

 

Additively manufac-

tured Ti6Al4V 

Heat treated 60 1.25×10−4–850 
 

 
HIP 

60 
1.25×10−4–0.5 

 80 

 
HIP optimized  

60 1.25×10−4–850 
 80 1.25×10−4–0.5 

 

The temperature of the specimens was monitored during testing with a Telops FAST M2k high speed 

infrared camera. The radiometric temperature measurements of the infrared camera were converted 

to surface temperature measurements using calibration curves constructed by monitoring the cooling 

down of the specimens with both a thermocouple and the camera. A more detailed description of this 

temperature calibration process can be found at reference [12]. The tension tests were also monitored 

with two M-lite 16 MPix CMOS cameras for the low strain rate tests and Photron Fastcam SA-X2 high-

speed cameras for the high strain rate tests. DIC was used to follow the deformation of the specimens 

and a virtual extensometer was used to measure the global engineering strain throughout the tests. 

3 RESULTS AND DISCUSSION 

Figures 1 and 2 show the engineering stress-strain and the strain hardening rate curves of the ma-

terials in tension at strain rates from 1.25×10−4 s−1 to 850 s−1. Both the wrought and the additively man-

ufactured Ti6Al4V alloys had a positive strain rate sensitivity in the investigated strain rate range. The 

heat treated specimens had the highest yield and the highest ultimate tensile strengths (UTS). The op-

timized HIPped specimens were the second strongest followed by the wrought material and the stand-

ard HIPped specimens. This trend was observed at strain rates from 1.25×10−4 s−1 to 0.5 s−1. The tensile 

strength of the material with a 60 μm layer thickness was marginally higher than those with a 80 μm 

layer thickness, although further testing is required to investigate the significance of this difference in 

their mechanical behaviour. The UTS of the all investigated materials increased from 1050–1150 MPa 

at 10−4 s−1 to 1200 MPa at the strain rate of 850 s−1. The fracture strain of the investigated materials 

decreased with strain rate but remained approximately constant at strain rates of 0.5 s−1 and 850 s−1. 

The wrought and additively manufactured materials had a remarkably similar mechanical behavior at 

high strain rates. Fadida et al. [14] observed a similar dynamic behavior in tension for both additively 

manufactured and wrought Ti6Al4V. The authors also reported a lower yield strength and a higher 

fracture strain in a wrought Ti6Al4V in comparison to an AM counterpart. Rodriguez at al. [10] re-

ported strain softening at higher strain rates. In the current work, strain softening was also observed 

throughout plastic deformation at the strain rates of 0.5 s−1 and 850 s−1. 
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FIGURE 1     Engineering stress-strain plots of the Ti6Al4V at strain rates from 1.25×10−4 s−1 to 850 s−1. The close ups 

show the difference in the stress-strain curves in more detail. 

 

 
  
FIGURE 2     Strain hardening rate as a function of true strain for the Ti6Al4V specimens at strain rates from 1.25×10−4 

s−1 to 850 s−1. 
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The strain hardening rate of both wrought and additively manufactured Ti6Al4V were similar for 

each investigated strain rate. In general, the strain hardening rate after yielding at all strain rates de-

creased at the constant rate. A positive strain hardening rate was observed at strain rates of 1.25×10−4 

s−1, 10−2 s−1 and 0.5 s−1 but the strain hardening rate was roughly zero at 850 s−1. 

Figure 3 shows average temperature increase (ΔT) of the gage section of the specimens as a func-

tion of true strain. The onset of necking was determined using waterfall plots based on the DIC data. 

The spatial average of the temperature increase is reported only until necking as the temperature 

change in that area is essentially constant during uniform deformation, but the heating is strongly lo-

calized in the neck region after the onset of necking. The adiabatic heating for all materials increased 

with strain rate. The heat generated by the material is mostly transferred to its surroundings in the 

lowest strain rate tests, but there is less time for the heat transfer at strain rates of 10−2–850 s−1 and a 

considerable temperature increase is observed. The tests at a strain rate of 10−4 s−1 were essentially 

isothermal and the small observed temperature increase was caused by the heat conducted from the 

test machine grips to the specimen. A notable temperature increase was observed already at the strain 

rate of 10−2 s−1 due to the low thermal conductivity of titanium. No considerable heat transfer was ob-

served from the specimen gauge section to the shoulder areas at strain rates of 0.5 s−1 and 850 s−1, so 

these tests can be considered to have been adiabatic. At all investigated strain rates, the adiabatic heat-

ing was the highest in wrought Ti6Al4V, followed by the heat treated, and the HIPped specimens. The 

reason for the lower ΔT for additively manufactured Ti6Al4V requires further investigation. It is possi-

ble that the observed differences in the behaviour are caused by the different microstructures pro-

duced by AM, the slightly lower density of the AM specimens, or also differences in the efficiency at 

which these materials convert plastic work into heat. 

 

 
  
FIGURE 3     Temperature increase of the Ti6Al4V specimens at strain rates from 1.25×10−4 s−1 to 850 s−1. 
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4 SUMMARY 

This work presented the mechanical behaviour and adiabatic heating of wrought Ti6Al4V and addi-

tively manufactured Ti6Al4V with different manufacturing and post processing parameters. Tensile 

tests were carried out at 1.25×10−4–850 s−1 using a servohydraulic materials testing machine and a 

Split Hopkinson Pressure Bar. Temperature of the specimens was monitored with a high speed infrared 

camera. Each investigated material had a positive strain rate sensitivity in the studied strain rate range. 

At each strain rate, the mechanical behaviour of the wrought specimens was similar to the additively 

manufactured specimens. The temperature increase of the materials increased with strain rate, and 

the wrought material had a higher temperature increase than the additively manufactured materials. 

The use of a smaller layer thickness led to a small increase in the strength of the material, and the opti-

mization of the post processing HIP procedure led to a greater increase in the mechanical strength. The 

heat treated material had a higher tensile strength at both low and high strain rates. However, appli-

cations which undergo cyclic loading usually employ HIP treated materials due to their much higher 

fatigue resistance. Additively manufacturing techniques have reached a state where they are able to 

produce materials with similar properties to wrought alloys, not only under quasi-static conditions but 

also under dynamic loading. Further studies are suggested to investigate the difference in the defor-

mation mechanisms and failure of additively manufactured titanium alloys. 
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Additively Manufactured (AM) materials 

have great potential for producing graded 

materials, embedded structures and near net 

complex shapes. One major issue with AM 

materials is the lack of dynamic material 

property data at high strain rates. This paper 

describes a comparison between the dy-

namic and some static properties of AM and 

wrought Ti 6Al 4V. Several tests were per-

formed including the Split Hopkinson Pres-

sure Bar (SHPB) and some microstructural 

analysis was also carried out. This showed 

some evidence of different deformation 

mechanisms between the materials where 

the wrought material deformed by disloca-

tion mechanics and the AM material by gen-

eral slip or shear banding, although further 

work is required. 

 

1 INTRODUCTION & BACKGROUND 

There is extensive interest in Additive Manufacture (AM) of metals as AM technology is developing 

very rapidly, particularly in the aerospace area. The development of AM opens the door to new and 

novel materials and more flexible manufacturing processes. Whilst there have been previous studies 

on the properties of AM metals, most have focussed on microstructure and static properties (Kempen, 
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very rapidly, particularly in the aerospace area. The development of AM opens the door to new and 

novel materials and more flexible manufacturing processes. Whilst there have been previous studies 

on the properties of AM metals, most have focussed on microstructure and static properties (Kempen, 
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2011; Jaga, 2016). The purpose of this paper was to compare the properties of wrought and AM tita-

nium alloy (i.e. Ti 6Al 4V) over a range of strain rates to obtain a greater understanding of their behav-

iour. This consisted of Quasi-Static (QS) interrupted tensile tests, elastic property measurements and 

high rate tests on a Compression Split Hopkinson Pressure Bar (CSHPB).  The wrought material data 

was based on work some years ago. 

1.1 Material and sample Description 

The AM Ti 6Al 4V material specimens were produced using Laser Powder Bed Fusion (L-PBF) on a Ren-

ishaw RenAM 500Q under full quality control processes for the material and powder. The wrought 

material was obtained from a standard supplier of Ti 6Al 4V alloy.  The tensile specimens were made 

using AM techniques and then finished machined for the screw threads. The cylindrical compression 

specimens were AM manufactured. Some samples were made in the different x, y and z directions to 

check isotropy. 

2 MATERIAL TEST RESULTS 

The QS interrupted tests were performed in QinetiQ and used the process described in (Butler, 1994) 

so that isothermal stress/strain curves are produced. The elastic wave measurements and CSHPB tests 

were performed at Cambridge University.  

2.1 Elastic Wave Measurements 

The method employed for these measurements used ultrasonic waves to measure all the relevant 

sounds speeds as shown in Figure 1. The crux of the method is to measure the sound speed very accu-

rately (i.e. ±1%). From these simple elastic relations were used to derive the elastic moduli. The density 

was also measured using a buoyancy method. 

 

 
Figure 1 - - Photograph of setup of pair of transducers to independently generate and detect the ultrasound pulses 

The measured properties are shown in Table 1. As can be seen there is no evidence of anisotropy in the 

AM material and the values are similar to the wrought material. 

 
Table 1 – Summary of Elastic Properties 

Property X-Section Y-section Z-section 

Longitudinal sound speed /m‧s-1 6190 ± 2 6189 ± 2 6165 ± 2 
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Shear sound speed /m‧s-1 3198 ± 3 3199 ± 2 3194 ± 3 

3D pressure wave speed /m‧s-1 4969 ± 3 4966 ± 3 4940 ± 3 

1D pressure wave speed /m‧s-1 5192 ± 4 5193 ± 3 5183 ± 4 

Poisson’s ratio 0.3180 ± 

0.005 

0.3178 ± 

0.004 

0.3166 ± 

0.005 

Longitudinal modulus /GPa 168.7 ± 0.2 168.6 ± 0.2 167.3 ± 0.2 

Shear modulus /GPa 45.0 ± 0.1 45.0 ± 0.1 44.9 ± 0.1 

Bulk modulus /GPa 108.7 ± 0.2 108.6 ± 0.2 107.5 ± 0.2 

Young’s modulus /GPa 118.7 ± 0.2 118.7 ± 0.2 118.3 ± 0.2 

Density 4405 ± 5 4404 ± 3 4398 ± 5 

Combined density values used for above moduli calculations  4403 ± 5 

 

2.2 QS Interrupted Tensile Tests 

Three tests were perfromed and the data was very reproducible. The comparison with the wrought 

material is shown in Figure 2 

 

 
Figure 2 - Comparison of AM material with previously tested conventional material for Ti alloy 

There are clearly significant differences in the stress v strain response for both materials. The AM 

material is seen to have much lower strain hardening response and yet a more severe localisation 

behaviour when compared to the conventional material indicating that there may be more general slip 

or shear banding involved in its deformation rather than homogeneous dislocation motion. It was 

noted in the interrupted tests that there was a slight rotation (i.e. 2°) just as the material was yielding, 

which may indicate a shear banding effect. 

2.3 High Rate Data 

A total of six tests were performed on the CSHPB and again the results were reproducible and there 

was no evidence of anisotropy in the AM materials. The comparison with the wrought material is 

shown in Figure 3. 
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Figure 3 - Comparison of high rate CSHPB data for wrought and AM Ti alloy 

A comparison of the high rate data shows the opposite effect to the QS data in that there appears to be 

more strain hardening at higher rates in the AM material. This may still be consistent with the proposed 

mechanism difference, but this requires further investigation. The response of the AM material in the 

Hopkinson bar exhibits more strain hardening than the conventional material.  It may be, however, that 

it is less affected by thermal softening. 

2.4 Microscopy Analysis 

The fracture of the tensile specimens was examined using Scanning Electron Microscopy (SEM). The 

fracture surfaces consisted of two distinct regions, with the centre of the sample showing ductile mi-

cro-void coalescence and the edges mainly showing shear failure. A low magnification overview of one 

of the fracture surfaces is shown in Figure 4 . SEM images often remove some of the topography of the 

image so an optical microscope image of the same fracture surface is given in Figure 4 to show the 

shape of the shear lips formed. The shear region is quite large in respect to the overall diameter of the 

specimen. 

 

Some possible defects were observed on the fracture surface. These appeared to be un-melted/par-

tially melted powder particles. It is also possible that they are inclusions of different composition. 

These features were disparate and did not appear obviously in the cross-sectioned material. Whilst 

these particles are present on the fracture surface, they don’t seem to dominate the failure mode 
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Figure 4 - Overview of fracture surface for AM Ti alloy (left), Optical overview of a fracture surface to show 3D na-

ture of shear regions (right). 

2.5 Conclusions 

Elastic constants were measured and are within 1% uncertainty in all three directions. Tensile testing 

showed consistent properties in three orientations. There is a significant difference in stress v strain 

response between previous wrought and AM material. The AM material has a lower QS stress v strain 

curve than equivalent wrought material. AM material has lower QS strain hardening response and 

more prone to localisation based on the interrupted tests which produce isothermal stress v strain 

curves under adiabatic deformation conditions. At high strain rate the effect is reversed (i.e. AM mate-

rial is stronger). This could be indication of different deformation mechanisms, e.g. slip/shear banding 

rather than dislocations. The AM material could be less resistant to thermal softening. 
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1 | INTRODUCTION

Inconel 718 is a Ni-based Superalloy that finds an extensive application in the Aerospace industry for
the fabrication of structural components specifically designed to endure harsh environmental condi-
tions in terms of extreme working temperatures and high strain rates [1]. Excellent toughness, good
corrosion and high creep-rupture resistance at elevated temperatures are technological advantages
that encourage Inconel 718 as a reference choice for the fabrication of industrial gas turbines, jet en-
gine components, and critical rotating parts. Nevertheless, due to its superior mechanical properties,
themachining of Inconel 718 components remains challenging. Themanufacturing of high-functional
shapes or repairing damaged surfaces is not yet cost-effective. Recently, Direct Energy Deposition
(DED) has been recognised as an Additive Manufacturing (AM) technique capable of overcoming
these limitations, enabling the fabrication and refurbishing of hard-to-cut metal components. To
optimise process conditions [2] and the performance of the realised components, it is essential to
investigate the influence of the main process parameters [3] (e.g. laser power) on the structural qual-
ity of Inconel 718 parts produced by Laser Metal Deposition (LMD) and characterise the mechanical
properties of the as-built material undergoing the coupled effect of strain-rate, and temperature [4].

The objectives of the research investigation tried to fill these gaps, specifically by studying the
mechanical behaviour of Inconel 718 parts produced by Laser Metal Deposition under a wide range
of strain rates (from 0.001 to 800 s−1) and temperatures (from 20◦C to 550◦C). The main mechanical
properties and a comparison between results obtained under the same conditions on an as-cast In-
conel 718 material have been reported. The main parameters of the Johnson-Cook strength material
model have been reported as well.

2 | DESIGN OF EXPERIMENTS

The design of a comprehensive testing campaign that includes several process recipes (e.g. laser
power, carrier-powder mix and axes feed) running on the same manufacturing infrastructure is neces-
sary to satisfy specific product quality (e.g. absence of cracks, superficial roughness, porosity percent-
age, and dimensional fitting). The Design of Experiments (DoE) involved the combination of six levels
of axis power, six levels of axis speed, two levels of hatching distances and a constant powder feed
ratio. These combinations allowed the production of single track samples (Figure 1(a)), single layer
samples (Figure 1(b)) and finally, 3d bulk cylinders (Figure 1(c)). From the latter, and after a careful
inspection, two optimal combinations of parameters were chosen for the production (electrical dis-
charge machining and turning) of cylindrical samples ready for mechanical characterisation. The two
combinations of process parameters adopted for the manufacturing have been reported in Table 1. A
detailed description of the steps for the sample preparation is reported in [3, 4].

The mechanical characterisation in tension at high strain rates and elevated temperatures has
been performed using a Split Hopkinson Tensile Bar equipped with an Ambrell compact EASY-HEAT
induction water-cooled heating system, whose details are reported in [5]. For the sake of comparison
with as-builtmaterials (Table 1), a commercial Inconel 718was used as rawmaterial for the preparation
of as-cast samples.

Forni et al. 3

TABLE 1 Process parameter adopted for the manufacturing. From [3].

Material Laser Axis Hatching Feed Layer

name power speed distance rate thickness

[W] [mm/min] [mm] [g/s] [mm]

As-built P300W Inconel 718 300 750 0.384 0.032 0.151

As-built P400W Inconel 718 400 750 0.414 0.032 0.208

F IGURE 1 Single track (a), single layer (b) and 3d bulk cylinders (s): preparation and analyses.

3 | RESULTS

At room temperature, as-built specimens exhibit better repeatability and are slightly more ductile than
as-cast specimens in terms of total elongation. In contrast, due to different sizes and the distribution of
inclusions [3], the as-built P300Wmaterial highlighted lowermechanical strength than its counterpart
produced with a 400W laser power. Despite this, the as-built material realised with a 400W laser
power has been found to exhibit similar mechanical behaviour to the as-cast material in terms of
uniform strain and ultimate tensile strength. Moreover, a modest strain-rate sensitivity was revealed
for both the as-cast and as-built materials.

Elevated testing temperatures lead to higher repeatability of flow stresses. From Figure 3(a) it
is possible to observe that the differences in mechanical properties between as-built materials were
considerably reduced. In particular, high strain-rate tests at elevated temperature (550◦C) revealed a
very similar mechanical behaviour in flow stress between as-cast and as-builtmaterials. Furthermore,
the results obtained from tests at elevated temperatures highlighted the thermal softening effect.
From Figure 3(b) a linear trend decrease of the ultimate tensile strength is observed for increasing
temperatures.

Performing reliable numerical simulations requires the proper selection of the constitutive rela-
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(a) (b)

F IGURE 2 Mechanical behaviour at room temperature of (a) as-built P400W material, and (b)
comparison of as-builts and as-cast materials at 800 s−1. Images modified from [3].

TABLE 2 Constitutive parameters of Johnson-Cook at 20◦C.

Material A B n c

[MPa] [MPa] [-] [-]

As-built P300W Inconel 718 532 1276 0.6309 0.01218

As-built P400W Inconel 718 519 1397 0.6314 0.02006

As-cast Inconel 718 567 1121 0.4721 0.01535

tion for the strength of the material. The present research work focuses on this issue, with considera-
tion of the Johnson-Cook model [6] which is a plasticity model based on five constitutive parameters
and suitable for the modelling of the strain hardening (A, B , and n), the strain-rate sensibility (c), and
the thermal softening (m).

The five constitutive parameters are calibrated through the experimental mechanical results.
They suggest that in dynamic conditions at room temperature (Table 2), the as-built materials could
have a more ductile behaviour reaching higher elongations before necking starts than the as-castma-
terial. In addition, a higher strain-rate sensitivity for the as-built samples realised with a laser power of
400 W is observed (Table 2). Moreover, lower strain-rate sensitivity parameters have been observed
for samples realised with a laser power of 300 W, meaning lower mechanical strength for increasing
strain-rates. Finally, it is worth noting that comparable parameters were obtained by [7, 8].

On the other hand, the thermal softening parameter (m), evaluated for a specific set of data in
terms of effective strain-rates and temperatures, highlighted a noticeable variation. The minimum
obtained value is 0.967, while the maximum is 1.447 (Figure 4(a)). Therefore, averaged m values
could cause substantial numerical errors [4]. As a consequence, numerical simulations require specific
thermal softening values (m) in particular ranges of strain-rate and temperature.
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comparison with experimental flow data (b).
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4 | CONCLUSIONS

Two as built Inconel 718 materials and a raw Inconel 718 material were studied in this paper to
compare their mechanical properties under severe combined conditions of temperature and strain
rates. The experimental results led to the following conclusions:

• The as-built materials highlighted a modest strain-rate sensitivity keeping their strain hardening
capacities under combined conditions.

• Results at room temperature highlighted that the mechanical behaviour of the as-built Inconel
718 manufactured with a laser power of 400 W was similar to the mechanical behaviour of the
as-cast material.

• At elevated temperatures, the flow stress was more repeatable within materials, and the as-cast
and the as-built materials showed comparable results.
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melting root via an additive manufacturing approach. The maragings were composed of iron along 
with in weight percent of 0,03% carbon, 18% nickel, 9% cobalt and 5% molybdenum. 
The conventional maraging steel was provided by Aubert et Duval and identify MY19 [1]. Ingot of the 
conventional maraging elaborated through vacuum induction melting were forged in bars 70 mm in 
diameter. After aging, the material provides a tensile yield stress of 2070 MPa and tensile ductility of 
12%.  
The selective laser melting maraging was provided by EOS starting from pre-alloyed 40 µm powders 
elaborated in the vertical axis and identified M300SLM [2]. After aging, the material provides a tensile 
yield stress of 2030 MPa and tensile ductility of about 5 %.  
High strain rate characteristics were investigated through an experimental numerical investigation. 
Experimental characteristics consist in compression properties as a function of strain rate and Mode 
II failure properties at high strain rate. For both maragings, dynamic Mode II failure was initiated 
through adiabatic shear banding. Numerical investigations of the Mode II failure process was 
investigated with two softwares. A finite element software AUTODYN [3] was used to investigate the 
strengthening effect in the viscous regime using a modified Johnson-Cook Model [4],[5]. A particle 
element software IMPETUS [6] was used to investigate the adiabatic shear failure process using the 
Dolinski M., Merzer M. and Rittel approach [7]. 

2 COMPRESSION RESULTS AND CONSTITUTIVE MODELS 
Compression tests were performed with specimens of 9 mm diameter and 5 mm in height. Quasi-
static and intermediate conditions tests were conducted at strain rates of 0.0006 and 2,4 s-1 with a 
conventional testing machine. Stress-strain curves were deduced from load displacement data 
obtained from a load cell and a displacement device. High strain rate tests were conducted at strain 
rates ranging from 5 to 8 x103 s-1 with a direct impact Hopkinson pressure bar technique [8]. High 
strain rate stress-strain curves were deduced from the striker impact velocity and from the Hopkinson 
pressure bar strain history. 
Figure 1 shows the stress strain curve of the two maragings. In one hand, under quasi-static loading 
conditions, both maraging exhibit similar hardening. In another hand, responses at strain rate starting 
from 2,4 s-1, reveal a similar softening behaviour for both maragings. Adiabatic shear banding occurs 
at high strain rates, with an average strain onset of 0.08 at a strain rate of about 8 x 103 s-1, for both 
maragings. 
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FIGURE 1    Compression stress-strain responses: (a) MY19 maraging steel, (b) M300SLM maraging steel. The 
impact velocities and strain rate at yield of the direct impact Hopkinson pressure bar are indicated. 

Considering yield stress data, thermally activated and viscous regimes were identified, see FIGURE 2. 
The two maragings exhibit a transition from the thermally activated regime to the viscous regime of 
about 103 s-1. 

  
a) MY19 maraging steel b) M300SLM maraging steel 

FIGURE 2    Yied stress versus strain rate of the conventional maraging MY19 and laser melting maraging 
M300SLM. 

These data were used to calibrate Johnson-Cook constitutive type models [4], [5]incorporated in both 
sofwares, AUTODYN [3] and IMPETUS [6]. A standard Johnson-Cook model (JC) along with a Modified 
Johnson-Cook model (MJC) allowing to reproduce the viscous regime were used. These models 
define the flow stress as (1): 

 
(1) 

where  is the Von Mises flow stress, p is the equivalent plastic strain, 𝜀𝜀 ̇  is the equivalent plastic 
strain rate, 𝜀𝜀�̇�𝑜 is the normalized strain rate corresponding to the threshold for adiabatic conditions 
taken to be 1 s-1, 𝜀𝜀1̇ is the normalized strain rate characterizing the transition from the thermally 
activated regime to the viscous regime taken to be 103 s-1, T is the normalized temperature, A is the 
initial yield strength, B is the hardening parameter, n is the hardening exponent, C is the  strain rate 
parameter of the standard Johnson-Cook model Describing the thermally activated regime, D and k 
two strain rate parameters of the modified Johnson-Cook model characterizing the viscous regime, 
and m is the thermal softening exponent. 
Parameters of the two Johnson Cook models for both maraging steels are provided in TABLE 1. 

TABLE 1    Parameters of the standard and modified Johnson-Cook models. 

Maraging A (MPa) B (MPa) C D n m k 
MY19 2380 150 0.007 0.01 0.17 1.11 1.1 
M300SLM 2100 260 0.0075 0.0265 0.01 0.97 0.6 
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3 MODE II SHEAR FRACTURE INVESTIGATION 

3.1 Experimental procedure 

The test set-up is depicted in FIGURE 3. 

  

(a) (b) 

 

(c) 
FIGURE 3    Hat-test experimental set-up: (a) conventional hat specimen, (b) hydrodynamic hat specimen, (c) direct 
impact Hopkinson pressure bar technique 

A conventional hat specimen has been used to study adiabatic shear banding (ASB) characteristics in 
titanium alloys and copper, see FIGURE 3a [9]. The specimen generates ASB within a gage section submit 
to shear loading under low pressure. To generate high pressure in the gage section ranging from 1.2 to 
1.5 GPa, another hat specimen has been introduced, called the hydrodynamic hat specimen, see FIGURE 
3b [10].  A constant pressure is obtained by tilting the gage section of 32.6° with regard to the loading 
axis.  
The loading procedure of both hat specimens consists in the direct impact with a striker bar of the 
specimen placed against a Hopkinson pressure bar, see FIGURE 3c [8],[11]. The striker 20 mm in diameter 
is sent by a gas gun. The striker velocity, Vi, is measured 9 mm prior impact with an 18 mm two-laser 
beams device positioned 13.5 mm prior impact. The impact velocity ranges from 20 to 50 m.s-1 ensuring 
elastically loading of the striker and Hopkinson pressure bars. Loading durations and strain rates in the 
104 s-1 regime can be monitored through the use of different impact velocity and striker length, 
respectively. The pressure bar is 20 mm in diameter and 448 mm in length. Strains gages located on the 
Hopkinson pressure bar provide the specimen load and specimen / bar interface displacement history 
[12]. The striker and Hopkinson pressure bar are made of a tungsten alloy 1500 MPa in yield stress, 
17.65 g.cm-3 in density and 370 GPa in Young modulus. 
In addition, the crushing of the hat specimen can be limited by the use of an adaptable stop ring 
positioned at the top of a dedicated strut stuck onto the Hopkinson bar as depicted in FIGURE 4. 
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FIGURE 4    Hat-test assembly with the sample crushing limitation device 

3.2 Experimental results 

For both maragings, several striker velocities combined with various stop ring thicknesses have been 
tested in order to determine precise impact conditions leading to the initiation of ASB and the breakup 
of the sample, respectively. The reaching of these particular conditions is validated by post-mortem 
microscopic observations performed on truncated crushed samples as depicted in FIGURE 5. 

 

FIGURE 5    Microscopic observations performed on a maraging MY19 hat sample impacted at 20.7 m.s-1 with a 3.76 
mm thick stop ring allowing for a controlled axial crush of 40 m. 

The huge amount of plastic work provoked by the initiation of ASB generates a dramatic increase of the 
local temperature, this temperature exceeding the austenitization threshold. The ensuing fast cooldown 
then induces a localized martensitic transformation resulting to a characteristic white shear band as 
depicted in the right corner of the FIGURE 5. The identified thresholds for ASB initiation and total breakup 
are summed up, for both maragings, in TABLE 2. It can be noticed that the associated impact conditions 
for these thresholds are quite similar for both materials despite their differentiated tensile ductilities 
(see 1) 

TABLE 2    Identified impact conditions resulting to ASB initiation and sample breakup for studied materials 

Maraging 

ASB initiation threshold Sample breakup threshold 

Striker 
velocity 
(m.s-1) 

Imposed 
dynamic 
crushing 

(m) 

Residual 
sample 

crushing 
(m) 

Striker 
velocity 
(m.s-1) 

Imposed 
dynamic 
crushing 

(m) 

Residual 
sample 

crushing 
(m) 

MY19 20.7 40 70 16.8 700 330 
M300SLM 21 40 100 13.60 700 280 
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In addition, the crushing of the hat specimen can be limited by the use of an adaptable stop ring 
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FIGURE 4    Hat-test assembly with the sample crushing limitation device 

3.2 Experimental results 

For both maragings, several striker velocities combined with various stop ring thicknesses have been 
tested in order to determine precise impact conditions leading to the initiation of ASB and the breakup 
of the sample, respectively. The reaching of these particular conditions is validated by post-mortem 
microscopic observations performed on truncated crushed samples as depicted in FIGURE 5. 

 

FIGURE 5    Microscopic observations performed on a maraging MY19 hat sample impacted at 20.7 m.s-1 with a 3.76 
mm thick stop ring allowing for a controlled axial crush of 40 m. 

The huge amount of plastic work provoked by the initiation of ASB generates a dramatic increase of the 
local temperature, this temperature exceeding the austenitization threshold. The ensuing fast cooldown 
then induces a localized martensitic transformation resulting to a characteristic white shear band as 
depicted in the right corner of the FIGURE 5. The identified thresholds for ASB initiation and total breakup 
are summed up, for both maragings, in TABLE 2. It can be noticed that the associated impact conditions 
for these thresholds are quite similar for both materials despite their differentiated tensile ductilities 
(see 1) 

TABLE 2    Identified impact conditions resulting to ASB initiation and sample breakup for studied materials 

Maraging 

ASB initiation threshold Sample breakup threshold 

Striker 
velocity 
(m.s-1) 

Imposed 
dynamic 
crushing 

(m) 

Residual 
sample 

crushing 
(m) 

Striker 
velocity 
(m.s-1) 

Imposed 
dynamic 
crushing 

(m) 

Residual 
sample 

crushing 
(m) 

MY19 20.7 40 70 16.8 700 330 
M300SLM 21 40 100 13.60 700 280 
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4 NUMERICAL RESULTS 

A numerical investigation has been undertaken to interpret these experimental data for both studied 
maraging steels. This investigation has been split in two successive steps, with a first step addressing 
the influence of the constitutive model on the elasto-plastic response prior to damage initiation, and 
a second step dealing with the ASB failure mechanism. As expressed above, two different softwares 
have been used to conduct this two-step numerical approach: AUTODYN [3] and IMPETUS [6], the 
former relying upon classical Finite Element Methods (FEM) whereas the latter makers use of an 
advanced meshless Smooth-Particle Hydrodynamics (Gamma-SPH, [13]) method. 
More precisely, in the first step, the influence of the material model on its dynamic response has been 
exclusively carried out with AUTODYN [3], this FEM-based numerical code being fitted with both 
Johnson-Cook and Modified Johnson-Cook models, the latter allowing for a better apprehension of 
the viscous regime. 
On the other hand, IMPETUS [6], despite not embedding the Modified Johnson-Cook plasticity 
model [5], is best suited to deal with high levels of plastic strains encountered with ASB fracture 
mechanisms thanks to the combination of the meshless Gamma-SPH method with the ASB-
dedicated Dolinski-Merzer-Rittel [7] damage model, the associated technical details being discussed 
in point 4.2 

4.1 Numerical simulations with non-failure criterion 

Numerical simulations of the shear fracture test of an impact velocity of 20 m.s-1 have been 
conducted with the AUTODYN [3] software to investigate the importance of taking in account the 
viscous regime using a FEM mesh size of 200 µm. Numerical data were generated using a target 
positioned in the middle of the gage section where shear strain concentration occurred for both the 
conventional hat specimen and hydrodynamic hat specimen, see FIGURE 6.  

  
FIGURE 6    Position of the selected target for the numerical outputs of the hat specimens. 

As expected high pressure is generated with the hydrodynamic hat specimen which is about 1200 
MPa for both maragings, see FIGURE 7. Low pressures less than 400 MPa are generated with the 
conventional hat specimen confirming the unconfined state of stress for this configuration. 

 
FIGURE 7    Pressure histories in Mbar for the conventional (nonhydro) and hydrodynamic hat specimens. 
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The effective plastic strain and effective plastic strain rate histories are provided in FIGURE 8 for the 
hydrodynamic hat configuration. As shown in FIGURE 8b, the deformation occurred in the viscous 
regime since the effective plastic strain rate is above 5000 s-1 for both maragings, disregarding the 
Johnson-Cook model used. Consequently, numerical simulations with the Modified Johnson-Cook 
Model provide reduced plastic strain because of the strengthening occurring in the viscous regime. 
This amount of plastic strain is reduced by a factor of two for the hydrodynamic hat specimen, see 
FIGURE 8a. Similar results were obtained with the conventional hat specimens indicating that no 
major differences in terms of effective plastic strain concentrations were observed between the two 
maragings 

a) Effective plastic strain histories 
MY19 M300SLM 

  
b) Effective plastic strain rate histories 

MY19 M300SLM 

  

FIGURE 8    Effective plastic strain histories (a) and effective plastic strain rate histories (b) for the hydrodynamic 
hat specimens using the Standard Johnson-Cook model (jcstandard) and Modified Johnson-Cook Model (jcm). 

4.2 Numerical simulations with a failure criterion 

4.2.1 General considerations about computation techniques involved 

As explained in the introduction of this paragraph hereabove, the IMPETUS [6] calculations were 
conducted by using mesh-free Gamma SPH [13] models combined with the Dolinski-Merzer-Rittel [7] 
damage criterion. This Gamma SPH [13] method is an evolution of the so-called SPH [14] approach 
which is, basically, a Lagrangian particle technique used to solve partial differential equations (PDE). 
The main advantage of this technique, regarding to FEM, is to discretize the calculation domain by a 
set of particles freely interacting between themselves rather than relying on a fixed-connectivity 
numerical grid. Indeed, SPH [14] uses a kernel approximation to rule these interactions and makes 
no assumptions about which particles are neighbours to calculate spatial derivatives. As such, SPH-
based calculations are no longer disturbed by excessive mesh distortions as encountered in the 
modelling of ASB. This is the reason why SPH [14] approaches are the most suitable to deal with the 
high plastic strains involved in the hat-specimen tests. The Gamma-SPH [13] method embedded in 
IMPETUS [6] software is an evolution of this original technique which addresses its tensile-instability 
limitation. 
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4.2.2 IMPETUS hat-test model 

The generic computing ¼ model used for all IMPETUS-based calculations is illustrated in FIGURE 9. 

 
FIGURE 9     Generic computing model used for all IMPETUS [6] simulations 

As depicted in FIGURE 9 above, the striker and the Hopkinson bar are modelled with fully integrated 
hexahedral elements finite elements (total number of finite elements  7600) whereas the 
computation of the hat specimen relies on Gamma-SPH [13] particles (total number of 
particles  144000). It should be noticed that the design of the Hopkinson transmission bar has been 
modified (see FIGURE 4) so that it might embed the Hopkinson bar itself, the stop ring and its strut 
within the same frame. Such a simplification of the mounting, keeping in mind that all these devices 
are made of tungsten, allows for a better treatment of the contact between finite elements and 
particles from the hat-specimen in this complex interface. Respective sizes of the FEM and Gamma-
SPH [13] parts are identical for all calculations, namely 2 mm for finite elements and 0.1 mm for 
particles. The selection of such a diameter for Gamma-SPH [13] particles has been dictated on the 
lower end by the need to model physical phenomena as thin as a few microns (average ASB thickness) 
and on the upper end by an acceptable resulting calculation time. In this context, this size of 0.1 mm 
for particles has emerged as a good compromise, each calculation being performed in a few hours. 
The proper evaluation of the crushing of the hat-specimen requires calculation duration long enough 
to characterize completely the elastic return of the sample structure. In that perspective, modellings 
of the hydrodynamic hat configuration have been performed for 480 s after impact of the striker. 

4.2.3 Material models and crack propagation 
In IMPETUS calculations, the material constitutive model is based on a Johnson-Cook plasticity flow 
tress law, which parameters are identical to the ones presented in TABLE 1, coupled with a damage 
parameter (D) according to the Dolinski-Merzer-Rittel ASB criterion [7]. This criterion induces a 
progressive loss of material properties once a given amount of plastic energy is achieved (see (3) and 
(4)), this plastic energy being calculated as expressed in (2). The crack opening then occurs when this 
plastic energy at failure is attained, according to (5). 

 
(2) 

 
(3) 

 
(4) 

 
(5) 

𝑊𝑊 =  max 0,𝜎𝜎1 𝑑𝑑𝜖𝜖𝑒𝑒𝑓𝑓𝑓𝑓
𝑝𝑝

𝜖𝜖𝑒𝑒𝑓𝑓𝑓𝑓
𝑝𝑝

0
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where (D) is the Dolinski-Merzer-Rittel damage parameter [7], (Dd) is the ductile Cockcroft-Latham 
damage parameter [15], (Wcr) is the critical threshold energy standing for the ASB initiation, (Wf) is 
the plastic energy at failure, (1) is the maximum principal stress and 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒

𝑝𝑝  is the effective plastic strain. 

4.2.4 Numerical fracture results 

Fitted Dolinski-Merzer-Rittel damage parameters for hydrodynamic hat configurations are summed 
up in TABLE 3, they are identical for both materials. 
TABLE 3    Fitted Dolinski-Merzer-Rittel damage parameters for studied maragings 

b Wc (MPa) Wf (MPa) 

10 13.33 40 

The computed hydrodynamic hat sample residual crushings are exhibited in TABLE 4 (shown in red) 
allowing for a direct comparison with experimental data (shown in black). 
TABLE 4    Experimental and computed hydrodynamic hat-test crushings for the threshold impact conditions 

Maraging 

ASB initiation threshold Sample breakup threshold 
Striker 

velocity 
(m.s-1) 

Imposed 
crushing 

(m) 

Residual 
crushing 

(m) 

Striker 
velocity 

(m.s-1) 

Imposed 
crushing 

(m) 

Residual 
crushing 

(m) 

MY19 20.7 40 
70 (exp) 
66 (calc) 

16.8 700 
330 (exp) 
254 (calc) 

M300SLM 21 40 
100 (exp) 
60 (calc) 

13.60 700 
280 (exp) 
250 (calc) 

As presented in TABLE 4, calculations are quite in accordance with experimental results even if they 
tend to underestimate the ASB-induced collapse: the particles size (0,1 mm) might be too important 
to properly capture the very high strain gradient involved in ASB phenomena. 
In order to further investigate these results, temperature and damage fringes obtained with the 
different numerical configurations have been compared with the post-mortem optical observations. 
An example of such a comparison is given, for the MY19 maraging for ASB initiation threshold, in 
FIGURE 10a. The calculated damage parameter equals 1, e.g, the fracture is attained in zones where 
breakups have been characterized, see FIGURE 10c. Average computed temperature levels, around 
350°C, is however less inferior to the austenitization temperature, see FIGURE 10b . 
Preliminary experimental and numerical results reveal that the impact velocity threshold for ASB 
initiation is lower for conventional hat specimen when compared to the hydrodynamic one. The 
corresponding strain threshold was found to dramatically increase accordingly to the pressure within 
the gage section, as previously reported with tungsten alloys and high-strength steels [16], [17]. 

 
(a) 

  
(b) (c) 

FIGURE 10    Comparison of optical observation of the MY19 sample cut section (a) with temperature (b) and 
damage (c) fringes of the associated numerical configuration in the impact conditions associated with ASB initiation 
(striker velocity = 20.7 m.s-1, imposed dynamic crushing = 700 m) 
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where (D) is the Dolinski-Merzer-Rittel damage parameter [7], (Dd) is the ductile Cockcroft-Latham 
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𝑝𝑝  is the effective plastic strain. 
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FIGURE 10    Comparison of optical observation of the MY19 sample cut section (a) with temperature (b) and 
damage (c) fringes of the associated numerical configuration in the impact conditions associated with ASB initiation 
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5 CONCLUSIONS 

In the scope of high-performance materials, maraging steels provide superior strength, greater than 
2060 MPa (Maraging 300 ksi), while keeping a certain ductility. These characteristics result from 
precipitation of intermetallic compounds within a low-carbon matrix, this precipitation being 
triggered by a dedicated aging treatment.  

With the emergence of additive manufacturing processes, intensive research has been conducted to 
generate such class of steels through laser melting process. In order to determine the influence of 
this new process on the material dynamic performances, the present research work compared 
characteristics at high strain rates of two maraging 300 grades, a conventional vacuum melting 
maraging and a Selective Laser Manufacturing processed maraging. This comparison was conducted 
through experimental and numerical investigations. 

Compression properties, acquired from 9 mm-diameter and 5 mm-length samples submitted to 
solicitations ranging from quasi-static conditions to strain rates up to 8 x 103 s-1, outlined a similar 
behaviour for the two maragings. If both exhibited a quite comparable hardening in quasi-static 
loadings, the pair was prone to an equivalent softening at high strain rates. These experimental data 
were used to calibrate a standard Johnson-Cook constitutive model along a modified one designed 
to reproduce the viscous regime above 103 s-1 strain rates. Consecutive numerical simulations with 
FEM AUTODYN software revealed that the strengthening associated with the modified Johnson-Cook 
model induces lower effective plastic strains in the gage section. 

Mode II failure mechanisms were then investigated, in dynamic conditions, through the use of 
conventional and hydrodynamic hat samples placed against a Hopkinson pressure bar and crushed 
by a direct impact from a striker. Both maragings for the hydrodynamic hat specimen were shown to 
be quite sensitive to ASB phenomenon, the associated thresholds for ASB initiation and final breakup 
being quite similar in both cases. These observations were numerically addressed on the IMPETUS 
software by using Gamma-SPH modelling, the material damage being monitored by a tailored 
Dolinski-Merzer-Rittel damage criterion. The set of parameters was found to be identical for the two 
maraging grades. 
Preliminary experimental and numerical results reveal that the impact velocity threshold for ASB 
initiation is lower for conventional hat specimen when compared to the hydrodynamic one. Ongoing 
work is currently in progress to quantify these differences. 
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being quite similar in both cases. These observations were numerically addressed on the IMPETUS 
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to investigate the defect growth behaviour
of Al-Mg-Sc alloy (a.k.a Scalmalloy) in quasi-
static to dynamic strain rate regime. These
systems provide a unique opportunity for real-
time in-situ X-ray imaging, allowing to visu-
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of the specimen undergoing dynamic or quasi-
static deformation. Scalmalloy specimens are
3D printed at 90° to the printing bed and
tested under tension. Initial analysis of the
experimental radiographs provides a qualita-
tive comparison of the defect growth rate
from quasi-static to dynamic rates of load-
ing.
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1 | INTRODUCTION

Design of light-weight, high-strength and sustainable materials in the fields of aerospace and auto-
motive industries require material response data from crash and impact loading conditions [1, 2, 3].
In kolsky bar experiments the dynamic evolution of full-field strain on the surface of specimen is
recorded by high speed cameras, and analysed by Digital Image Correlation (DIC) [4]. Similarly high
speed cameras are also used to study the damage history inside the specimen for transparent mate-
rials [5, 6]. However, when the transparency is destroyed during the deformation, or when the spec-
imens are optically opaque to begin with, the detailed subsurface damage information is no longer
visible. To study the internal damage mechanisms in such specimens, X-rays become a natural choice
to image through the thickness of the specimen.

This work presents early experimental results of a custom-made dynamic and quasi-static trac-
tion setups tailored to the capabilities of operando ultra high speed phase-contrast X-ray radiography
at Beamline ID19 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Propa-
gation based X-ray phase contrast imaging (XPCI) is applied in real-time, that results in an increased
contrast of material edges, while on the other hand, preserves the material geometrical representa-
tion. This works incorporates both - a Split-Hopkinson Tension bar (SHTB) for high rates of strain
(500 - 5000 s−1) and a Universal Testing Machine (UTM) for low strain rate (10−3 − 1 s−1) to test
additively manufactured (AM) 3D printed Al-Mg-Sc alloy (a.k.a Scalmalloy) specimens.

2 | MATERIALS AND METHODS

2.1 | Specimens

This work investigates the Scandium modified Aluminium-magnesium alloy AA5028, sold under the
trade name Scalmalloy byAPworksGmbH,Germany. Previousworks on Scalmalloy is detailed in [7, 8].
The raw stock blanks with dimensions of 100 × 23 × 3mm3 (l × b × t) were produced by a commercial
Laser Beam Melting system (EOS M 400). The specimens were printed in a 90° orientation to the
build plate. The final specimen geometry, according to Fig. 1 was then obtained by CNC machining.
This geometry of the specimen was chosen to work well with the constrains of our Split Hopkinson
Tension bar and thickness at parallel gauge region are definitive of the fracture location.

F IGURE 1 Geometry of the specimen with parallel gauge region of 7 × 3 × 1.5 mm3. All
dimensions are in mm.

Puneeth Jakkula et al. 3

2.2 | Experiments

A custom-built Universal Testing Machine (UTM) is utilised in this work. A planetary gear stepper
motor drives a spindle shaft in linear motion allowing to perform both compression and tension ex-
periments. A maximum force of 10 kN can be achieved under loading of the setup. The machine
works at velocities ≈ 10 mm/s, corresponding to slow and quasi-static strain rates (10−3 − 1 s−1).

During slow tensile experiments, a 500 µm single crystal scintillator LuAG:Ce is used to convert
X-rays to visible light registered by the detector. A high speed camera Photron SAZ captures image
sequences of the transmitted X-ray radiographs of deforming sample. At 1× optical magnification
of lens, a pixel pitch of 20 µm/px is achieved. The camera records the deformation images with a
resolution of 1024 × 1024 px at a frame rate of 10 kHz for ≈ 20 sec. The camera frame is adjusted
to capture only the parallel gauge region of the specimen. The loading onset is synchronised with the
XPCI system to capture the deformation process.

The Split-Hopkinson Tension Bar (SHTB) employed in this work is sketched in Fig. 2. This setup
is designed to achieve well defined loading rates and to give accurate force measurements at short
time scales. The striker tube is a hollow polyoxymethylene (POM) shaft of 286 mm long with a wave
propagation speed c0 = 1400 m/s, given the length of the striker, the effective pulse duration T = (2
× striker length) / c0 which approximates to 0.41 ms. A pressure range of 0.3 bar to 2 bar produces
a velocity range of 2 - 15 m/s. At these controlled velocities, it is possible to perform high strain
rate experiments in the order of 500 - 5000 s−1. Forces are measured via the strain gauges mounted
on both bars, which are connected diagonally to a Wheatstone bridge circuit to eliminate bending
information.

F IGURE 2 Sketch of the SHTB setup employed in this work. All dimensions in mm. Input and
output bars are 16 mm diameter aluminium rods. The striker is a hollow POM tube of 40 mm outer
diameter.

During the dynamic experiments, a 500 µm single crystal scintillator LYSO:Ce is used to convert
transmitted X-ray spectrum into visible light registered by the detector. An ultra high speed camera,
Shimadzu HPV-X2 with 1× optical magnification records the projected luminescence images of a
deforming sample in an indirect fashion via a mirror. The detector pitch size of 32 µm/px results in
a large field-of-view (FOV) of 12.8 × 8 mm2 with a pixel count of 400 × 250 px per recorded frame.
The detector continuously records 128 frames within the on-board memory. The camera can record
at frame rates up-to 2 MHz. In this work, 530 ns of inter-frame temporal sampling is used at 200 ns
exposure time. More information on XPCI and synchronised X-ray pulses is discussed in [9, 10, 11].
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3 | RESULTS

The high strain rate dynamic experiments and slow quasi-static strain rate experiments were carried
out in SHTB and UTM respectively. The crack propagation in Scalmalloy induced by tension load are
shown in Fig. 3. A clear depiction of the crack was achieved by XPCI: The image contains information
from both attenuation (material thickness or density) and interference effects stemming from abrupt
attenuation changes at interfaces. Thus, the overall image is an attenuation image with enhanced
edge contrast. Defects, such as pores provide local contrast, which we can observe in XPCI. The
quasi-static radiographs (Fig. 3A) are of remarkably high quality in terms of sharpness and contrast.
Dynamic experiments (Fig. 3B) has higher frame rate while compromising the image resolution (higher
signal to noise ratio). In all experiments, the crack initiated from centre to orthogonal edges of the
specimen with ± 45° fracture of the cross-sectional area in the parallel gauge region.

F IGURE 3 Pseudo-coloured grey values on the crack coalescence radiographs. Scalmalloy at
facture in, A quasi-static tension test, B dynamic tension test

These radiographs have been utilised to study the pore (void) evolution by counting the number
of defects and their size. To this end, we use a simple segmentation / particle analysis algorithm from
ImageJ. The resulting graph in Fig. 4 indicates defect concentration (dimensionless) as a function of
time for quasi-static and dynamic testing conditions. The data shows exponential defect growth. This
is in agreement with the theoretical understanding from Tvergaard and Needleman’s modification of
Gurson’s model [12, 13, 14]. This theory states that strong increase in local plastic strain is accom-
panied by exponential void growth at the location of failure: Following void growth, individual voids
coalesce into a larger defect which grows into a macroscopic crack. The void growth and coalescence
model is established for ductile failure. However, the material under consideration here, Scalmalloy,
does certainly not exhibit typical ductile behaviour, as it fails at plastic strains of only ≈ 10% [7]. Nev-
ertheless, a cohesive zone model by Needleman also suggests exponential damage evolution in a
brittle bulk material [15]. The cracks are constrained to propagate with these cohesive zones, while
the surrounding material is undamaged post to fracture.

Puneeth Jakkula et al. 5

F IGURE 4 Comparison of defect concentration of dynamic with quasi-static. The vertical axis
denotes defect concentration in dimensionless units (the values have been normalised with the first
value so that the data set starts from unity).

We note that our defect analysis algorithm using ImageJ is sensitive enough tomeasure variations
in brightness to approximately ± 5 %. This allows us to qualitatively compare the growth rate of
defects in the material. An absolute measurement could be obtained by normalizing the defect count
from our algorithm with respect to a reference defect count. The latter can be obtained from CT
scans of the specimens prior to destructive tension, however, this was not done here.

4 | SUMMARY AND CONCLUSION

This work investigates the defect growth rate of Al-Mg-Sc alloy Scalmalloy, which is specifically used
for additivemanufacturing purposes. Here, the bulk tensile specimenswere 3D printed andmachined
to final dimensions. Using a combination of Universal Testing machine and Split Hopkinson Tension
bar methods, Scalmalloy tension tests ranging from 10−3 to 103 /s of strain rates were performed.
Scalmalloy fails to show any strain rate sensitivity and we note that the observations made here only
apply to strain rates of 1000 /s and below. The defect/void growth rate is observed to be expo-
nential in both quasi-static and dynamic tension experiments. Further detailed analysis is required
to understand the influence of stress triaxiality and strain hardening on void nucleation and coales-
cence with ductile specimens in consideration. Ultra high speed in-situ XPCI with combination of the
mentioned setups provides a possibility to study the material micro-structure, void nucleation and
collapse, fracture, delamination, and hot spot formation with high temporal and spatial resolution.
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1 | INTRODUCTION

Auxetic materials have been investigated for many years due to their unconventional lateral contrac-
tion behaviour. As a consequence of their negative Poisson’s ratio, they shrink in the lateral directions
upon compression, and grow upon stretching. Historically, foams made of polymers have shown
this phenomenon at low levels of mechanical performance. With the advent of the Selective-Laser-
Melting additive manufacturing technology for metals, it is now possible to design such metamate-
rials with tailored properties, reaching high-levels of mechanical performance. Therefore, industrial
applications of these materials are now within reach, and it has become important to fully under-
stand their deformation behaviour, including damage and failure. One of the application areas where
auxetic metamaterials are expected to perform better than their conventional counterparts is protec-
tion against impact. Under a concentrated compression load, auxectic materials contract and show
enhanced resistance against indentation. To date, this mechanism has been mainly experimentally
confirmed for quasi-static and comparatively slow loading conditions up to approximately 10 m/s.
However, the intended usage scenarios encompass loading velocities which are higher by one order
of magnitude. This work investigates the compaction behaviour over a wide range of compression
velocities ranging from quasistatic to 432 m/s. To this end, we employ a universal testing machine, a
direct-impact Hopkinson bar, a low pressure gas gun, and a high pressure gas gun. Deformations are
recorded using high-speed cameras. At impact velocities > 100 m/s, ultrafast X-Ray imaging at the
European Synchrotron source in Grenoble is employed. The remainder of this work is organized as
follows. We describe the materials and the manufacturing method, followed by a description of the
experimental methods. Subsequently, the dependence of Poisson’s ratio on impact speed is analysed.

2 | MATERIALS AND METHODS

2.1 | Specimen manufacturing

We study the 3D Anti-Tetrachiral Structure (ATC) which was introduced by Hsin-Haou et al. [1]. Its
design was inspired by [2]. The goal was to achieve contraction through internal rotation of the unit
cells around their respective centers. The unit cell and the resulting lattice structures are shown in
Fig. 1. This metamaterial exhibits transverse isotropy within the X-Y-plane, but different mechanical
behaviour in the Z-direction. Therefore, in all following experiments the load is applied exclusively
in Z-direction to ensure comparability between the results. Specimens were manufactured at Fraun-
hofer Ernst-Mach-Institute using an EOS M 400 3D printer and 316L powder also from EOS.

2.2 | Quasi-static testing

The structure is compressed at a strain rate of 10−3 /s using a Zwick Z100 testing machine in displace-
ment control mode. Force was measured using a 100 kN load cell with an accuracy better than 0.1%
for forces larger than 200 N. The structural deformation is recorded as monochrome images using
a Basler ace 2 camera with 12 MP resolution. Images are post-processed using global Digital Image
Correlation (DIC), to yield quantitative full-field displacement measures. We use the DIC code Correli
[3].

G. Ganzenmüller et al. 3

F IGURE 1 left: CAD model of the ATC unit cell. right: photograph of printed specimen with
9x9x9 unit cells and a total edge length of 27 mm.

2.3 | Testing with Hopkinson Bars

Testing at higher velocities, ≈ 10 m/s is done using a Direct Impact Hopkinson Bar (DIHB) with instru-
mented striker. The setup is detailed in [4] and we only note the key details here for brevity: The bars
are 40 mm diameter 7075 aluminium. The maximum pulse duration is 0.78 ms. Force measurement
is facilitated using strain gauges on input- and output bar. The strain gauge signals are amplified by
a factor of 100 using a high-bandwidth amplifier (Elsys SGA-2) and digitized by a transient recorder
with 14 bit resolution (Elsys TPCE). The entire setup is carefully calibrated as a system under quasi-
static loading with a reference load cell, such that calibration factors are obtained which convert
Wheatstone bridge voltage output to force reading. These calibration factors correct for potential
strain gauge misalignment and unknown electrical resistance in the connections. However, the cali-
bration rests on the assumption that the Young’s modulus of the bars is not strain-rate sensitive. The
advantage of the setup are the nearly identical stress waves propagating away from each other in the
input and the output bar. This facilitates the evaluation a force equilibrium and allows to calculate
an average force between the two signals, which is nearly free from oscillations. For the higher com-
paction velocity considered here, 65 m/s, the instrumented striker is replaced by a short striker made
from Polyoxmethylene (POM) without strain gauges. This reduced mass can be accelerated to 70
m/s in the same setup. Due to the low speed of sound in POM, the pulse duration is not reduced.
However, a strain gauge cannot be reliably attached to the striker, so only the force on the output bar
is available for this configuration. In all cases, images are recorded using a Photron SAZ high-speed
camera and post-processed using DIC.

2.4 | Gas Gun testing and X-Ray imaging

For compaction velocities in the range of 100m/s to 432m/s, an in-situ gas gun setup at the European
Synchrotron Radiation Facility, beam line ID19 is employed [5]. The metamaterial is glued to an anvil
made from Polyoxymethylene (POM) and impacted by a POM projectile. Imaging is performed by
passing the Synchrontrons’s X-ray radiation through the sample and onto a fast scintillator, which
converts the high-energy photons to the visible spectrum. The scintillator is imaged using a split
optical path and two Shimadzu HPV-X2 cameras. The cameras are interlaced in time, such that a
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maximum framerate of 10 MHz can be achieved.

3 | ANALYSIS OF POISSON’S RATIO

Representative snapshots of the deformation observed in the different strain rate regimes are shown
in Fig. 2. Under quasi-static compression, a uniform deformation mode is observed, where the sam-
ple contracts in an auxetic manner. The contraction is most pronounced in the center of the sample.
At the boundaries of the sample, where load is applied, friction constrains the auxetic response. At
around 25% nominal compressive strain, evaluated using DIC, the metamaterials reaches the densi-
fication strain, as indicated by a steep rise of the force response. Essentially the same behaviour is
observed for compression at a strain rate of 300 /s, corresponding to a velocity in the direct-impact
Hopkinson bar of 10 m/s. Force/displacement curves for quasi-static and 300 /s compression experi-
ment coincide within the experimental uncertainties of approximately 5%, so no strain rate sensitivity
for the is observed (data not shown in this work). Upon further increase of the strain rate to 1000
/s using the short striker configuration in the Hopkinson bar, a change of the deformation behaviour
is observed. Instead of the uniform auxetic response, we now observe a localization of the auxetic
response at the impact side of the sample. This localized auxetic response moves through the sample
at a velocity of 160 m/s, for an impact velocity of 65 m/s. This phenomenon is similar to a plastic de-
formation front in shock physics experiments, which travel much slower than elastic waves. The gas
gun experiments conducted at ESRF show that for an impact velocity of 432 m/s, corresponding to
a strain rate of 104 /s, the auxetic response is completely absent. Instead, the structure exhibits cell
collapse starting at the impact side of the sample, similar to a low-density foam with zero Poisson’s
ratio.

These qualitative observations are further analysed using DIC to compute Poisson’s ratio as a
function of impact velocity. For the quasi-static and Hopkinson bar experiments, this was achieved
using straightforward evaluation of the gradients of the full displacement field. For the X-Ray images,
a more robust approach was required due to little local contrast in the images. Here, 16 different
cell positions were tracked, and Poisson’s ration was evaluated from a finite difference stencil of the
corresponding displacements, similar to the work of Fila et al. [6].

The strain rate dependency of Poisson’s ratio ν is shown in Fig. 3. For velocities ≤ 65m/s, strongly
auxetic behaviour with ν = −0.25 ± 0.05 is observed. This behaviour transitions smoothly upon in-
crease of velocity and reaches zero Poisson’s’s ratio at 200 m/s and above. The observed behaviour
as a function of velocity v can be approximated by a smooth logistic curve,

ν (v ) = a

1 + exp [−b (v − v0) ]
(1)

with a = −0.25, b = −0.03 s/m, and v0 = 136 m/s.

G. Ganzenmüller et al. 5

F IGURE 2 Image sequences for the different velocities tested here. Each column of images
corresponds to a given nominal strain, which is noted at the top of the column. The color scale
indicates the displacement in mm perpendicular to the loading direction, obtained from DIC. For the
X-Ray images in the bottom row, no reliable full-field DIC analysis could be performed due to
insufficient local contrast, however, it was possible to track individual regions of the images.
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F IGURE 3 Plot of Poissons’s ratio vs. impact velocity. Error bars at velocities < 100 m/s indicate
the standard deviation across multiple experiments. At higher velocities, only a specimen was tested
in each case, and the uncertainty was estimated using the standard deviation from the lower
velocities.

4 | DISCUSSION

Auxetic behaviour of lattice materials is a structural deformation mode, not a base material property.
As such, its response to dynamic loading is governed by its unit cell geometry, and timescales linked
to the unit cell. This work shows for the particular choice of the anti-tetrachiral unit cell and the base
material 316L steel, that auxetic behaviour can only be observed below a critical velocity of 136 m/s.
This is noteworthy, as auxetic structures are often believed to be a good choice for impact protection
and high-speed energy absorbers.
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1 | INTRODUCTION

Currently, rapid development of modern and progressive methods for the fabrication of novel mate-
rials is taking place, while the advances in the innovative material production methods such as 3D
printing, laser powder bed fusion (PBF), nanofabrication or state-of-the-art coating procedures have
allowed for the onset of metamaterials. The mechanical metamaterials are described as a group of
materials developed to exhibit deformation behavior that is not observed in conventional, naturally
occurring, materials. Due to this fact, unfortunately, the internal structure of metamaterials is usu-
ally complex and analysis of their mechanical properties is not easy and dependent on a number of
factors. Moreover, the deformation behavior exhibits mechanisms that are still not sufficiently char-
acterized and understood. Therefore, an in-depth research aimed at the analysis of the mechanical
properties and deformation behavior of metamaterials under a variety of conditions is currently on-
going, while a special attention is being paid to behavior at intermediate and high strain rates. Often,
the specialized experimental techniques are developed for such purposes. The subject of this paper
is the investigation of metamaterials at high strain rates using a non-standard split Hopkinson bar
method. While the conventional split Hopkinson pressure bar (SHPB) is a well-established technique
for the dynamic testing of materials, it can only be used straightforwardly for experiments with duc-
tile and high-strength materials, typically solid metals. Its application on soft materials and materials
with low mechanical impedance is problematic and may lead to unreliable results [1, 2]. Such type
of the experiments usually requires an upgrade of the experimental apparatus and it is also neces-
sary to employ the advanced data correction techniques to be able to properly evaluate the relevant
mechanical properties [1, 3]. A number of research papers investigating lattices [4], foams [5] or
honeycombs subjected to dynamic loading using a variety of split Hopkinson bars is rapidly growing.
Related phenomenons including strain rate sensitivity, inertia effects [5] and change of deformation
modes at high strain rates [3] are also subject of interest. Digital image correlation (DIC) represents an
advanced approach for evaluation of the SHPB experiments and this technique is being increasingly
employed, e.g., for analysis of impact behavior of metal foams [6]. On the other hand, the principle
of SHPB has some problems limiting its application in experiments with soft and cellular materials,
where high deformations, typically connected with a broad spectrum of strain rates, is necessary to
be able to relevantly describe the deformation behavior of the materials. A novel technique called
Open Hopkinson Pressure Bar (OHPB) has been developed to overcome some of the aforementioned
problems. The principle of the OHPB technique is based on the direct impact Hopkinson bar variants
[7, 8, 9] and can be used as a method for the intermediate and high strain rate testing. It was first
published in 2016 by Govender and Curry [8]. In this paper, a physical representation of the OHPB
is presented showing that the results measured using the OHPB method are reliable and directly
comparable with the SHPB method. The technique exhibits a number of advantages and beneficial
arrangements over the SHPB method, particularly in the testing of soft and low impedance cellular
materials [10]. Although the method has a lot of advantages, it is not, in general, superior to the other
existing split Hopkinson bar methods and has its own disadvantages. As in the other cases, the exper-
imental technique and its performance have to be carefully adjusted to fit in the application envelope
of the technique.

In this paper, an OHPB is employed for uni-axial compression of additively manufactured auxetic
lattices at intermediate and high strain rates. It is found out that the investigated type of metama-
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terials exhibits significant strain rate sensitivity of the stress-strain curves as well as of the apparent
auxeticity. Moreover, its deformation mechanism changes with the increasing impact velocity as the
buckling of the individual struts is reduced by the inertia effects.

2 | MATERIALS AND METHODS

2.1 | OHPB Principle

The principle of the OHPB method is similar to the other direct impact Hopkinson bar methods. The
principle of the OHPB is compared with the established forward and reverse direct impact Hopkinson
bar methods (FDIHB, RDIHB) in Fig. 1. While in the forward and reverse direct impact Hopkinson bar
only the transmission bar is instrumented with a strain gauge, the OHPB is instrumented with strain
gauge on both the incident and the transmission bar.

TRANSMISSION BAR

(a)

(b)

(c)

INCIDENT/STRIKER BAR

forward

reverse

OHPB specimen

strain-gauges

strain-gauges

F IGURE 1 (a) forward direct impact Hopkinson bar, (b) reverse direct impact Hopkinson bar, and
(c) the OHPB.

The OHPB has two bars (incident and transmission) instrumented with strain-gauges. The inci-
dent bar is put directly in the barrel of the gas-gun and thus it substitutes the striker bar used in the
conventional SHPB. The specimen is located at the transmission bar. During the impact, the gas-gun
is used to accelerate the incident bar that directly impacts onto the specimen. The strain waves are
induced in both bars by the deformation of the specimen and propagate from the bar-to-specimen
interface to the free ends of the bars. At the free ends, the pulses are reflected back as the tensile
pulses that propagate again to the interface with the specimen. The standard time window of the ex-
periment ends when the reflected waves produce superposed signals at the strain-gauges. However,
as the boundary conditions of the experimental setup are well defined, a wave separation technique
can be employed to prolong the time window of the experiment [11]. As the waves propagate from
the interfaces with the specimen they exhibit an approximately identical amplitude and shape. The
transmission pulse occurs later than the incident pulse as the strain wave has to propagate through
the specimen (similarly to the SHPB). The strain-gauge signals are used to calculate the actual forces,
velocities and displacements at the respected interfaces of the bars with the specimen (input and
output) [8]. In the OHPB, the evaluation of the strain (or actual length of the specimen) is directly
dependent on the initial impact velocity. Therefore, unlike in the standard SHPB method, it is crucial
to measure the pre-impact velocity with high precision, e.g., with DIC, as this quantity directly affects
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dent bar is put directly in the barrel of the gas-gun and thus it substitutes the striker bar used in the
conventional SHPB. The specimen is located at the transmission bar. During the impact, the gas-gun
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velocities and displacements at the respected interfaces of the bars with the specimen (input and
output) [8]. In the OHPB, the evaluation of the strain (or actual length of the specimen) is directly
dependent on the initial impact velocity. Therefore, unlike in the standard SHPB method, it is crucial
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the evaluated results of the experiment. In case of the SHPB, the striker bar impact velocity serves
only as a secondary parameter useful for the initial verification of the incident strain wave amplitude.

2.2 | Design of the OHPB

A modification to the OHPB apparatus originally described in [8] was proposed and assembled in our
laboratory. In this configuration, the incident bar is not entirely inserted in the barrel of the gas-gun,
but its forward section, carrying the strain-gauges, is always in front of the barrel [11]. The position of
the bars during the impact is ensured not by the axis of the barrel, but by a linear guidance system. The
maximum impact velocity of the method is constrained by the length of the linear guidance system
and the incident bar. The OHPB experimental setup is shown in Fig. 2.

incident bar gas-gun barrel

strain-gauge unit

high-speed cameratransmission bar

camera positioning system linear guidance system

momentum trap

illumination

clampincident bar

strain-gauge

rail

linear carriage

gas-gun barrelframe

F IGURE 2 The overview of the OHPB experimental setup.

In the presented configuration, the typical length of the incident bar ranges from 1500mm to
1800mm. The rear part of the incident bar is inserted in the barrel of the gas-gun while the forward
part is guided by the linear rail system. The strain-gauges at the incident bar are mounted typically
200mm from the impact face while the linear guidance system is usually placed in front of the strain-
gauges. This system consists of a friction clamp, an aluminum alloy flange, a carriage (DryLin T, TW-
04-12, IGUS, Germany) with a low friction polymeric liner, and a linear guide rail with a length of
1400mm. The adjustment and calibration of the clamp tightening moment before the experiments
represents an important aspect that can negatively affect the results. The system is attached to the
main frame using a set of washers. At the peak air pressure of 1MPa, the gas-gun can accelerate the
incident barmade of aluminum alloywith a typical length of 1600mmandmass of approx. 1.5 kg to the
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maximum impact velocity of approx. 18 − 20ms−1. The significantly lighter polymethyl-methacrylate
(PMMA) bar with an increased length of 1750mm can be accelerated to the maximum impact velocity
of approx. 25− 30ms−1. Thus, the maximum strain rate of the OHPB method overlaps with the lower
range of the strain rates of our SHPB. It is possible to employ the OHPB method for testing at the
strain rates ranging between the drop-weight tower test and the SHPB. The lower strain rate limit
in the OHPB is constrained predominantly by the impacting mass (mass of the striker bar). As the
impact energy is linearly proportional to the impacting mass and also proportional to the square of
the impact velocity, the impact energy decreases dramatically with the lower impact velocities. With
a reduced energy margin in the low velocity experiments, the strain rate during the impact can drop
dramatically, because the specimen absorbs a significant portion of the impact energy.

2.3 | Additively manufactured auxetic lattices

Three types of additively manufactured periodic auxetic lattices were manufactured using laser PBF
from powdered 316L-0407 austenitic steel: i) 2D re-entrant, ii) 3D re-entrant, iii) missing rib. The
overall dimensions of the specimens were approximately 12.0 × 12.0 × 13.0mmwith porosity ranging
from 52% (2D re-entrant) to 74% (3D re-entrant). The cubic specimens are shown in the respected
plots in Fig. 3.

3 | EXPERIMENT

During the experiments with the additively manufactured lattices, the effects of micro-inertia, strain
rate sensitivity and strain rate related friction were analyzed. The specimens were investigated under
both quasi-static and high strain rate uni-axial compression conditions using the OHPB as well as
the SHPB, in total at four selected strain rates. At each strain rate, a set of at least five specimens
was tested to evaluate reproducible results and to guarantee sufficient level of statistics. At first, the
specimens were measured under quasi-static conditions and then the parameters of the high strain
rate experiments were adjusted for all the lattice types to achieve similar (comparable) strain rate and
maximum strain. Experiments at two lower strain rates (approx. 500 s−1 and approx. 1000 s−1) were
conducted using the OHPB whereas the set of two higher strain rates (approx. 1500 s−1 and approx.
3000 s−1) was measured using the SHPB.

4 | RESULTS AND CONCLUSION

Strain rate sensitivity was investigated through analysis of the stress-strain curves. The stress-strain
and strain rate-strain curves for all types of the structures are shown in Fig. 3a (2D re-entrant), Fig. 3b
(3D re-entrant), and Fig. 3c (missing rib). Strain rate sensitivity was identified for all types of the
lattices. It was also found out that the auxetic lattices showed less buckling effects with the increasing
strain rate as the inertia effects prevented the side movements. For demonstration of this behavior,
the 2D re-entrant lattice type was selected and its behavior is shown in Fig. 3d. Specific strain energy
density ratio was calculated as a ratio of the strain energy density at a given strain rate and the quasi-
static strain energy density (both integrated in a range of strain from 0 to 0.15). The specific strain
energy density ratios of all the structures plotted against the average strain rate are shown in Fig. 3e
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in the OHPB is constrained predominantly by the impacting mass (mass of the striker bar). As the
impact energy is linearly proportional to the impacting mass and also proportional to the square of
the impact velocity, the impact energy decreases dramatically with the lower impact velocities. With
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F IGURE 3 Stress-strain curves for 2D re-entrant (a), 3D re-entrant (b), and missing rib (c).
Buckling effects of the 2D re-entrant at two different strain rates (d). Specific strain energy density
ratio for all types of the structures (e).

and are summarized in Tab. 1. All the structures exhibited a similar trend in the strain rate sensitivity
as the specific strain energy density ratio increased with the impact velocity.

TABLE 1 Specific strain energy density ratio at the given strain rates.

Type of lattice Specific strain energy density ratio

500 s−1 1000 s−1 1500 s−1 3000 s−1

2D re-entrant honeycomb 1.30 1.42 1.51 1.75

3D re-entrant honeycomb 1.15 1.18 1.31 1.36

2D missing-rib 1.01 1.17 1.43 1.59

Tomáš Fíla et al. 7

Strain rate sensitivity of three types of auxetic lattices was analyzed using the OHPB method,
that represents another type of direct impact Hopkinson bar arrangement and has the instrumenta-
tion of both bars. The results were compared with the experiments conducted in the conventional
SHPB at higher strain rates. The lattices exhibited significant strain rate sensitivity and inertia ef-
fects affected their deformation behavior during compression. The OHPB method was evaluated as
a vital technique for direct impact testing with many benefits and possible fields of application (e.g.,
instrumented penetration of medium-sized panels).
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1 | INTRODUCTION

Architectural materials allow the development of lightweight mechanical structures by optimizing the
path of forces in normal or standard use [1, 2]. These structures can be used as energy absorbers since
their mechanical response is often characterized by a threshold force over a long range of deforma-
tion. It is thus important to consider their behaviour under severe loadings in the case of dynamic
charge (crash, shock) inducing large deformations [3, 4] according to the geometry of the structure,
the constitutive material, the manufacturing process . . . TPMS structures were reported to exhibit
enhanced mechanical properties compared with the truss-lattices at similar densities. In dynamic,
the mechanical behaviour of stainless steel architectured samples has been already broadly studied
[5, 6, 7, 8] in opposition to Inconel-based TPMS while Inconel is usually used for low and high tem-
perature applications were dynamic loadings can happen.

2 | MATERIALS AND METHODS

2.1 | Samples conception and fabrication

Triply Periodic Minimal Surface (TPMS) samples were conceived thanks to theMSLattice software [9].
Three different geometries were chosen: primitive (also know as Schwarz P structure), sheet gyroid
and skeletal gyroid (fig. 1). A relative density of 30% was set on MSLattice with a unit cell of 4 mm.
Two different sample size were defined. One has 5×5×5 cell and the other has 3×3×3.

1 mm 1 mm 1 mm

5 mm5 mm5 mm

y

z x

(a) Primitive (b) Gyroid sheet (c) Gyroid skeletal

F IGURE 1 CAO of the unit cell and the resulting 5×5×5 sample. (a) Primitive. (b) Gyroid sheet.
(c) Gyroid skeletal.

The samples were fabricated by additive manufacturing using the LPBF process on a Renishaw
AM 500S (Bilbao, Spain). The base material an Inconel 718 alloy (ρbul k = 8190 k g m 3).

The parts are manufactured in a pressure controlled chamber with a very low oxygen content
which is replaced by argon. The laser has a power of 200 W, a melting point of 80 μm and a passage
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speed of 2 m/s. Each layer of powders is 60 μm thick. The parts are arranged in a circular pattern
and the supports between the tray and the samples are 5 mm high. For the filling of these cubes a
default strategy is used. For each layer, the laser will pass twice along the contour and fill the inside
with hatches (fig. 2).

F IGURE 2 Laser path in a gyroid sheet stl cut in the slicer QuantAM.

The dimensions and mass of the resulting samples shown in fig. 1 can be found in tab. 1. Even if
the CAD had the same density, it can be noticed that the resulting relative density varies depending
on the geometry (tab. 1). The gyroid sheet has the highest one (0.35 ± 0.01) and the primitive has the
lowest one (0.32 ± 0.01).

Geometry Sample side length Mass Relative density

(mm) (g) (-)

Primitive 20.3 ± 0.1 60 0.34 ± 0.01

Gyroid sheet 20.2 ± 0.2 60 0.35 ± 0.01

Gyrid skeletal 20.2 ± 0.1 60 0.32 ± 0.01

TABLE 1 Dimension and mass of the resulting TPMS Inconel cubic samples with 5×5×5 cells
units obtained by additive manufacturing.

2.2 | Mechanical testing

Quasi-static compression tests were run on a Zwick Roell with a 200 kN force sensor. The displace-
ment rate was set to 10 mm/min corresponding to a macroscopic strain rate of 8 10 3 s 1. A camera
was used to observe the deformation modes of the different samples. The acquisition frequency was
set to 1 Hz.

For dynamic loadings, steel Split Hopkinson Pressure Bars (SHPB) were used to impose a com-
pressive loading. All the bars aremade of hardenedmaraging steel and have a diameter of 20mm. The
input, output and stricker bar lenght are respectively Li n = 3.00 m, Lout = 2.53 m and Ls t = 0.50 m.
One strain gauge is located on the input bar at 2.19m from the specimen, while another is located on
the output bar at 0.72m from the specimen. Standard formulas for the wave transport are employed
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to determine the force history at the output bar-specimen interface and the relative displacement of
the specimen-bar interface [10]. A high speed camera (TMX phantom) was used to be able to capture
local phenomenon.

From the force F and displacementΔh data, the nominal stress F /S0 and the true strain ln(1+Δ h/h0)
have been calculated with S0, the initial section and h0 the initial height of the sample. The Young’s
modulus E has then be calculated by fitting a first degree polynom on the elastic linear part, between
a 0 strain and 0.01. Another first degree polynom was fitted between a strain of 0.05 and 0.2 to
capture the plateau modulus Ep . The plateau stress σy is defined as the matching stress of the strain
where E and Ep cross.

The specific energy absorption (SEA) was calculated until a true strain of 0.3 and is defined in
compression as

SEA =
1

ρbul k

∫ 0.3

0
σ(ε)dε . (1)

3 | RESULTS AND DISCUSSION

Fig. 3 plots the experimental stress-strain curves under quasi-static loading. The usual three stages
in cellular materials can be observed. The three geometries demonstrate first a linear elastic stage
followed by a stress plateau that is more or less flat depending on the geometry.
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F IGURE 3 Experimental results of quasi-static compressive tests on Inconel 718 based TMPS
structures.

For the skeletal gyroid geometry, the maximal displacement was enough to reach the densifica-
tion stage (around 0.4) while it only starts later for the two other geometries. Macroscopically, the
mechanical behaviour of the two gyroid geometries in compression seems almost isotropic (fig. 3).
This observation is confirmed by the quantitative measurement of the material parameters (tab.2).
For the primitive geometrie, while almost all the material parameters are isotropic, the Young’s mod-
ulus is higher when the sample is loaded in the X-direction (tab. 2).

This difference in isotropy between geometries most likely comes from the specific microstruc-
ture of each geometry due to the additive manufacturing process and its interaction with the local
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stress and strain fields [4]. Specific measurement of the grain orientation in the cell walls will be
carried out in the future to confirm this hypothesis.

Geometry E σy Ep SEA

(GPa) (MPa) (MPa) (J/g)

Primitive X 4.60 ± 0.27 128.1 ± 4.2 80 ± 6 7.27 ± 0.29

Primitive Z 3.23 ± 0.05 124.2 ± 4.6 93 ± 11 7.35 ± 0.21

Gyroid sheet X 4.76 ± 0.17 161.6 ± 2.7 137 ± 7 9.67 ± 0.13

Gyroid sheet Z 4.70 ± 0.40 151.6 ± 0.5 151 ± 4 9.56 ± 0.02

Gyroid skeletal X 3.17 ± 0.11 96.2 ± 0.1 117 ± 1 5.25 ± 0.03

Gyroid skeletal Z 2.90 ± 0.56 96.8 ± 0.9 103 ± 2 5.31 ± 0.01

TABLE 2 Material parameters obtained from quasi-static loading on Inconel TPMS obtained by
additive manufacturing.

The material parameters are higher for the gyroid sheet geometry. Although the relative den-
sity of this geometry is greater, it is not sufficient to explain the stiffness difference and literrature
confirms that the geometry of the architecture causes this enhancement [11]. The SEA, which is a
linear function of the relative density [4] is also greater for the gyroid sheet geometry (9.6 J/g against
5.3 J/g for the gyroid skeletal geometry). The primitive geometry has mechanical properties (E , σy

and SEA) between the two gyroid geometries. One can notice the the primitive geometry display the
flattest plateau phase between the three TPMS structures (tab. 2).

In quasi-static, localization bands oriented at 45◦ can be observed for the primitive geometry
(fig. 4(a)). This type of localisation is typical of periodic architectured materials [4, 12, 13]. In this
structure, plastic hinges appear while the shell like structure is compressed, forming nodes. The
plastic hinges of neighboring nodes interact with each other, thereby creating a continuous zone
of plastic deformation. Sheet gyroids fail in a homogenous manner and all layers display relatively
uniformdeformations (fig. 4(a)), however previous have already show thatmetallic sheet gyroidmostly
display the appearance of a large number of plastic hinges in the whole structure [14]. In skeletal
gyroid, large rotations appear at the junction of two unit cell as the TPMS structure is compressed.
It is where most plastic deformation is concentrated while the strut intersections seem to behave
like rigid nodes. Instead of deforming, the latter undergo large rigid body rotations. In short, the main
parameter that seems to influence the post-yield macroscopic mechanical behaviour and the material
parameters of the TPMS is the ability of the structure to develop plasticity inside.

The resulting stress/strain data obtained in the dynamic regime with the steel SHPB are noisy
(fig. 5). The experimental set-up needs to be improved in order to draw conclusions on the effect of
the strain-rate on the mechanical behaviour of those Inconel-based TPMS. One can yet notice that
the plateau stress is enhanced by the strain-rate (fig. 5). From 96 MPa for the skeletal gyroid loaded
in the X-direction in quasi-static, it goes up to about 150 MPa in dynamic. According to other studies
on metallic TPMS (stainless steel), this effect is due to the enhancement of the yield stress of the base
material with the strain-rate [4].
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4 | CONCLUSIONS & PERSPECTIVES

In this work, compression tests in quasi-static and dynamic regime have been performed on three
different TPMS structures in Inconel 718 alloy obtained by additive manufacturing. The resulting
samples presented some differences in the relative density (from 0.32 for the gyroid skeletal to 0.35
for the gyroid sheet). Those differencies where however not sufficient to explain the discrepencies
between the material parameters of the three geometries. The local strain mechanisms and more pre-
cisely the plastic deformation is the cause of the enhanced behaviour of sheet gyroid in comparison to
primitive and skeletal gyroid structures. The latest one displays the largest part on rigid body motion
and is thus the one with the smalled SEA. The primitive geometry displayed an anisotric Young’s mod-
ulus, greater in the X-direction in opposition to the other geometries. Inconel gyroids, both sheet and
skeletal geometries, appear to be isotropic in compression. In the future, more local analysis will be
pursued to confirm the origin of this anisotropy as well as dynamic loadings with SHPB to complete
this study.
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1 INTRODUCTION 

It is well known, that the concept of honeycomb structures is inspired by the nature, specifi-

cally by honeybees which use these honeycomb structures as effective storage of pollen and honey. 

From engineering point of view, honeycomb structures are characterized as lightweight structures 

with high stiffness to strength ratio and high specific energy absorption, which make these struc-

tures interesting for applications in the field of automotive, aerospace, marine, defense etc. [1] 

For the mentioned properties, many researchers studied the behavior of these structures under 

dynamic loading. Meng et al. investigated the dynamic response of the graded honeycomb structure 

under blast loading. [2] Wei et al. studied the effect of strain rate on stress-strain response and 

energy absorption density for different honeycomb cell geometry. [3] In another study, Abayazid et 

al. focused on cell topology optimization for oblique dynamic loading. [4] As is obvious, in the con-

text of honeycomb structures and dynamic loading, number of different scientific research topics 

arises.  

Benefiting from design freedom, majority of honeycomb structures are manufactured via ad-

ditive manufacturing techniques. With the current expand of this technology, there is certain de-

mand for more complex performance characterization of additively manufactured materials and 

structures.    

In response to this demand, this particular study is presented. The aim of this study is to 

manufacture thin – walled honeycomb structures from austenitic stainless steel 316L via DED 

process and perform uniaxial tension and compression tests ranging from quasi – static strain rates 

to high strain rates. Specimens for tension and compression tests will be separated from thin walls 

and based on the results, behavior of the whole honeycomb structure under dynamic loading condi-

tions will be predicted by finite element analysis with standard ABAQUS version 2020. Lower strain 

rates will be realized by servo–hydraulic machines and higher strain rates will be obtained by Drop 

Weight Test (DWT) machine and Split Hopkinson Pressure Bar (SHPB). Presented study builds on 

previous research conducted only the range of quasi-static strain rates. [5] 

2 MATERIAL AND ADDITIVE MANUFACTURING PROCESS 

For fabrication of honeycomb structures, Laser Powder DED system equipped with 2 kW Yt-

terbium fiber laser was used, namely the INSSTEK MX600. Argon gas was employed as both protec-

tive and powder acceleration medium. Process parameters are summarized in the following table: 

 
TABLE 1    Summarization of DED process parameters  

 

Material 

Laser 

Power 

[W] 

Powder 

Feed 

[g/min] 

Coaxial 

Gas 

[l/min] 

Powder 

Gas 

[l/min] 

Shield 

gas 

[l/min] 

316L 320 3.6 7 2.5 5 

 

Laser Power output with the mean value of 320 W was automatically controlled by the actual 

height of the layer, using Direct Metal Tooling (DMT) mode.     

As was mentioned, austenitic stainless steel 316L in the form of the commercial powder with 

particle size distribution 53 – 150 µm was used. To prevent undesirable diffusion effects, similar 

Matouš Uhlík et al. Page 3 

 

 

building platform material was used. Both platform and powder chemical compositions are shown in 

following table: 

 
TABLE 2    Chemical composition of powder and platform material  

 

Material Cr Ni Mo Mn Si Fe 

Powder 17.2 10.4 2.3 1.3 0.8 Bal. 

Platform 16.2 10.5 2.1 1.1 0.4 Bal. 

 

By application of previously described process parameters and materials, three honeycomb 

structures with 42 mm height, 2.7 mm wall thickness and 21 mm width were built on single platform 

(Fig. 1 - left).  Without subsequent heat treatment or machining, specimens for uniaxial testing in 

tension and compression were cut off according to the schematized cutting plan (Fig. 1 - right): 

 

  
 

FIGURE 1     Honeycomb structures as printed (left) and the schematization of the cut off plan (right) 

Specific dimensional characterization is provided for specimens determined for the tension 

testing (Fig. 2 – left) and compression testing (Fig. 2 – right). The geometry of the tensile test speci-

men has been tailored, so there is enough space for installing strain gauges in the area of elastic 

deformation of the specimen. In the case of dynamic tension tests, those strain gauges were allowing 

to obtain a force record with significantly reduced oscillations compared to the record of the load 

cell attached to the machine.  

  
 

FIGURE 2     Dimensional characterization of specimens determined for tensile tests (left) and compression tests 

(right) 
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3 EXPERIMENTS AND RESULTS 

With the fabricated specimens, quasi–static and moderate strain rate uniaxial testing was 

performed using conventional servohydraulic and electromechanical testing machines. Drop 

Weight Test machine was used for high strain rate tension tests (Fig. 3 – left) and conventional Split 

Hopkinson Pressure Bar (Fig. 3 – right) was employed for determination of the true stress – true 

strain response of the experimental material exposed to high strain rate compressive loading. The 

summary of quasi-static ad dynamic uniaxial tests is also presented in the following figure. 

 

  
 

 
FIGURE 3     Drop Weight Test machine experimental apparatus for high strain rate tensile tests (left) and Split 

Hopkinson Pressure Bar for high strain rate compression tests (right) 

 

Subsequently, the entire HC structures were deformed by the impact of a conical punch with 

126° apex angle using Drop Weight Test machine (Fig. 4a). The deformation caused by the impact of 

the punch with different impact energies (namely 400 J, 700 J and 1500 J) was monitored by a high-

speed camera.  The force record was obtained by force gauge measurement placed on a falling 

punch. Lower impact energies (400 J and 700 J) were achieved by simple free fall of the punch (Fig. 

4b), however for reaching higher impact energy (1500 J), the falling mass had to be additionally 

accelerated by integrated catapult system. Deformed states of structures paired with a punch 

impact energy labels are documented in the following figure (Fig. 4b) 
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FIGURE 4     Conical punch (a), honeycomb structures deformed by different impact energies (b) 

Then, FEM analysis of the deformation process based on material model calibrated experi-

mentally on samples separated from honeycomb structure walls was performed. Conical punch was 

modelled as non-deformable object while the platform was modelled as object undergoing only 

elastic deformation. Comparison of measured and experimentally obtained force-displacement 

record without considering the damage model can be seen in the following table (Tab. 3): 
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TABLE 3    Comparison of FEM analysis and experiment without considering the damage model 

400 J 

 

700 J 

 

1500 J 
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4 CONCLUSIONS 

In the early stages of deformation, relatively good agreement of experimental results and re-

sults obtained by FEM analysis without considering the damage model can be seen. At the moment 
of crack formation, which occurs with increasing impact energy in the earlier stages of defor-
mation, the results of the simulation and the experiment diverge. However, this moment is very 
well observable from the course of the force simulation – as a steep increase. At about the same 
time, the results of the experiment also indicate cracks formation – this is evident from the steep 
decrease in the force required to realize the displacement. Thus, it can be stated that a simple 
simulation without considering the damage model can well predict the behavioral properties of the 
honeycomb structure until the moment of cracking, whereas this moment can also be predicted 
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The study discusses the role of topology of addi-

tively manufactured AlSi10Mg aluminum struc-

tures based on several exemplary cellular struc-

tures (i.e., honeycomb, auxetic, lattice, and foam). 

The structures are subjected to a blast induced 

compression. A relationship between the relative 

density and the deformation responses of the 

structures, as well as the energy absorption capac-

ities is hereby analyzed. To investigate the influ-

ence of the manufacturing process conditions on 

the mechanical properties, the material behavior of 

the printed AlSi10Mg aluminum alloy is studied. 

For completeness, an analysis of the deformed mi-

crostructure is also performed. The finite element 

simulations conducted in LS-DYNA software are 

used to investigate the deformation mechanisms of 

the structures. The results show a good agreement 

with the experimental observations. The final re-

sponses indicate that by selecting the appropriate 

topological parameters, it is possible to affect the 

performance of structures significantly and thus to 

improve their energy absorption properties 

 

 INTRODUCTION 

Additive manufacturing (AM), as a modern and advanced technique of structures manufacturing, may 

be used to produce components with complex geometrical properties. The AM methods provide free-

dom in designing geometry or defining density of manufactured samples. Thanks to this technique, 

spare parts adaptable to already existing constructions may be rapidly produced. However, the be-
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havior of structures additively manufactured is complex and it still requires investigations. A partic-

ular attention should be focused on the behavior of AM structures affected by dynamic loadings, es-

pecially shock waves. This topic is investigated in details by sparse studies, e.g. [1-4]. 

 

The hereby presented study concerns the experimental investigation performed by means of the Ex-

plosive Driven Shock Tube (EDST) tests. The generated shock waves affect four different AM struc-

tures consisting of 2D unit cells (honeycomb and auxetic) 3D unit cells (rhomboidal lattice and regular 

foam) manufactured from the aluminum AlSi10Mg alloy. Their geometry is based on the printed cubic 

samples without an additional post-treatment. Additionally, an analysis of the deformation and dam-

aged processes is realized in the explicit FEM code LS-DYNA R9.0.1. The obtained results show a 

good agreement with the analytical calculations and the experimental observations. The results of 

the experimental testing and its modeling present a potential of the discussed manufacturing method 

in application to improved, optimized, energy-absorption structures.  

 MATERIAL AND SPECIMENS 

The tested aluminum AlSi10Mg structures are additively manufactured by the Direct Metal Laser 

Sintering (DMLS) method applied in the EOSINT M 280 3D printer. The DMLS is based on the selec-

tive sintering of an evenly distributed powder on the build platform. The 30 μm powder layer is 

melted according to a bidirectional scanning strategy at an angle of 67° by a 370 W laser beam. The 

printing technique contributes to the formation of a fine microstructure during the solidification pro-

cess and unification the macro properties [5]. The settings during manufacturing, a type of the pow-

der, as well as the sample position in relation to the build platform or the final treatment may signifi-

cantly affect the properties of the obtained product, as it is discussed in e.g. [6].  
 

TABLE 1. Tested AM structures and their geometrical properties. 

 Honeycomb Auxetic Lattice Foam 
 

 
 
 

Unit cell 

   
 

Area [mm2] 813.87 879,91 896,34 900,96 
Height [mm] 30.01 29.98 30.06 30.01 

Mass [g] 12.13 11.31 18.19 11.84 
Relative Density 

[-] 
 

0.173 
 

0.151 
 

0.250 
 

0.164 

 
 
The objective of the study is a comparison of the absorptive properties of four different geometries: 

honeycomb, auxetic, lattice and regular foam (Table 1). The honeycomb and auxetic represent the 

structures with 2D unit cells and lattice and foam are characterized by three-dimensional geometries. 

The tests were based on the ‘as built’ cubic samples with the edge length of 30 mm. The samples are 

characterized by a similar relative density equaled to 0.2 ± 0.05. 
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2.1 Microstructure analysis  

The microstructure of the printed structures (without their post-processing) was observed using the 

Olympus DSX 510 optical microscope, which may achieve 13.5X optical zoom and 30X digital zoom. 

For the study, the samples were polished and adequately etched. The magnifications of the micro-

structure of the specimens as-fabricated is given in Fig. 1. The surfaces aligned along the building di-

rection [XZ] and the transverse surface [XY] are schematically shown in Fig. 1(d). 

 
(a) (b) (c) 

   
(d) 

      
 

FIGURE 1. (a) The schemes of melt pool forming and (b) the optical micrographs of the AlSi10Mg as-fabricated 

sample, (c) enlarged area marked 'A'.  (d) Orientation of the samples versus the build platform and the observed 

sample surfaces for the microstructural analysis 

The melt pools can be related to manufacturing and the cooling process of the melted areas, [7]. As a 

result of differences in the cooling rate, three distinct areas are formed: a fine cellular structure, 

coarse cellular structure, and heat-affected zone (HAZ). The first zone was created towards the melt 

pool center due to a slower solidification process. The region with the coarse cellular structure is the 

intermediate zone between the center and the boundaries of the melt pool. The long Si particles are 

formed in heat-affected zones, which contact a previously solidified melt pool. The bright eutectic 

Al/Si phase of the micrographs is precipitated during the solidification process and included in the Al 

matrix of melt pools. The amount and size of other particles across the aluminum matrix can strongly 

influence the behavior of the manufactured samples. 

2.2 Material characteristics  

In order to determine the material characteristics of AlSi10Mg aluminum, the quasi-static and dy-

namic compression tests has been carried out. The performed tests are based on the samples printed 

horizontally and vertically with respect to the build platform. Figure 2 shows the obtained results of 

the true stress over the plastic strain. The tests are performed at the strain rate between 0.001 /s - 

3300 /s and at the temperature range of 293 K - 473 K. An adiabatic-isothermal correction of the 
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registered stress-strain material curves is introduced to the results at high strain rates, following the 

conclusions of [8].  

 

(a) (b) 

  
 

(c) 

 

(d) 

  
 

FIGURE 2. Material characterization presenting behavior of the horizontally and vertically printed samples at dif-
ferent strain rates (a)-(b) and at different temperatures (c)-(d). Structures without heat-treatment.  

The results indicate that the print direction affect the material response. The vertically printed sam-

ples exhibit the highest values of the stress in the first deformation stage (up to the strain of 0.25). 

However, the horizontally printed samples exhibit highest hardening in second regime. It is observed 

that the AlSi10Mg aluminum is only slightly sensitive to the strain rate changes, however the temper-

ature increase causes a stronger material softening 

 BLAST TEST RESULTS  

The manufactured samples are subjected to blast loadings by means of the Explosive Driven Shock 

Tube (EDST) tests, [9-10]. This experimental set-up consists of the 1.75 m long shock tube, in front of 

which 30 g of the C-4 explosive charge is located. An explosion generates a spherical wave which 

travels through the tube. Due to internal reflections and the travelled distance, the blast wave forms 
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a planar front at the end of the tube. The movement of the front steel plate accelerated by the explo-

sive wave causes a compression of the tested samples. During the damage process, the force trans-

mitted to the back plate is measured by a PCE 206C piezoelectric force sensor. A high-speed camera 

Phantom V311 records the whole deformation process. Then, the Digital Image Correlation set-up 

allows to obtain the displacement of the front plate over the time. 

 

(a) (b) 

 
 

FIGURE 3. Results of the EDST blast compression tests of theAlSi10Mg additively manufactured structures: (a) 

stress versus strain and (b) absorbed energy versus displacement. 

Typically, the response of a compressed metallic cellular structures may be described by three main 

phases, which is also observed for the current tests results. The elastic response of cellular structures 

ends with a first stress peak. This is often the maximum obtained value before the total damage of the 

sample. Then the deformation follows a plateau regime, in which the registered force oscillates 

around a certain value. In this region, the structure undergoes the plastic deformation such as bend-

ing or stretching. Finally, a sudden sharp rise in the obtained stress corresponds to a fully damaged 

structure.  
 

TABLE 2. Some calculated energy-absorption properties of the AM structures in the EDST blast compression tests.  

 Honey-
comb 

Auxetic Lattice Foam 

Peak Stress 
[MPa] 

6.01 1.75 21.56 17.43 

Mean Stress 
[MPa] 

3.52 1.44 14.18 10.39 

Densification 
Strain [-] 

0.76 0.58 0.31 0.52 

The tests performed on AM samples are reported in Fig. 3, which shows the curves of the stress over 

strain and the absorbed energy over displacement are presented. While analyzing the results, it can 

be noticed that the main phases of the compression process are visible in the honeycomb and auxetic 

curves, i.e., the peak, plateau, and densification. However, the specimens with 3D geometry absorbed 
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all energy generated during the explosion. Therefore, the stress curves decrease to zero. Further-

more, it should be emphasized that the foam structure has collapsed later than the lattice structure 

in order to transfer the same amount of force. On this basis, it may be concluded that the lattice is a 

more efficient absorber. 

 

Each of the curve courses is characterized by large fluctuations that can be correlated with the cell 

collapses and the bond breaks. The quantitative results presented in Fig. 3(b) and Table 2 prove that 

the structures composed of 3D unit cells can increase, at least double the abortion efficiency when 

they are subjected to the same explosive  load. In addition, it can be noticed that the auxetic structure, 

characterized by a negative Poisson's coefficient, obtained the lowest stress results. At the same 

time, the stroke efficiency is 1.4 times lower than that calculated for the honeycomb structure. 

 

 
FIGURE 4. The main stages of the deformation process during the blast compression test (a-f) of the (I) honeycomb, 

(II) auxetic, (III) lattice and (IV) foam structure. 

Figure 4 shows the deformation mechanism of the honeycomb (Fig 4-I), auxetic (Fig. 4-II), lattice (Fig. 

4-III) and foam (Fig. 4-IV) subjected to the blast loading generated by means of the EDST set-up. The 

structures composed of a two-dimensional unit cell collapse progressively row by row. Wherein, the 

damage of the honeycomb is characterized by the stretching of the cells outwards. The deformation 

of the auxetic at the higher strain rate is stable as opposed to the quasi-static one. The synclastic cur-

vature of the deformation indicates the dome-shape damage mode. The cells collapse towards inside 

the structure, which is visible in Fig. 4.3-II. The lattice and foam have a similar deformation mecha-

nism in the initial stage of deformation, up to 10 % strain. Their collapse processes can be correlated 

with the absorbed energy results. Lattice is characterized by cell bending and the stretching of the 

whole structure during blast compression. The end of the deformation process occurs as a result of 

shearing the entire structure, which can be seen by analyzing the specimen after the test. In the case 
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of the foam structure, the shear mode of the deformation occurs after 10 % of strain, which corre-

sponds to the brittle fracture of the cells and breaking bonds in the structure. 

 NUMERICAL MODELLING  

In order to analyze the damage process in details, the explicit simulation in the LS-DYNA R9.0.1 is 

prepared. The experimental configuration modeled in Ls-PrePost consists of the Lagrange solid parts 

of the tested sample, placed between two steel plates. The contact between the components is ob-

tained by the function *AUTOMATIC_SURFACE_TO_SURFACE (e.g. [11]). The crushing load is as-

signed to the nodes of the upper surface of the front plate.  

 

The in-house obtained characteristics of the AlSi10Mg aluminum alloy are used to describe the ma-

terial properties of the tested structure. To introduce the experimental curves, the *MAT_Lin-

ear_Pleasticity 024 is chosen to simulate the material behavior of structures. The *MAT_Simpli-

fied_Johnson_Cook 098 is used to describe the material behavior of the steel blocks. *Mat_098 is a 

simplified Johnson-Cook constitutive function which does not account for temperature effects and 

is decoupled from the Johnson-Cook fracture model (e.g. [12]). A maximum effective strain at failure 

of 0.1 is used to simulate a brittle damage. The bottom surface of the second block is fully constrained, 

simulating the experimental bunker wall. A more detailed description of the numerical configuration 

is presented in [2, 9].  

 
 
 
 
 
 
 

(A) 

 
 
 
 
 
 
 

(B) 

 
FIGURE 5. Deformation mechanism of the honeycomb (A) and auxetic (B) structures: (a)-(c) experimental images 

and (d)-(f ) numerical representation. 

The developed numerical tasks simulate the ideal conditions of the performed experimental tests 

when the AM structures are subjected to a blast load caused by the explosion of the 30 g of C-4 
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the structures composed of 3D unit cells can increase, at least double the abortion efficiency when 

they are subjected to the same explosive  load. In addition, it can be noticed that the auxetic structure, 

characterized by a negative Poisson's coefficient, obtained the lowest stress results. At the same 

time, the stroke efficiency is 1.4 times lower than that calculated for the honeycomb structure. 

 

 
FIGURE 4. The main stages of the deformation process during the blast compression test (a-f) of the (I) honeycomb, 

(II) auxetic, (III) lattice and (IV) foam structure. 

Figure 4 shows the deformation mechanism of the honeycomb (Fig 4-I), auxetic (Fig. 4-II), lattice (Fig. 

4-III) and foam (Fig. 4-IV) subjected to the blast loading generated by means of the EDST set-up. The 

structures composed of a two-dimensional unit cell collapse progressively row by row. Wherein, the 

damage of the honeycomb is characterized by the stretching of the cells outwards. The deformation 

of the auxetic at the higher strain rate is stable as opposed to the quasi-static one. The synclastic cur-

vature of the deformation indicates the dome-shape damage mode. The cells collapse towards inside 

the structure, which is visible in Fig. 4.3-II. The lattice and foam have a similar deformation mecha-

nism in the initial stage of deformation, up to 10 % strain. Their collapse processes can be correlated 

with the absorbed energy results. Lattice is characterized by cell bending and the stretching of the 

whole structure during blast compression. The end of the deformation process occurs as a result of 

shearing the entire structure, which can be seen by analyzing the specimen after the test. In the case 
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of the foam structure, the shear mode of the deformation occurs after 10 % of strain, which corre-

sponds to the brittle fracture of the cells and breaking bonds in the structure. 

 NUMERICAL MODELLING  

In order to analyze the damage process in details, the explicit simulation in the LS-DYNA R9.0.1 is 

prepared. The experimental configuration modeled in Ls-PrePost consists of the Lagrange solid parts 

of the tested sample, placed between two steel plates. The contact between the components is ob-

tained by the function *AUTOMATIC_SURFACE_TO_SURFACE (e.g. [11]). The crushing load is as-

signed to the nodes of the upper surface of the front plate.  

 

The in-house obtained characteristics of the AlSi10Mg aluminum alloy are used to describe the ma-

terial properties of the tested structure. To introduce the experimental curves, the *MAT_Lin-

ear_Pleasticity 024 is chosen to simulate the material behavior of structures. The *MAT_Simpli-

fied_Johnson_Cook 098 is used to describe the material behavior of the steel blocks. *Mat_098 is a 

simplified Johnson-Cook constitutive function which does not account for temperature effects and 

is decoupled from the Johnson-Cook fracture model (e.g. [12]). A maximum effective strain at failure 

of 0.1 is used to simulate a brittle damage. The bottom surface of the second block is fully constrained, 

simulating the experimental bunker wall. A more detailed description of the numerical configuration 

is presented in [2, 9].  
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FIGURE 5. Deformation mechanism of the honeycomb (A) and auxetic (B) structures: (a)-(c) experimental images 

and (d)-(f ) numerical representation. 

The developed numerical tasks simulate the ideal conditions of the performed experimental tests 

when the AM structures are subjected to a blast load caused by the explosion of the 30 g of C-4 
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charge. Figures 5 and 6 compare the dynamic compression processes of the developed simulations 

with the experimental results. 
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FIGURE 6. Deformation mechanism of the foam (A) and lattice (B) structures: (a)-(c) experimental images and (d)-

(f) numerical representation. 

The presented numerical simulations concern dynamic compression of the aluminum AM structures 

obtained due to the blast testing. The numerical study explains both the mechanism of the cell defor-

mation, and further fracture of the structure. It has been proven that the selected type of contact, the 

material model, and the boundary conditions provide consistent results. The numerical simulations 

allow a deeper analysis of deformation modes, indicate the stress concentration, and show the largest 

deformations of each structure.  

 

Comparing the numerical and experimental results, it may be concluded that the simulated numeri-

cally behavior of each structure is similar to the experimental response at each stage; moreover, the 

main deformation modes have been also numerically modeled. It has been observed that the honey-

comb is characterized by the stretching of the cells outwards, and the auxetic structure by the folding 

of the cell towards their center. The bending of the struts is visible for the lattice structure and the 

foam is characterized by the deformation mechanism occurred between two corners of the cell. The 

numerical results prove that the structures composed of the 3D unit cell (lattice and foam) are char-

acterized by large strains of the entire structure and exhibit the shear modes during the dynamic 

compression. At the same time, the deformations of the structures that consist of the 2D unit cell 

(honeycomb and auxetic) undergo the progressive folding of the cell rows and the band-like stress 

distributions. 
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 CONCLUSIONS  

The conducted EDST blast compression tests of the additively manufactured samples resulted in a 

comparison of the dynamic behavior of four geometries, i.e. honeycomb, auxetic, lattice and foam. 

The analysis of the blast-induce structural deformations shows that the structures composed with 

the 3D unit cell absorb more energy during the blast loading carried out by means of the EDST set-

up. Based on the calculated energy absorption characteristics, it may be concluded that despite that 

these samples are characterized by a higher mass, they mitigate more efficiently an explosive load 

than the structures with 2D unit cells. The developed simulations analyses the deformation mecha-

nism observed experimentally.  

 

Additive manufacturing is a promising technology that can contribute to designing superior protec-

tive structures. The conducted investigation proved that the efficiency of mitigating explosive energy 

may be increased by application of the optimized AM structures, when compared to structures pro-

duced by traditional methods. The conducted research provides a good basis for an analysis and a 

further geometry optimization of structures applied to attenuate compressive shock waves. 
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1. INTRODUCTION 

  
This work studies the compressive 

mechanical performance, under quasi-static 

(0.01s-1) and dynamic loading (450s-1), of two 

strut-based lattices for bone implants: the 

BN-type and the LN-type. The influence of 

relative density is also analyzed by testing 

lattices with four different strut diameters. 

Both structures show a bend-dominated 

deformation mechanism and a low strain-rate 

sensitivity for strains larger than 5% for all 

solid fractions. The strain rate sensitivity is 

mainly focused on the transition between the 

linear and stress-plateau region, with a stress 

enhancement 33% lower than the base 

material. With respect to the performance of 

the cell topology, the LN-type shows a specific 

behavior superior to that of the BN-type.   

Additively manufactured (AM) metamaterials are human-designed structures that have great 

potential in fields such as the aerospace, military and medicine industries due to their possibilities of 

light-weighting, topology optimization and multifunctionalization. For example, AM metamaterials 

could be used to build light and high-energy absorption add-on armors for military vehicles [1] or to 

design components that integrate several functionalities, such as aerospace structures that 
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1. INTRODUCTION 

  
This work studies the compressive 

mechanical performance, under quasi-static 

(0.01s-1) and dynamic loading (450s-1), of two 

strut-based lattices for bone implants: the 

BN-type and the LN-type. The influence of 

relative density is also analyzed by testing 

lattices with four different strut diameters. 

Both structures show a bend-dominated 

deformation mechanism and a low strain-rate 

sensitivity for strains larger than 5% for all 

solid fractions. The strain rate sensitivity is 

mainly focused on the transition between the 

linear and stress-plateau region, with a stress 

enhancement 33% lower than the base 

material. With respect to the performance of 

the cell topology, the LN-type shows a specific 

behavior superior to that of the BN-type.   

Additively manufactured (AM) metamaterials are human-designed structures that have great 

potential in fields such as the aerospace, military and medicine industries due to their possibilities of 

light-weighting, topology optimization and multifunctionalization. For example, AM metamaterials 

could be used to build light and high-energy absorption add-on armors for military vehicles [1] or to 

design components that integrate several functionalities, such as aerospace structures that 
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incorporate structural, fuel management and impact protection capabilities [2] or medical implants 

with improved osseointegration and bone-like stiffness [3 ,4].  

 These structures are usually composed of struts and nodes (lattice metamaterials), although other 

complex geometries such as plate-lattices or tripe periodical minimal surfaces (TPMS) are also part of 

this material family. The core structure of metamaterials plays an important role in mechanical 

performance (and in added functionality, too), but the influence of other properties of the struts, such 

as characteristics lengths, orientations, and microstructure, is also significant [5].  In this regard, some 

authors have studied and linked the influence of the core design and the strut size (porosity) on the 

quasi-static mechanical performance of metallic metamaterials intended for several applications [6-

9]. But much less work has been done under dynamic loading and most of it is focused on 

metamaterials optimized for crashworthiness [10, 11], not considering other lattice configurations 

that are used in sectors like biomedicine. Without extending the available information under dynamic 

loading to different geometries and configurations, the efforts around the optimization of AM 

structures in order to work under wide conditions are incomplete. Therefore, in this work, the authors 

study, experimentally, the effect of the core structure and diameter of the struts on the mechanical 

performance of bio-inspired Ti6Al4V lattice metamaterials under quasi-static and dynamic loading.   

2. MATERIALS AND EXPERIMENTAL METHODS 

Experimental methods  

The studied specimens are two bio-inspired strut-based lattices designed for bone implants: the LN-

type and the BN-type. The terms LN and BN refer to the type of function that describes the pore-size 

distribution. For each lattice type, four different strut diameters were considered (200, 250, 300 and 

350 µm) to study the effect of the strut thickness and lattice solid fraction (s.f.) on the mechanical 

response. It is important to note that the present lattices have a random unit cell, which provides a 

more isotropic behavior compared with the periodic ones. The lattice geometries are depicted in 

Figure 1 and their real relative densities are collected in Table 1.  

Prismatic Ti6Al4V samples, with dimensions of 17×10.5×10.5 mm approximately, were 

manufactured using the Selective Laser Melting (SLM) technique, in particular, employing a Renishaw 

AM400 machine with a modulated 200W ytterbium fibre laser. More information about the sample 

manufacturing, printing parameters and effect of size and orientation on Ti6Al4V can be found in [5]. 

 

  

FIGURE 1  (Left) BN-type lattice and (Right) LN-type lattice  with a designed strut diameter of 200 µm  
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TABLE 1    Real relative density (solid fraction (s.f)) for the manufactured lattices.  

 Lattice topology XX-200 XX-250 XX-300 XX-350  

 BN (s.f) 0.42 0.49 0.56 0.60  

 LN (s.f) 0.52 0.59 0.61 0.68  

Experimental methods 

Quasi-static and dynamic compression tests were performed on the AM samples. Since the tests 

reported in this work belong to a preliminary study, only one experiment was conducted for each 

condition and lattice geometry.  

Quasi-static tests were performed using a servo-hydraulic MTS universal testing machine equipped 

with a 100 kN load cell. The samples were deformed at a strain rate of 0.01 s-1. The displacement of 

the compression plates was tracked using digital image correlation (DIC). On the other hand, the 

dynamic tests were done using a Split Hopkinson Pressure Bar system (SHPB). The samples were 

loaded, approximately, at an engineering strain rate of 450 s-1. Figure 2 shows the schematic of the 

SHPB set-up used. The system comprises an input and an output bar, both made of maraging C250 

steel and a projectile made of another steel, which is responsible for creating the incident 

compressive stress pulse in the input bar. The specimen was placed between the input and output bar 

and some lubricant was used to reduce the friction at the bar/specimen interface.  

Using the signals from the strain gauges on the bars and applying the theory of 1D-elastic wave 

propagation, the force and the displacement applied to the specimen was calculated with the 

equations:  

 𝐹𝐹 =  𝐸𝐸𝑏𝑏𝐴𝐴𝑏𝑏𝜀𝜀𝑡𝑡 ≈ 𝐸𝐸𝑏𝑏𝐴𝐴𝑏𝑏(𝜀𝜀𝑖𝑖 + 𝜀𝜀𝑟𝑟) (1) 

 

 ∆𝑙𝑙 =  −2𝑐𝑐0 ∫ 𝜀𝜀𝑟𝑟

𝑡𝑡

0
 𝑑𝑑𝑑𝑑 (2) 

where Eb is the Young’s modulus, Ab the cross-sectional area and c0 the wave velocity of the bars, and 

εi, εr, εt refers to the incident, reflected and transmitted strain pulses measured on the bars. In the 

experiments of the present work, a Phantom VE0710 high-speed camera was used to record the 

failure of the sample during testing at 110000 fps and 256×176 pixels resolution. 

 

 
FIGURE 2  Schematic of the SHPB set-up employed in this work.  

3. RESULTS AND DISCUSSION 

Figure 3 depicts the experimental engineering stress-strain curves of the lattices. It is important to 

note that the unloading line in the high strain rate curves (solid lines) is related with the unloading 

part of the incident pulse and not with the load-bearing capacity of the samples. The shape of the 

stress-strain curves presents two main regions: 1) the linear elastic part at the beginning of the curve 

and 2) a quite constant-stress region that is related with the collapse mechanisms of the lattices: 
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FIGURE 1  (Left) BN-type lattice and (Right) LN-type lattice  with a designed strut diameter of 200 µm  
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steel and a projectile made of another steel, which is responsible for creating the incident 
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3. RESULTS AND DISCUSSION 

Figure 3 depicts the experimental engineering stress-strain curves of the lattices. It is important to 

note that the unloading line in the high strain rate curves (solid lines) is related with the unloading 

part of the incident pulse and not with the load-bearing capacity of the samples. The shape of the 

stress-strain curves presents two main regions: 1) the linear elastic part at the beginning of the curve 

and 2) a quite constant-stress region that is related with the collapse mechanisms of the lattices: 
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yielding, buckling and crushing.  At first sight, both lattice structures show a low strain-rate 

dependency through deformation for all solid fractions. The stress enhancement seems to be focused 

on the transition between the linear and stress-plateau region, or in other words, the bell-shape peak 

at the beginning of the collapse region. This region corresponds to where yielding localization takes 

place and where the strain-rate sensitivity of the base material become more important. On the other 

hand, it seems that inertial effects are not important in the present case.  

Figure 4 (left) shows a comparison between the Johnson-Cook strain-rate sensitivity parameter for 

the present lattices and such parameter for the Ti6Al4V alloy with different microstructures [12]; 

being the β-annealing (BA) the one with a microstructure similar to the AM alloy, a α-lamellar 

structure with β-phase at lath boundaries [5]. On average, the JC strain rate sensitivity parameter is 

33% lower than the base material. 

The evolution of the maximum yield stress in the 0-0.05 strain range as a function of the relative 

density is plotted in Figure 4 (right). Depending on the exponent of the power-law that fits the 

experimental dots, the deformation of the lattice can be stretch dominated (equal to 1) or bend 

dominated (greater than 1). As indicated in the graph, both lattices present bending dominated 

mechanism in terms of yielding. For both structures, the loading rate has little impact on the power-

law exponent. 

Finally, when comparing the inelastic performance of both structures, it can be seen that the LN-type 

lattice is preferred (higher specific properties). The explanation can be found by analyzing the 

deformation sequence of each lattice (see Figures 5, 6). In the LN-type lattice, the deformation and 

failure consolidates along one plane while in the BN-type lattice, several parallel planes accommodate 

the failure and deformation. It seems clear that accommodating most of the deformation in a single 

plane translates into a more efficient densification of the collapse region.   

 

 

  

 

FIGURE 3 Experimental engineering stress-strain curves comparing the quasi-static (dashed line) vs the 

dynamic (solid line) performance. Each color corresponds to a lattice with a different strut-diameter 

(different solid fraction).  

 

Rafael Sancho et al. Page 5 

  

 

FIGURE 4 (Left) Johnson-Cook strain-rate-sensitivity parameter (C in the traditional equation) as a function 

of the relative density for the two lattices. The horizontal dashed lines indicate the JC-SRS parameter for 

Ti6Al4V with different microstructure: mill-annealing(MA), α+β annealing (ABA) and β annealing (BA) 

[12]¡Error! No se encuentra el origen de la referencia.. β annealing presents a similar microstructure to 

additive manufactured Ti6Al4V. (Right) Relationship between the yield strength* and relative density for 

the LN- and BN –type of lattices under quasi-static and dynamic loading. *Yield strength defined as the 

maximum yield stress up to 0.05 strain. 

 

 

   

FIGURE 5  (Lattice BN-200) Deformation sequence during high strain-rate loading at strain laves of 1) 0.025, 

2) 0.055 and 3) 0.20 

 

   
FIGURE 6  (Lattice LN-200) Deformation sequence during high strain-rate loading at strain laves of 1) 0.035, 

2) 0.06 and 3) 0.19 

4. CONCLUSIONS 

In this work, the compressive performance of two bio-inspired strut-based lattices, BN- and LN-type, 

under quasi-static and dynamic loading has been studied. The influence of the solid fraction of the 

lattices has been considered too. The following conclusions can be drawn: 
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• Both lattices show a low strain-rate sensitivity. The strain rate sensitivity is more 

significant at the beginning of the plateau-stress region and is 33% lower than the base 

material.  

• For the studied lattices, the solid fraction, between 40 – 70%, does not have an important 

influence on the strain-rate sensitivity and it is similar in both cases.  

• The inelastic performance of the LN-type is more efficient when comparing with the BN-

type. In both cases, the deformation is bend-dominated. The LN-type lattice tends to 

accommodate all the prescribed deformation along a single failure region while the BN-

type fails along several planes.  
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FIGURE 1     Comparison of the engineering stress-strain curves from the experiments (black and grey solid lines) and 

numerical simulations of smooth shell lattices (red solid lines) for different build directions and loading speeds: (a) 

slow 45°, (b) slow 90° and (c) fast 45°. The green solid line denotes the results from a numerical simulation on a plate 

lattice with same number of unit cells (3 × 3 × 3) and relative density of 25%. (d) Evolution of macroscopic strain rate 

as a function of engineering strain for high-speed compression tests on shell lattice. Observe the rather constant 

strain rate before densification strain of 50%. Adapted from [1] 
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Lattices based on Triply Periodic Minimal Surfaces 
(TPMS) are promising for aerospace, biomedical and 
defence applications, requiring high energy absorp-
tion with reduced structural weight. Thus, the cur-
rent work focuses on modelling and optimising var-
ious TPMS lattices under impact loading conditions. 
Here, previously validated numerical models were 
used to propose a functionally graded TPMS lattice 
topology, which pointed to a specific energy absorp-
tion superior to a non-graded counterpart. Finally, 
equivalent graded and non-graded topologies were 
manufactured and tested in a Direct Impact Hopkin-
son Bar device, confirming the improvement pro-
posed. The present study is applicable for predicting 
and improving the response of complex architec-
tures of TPMS lattices subjected to impact loadings. 

1 INTRODUCTION 

The advancement in the development of lattice structures with customised behaviour has led to a 
growing number of multidisciplinary applications for lightweight impact energy absorbing structures 
[1-4]. A number of researchers [1, 5-8] have discovered that the mechanical properties of a lattice 
structure can be optimised by infinite combinations of the material, architecture and relative density. 
Amongst various lattice structures, the triply periodic minimal surfaces (TPMS) geometries emerge as 
versatile architectures suitable for most additive manufacturing (AM) techniques.  
 
TPMS structures are shell-based lattices which are mathematically defined with an open cell and self-
structured design [4-5, 9-14]. Zhao et al. [13] investigated the compressive mechanical response of a 
series of Gyroid and Primitive TPMS topologies, both experimentally and numerically. In their study, 
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[1-4]. A number of researchers [1, 5-8] have discovered that the mechanical properties of a lattice 
structure can be optimised by infinite combinations of the material, architecture and relative density. 
Amongst various lattice structures, the triply periodic minimal surfaces (TPMS) geometries emerge as 
versatile architectures suitable for most additive manufacturing (AM) techniques.  
 
TPMS structures are shell-based lattices which are mathematically defined with an open cell and self-
structured design [4-5, 9-14]. Zhao et al. [13] investigated the compressive mechanical response of a 
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although the numerical model could predict the overall response and failure mode, the simulation 
resulted in an error of between 10 and 30%. In another study, Wang et al. [14] carried out quasi-static 
compression tests on cylindrical shells constructed by gyroid TPMS lattices. The authors developed 
an explicit finite element model based on shell elements and bi-linear material models and reported a 
good approximation with the experimental data. The mechanical response of TPMS structures made 
of 316L stainless steel subjected to quasi-static and high strain rates have been experimentally tested 
and numerically modelled by Li et al. [15]. The plasticity model with strain-rate and temperature-
dependent showed a good agreement with the measured results. 
 
This study focuses on numerical simulation of Diamond topologies with different relative densities 
under static and dynamic loadings. Finite element (FE) simulations were then validated and used to 
propose graded Diamond architectures with superior impact performance. Finally, samples of func-
tionally graded lattices were manufactured and experimentally tested to evaluate the results pointed 
by the models. 

2 MATERIALS AND METHODS 

Functionally graded (FG) lattices were designed with the aim of enhancing the specific energy absorp-
tion (SEA) and residual deformation after impact (DAI) of the Diamond (D) lattice. In particular, a total 
of three gradients were studied, which are given by 
 

Linearly Graded 1 (LG1): 
 𝜌𝜌 = 0.20 + 0.0125𝑧𝑧,      (1) 

Quadratic Graded 3 (QG3): 
 𝜌𝜌 = 0.10 + 0.075𝑧𝑧 − 0.0047𝑧𝑧2,                                      (2) 

Quadratic Graded 4 (QG4): 
 𝜌𝜌 = 0.20 + 0.0375𝑧𝑧 − 0.00235𝑧𝑧2,                                (3) 

where 𝜌𝜌 is associated to the relative density and z is the vertical position determined from the base 
of the TPMS. In the current study, all of the graded lattices present the same overall relative density 
of �̅�𝜌 = 30%, and a non-graded topology is deemed as the baseline (BL) structures. FIGURE 1 illustrates 
the relative density distribution across the height of the lattice structures. 
 
Three-dimensional explicit finite element simulations were performed using the ABAQUS/Explicit 
software package. The 16mm x 16mm x 16mm cube lattices were modelled with the surface thick-
nesses were defined based on the relative density. The CAD files for these lattices were imported into 
Abaqus as a standard tessellation language (.stl) format. In Abaqus software, the meshes were then 
generated for the lattice models by defining the modified quadratic tetrahedral elements (C3D10M) 
combined with hourglass control [16]. 
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FIGURE 1: Relative densities distribution of the functionally graded lattices against the baseline structures. 

The dynamic experiments were simulated by modelling the TPMS lattices between two rigid platens 
using surface-to-surface contact capability in Abaqus for all of the possible interactions, as shown in 
FIGURE 2. The upper rigid platen was allowed to translate only along the z-direction, while the bottom 
platen was held as fully fixed. The impact mass and velocity were specified at the upper rigid platen, 
based upon the direct impact Hopkinson bar (DIHB) test conditions outlined by AlMahri et al. [2].  
 
 

 
FIGURE 2: Boundary conditions applied for the FE lattice simulation. 

In an effort to assess the FE results, the mechanical properties and deformation mode were investi-
gated for functionally graded TPMS structures fabricated from 316L stainless steel by selective laser 
melting technique from gas-atomised powder. Prior to extracting the specimens from a build platform, 
a 2-hour post-heat treatment cycle of 600 oC  in a vacuum furnace was applied.  
 
Tests were undertaken on the lattices in a direct impact Hopkinson bar (DIHB) device as schematically 
given in FIGURE 3. Here, the stainless steel bar and the striker had dimensions of 19 mm in diameter 
and 2 m lenght. A compressed air reservoir attached to a high-speed discharge valve was used to 
accelerate a 0.559 kg striker towards the specimen placed on the transmitted bar. Directly after the 
impact, the transmitted bar signal was detected by a strain gauge that was fixed away from the spec-
imen bar interface. The output signals were conditioned by a high-frequency strain amplifier followed 
by data logging using Picoscope at 1M samples/sec. A high-speed camera (Photron Fastcam Nova 
S16) operating at a rate of 50,000 fps was used to record the morphology under dynamic loading. 
The video data is post-processed with image tracking via PFA software to extract the strain history 
and striker velocity.  
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where 𝜌𝜌 is associated to the relative density and z is the vertical position determined from the base 
of the TPMS. In the current study, all of the graded lattices present the same overall relative density 
of �̅�𝜌 = 30%, and a non-graded topology is deemed as the baseline (BL) structures. FIGURE 1 illustrates 
the relative density distribution across the height of the lattice structures. 
 
Three-dimensional explicit finite element simulations were performed using the ABAQUS/Explicit 
software package. The 16mm x 16mm x 16mm cube lattices were modelled with the surface thick-
nesses were defined based on the relative density. The CAD files for these lattices were imported into 
Abaqus as a standard tessellation language (.stl) format. In Abaqus software, the meshes were then 
generated for the lattice models by defining the modified quadratic tetrahedral elements (C3D10M) 
combined with hourglass control [16]. 
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FIGURE 1: Relative densities distribution of the functionally graded lattices against the baseline structures. 

The dynamic experiments were simulated by modelling the TPMS lattices between two rigid platens 
using surface-to-surface contact capability in Abaqus for all of the possible interactions, as shown in 
FIGURE 2. The upper rigid platen was allowed to translate only along the z-direction, while the bottom 
platen was held as fully fixed. The impact mass and velocity were specified at the upper rigid platen, 
based upon the direct impact Hopkinson bar (DIHB) test conditions outlined by AlMahri et al. [2].  
 
 

 
FIGURE 2: Boundary conditions applied for the FE lattice simulation. 

In an effort to assess the FE results, the mechanical properties and deformation mode were investi-
gated for functionally graded TPMS structures fabricated from 316L stainless steel by selective laser 
melting technique from gas-atomised powder. Prior to extracting the specimens from a build platform, 
a 2-hour post-heat treatment cycle of 600 oC  in a vacuum furnace was applied.  
 
Tests were undertaken on the lattices in a direct impact Hopkinson bar (DIHB) device as schematically 
given in FIGURE 3. Here, the stainless steel bar and the striker had dimensions of 19 mm in diameter 
and 2 m lenght. A compressed air reservoir attached to a high-speed discharge valve was used to 
accelerate a 0.559 kg striker towards the specimen placed on the transmitted bar. Directly after the 
impact, the transmitted bar signal was detected by a strain gauge that was fixed away from the spec-
imen bar interface. The output signals were conditioned by a high-frequency strain amplifier followed 
by data logging using Picoscope at 1M samples/sec. A high-speed camera (Photron Fastcam Nova 
S16) operating at a rate of 50,000 fps was used to record the morphology under dynamic loading. 
The video data is post-processed with image tracking via PFA software to extract the strain history 
and striker velocity.  
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FIGURE 3: Schematic on the Direct impact Hopkinson bar (DIHB) experimental setup. 

3 RESULTS 

3.1 Numerical Prediction 

The comparison of the mechanical behaviour between the BL and graded topologies after impact is 
summarised in Figure 4. It is clear that the lattices have deformed distinctively due to the grading of 
the structures. It is interesting to note that the BL failed by shear-band formation, whereas most of 
the graded lattices deformed by layer-based, typically initiated at the section with the lowest relative 
density. 
 

 
 
FIGURE 4: The deformation of (a) BL, graded Diamond TPMS (b) QG3 and (c) QG4 at 𝜀𝜀 = 0.30 of impact loading. 

The DAI and SEA for strain up to 0.50 for the BL and graded topologies are given in Table 1. For both 
QG3 and QG4 with negative curvature quadratic functionally graded lattices, an improvement in SEA 
and DAI was observed. The SEA for the QG3 and QG4 are higher than the BL, with an enhancement 
of approximately 10.5 % and 31.0 %, respectively. Accordingly, lower residual deformation after im-
pact was recorded with a reduction of 6.6 % and 8.2 %, respectively. 
 
TABLE 1: Details of the specific energy absorption and residual deformation after impact for the BL and the func-
tionally graded structures. 

 Topology SEA1 (J/g) DAI (mm/mm) 
 BL 27.79 - 0.56 - 
 QG3 36.39 (+31.0%) 0.52 (-8.2%) 
 QG4 30.70 (+10.5%) 0.53 (-6.6%) 
 1: up to ε=0.50. 
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3.2 Experimental Verification 

The BL, QG3 and QG4 lattices were manufactured, resulting in an overall relative density of 36% for 
all the topologies. Although the same topologies used in Section 3.1 was considered for manufactur-
ing, limitations of the equipment used resulted in slightly higher relative densities. 
 

 0.00ms 0.02 ms 0.04 ms 

BL 
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FIGURE 4: Evolution of the lattices TPMS deformation mode during the impact. 

The topologies were tested under impact in a DIHB device, with the deformation evolution summa-
rised in FIGURE 4. It was noted that the deformation mode changed from a shear-band formation in 
BL to a progressive layer buckling in QG3, caused by the lower relative density lattice layer in the 
impacted and opposite cube faces. In addition, the QG4 topology exhibited a mixed deformation 
mode, with the shear band in its central part and progressive layer buckling in the impacted and op-
posite faces. The FE modelling in Section 3.1 predicted the change in the deformation mode, as ob-
served experimentally. 
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FIGURE 5: Strain-stress responses of BL-n, QG3-n and QG4-n topologies during impact, being n the specimen 
identification number. 

Figure 6 compares the compressive strain-stress of the topologies during impact, showing the differ-
ences between the three topologies responses. The BL exhibited an almost flat stress plateau until 
the densification, and the graded topologies presented a crescent strain-stress response. Besides this, 
it was noted that the QG3 strain-stress slope is higher than the QG4 lattices. The observed strain-
stress responses agree with the FE simulations. 
 
TABLE 2: Summary of experimental results for the BL, QG3 and QG4 topologies. 

 
Topology SEA (J/g) DAI (mm/mm) 

 BL 28.55 - 0.73 - 
 QG3 33.81 (+18.4%) 0.67 (-5.0%) 
 QG4 30.68 (+7.5%) 0.68 (-8.0%) 

 
As summarised in Table 2, the SEA increased by 18.4% and 7.5% for QG3 and QG4, respectively, 
compared to BL; meanwhile, the DAI subsequently reduced 5.0% and 8.0%. In general terms, the FE 
predicted the SEA increasing and the decreasing of DAI; however, the SEA was overestimated, prob-
ably due to a higher relative density resulting in the samples tested. 

4 CONCLUSIONS 

This study showed that using functionally graded topologies can improve the impact performance of 
TPMS lattices, resulting in structures with superior impact energy absorption and lower deformation 
after impact for the same overall relative density. An appropriate graded topology depends on the 
boundary conditions, which can be defined using finite element modelling. 
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The behavior of architected materials de-
pends on the bulk material and its porous 
structure. Mechanical properties of parts 
produced by additive manufacturing highly 
depends on the parameters of the process. 
This work focuses on the behavior of metallic 
architected structures under compressive 
loading, considering both the 3D printing 
strategy and morphology of the architecture. 
Tri-hexagonal structures in 316L steel are 
fabricated by LMD-P and SLM and tested un-
der quasi-static compressive loading. The 
structure of the bulk material is also studied 
through microscopic observations. This pa-
per presents the experimental set-up and the 
corresponding characteristics obtained. 

1 INTRODUCTION 

Cellular materials are defined by Gibson & Ashby (1997) as a set of cells with solid faces and/or 
beams assembled in such a way that they fill the space. Architected materials represent a new class 
of cellular materials achieving new structural and functional properties, pushing the limits of Ashby's 
maps. Architected materials are defined either as the combination of two or more materials, or a 
material and space, assembled in such a way that they possess characteristics not achievable with 
the material alone [1]. Several examples of architected materials exist: fibrous and particulate com-
posites, periodic (or lattice) structures, sandwich structures, etc [1]. The materials studied in this 
study are periodic structures. These materials are composed of regular cells repeated along different 
orientations in space [2]. Due to their low mass and their periodic structure, these materials possess 
several advantages. They are particularly interesting to optimize the microstructure according to a 
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desired final application. These materials are, for example, regularly used for lightweight applica-
tions. Due to their ability to absorb energy during an impact, architectural structures are widely used 
for applications involving the protection of goods and people. An effective protection is guaranteed 
when the energy absorbed is maximized for a minimized impact force. Architectural materials can 
undergo large deformations for moderate stress [2]. The emergence of additive manufacturing (AM) 
technologies permits designing and manufacturing new geometries for these materials.  
In this work, the architecture generated during the fabrication enables the absorption of shock en-
ergy. Hence there is a particular interest in optimizing the architecture that can be finely reproduced 
by AM, unlike a conventional cellular material [3]. However, the microstructure and mechanical be-
havior of metallic parts made by AM depend on many parameters in order to obtain, from the nu-
merical geometry, a real structure with expected properties. In this study, periodic architected struc-
tures are fabricated by LMD-P and SLM. The material used is an austenitic stainless steel 316L, also 
named X2CrNiMo17-12-2. This work presents first results about the influence of the processing 
parameters on both microstructure and mechanical behavior at different strain rates. 

2 MANUFACTURING OF PARTS 

Two metal additive manufacturing technologies are considered in this study: laser metal deposition 
with powder (LMD-P) and selective laser melting (SLM). For this first phase of the study, the fabri-
cated structures present a tri-hexagonal periodic structure of different dimensions and geometries.  

2.1 Laser Melting Deposition – Powder (LMD-P) 

LMD-P technology is classified as a direct energy deposition (DED) technology [4]. During the man-
ufacture of parts, metallic powder – in this study 316L steel - is sprayed through a nozzle, deposited, 
and fused by a laser beam onto a surface, called the substrate. When the melt pool cools down, the 
metal solidifies to create part layers. Various materials can be manufactured through this process 
with high flexibility regarding the part dimensions and faster manufacturing time than SLM process. 
However, post-processing steps are usually required to obtain a correct surface flatness [5]. 
The machine used in this study is a BeAM MAGIC 800 machine that has a fiber laser head (maximum 
power 2kW) mounted on a 3-axis system. The nozzle used in the fabrication of the tri-hexagonal 
structures has an output diameter of 1.2 mm.  
Cubes of 25 x 25 x 30 mm (Figure 1a), cylinders of 25 mm diameter and 30 mm height (Figure 1b) 
and blocks of 85x85x15 mm (Figure 1c) are fabricated on steel substrates of dimensions 50 x 50 x 
5 mm and 150 x 150 x 5 mm.  

To realize the tri-hexagonal pattern, single beads were deposited. Experiments were carried out to 
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To observe the microstructure of the structures fabricated by LMD-P and SLM, the samples were 
cut along the direction of fabrication to observe the stacking of the layers. The surfaces were pol-
ished with sandpapers of different grain sizes: P120, P400, P800, P1200, P2400 and P4000, then 
diamond solutions of 3 µm and 1 µm were used. For etching, the samples are placed in a solution 
composed of - HCl - H2O in the same quantity for twenty seconds. The microstructure is observed 
with a digital microscope OLYMPUS PMG3. The images are analyzed with the software ToupView. 

3.2 Results 

The observed structures show several overlapping melt baths with an elliptical deposition shape. 
This microstructural feature is typical of additive manufacturing processes and is a consequence of 
the Gaussian distribution of laser energy [11]. 
For the structures fabricated by LMD-P, various grain morphologies are observed within the micro-
structure: columnar grains and equiaxed grains. Columnar grains are represented by an elongated 
shape that grows in the direction of a maximum thermal gradient. In Figure 4, the growth direction 
of the columnar dendrites is perpendicular to the curved edges of the melt pool and converges 
towards the center. On the contrary, in the central zone of the melt pool, equiaxed dendrites are 
observed (Figure 3). This phenomenon is the consequence of a change in the heat transfer mode. In 
a 316L steel, several microstructural features are observed. In the central zone of the melt, where 
the metal in liquid form solidifies slightly later, convective heat transfer dominates. On the contrary, 
at the edges of the melt, conductive heat transfer is the dominant transfer mode [11].  

4 MECHANICAL BEHAVIOUR 

4.1 Material and methods 

To analyze the macroscopic compression behavior of architectural structures, uniaxial quasi-static 
compression tests are first performed on a ZWICK Roell machine with a capacity of 250 kN. Before 
performing dynamic tests, it is important to observe and measure the phenomenon involved under 
simpler experimental conditions and observe the macroscopic response of the material at low strain 
rates [12]. The performed tests are conducted at speeds of 10 mm/min and 500 mm/min for both 
additive manufacturing technologies. A crosshead displacement of 10 mm is imposed on LMD-P 
structures, and a crosshead displacement of 15 mm is informed for SLM structures. Images of the 
deformation phase are captured by a CANON EOS 50D camera at an image capture rate of 1 and 3 
Hz at 10 mm/min and 3 Hz at 500 mm/min. Thermal images are captured by a FLYR SC 7000 camera 
at a frequency of 150 Hz during the tests at 500 mm/min. 

4.2 Results 
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Figure  3 : Micrographs of 316L tri-hexagonal structures made by LMD-P 
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Mean, forces-displacement curves and the applied compressive testing parameters are presented in 
Figure 4. 
In this work, tri-hexagonal structures undergo compressive strengths between 85 kN and 113 kN 
for structures made by LMD-P and between 100 kN and 107 kN for those made by SLM without 
reaching failure for both processes. The classical behavior of a cellular material under compressive 
loading is found during the loading phase - for both FA processes - a linear elastic region, character-
ized by a linear slope, is observed, followed by a plastic plateau characterized by a waviness, and 
then a densification region characterized by the collapse of cells into the structure [1]. With the 
images captured during the test, the deformation of the structure for various displacements imposed 
by the machine crosshead is observed in Figure 5. 
 
 

 
The phenomenon of buckling, characterized by the undulation on the compression curve, is visible 
in Figure 5. The structure shows an elasto-plastic behavior - as defined by Gibson & Ashby (1997) - 
meaning, the collapse of the cells is due to the plastic buckling of the walls. In this case, the material 
is permanently damaged. The observed buckling induces local plasticity and is indicative of the qual-
ity of the part, which has few porosities in the microstructure that could have initiated cracking. The 
local temperature is quantified by the thermal camera during the tests at 500 mm/min and reaches 
a maximum temperature of 100°C. Compared to foams (stochastic materials), architected materials 
possess higher strength. Indeed, during deformation, the walls of the foams twist while those com-
posing the architected materials stretch and compress [1, 3]. Architected materials behave similarly 
to open cell foams, making them particularly suitable for energy absorption applications.  
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5 CONCLUSIONS AND PERSPECTIVES 

The rapid breakthrough in additive manufacturing processes has led to the emergence of new com-
plex design hardly achievable with subtractive processes. Hence, intentionally designed porous ma-
terials, as architected structures, have quickly spread out in various industrial and research sectors. 
With these types of materials, a mechanical behavior can be targeting through the precise control 
of the microarchitecture, making them good candidates for energy absorption applications. How-
ever, the microstructure and mechanical performance of architected materials are affected by the 
numerous input parameters applied during their fabrication, as well as process-induced defects. The 
mechanical behavior of architected structures is profoundly dependent of the intrinsic characteris-
tics of the material: the density of the bulk material, the pattern of the structure, the microstructure 
and the modes of mechanical solicitation. In this work, the compressive behavior of LMD-P and SLM 
316L architected materials, through quasi-static compression tests were investigated. The typical 
behavior of cellular materials in compression was highlighted.  
To represent problematics of impact absorption, further investigations will be performed through 
dynamic testing under high-strain rate. Moreover, given the high forces underwent by tri-hexagonal 
structures without reaching failure, a manufacturing investigation study to introduce defects into 
the microstructure (particularly porosity) will be led with the aim of dissipating more energy for 
reduced applied forces. In comparison with the structures made without apparent defects, this in-
vestigation should also save manufacturing time.  
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into the impact-dynamic behaviour of 

Ti6Al4V metal lattice structures are pre-

sented. Samples with a rhombic dodecahe-

dron lattice structure and three different rel-

ative densities are considered. The high 

strain rate tests are performed using split 

Hopkinson pressure bar and direct Hopkin-

son pressure bar setups. The digital image 

correlation technique is used to monitor the 

macroscopic strain fields in the samples. Ad-

ditionally, for the static tests, strain data on 

the unit cell level could be obtained. The 

tests show a significant improvement of the 

strength with increasing strain rate. How-

ever, the increase in strength occurs at the 

expense of deformation capacity. 

 

1 INTRODUCTION 

ASTM International describes additive manufacturing (AM) as the revolutionary process of creating 

three-dimensional objects by the successive addition of material – whether plastic, metal, ceramic, 

composite, or something else [1]. This contrasts with traditional manufacturing, which cuts, drills, and 

grinds away unwanted excess material from a solid piece of material.  

The main advantage of AM is that the production process is able to produce components with a very 

complex shape. Often even shapes that are impossible to make with traditional techniques. Addition-

ally, using AM techniques allows to put material only where it is needed from a structural or usage 
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point of view. This not only makes it possible to significantly reduce the use of materials, but also to 

create components that are extremely light.  

Laser powder bed fusion (LPBF) is an additive manufacturing technique for metals which has seen an 

increasing use in different fields, especially due to its ability to produce complex geometries. Exten-

sive research into LPBF has led to a more thorough understanding of the process, including the pro-

cess parameters. The related improvement of the quality of LPBF components has led to a more gen-

eral acceptance of the technique for applications such as medical implants, aerospace and aviation 

parts, and automotive components [2]. Crucial for aerospace and automotive applications is the de-

velopment of strong, but lightweight, functional components to achieve lower fuel consumption and 

a reduced environmental impact [3]. In addition, safety of crew and passengers is of utmost im-

portance, making the implementation of lightweight energy-absorbing structures a key aspect in air-

craft and vehicle design [4]. Linking these requirements to the new opportunities offered by LPBF, 

complex lightweight lattice structures stand out to play a key role in the future of automotive, avia-

tion and aerospace applications.  

Advances in LPBF have allowed the production of lattice structures (LS), also known as scaffolds, with 

complex unit cells having dimensions down to the micrometer scale [5]. Related with the small dimen-

sions, the concept of meta-materials is introduced, in which the lattice is considered as a structure 

when its small-scale properties are considered, but behaves like a material with homogenized prop-

erties at the large macroscale. The mechanical behaviour of these types of structures can be tuned by 

varying the cell topology and geometry, and the material. Due to the many degrees of freedom of both 

the lattice structure and the material, it is possible to make LS with unique combinations of proper-

ties. Since these materials are inherently lightweight, they are especially attractive to the automotive 

and aeronautical sectors [6]. For applications where energy needs to be absorbed, strength and de-

formation capacity are important. In addition, since it is usually a matter of absorbing energy during 

impact, both must be ensured at high deformation rates. 

In order to extend the knowledge and understanding of the impact behaviour of AM LS materials, 

present contribution presents results of an experimental study on the mechanical behaviour of these 

materials. Ti6Al4V scaffold materials with a rhombic dodecahedron lattice structure and three dif-

ferent nominal relative densities were manufactured by LPBF. To cover a range of strain rates from 

0.01/s to well-above 1000/s, purpose-designed material samples were tested in compression using 

three different test facilities. Static and high speed imaging combined with digital image correlation 

(DIC) was used to obtain detailed information on the deformation at the lattice and macroscale. 

2 MATERIALS AND EXPERIMENTAL TECHNIQUES  

2.1 Materials 

The material studied is a Ti6Al4V with a rhombic dodecahedron lattice structure, see Figure 1, pro-

duced by LPBF. The unit cell has a size of 2mm. For production three nominal relative densities, i.e., 

20%, 30% and 40%, were aimed at. However, measurements showed that slightly higher relative den-

sities of 25%, 36% and 46%, respectively, were obtained. 
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FIGURE 1     Rhombic dodecahedron lattice structure (left), rhombic dodecahedron unit cell (right). 

2.2 Experimental setups and measurement techniques 

Three experimental setups were used for the compression tests: a conventional setup for the quasi-

static tests, a split Hopkinson bar facility for the medium strain rate tests and a direct impact setup 

for the highest strain rates. For all tests, the same sample geometry and dimensions were used, i.e., 

blocks with a square base of 10mm by 10mm and a height of 15mm. In all setups, identical boundary 

conditions were imposed. The same hardened steel plates were used to protect the setup compo-

nents in contact with the sample. Between the sample and the hardened plates, 0.3mm thick Teflon 

sheet was applied to reduce friction. 

The static tests were performed using an Instron conventional test bench. In total, 7 samples were 

tested at a strain rate of 0.015/s. Camera imaging during preliminary tests showed that the samples 

had a strong tendency to also displace perpendicular to the compression direction. Therefore, an 

alignment tool was designed to ensure that a pure axial deformation was imposed to the samples. 

Deformation of the sample was recorded using two 5Mpxl F–504B Allied Vision Stingray cameras. 

Each camera was positioned on a different side of the sample: a side on which a very fine speckle pat-

tern was applied and a side that was painted white. Images of the deforming speckled side were used 

to obtain strain fields at the cell level. Images of the white side for global strain measurements. In-

deed, preliminary experiments showed that the irregular texture of the sample surface allowed mac-

roscopic DIC processing without the need for speckles. Several high-intensity light sources were used 

to illuminate the irregular sample surfaces. Additionally, also speckles were applied on the hardened 

plates in contact with the sample to calculate their relative displacement using DIC. This allowed to 

obtain an accurate value for the average compression strain in the sample.  

For the dynamic tests, a conventional split Hopkinson pressure bar (SHPB) test facility was used for 

the material samples with the lowest density. For the higher density samples, the strain rate imposed 

to the samples in the SHPB tests was too low to reach a sufficiently high sample deformation. There-

fore, also a direct impact Hopkinson pressure bar (DHPB) setup was used for the characterization of 

the dynamic properties. A schematic presentation of the DHPB setup is given in Figure 2. The sample 

is positioned in a holder, as shown in picture 3, at the end of a 6m long aluminium bar with diameter 

of 25mm. The sample holder can move freely over the bar. A long, cylindrical impactor is accelerated 

towards the sample and imposes the fast deformation aimed at.  

 
FIGURE 2     Schematic presentation of the direct impact compression setup in which the sample is positioned at 

the end of a bar which serves as a dynamic load cell. 
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As is the case in conventional split Hopkinson bar setups, measurement of the wave transmitted by 

the sample to the bar allows to calculate the force imposed to the sample. In all dynamic tests, Pho-

tron AX200 high speed cameras are used to obtain the sample deformation. After the tests, the rec-

orded images were processed using the commercial MatchID software. 

              
 
   FIGURE 3     Sample positioned at the end of a bar in the direct impact setup prior to testing (left). An impactor, 

coming from the right, deforms the sample at a high deformation rate. Picture of the undeformed sample and speck-

led plates taken by a high speed camera (right). 

3 RESULTS 

3.1 Global and local deformation fields 

      
 

FIGURE 4     Macroscopic axial strain obtained by DIC during a direct impact experiment on a sample with relative 

density of 40% (right). The sample axis is oriented horizontally. During the test, an average strain rate of 605/s was 

reached. Original pictures taken by high speed camera (right). The indicated strain ε is the average macroscopic 

compression strain at the time the images were taken. 
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Figure 4 presents the axial strain field at different stages during a DHPB test on a 40% density sample. 

DIC processing parameters were selected in such a way that the macroscopic, homogenized strain is 

obtained. From the onset of loading, clear heterogeneities in the strain distribution are observed. 

From an average compression strain of 0.11, the formation of a localized shear band preceding frac-

ture is visible. However, only at a strain level of 0.25, the final fracture occurs.  

Figure 5 represents principal strain fields at the metal lattice cell level. These were obtained by DIC 

processing of a fine speckle pattern applied to the sample. Since a considerable, unevenly distributed 

out-of-plane displacement occurred at this scale, the strain values give only a qualitative indication 

of the real strain. 

  

 

FIGURE 5     Major principal strain (left) and minor principal strain (right) at the cell level obtained by DIC. The 

indicated strain ε is the average macroscopic strain at the time the images were taken. 

3.2 Stress-strain curves 

The left graph of figure 6 presents stress-strain curves obtained for the materials with the three dif-

ferent densities for tests at a strain rate of 0.015/s. The right graph gives the maximum stress as a 

function of strain rate. The higher density samples are more sensitive to strain rate than the 20% den-

sity samples. Additionally, the strength evolves more than proportionally with the density. At a strain 

rate of 1/s, the peak stress reached in the 40% samples is 3.5 time higher than the one in the 20% 

samples. 

 

 

 

 
FIGURE 6     Representative static stress-strain curves obtained for the three material densities considered (left). 

Evolution of the maximum stress as a function of strain rate (right). 
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FIGURE 6     Representative static stress-strain curves obtained for the three material densities considered (left). 

Evolution of the maximum stress as a function of strain rate (right). 
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4 CONCLUSIONS 

In present study results are presented of static and dynamic tests on Ti6Al4V metal lattice structures 

with three different densities. To cover a wide range of strain rates, going from quasi-static to dy-

namic rates, three different test techniques were used. All techniques heavily rely on the use of static 

and high speed camera imaging during testing. Analysis of the recorded images allowed optimisation 

of the set-ups, such as the introduction of alignment tools. The presented results also show that the 

additional effort associated with the use of digital image correlation (DIC) is justified. Indeed, the 

technique allows an accurate determination of the overall deformation imposed on the specimen, 

which is essential especially for the direct impact tests. Additionally, the macroscopic DIC strain fields 

reveal onset of the critical strain localisation prior to sample failure. DIC processing of high resolution 

images of deforming fine speckle patterns applied to the statically tested samples proved to be able 

to capture the strain distribution at the unit cell level qualitatively. 

The tests show a significant improvement of the strength level with increasing strain rate. However, 

the increase in strength occurs at the expense of deformation capacity. Additionally, at higher strain 

rates, also the scatter on the failure strain increased, especially for the samples with the highest den-

sity. 
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Additive manufacturing (AM) is a powerful 

tool for designing novel parts in various in-

dustries, enabling new geometries that can-

not be manufactured using traditional manu-

facturing techniques, to be produced. In par-

ticular periodic lattice structures enable the 

manufacturing of parts with improved func-

tionality and lower weight.  

In this study, selective laser melting (SLM) 

was used to manufacture novel lattice geom-

etries using Ti6Al4V and AlSi10Mg alloys. 

Three triply periodic minimal surfaces 

(TPMS) geometries were investigated: Gy-

roid, Diamond and Primitive. The dynamic 

compression performance of these topolo-

gies with a range of wall thicknesses were 

compared for both Ti6Al4V and AlSi10Mg 

structures. The deformation mode of the 

samples is discussed and the suitability of 

each geometry for dynamic load bearing 

structures is assessed.  

1 INTRODUCTION  

The potential industrial uses of AM parts are wide-ranging, and various research efforts have been 

undertaken to ascertain the suitability of the new designs for industrial use. Reduction of system 
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4 CONCLUSIONS 
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Additive manufacturing (AM) is a powerful 

tool for designing novel parts in various in-

dustries, enabling new geometries that can-

not be manufactured using traditional manu-

facturing techniques, to be produced. In par-

ticular periodic lattice structures enable the 

manufacturing of parts with improved func-

tionality and lower weight.  

In this study, selective laser melting (SLM) 

was used to manufacture novel lattice geom-

etries using Ti6Al4V and AlSi10Mg alloys. 

Three triply periodic minimal surfaces 

(TPMS) geometries were investigated: Gy-

roid, Diamond and Primitive. The dynamic 

compression performance of these topolo-

gies with a range of wall thicknesses were 

compared for both Ti6Al4V and AlSi10Mg 

structures. The deformation mode of the 

samples is discussed and the suitability of 

each geometry for dynamic load bearing 

structures is assessed.  

1 INTRODUCTION  

The potential industrial uses of AM parts are wide-ranging, and various research efforts have been 

undertaken to ascertain the suitability of the new designs for industrial use. Reduction of system 
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weight is critical for aerospace and automotive industries [1], and AM aerospace parts have been de-

signed to simultaneously reduce system weight while improving functionality.  

Triply Periodic Minimal Surfaces (TPMS) geometries are of particular interest compared to other 

more traditional lattice structures because the geometries contain continous channels [2]. The con-

tinuous channels of TPMS geometries enable the possibility of using the geometries for heat sink and 

heat exchanger purposes, which has lead to the study of fluid flow through TPMS structures [3]. 

Zhang et al. [2] also showed the potential for the 3 TPMS structures mentioned above to be used in 

energy absorbing applications through quasi-static compression testing of the geometries. The struc-

tures have also been identified as self-supporting [4], meaning that they may be favoured for additive 

manufacturing due to their low requirement for additional supports in the building process. This com-

bination of factors has led to a large number of studies being performed on the manufacturing, micro-

structure and quasi-static behaviour of TPMS geometries. 

The aim of this work is to characterise the response of 3 triply periodic minimal surface (TPMS) ge-

ometries to high strain rate and quasi-static compressive loading. The geometries were produced by 

additive manufacturing, using selective laser melting (SLM) of the Ti6Al4V and AlSi10Mg alloys.  

The dynamic compression performance of Gyroid, Diamond and Primitive TPMS structures with a 

range of wall thicknesses were compared for both Ti6Al4V and AlSi10Mg structures. The defor-

mation mode of each geometry was discussed with reference to images recorded during experiments. 

Finally, the suitability of each TPMS structure for dynamic load bearing structures is discussed and 

recommendations for future work are made. 

2 SPECIMENS DESIGN AND MANUFACTURING 

The Triply Periodic Minimal Surfaces explored in this study are the Gyroid [5], the Schwarz Diamond 

and the Primitive [6] (Figure1). These geometries are impossible to produce by traditional manufac-

turing due to the curvature of the cell walls in all three dimensions.  

The specimen size was determined using preliminary simulations. Gyroid and Primitive specimens 

were manufactured with a unit cell size of 3.5mm and 4 unit cells would be used to create a square 

cross-section. The Diamond specimens consisted of one unit cell with a height of 3.5mm, and a width 

and depth of 7mm. The nominal length of all specimens in the direction of compression was 3.5mm 

and the nominal cross-sectional area was 49mm2. The Gyroid geometries were manufactured with 

0.3mm, 0.4mm and 0.5mm wall thicknesses. The Diamond and Primitive geometries were manufac-

tured with 0.4mm, 0.5mm and 0.6mm wall thicknesses. The combination of unit cell size and wall 

thickness was chosen for each geometry to ensure that the range of structures tested had compara-

ble relative densities.  

 

 
FIGURE 1      Gyroid, Diamond and Primitive geometries 
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FIGURE 2      AlSi10Mg Gyroid Specimens with 0.3mm, 0.4mm and 0.5mm wall thickness 

3 EXPERIMENTAL METHODS 

Low strain rate compression experiments on Etnean sand were conducted using a screw-driven uni-

versal testing machine. The dynamic response of the TPMS specimens detailed above was measured 

by means of a series of laboratory experiments on the Split Hopkinson Pressure Bar apparatus de-

tailed in [7,8 ]. The setup comprised of striker, input and output bars of length equal to 2.7 m. All bars 

were made of Ti-6AL-4V and had diameter equal to 16 mm. 

4 RESULTS 
 

This section present an extract of the results obtained during this study. The presented results pro-

vide an overview of the dynamic behavior of primitive TPMS structures. Comparable outcomes were 

obtained on the Gyroid and Diamond geometries.   

Figure 3 shows the engineering stress - engineering strain curves obtained by dynamic compression 

of Primitive structures manufactured from Ti6Al4V. It can be seen that the peak and minimum stress 

values increase with increasing wall thickness, and that the densification onset strain decreases as 

wall thickness increases. These trends are consistent with those shown in similar experiments for the 

Gyroid and Diamond geometries and with those observed in the literature.  The TPMS geometries 

tested here as these structures are 'sheet-based' rather than 'strut-based'. This means that compres-

sive loads are supported through a combination of bending and compression in the cell walls Notably 

the Ti6Al4V Primitive structures demonstrate a high degree of stretch dominated behaviour, with 

minimum stresses measured considerably lower than the initial peak stresses.  

It is noted that the reduction of forces and displacements to engineering stresses and strains repre-

sents only a way to normalize the obtained results as the results refer to the behavior of the lattice 

structures and not to the behavior of the inherent materials. 

The analysis of the response of AlSi10Mg Primitive structures under dynamic compression shows 

that the shape of the curves is similar regardless of base material, suggesting that the deformation 

behaviour of the geometry is not significantly affected by base material chosen when compressed at 

high strain rates. 

The comparison of the engineering characteristics for Ti6Al4V Primitive structures under compres-

sion at quasi-static and high strain rates  shows that the Primitive structures exhibit a moderate strain 

rate dependence, with the measured peak and minimum stresses higher for the dynamic tests. In par-

ticular, it is clear that the Ti6Al4V Primitive structures reduced their load bearing capability consid-

erably after the peak stress in quasi-static compression compared to the dynamic compression re-

sults. 
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FIGURE 3      Dynamic compressive behavior of Ti6Al4V primitive structures of different thicknesses. 

 
 

FIGURE 4       High speed camera images illustrating the deformation of primitive structures at the point of a) peak 

force and b) just before the onset of densification. 
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1 | INTRODUCTION

Energy absorbing materials and structures, such as foams and or honeycomb structures, are of signif-
icant importance for many applications, cf. [1]. Lattice structures have proven to be especially useful
for energy absorption, [2]. Lattice structures can be classified into two types, irregular and regular
ones. Open-cell foam structures are an example of irregular formations, [4, 5], which habe a stochastic
lattic-like structure. On the opposite typical regular lattice structures are characterized by periodically
repeating elementary cells with a topology displyed in Fig. 1. Among the lattice structures, many dif-
ferent types can be found (FCC, FCCZ, BCC, BCCZ, Cuboctahdron), cf. [3]. Special features of these
structures are high strength at low density, good energy absorption, and good stiffness-to-weight
ratio [6, 7]. Because of the low density of the lattice structures, the amount of material required
to produce them is relatively small [8]. The octet structure is very suitable for energy absorption.
With the increasingly advanced development of 3D printers, it is becoming easier to produce such
systems and study their properties. Lattice structures have the advantage that results are subject to
minor variation due to the regular structure than is the case with foams. Therefore we investigate
the energy absorption capacity for different volume fractionVf of additive manufactured specimens.

F IGURE 1 Octet unit cell (left) and the stacked cells constituting the specimen (right)

2 | SPECIMEN AND EXPERIMENTAL SETUP

The octet structure for the experiments was first created in SolidWorks CAD software. The unit cells
shown in Fig. 1 were created for different strut diameters within the cell. However, the edge length
of 6.5 mm per unit cell remains constant. After completing the unit cell of the octet structure, it has
been duplicated and finally represents the specimen for our experiments.

Bieler et al. 3

2.1 | Preparation of the specimens

For better fixation to the Split Hopkinson pressure bar (SHPB) experiments, the lattice structures are
provided with a cap on the top and bottom sides. The cap has a thickness of 0.5 mm and is fixed to
the structure by the printing process. It is essential to consider how the dimensions of the unit cell
are chosen. Since an SLA 3D printing process produces our specimens, excellent structures can be
created. However, care must be taken here that the unit cell is not too dense. Otherwise, a fusion of
the trusses will occur, which no longer depicts the actual structure. We chose an edge length of 6.5
mm for the unit cell and then attached it to the octet structure. DURABLE resin from the company
Formlabs was chosen as specimen material. In contrast to rigid and brittle resins that the company
also provides, DURABLE resin has much more ductile and tough properties. Thus, deformation of the
specimen takes place, but not fracture. The resin is a mixture of acylated andmethacrylate monomers
and oligomers as well as photoinitiators, cf. [9, 10]. The SLA technology used UV lasers spots as a
light source to cure the polymer resin. The specimens are printed at a resolution of 50 microns. A
specimen in our research has four unit cells per layer by two layers, see Fig. 1. The different strut
diameters lead to different volume fractions Vf of material. The volume fraction Vf and the surface
area for an octet unit cell at various strut diameters are plotted in Fig. 2. As can be seen, the surface
area decreases again from a strut diameter of more than 1.75 mm. This decreasing means that the
struts "merge"with each other from this value on, and the classical octet structure is no longer present.
We investigate three different specimen types with a truss diameter of 1.2 mm, 1.4 mm, and 1.6 mm
for our experiments.

F IGURE 2 Geometric properties of the octet structure for different strut diameters by a unit cell
edge length of 6.5 mm

2.2 | Split Hopkinson pressure bar

The setup of the SHPB consists of a striker accelerated gas gun and two long bars, namely the incident
bar (IB) and the transmission bar (TB). The dimensions of the individual components can be taken from
Table 1. A data acquisition system processes the data of the strain gauges applied to the center of the



Split Hopkinson pressure bar experiments on additive manufactured lattice structures ...     173  
2 Bieler et al.

1 | INTRODUCTION

Energy absorbing materials and structures, such as foams and or honeycomb structures, are of signif-
icant importance for many applications, cf. [1]. Lattice structures have proven to be especially useful
for energy absorption, [2]. Lattice structures can be classified into two types, irregular and regular
ones. Open-cell foam structures are an example of irregular formations, [4, 5], which habe a stochastic
lattic-like structure. On the opposite typical regular lattice structures are characterized by periodically
repeating elementary cells with a topology displyed in Fig. 1. Among the lattice structures, many dif-
ferent types can be found (FCC, FCCZ, BCC, BCCZ, Cuboctahdron), cf. [3]. Special features of these
structures are high strength at low density, good energy absorption, and good stiffness-to-weight
ratio [6, 7]. Because of the low density of the lattice structures, the amount of material required
to produce them is relatively small [8]. The octet structure is very suitable for energy absorption.
With the increasingly advanced development of 3D printers, it is becoming easier to produce such
systems and study their properties. Lattice structures have the advantage that results are subject to
minor variation due to the regular structure than is the case with foams. Therefore we investigate
the energy absorption capacity for different volume fractionVf of additive manufactured specimens.

F IGURE 1 Octet unit cell (left) and the stacked cells constituting the specimen (right)

2 | SPECIMEN AND EXPERIMENTAL SETUP

The octet structure for the experiments was first created in SolidWorks CAD software. The unit cells
shown in Fig. 1 were created for different strut diameters within the cell. However, the edge length
of 6.5 mm per unit cell remains constant. After completing the unit cell of the octet structure, it has
been duplicated and finally represents the specimen for our experiments.

Bieler et al. 3

2.1 | Preparation of the specimens

For better fixation to the Split Hopkinson pressure bar (SHPB) experiments, the lattice structures are
provided with a cap on the top and bottom sides. The cap has a thickness of 0.5 mm and is fixed to
the structure by the printing process. It is essential to consider how the dimensions of the unit cell
are chosen. Since an SLA 3D printing process produces our specimens, excellent structures can be
created. However, care must be taken here that the unit cell is not too dense. Otherwise, a fusion of
the trusses will occur, which no longer depicts the actual structure. We chose an edge length of 6.5
mm for the unit cell and then attached it to the octet structure. DURABLE resin from the company
Formlabs was chosen as specimen material. In contrast to rigid and brittle resins that the company
also provides, DURABLE resin has much more ductile and tough properties. Thus, deformation of the
specimen takes place, but not fracture. The resin is a mixture of acylated andmethacrylate monomers
and oligomers as well as photoinitiators, cf. [9, 10]. The SLA technology used UV lasers spots as a
light source to cure the polymer resin. The specimens are printed at a resolution of 50 microns. A
specimen in our research has four unit cells per layer by two layers, see Fig. 1. The different strut
diameters lead to different volume fractions Vf of material. The volume fraction Vf and the surface
area for an octet unit cell at various strut diameters are plotted in Fig. 2. As can be seen, the surface
area decreases again from a strut diameter of more than 1.75 mm. This decreasing means that the
struts "merge"with each other from this value on, and the classical octet structure is no longer present.
We investigate three different specimen types with a truss diameter of 1.2 mm, 1.4 mm, and 1.6 mm
for our experiments.

F IGURE 2 Geometric properties of the octet structure for different strut diameters by a unit cell
edge length of 6.5 mm

2.2 | Split Hopkinson pressure bar

The setup of the SHPB consists of a striker accelerated gas gun and two long bars, namely the incident
bar (IB) and the transmission bar (TB). The dimensions of the individual components can be taken from
Table 1. A data acquisition system processes the data of the strain gauges applied to the center of the



174     S. Bieler, K. Weinberg
M

et
al

lic
 s

tr
uc

tu
re

s
4 Bieler et al.

bars. The corresponding specimen is clamped between the two bars. The striker is accelerated and
hits the surface of the IB. This impact induces a compression wave into the system, traveling through
the IB. At the IB and specimen interface, the one-dimensional wave splits into two parts. One part is
reflected and travels through IB in the opposite direction. The transmitted part enters the specimen
and then the TB. The wave signal can be measured at the strain gages and then evaluated. Due to
the relatively low density of the specimen in contrast to solid cylinder specimens, the impedance
mismatch is significant, resulting in a very weak signal of the strain gauge applied to the TB. Since the
SHPB has a bar diameter of 20 mm, the structures created had to be adapted to make them suitable
as specimens. The printability of such filigree structures is also limited. For our experiments, we vary
the strut diameters of the structures between 1.2 mm and 1.6 mm.

TABLE 1 SHPB setup

incident bar transmission bar striker specimen

diameter [mm] 20 20 20 20

length [mm] 1800 1800 300 14

material aluminum aluminum aluminum DURABLE resin

3 | EXPERIMENTS

The dynamic behavior of lattice structures is of great importance for research, so publications have
already been made on this subject. The authors of [11] investigated lattice sandwich structures that
were abruptly loaded by a falling weight. The focus here is on shock absorption. We use the SHPB sys-
tem to estimate the extent to which the deformation of the specimen absorbs the measured elastic
pulses. For each specimen type, seven measurements were performed. Accordingly, 21 measure-
ments were performed for the three specimen types. The elastic energy contained in the pulse can
be determined as

W =

∫
V
we dV = A c t0

∫ ε

0
σ (ε̃ ) dε̃ (1)

whereV , A, c, t0 are the volume, cross-sectional area, elastic wave velocity, and the loading duration
of the bar material, respectively. The time duration of the pulse depends on the striker length and its
propagation speed, [12]. If we assume elastic bar material (σ = E ε), the energy of a measured pulse
can be calculated by integration. So Eq. (1) can be rewritten as

W = E A c

∫ t

t0

ε dt̃ (2)

Bieler et al. 5

So the energy of each pulse can thus be expressed as follows:

WI = E A c

∫ tI

t0I

εI dt̃ WR = E A c

∫ tR

t0R

εR dt̃ WT = E A c

∫ tT

t0T

εT dt̃ (3)

A part of the compression wave results in a deformation of the specimen. This means that part

F IGURE 3 Measured pulses of an Octet specimen with a truss diameter of 1.2 mm

of the energy contained in the pulse is dissipated here by the deformation. Accordingly, there is
an energy difference between the introduced pulse and the reflected and transmitted pulse sum.
Using a solid cylinder as a specimen, the impedance mismatch between the bar and specimen is tiny.
However, this deforms only to a limited extent due to its geometry. The cross-section area of the
lattice structures is much smaller and not constant over the length of the specimen. This smaller
cross-section area also depends on the strut thickness of the specimen structure. However, these
structures are more likely to allow deformation. At a higher impedance mismatch, the reflected pulse
turns out to be larger than the transmitted one. As shown in Fig. 3, the transmitted pulse has a much
smaller amplitude than the reflected pulse, but it is longer than the reflected pulse. The SHPB test
is mainly used to determine material properties such as Young’s modulus under high strain rates [13].
This classical evaluation is not performed in our experiments. Our research is focused on an energy-
based evaluation of the measured signal. The main aspect is the energy absorption capacity of the
specimen structure. Since both pulses are included in the energy balance, it is possible to calculate
how much energy was required to deform the specimen.

∆W = |WI | − ( |WR | + |WT | ) (4)

Table 2 shows the energy absorption of the different specimen. It can be seen that the energy ab-
sorbtion capacity of the specimen is not only dependent on the diameter of the struts, as it initially
increases from a strut diameter of 1.2 mm to 1.4 mm, but then decreases again for a strut diameter
of 1.6 mm.



Split Hopkinson pressure bar experiments on additive manufactured lattice structures ...     175  
4 Bieler et al.

bars. The corresponding specimen is clamped between the two bars. The striker is accelerated and
hits the surface of the IB. This impact induces a compression wave into the system, traveling through
the IB. At the IB and specimen interface, the one-dimensional wave splits into two parts. One part is
reflected and travels through IB in the opposite direction. The transmitted part enters the specimen
and then the TB. The wave signal can be measured at the strain gages and then evaluated. Due to
the relatively low density of the specimen in contrast to solid cylinder specimens, the impedance
mismatch is significant, resulting in a very weak signal of the strain gauge applied to the TB. Since the
SHPB has a bar diameter of 20 mm, the structures created had to be adapted to make them suitable
as specimens. The printability of such filigree structures is also limited. For our experiments, we vary
the strut diameters of the structures between 1.2 mm and 1.6 mm.

TABLE 1 SHPB setup

incident bar transmission bar striker specimen

diameter [mm] 20 20 20 20

length [mm] 1800 1800 300 14

material aluminum aluminum aluminum DURABLE resin

3 | EXPERIMENTS

The dynamic behavior of lattice structures is of great importance for research, so publications have
already been made on this subject. The authors of [11] investigated lattice sandwich structures that
were abruptly loaded by a falling weight. The focus here is on shock absorption. We use the SHPB sys-
tem to estimate the extent to which the deformation of the specimen absorbs the measured elastic
pulses. For each specimen type, seven measurements were performed. Accordingly, 21 measure-
ments were performed for the three specimen types. The elastic energy contained in the pulse can
be determined as

W =

∫
V
we dV = A c t0

∫ ε

0
σ (ε̃ ) dε̃ (1)

whereV , A, c, t0 are the volume, cross-sectional area, elastic wave velocity, and the loading duration
of the bar material, respectively. The time duration of the pulse depends on the striker length and its
propagation speed, [12]. If we assume elastic bar material (σ = E ε), the energy of a measured pulse
can be calculated by integration. So Eq. (1) can be rewritten as

W = E A c

∫ t

t0

ε dt̃ (2)

Bieler et al. 5

So the energy of each pulse can thus be expressed as follows:

WI = E A c

∫ tI

t0I

εI dt̃ WR = E A c

∫ tR

t0R

εR dt̃ WT = E A c

∫ tT

t0T

εT dt̃ (3)

A part of the compression wave results in a deformation of the specimen. This means that part
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of the energy contained in the pulse is dissipated here by the deformation. Accordingly, there is
an energy difference between the introduced pulse and the reflected and transmitted pulse sum.
Using a solid cylinder as a specimen, the impedance mismatch between the bar and specimen is tiny.
However, this deforms only to a limited extent due to its geometry. The cross-section area of the
lattice structures is much smaller and not constant over the length of the specimen. This smaller
cross-section area also depends on the strut thickness of the specimen structure. However, these
structures are more likely to allow deformation. At a higher impedance mismatch, the reflected pulse
turns out to be larger than the transmitted one. As shown in Fig. 3, the transmitted pulse has a much
smaller amplitude than the reflected pulse, but it is longer than the reflected pulse. The SHPB test
is mainly used to determine material properties such as Young’s modulus under high strain rates [13].
This classical evaluation is not performed in our experiments. Our research is focused on an energy-
based evaluation of the measured signal. The main aspect is the energy absorption capacity of the
specimen structure. Since both pulses are included in the energy balance, it is possible to calculate
how much energy was required to deform the specimen.

∆W = |WI | − ( |WR | + |WT | ) (4)

Table 2 shows the energy absorption of the different specimen. It can be seen that the energy ab-
sorbtion capacity of the specimen is not only dependent on the diameter of the struts, as it initially
increases from a strut diameter of 1.2 mm to 1.4 mm, but then decreases again for a strut diameter
of 1.6 mm.
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TABLE 2 Results of energy absorption by specimen deformation

specimen A [mm2] V [mm3] Vf [-] ∆W
WI

[-]

octet (truss diameter: 1.2 mm) 364,05 91,39 0.33 0.26

octet (truss diameter: 1.4 mm) 388,93 116,82 0.43 0.30

octet (truss diameter: 1.6 mm) 403,57 142,69 0.52 0.34

4 | FINITE ELEMENT ANALYSIS

Additionally, the ABAQUS software was used to perform a finite element analysis (FEA). For this
reason, we modeled the setup of the SHPB with ABAQUS itself. The specimen was imported as
part from SOLIDWORKS. The specimen’s structure is meshed by using C3D10 (ten-node tetrahedral)
elements. This allows us to identify the maximum size of displacement or find the position of stress
magnitudes. In Fig. 4 the local plastic strains are plotted. The largest deformations occur at the nodes
of the struts. In the simulation, a rotation of the specimen was detected during compression. The
authors already observed this phenomenon [14] for relatively thin structures. The buckling of some
struts causes this rotation. This rotation behavior no longer occurs at a very high volume density, i.e.,
very thick strut diameters. In our experiments, this rotation occurs for all strut diameters (1.2 mm to
1.6mm).

F IGURE 4 FEA of different specimen types showing the local equivalent plastic strain as contour

5 | CONCLUSION

From the measured incident, reflected, and transmitted signals, we can calculate the energy of each
pulse by using Eq. (3) and (4). From the results, it can be seen that the energy absorption is highest
for a strut thickness of 1.4 mm. At a very low specimen density, a higher reflected pulse is obtained.
At a very high density, a better transmission into the TB of the pulse is received. It can be concluded
that the absorption properties of the structure depend on the density of the unit cell respectively on
the diameter of the struts. If the bar structures are thin, the specimen can be deformed well, but the
impedance mismatch between the specimen and the bar also increases, resulting in a high reflected
pulse. With thick beam structures, a better transmission into the TB occurs due to the specimen’s

Bieler et al. 7

higher cross-sectional area. However, the beams are less easily deformed. Accordingly, the best
absorption variant compromises structures that can be deformed relatively quickly but are not too
thin. In addition, the FEA shows that elastic or plastic buckling of some beam structures causes the
specimen to rotate, an effect which we wish investigating further in SHPB experiment.
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Several injury mechanisms were proposed in the literature [2], and one is particularly of interest: the 

skull deflection. That latter assumes that the load applied when blast waves reach the human cranium 

induces cerebral lesions. Indeed, blast waves can be approximated by impulse signals, which can excite 

a large range of cranial natural frequencies associated to mode shapes. Experimental Modal Analysis 

(EMA) can be used to extract these cranial vibration modes in the frequency domain. In order to better 

understand this mechanism, a cranial substitute with a similar modal behaviour as to a dry human cra-

nium needs to be created. In the literature, EMA was performed on 4 dry human craniums of the 50th 

percentile in a total of four studies [3–6]. In the range [0–5] kHz, 13 frequencies were found. Hence the 

goal of the present study is to design said substitute according to those frequencies. The 3D-printing 

building process was chosen, and therefore a few assumptions such as the homogeneity and isotropy 

of the material are verified. In a second step, a 3D-printed truncated sphere, embedded at its base, is 

dimensioned thanks to Finite Element modelling predictions. 
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2 MATERIALS AND METHODS 

A simplified geometry of a truncated sphere was chosen for the new cranial substitute, leading to the 

choice of the 3D-printing building process. In this section, the comprehensive methodology adopted to 

design this substitute using modal analysis is presented. The diagram proposed on FIGURE 1 summa-

rizes the several steps detailed in the following. 

 
FIGURE 1. Diagram of the methodology adopted to design a cranial substitute using modal analysis. 

2.1 Determination of material’s properties 

The 3D-printing building process is chosen for several reasons such as the cost and the feasibility of 

the structure. The material considered in this study is the general-purpose resin IORA black 

(iSQUARED²), used for the PolyJet technology. PolyJet technology jets drops of the liquid polymer 

resin, before curation with a UV light layer by layer. In this paper, the goal is to print a truncated sphere 

made from a quasi-homogeneous and isotropic material. Therefore, these assumptions as well as the 

reproducibility of the method need to be evaluated. A total of 20 beam-shaped samples are made: 10 

beams are printed in X-direction and 10 in Y-direction of the 2D printing tray’s section. Ratios of 

length/thickness and length/width are respectively 18 and 13. An EMA is then performed for each can-

tilever beam to obtain its modal parameters i.e., its frequencies and mode shapes, in 21 measurement 

points. In a second step, the Young Modulus could be estimated from the natural frequencies of each 

samples by applying beam’s theory. 

2.2 Parametric study 

The obtained Young Modulus can be used to design a 3D-printed cranial substitute. First step consists 

in defining the geometry of the substitute: as a first approximation, a truncated sphere with dimensions 

close to a 50th percentile human cranium was chosen. However, the Young Modulus of the IORA black 

material is different from the one of cranial bone in dynamic conditions (about 5000 MPa). It is there-

fore mandatory to adapt the dimensions of the substitute in order to have a close vibratory behaviour 

as to a dry human cranium. A parametric study is thus performed numerically by varying the external 

diameter, thickness and cut height of a Finite Element Model (FEM). Each combination is then evalu-

ated in terms of feasibility and modal behaviour to find the best suitable dimensions. An example of 

three possibilities of cut height is presented on FIGURE 2. 

 
FIGURE 2. Illustration of the parametric study performed on the Finite Element Model. 
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2.3 Finite Element Model 

The numerical identification of frequencies is then completed on the FE Model thanks to LS-Dyna with 

an implicit solver. The model is made of 21077 hexahedral elements with 3 elements through thickness, 

and the constitutive law of the material is elastic isotropic. 

2.4 Experimental Modal Analysis 

Once the geometrical dimensions are chosen, the substitute is 3D-printed and embedded at its base by 

a clamp device. It is then subjected to an Experimental Modal Analysis to obtain the vibratory response 

of the structure [7]. FIGURE 3 presents the experimental setup used for the EMA. The first step consists 

in exciting the structure at several frequencies, and recording its temporal response at different meas-

ure points. The impactor of a shaker (LDS V200) is in contact with the substitute, and a chirp signal of 

amplitude 1V and frequency range [0-10] kHz is transmitted to the shaker for each measure. A scanning 

laser vibrometer (OptoMET SWIR) is used to record the temporal evolutions of the vibrations’ velocity 

in a given measure point, with 10 repetitions per point to ensure the reproducibility of results. Two 

configurations of interest are chosen, each with 52 measure points divided in three measure lines. 

Measure lines were chosen thanks to the FEM to ensure recording a great amplitude of vibrations. FIG-

URE 4 presents the vertical (A) and horizontal (B) measure lines defined for both configurations. 

 
FIGURE 3. Setup used to perform an Experimental Modal Analysis on the cranial substitute. 

   
FIGURE 4. Measurement lines defined for the EMA of the substitute: (A) vertical and (B) horizontal. 

The second step of an EMA is to extract the natural frequencies of the structure. For that purpose, the 

temporal evolutions of vibrations are computed in the frequential domain. FIGURE 5 presents a sche-

matisation of frequential evolutions obtained for three different measure points. The amplitude peaks 

are associated with natural frequencies, for example there are three frequencies for the first and third 

measure points. To robustly identify each frequency, an identification algorithm has to be used, here a 

Least-Squares Complex Frequency (LSCF) algorithm in output-only conditions [8] was chosen. The 

method consists in defining n polynomials to describe the frequential evolutions. For each polynomial 

k, where 1 < k < n, its roots are plotted directly on the frequential evolutions. Therefore, if the roots of 

the n different polynomials are the same, a stabilisation line is drawn, as illustrated in blue on FIGURE 

5. As a result, each stabilisation line corresponds to a natural frequency of the structure. 

 
FIGURE 5. Schematisation of stabilisation diagrams obtained for three different points. 
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2.1 Determination of material’s properties 

The 3D-printing building process is chosen for several reasons such as the cost and the feasibility of 

the structure. The material considered in this study is the general-purpose resin IORA black 

(iSQUARED²), used for the PolyJet technology. PolyJet technology jets drops of the liquid polymer 

resin, before curation with a UV light layer by layer. In this paper, the goal is to print a truncated sphere 

made from a quasi-homogeneous and isotropic material. Therefore, these assumptions as well as the 

reproducibility of the method need to be evaluated. A total of 20 beam-shaped samples are made: 10 

beams are printed in X-direction and 10 in Y-direction of the 2D printing tray’s section. Ratios of 

length/thickness and length/width are respectively 18 and 13. An EMA is then performed for each can-

tilever beam to obtain its modal parameters i.e., its frequencies and mode shapes, in 21 measurement 

points. In a second step, the Young Modulus could be estimated from the natural frequencies of each 

samples by applying beam’s theory. 

2.2 Parametric study 

The obtained Young Modulus can be used to design a 3D-printed cranial substitute. First step consists 

in defining the geometry of the substitute: as a first approximation, a truncated sphere with dimensions 

close to a 50th percentile human cranium was chosen. However, the Young Modulus of the IORA black 

material is different from the one of cranial bone in dynamic conditions (about 5000 MPa). It is there-

fore mandatory to adapt the dimensions of the substitute in order to have a close vibratory behaviour 

as to a dry human cranium. A parametric study is thus performed numerically by varying the external 

diameter, thickness and cut height of a Finite Element Model (FEM). Each combination is then evalu-

ated in terms of feasibility and modal behaviour to find the best suitable dimensions. An example of 

three possibilities of cut height is presented on FIGURE 2. 

 
FIGURE 2. Illustration of the parametric study performed on the Finite Element Model. 
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2.3 Finite Element Model 

The numerical identification of frequencies is then completed on the FE Model thanks to LS-Dyna with 

an implicit solver. The model is made of 21077 hexahedral elements with 3 elements through thickness, 

and the constitutive law of the material is elastic isotropic. 

2.4 Experimental Modal Analysis 

Once the geometrical dimensions are chosen, the substitute is 3D-printed and embedded at its base by 

a clamp device. It is then subjected to an Experimental Modal Analysis to obtain the vibratory response 

of the structure [7]. FIGURE 3 presents the experimental setup used for the EMA. The first step consists 

in exciting the structure at several frequencies, and recording its temporal response at different meas-

ure points. The impactor of a shaker (LDS V200) is in contact with the substitute, and a chirp signal of 

amplitude 1V and frequency range [0-10] kHz is transmitted to the shaker for each measure. A scanning 

laser vibrometer (OptoMET SWIR) is used to record the temporal evolutions of the vibrations’ velocity 

in a given measure point, with 10 repetitions per point to ensure the reproducibility of results. Two 

configurations of interest are chosen, each with 52 measure points divided in three measure lines. 

Measure lines were chosen thanks to the FEM to ensure recording a great amplitude of vibrations. FIG-

URE 4 presents the vertical (A) and horizontal (B) measure lines defined for both configurations. 

 
FIGURE 3. Setup used to perform an Experimental Modal Analysis on the cranial substitute. 

   
FIGURE 4. Measurement lines defined for the EMA of the substitute: (A) vertical and (B) horizontal. 

The second step of an EMA is to extract the natural frequencies of the structure. For that purpose, the 

temporal evolutions of vibrations are computed in the frequential domain. FIGURE 5 presents a sche-

matisation of frequential evolutions obtained for three different measure points. The amplitude peaks 

are associated with natural frequencies, for example there are three frequencies for the first and third 

measure points. To robustly identify each frequency, an identification algorithm has to be used, here a 

Least-Squares Complex Frequency (LSCF) algorithm in output-only conditions [8] was chosen. The 

method consists in defining n polynomials to describe the frequential evolutions. For each polynomial 

k, where 1 < k < n, its roots are plotted directly on the frequential evolutions. Therefore, if the roots of 

the n different polynomials are the same, a stabilisation line is drawn, as illustrated in blue on FIGURE 

5. As a result, each stabilisation line corresponds to a natural frequency of the structure. 

 
FIGURE 5. Schematisation of stabilisation diagrams obtained for three different points. 
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3 RESULTS 

In this section are presented the properties of the studied materials, as well as the results of the Exper-

imental Modal Analysis performed on the chosen cranial substitute and its corresponding FEM. Results 

are solely presented in terms of natural frequencies. 

3.1 Properties of the material 

First, the volumetric mass is measured from the beam-shaped samples, giving a value of 1170.8 ± 6.53 

kg/m3. In addition, results from the EMA performed on the 20 beams are gathered in TABLE 1. On the 

frequency range [0–10] kHz, 6 frequencies are found. Close results are obtained for X- and Y-direc-

tions as attested by the low standard deviationsErreur ! Source du renvoi introuvable., supporting the 

isotropy hypothesis. A mean Young Modulus of 2663 ± 228 MPa could then be extracted from 20 

beams x 21 measure points x 6 frequencies. Relative errors between analytical and experimental re-

sults are bounded by 0.1% and 7.5%. The homogeneity hypothesis is thus certified. On another note, a 

Poisson ratio of 0.38 ± 0.04 was obtained experimentally from the propagation of ultrasonic waves 

through 6 cylindrical samples. 

Mode Frequency (Hz) Young modulus (MPa) Mode Frequency (Hz) Young modulus (MPa) 

0 103 ± 1 2666 ± 67 3 3734 ± 26 3018 ± 42 

1 637 ± 4 2655 ± 32 4 5753 ± 27 2624 ± 25 

2 1693 ± 21 2382 ± 61 5 8614 ± 106 2638 ± 65 
TABLE 1. Mean natural frequencies of 20 beams obtained for an Experimental Modal Analysis between [0-10] kHz. 

3.2 Design of a cranial substitute using Modal Analysis 

The second part of the study consists in designing a cranial substitute using Modal Analysis. Thanks to 

a parametric study, a truncated sphere with an external diameter of 133 mm, a cut height of 108 mm, 

and a thickness of 5 mm is built. A numerical determination of frequencies and an Experimental Modal 

Analysis are then performed to establish its complete vibratory response. Obtained results are gath-

ered in TABLE 2. 

FEM Cranial substitute 

(relative gaps %) 

Dry skulls Number of skulls 

[references] 

Experimental 

relative gaps (%) 

X X 700 1 [6] X 

946 X 866 ± 42 3 [3,4,6] X 

X X 1342 ± 59 3 [5,6] X 

X X 1770 ± 20 1 [5] X 

2008 2102 ± 23 (4.69%) 1893 ± 14 1 [5] 9.94 

2272  X 2484 ± 47 1 [5] X 

2976 2953 ± 26 (0.76%) 2802 ± 58 1 [5] 5.83 

3475 3512 ± 52 (1.06%) 3423 ± 130 1 [5] 2.52 

3636 3610 ± 36 (0.72%) 3634 ± 96 1 [5] 0.66 

3844 3954 ± 66 (2.86%) 3845 1 [5] 2.76 

4278 4145 ± 97 (3.11%) 4113 ± 62 1 [5] 3.86 

4308 4371 ± 21 (1.46%) 4284 ± 63 1 [5] 1.99 

4561 4587 ± 78 (0.56%) 4692 ± 87 1 [5] 2.88 
TABLE 2. Comparison of frequencies (Hz) found on dry human craniums in the literature to those of the substitute. 

Numerically, 58 vibration modes are obtained on the frequency range [0–10] kHz, whereas experimen-

tally 52 frequencies are detected. To ensure that the detected frequencies are not spurious, and to val-

idate the Finite Element Model, a comparison with computational vibrations modes is required. Thus, 
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experimental frequencies are compared individually to each computational frequency to identify the 

best fit. Among the 52 vibration modes detected, 34 of them are common to the Finite Element Model. 

The smallest experimental frequency is 2102 ± 23 Hz; while the largest is 9223 ± 28Hz. The quantifi-

cation of errors show low relative gaps in the range [0.34 % - 5.71 %]. 

 

The last part of the study consists in verifying that these experimental and computational frequencies 

are close to the 13 frequencies found on dry human craniums in the literature. Among the 13 frequen-

cies found on dry human craniums, 8 of them are common to the cranial substitute. Computed experi-

mental relative errors are between 0.66 % and 9.94 %. 

 

4 DISCUSSION 

The quantification of errors computed during the comparison between experimental and numerical 

frequencies of the cranial substitute evidenced a good identification. Remaining discrepancies can be 

explained by several factors, such as the boundary conditions, the experimental uncertainties due to 

high frequencies noise, and of course the determination of the mechanical properties thanks to beam’s 

theory. A parametric study performed with the Finite Element Model showed that by varying the 

Young Modulus of ± 10 %, a uniform shift of ± 6 % in frequencies was observed. For the Poisson ratio, a 

variation of ± 20 % induced largest non-uniform variations up to 20 %, as well as modes inversions. 

 

Moreover, on the frequency range [0-5] kHz, a total of 8/13 frequencies are common between dry hu-

man skulls of the 50th percentile and experimental results obtained on the substitute. Observed dis-

crepancies can be explained firstly by the different geometries, particularly the fact the skull is not in 

reality a homogeneous truncated sphere. The skull is characterized by its irregularities and crevices 

that influence the overall vibratory response. In addition, in the literature Experimental Modal Anal-

yses of dry human craniums were commonly performed in free-boundary conditions; while the cranial 

substitute was embedded at its base. Changing boundary conditions affect the modal behaviour of a 

structure. 

 

Therefore, as a perspective of this study, it would be interesting to proceed to the analysis of the sub-

stitute’s mode shapes. It would be needed to perform the EMA by rotating the substitute such as the 

measure lines cover the entire structure and that complete mode shapes are obtained. 

5 CONCLUSION 

It was shown in this study that 65% of the cranial substitute frequencies were corresponding to those 

of the Finite Element Model. The substitute also has 8/13 common frequencies with a dry human cra-

nium and therefore could be used as a possible experimental substitute for studying responses under 

high dynamic loadings such as a blast event. 
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1 | INTRODUCTION

Structural cellular solids form a group of materials suitable for optimization efforts to increase the
efficiency of structures in the absorption of deformation energy. Initially, the metal foams revolu-
tionized design practices in vibration damping and the crash-worthiness of vehicles by a combination
of typical deformation response (i.e., significant plateau region of constant stress in a wide range of
compressive strain) and a high porosity. However, the limitations of the manufacturing process and,
thus, imperfections of the resulting microstructure in many cases restrict their application potential
which was further accentuated by recent advances in other fields of material science. Particularly
the additive manufacturing methods enable to construct porous lattices with a pore-size down to
a sub-millimetric scale. Here, the geometry of the lattice can be pre-determined in detail by an ar-
bitrary modeling tool, which can be subjected to relatively simple optimization routines. This also
enables development of conceptually new types of (meta)materials with unique mechanical proper-
ties highly optimized with respect to their application where one such interesting material property
is the negative Poisson’s ratio (NPR) of the so-called auxetic materials [1].

The paper is focused on the numerical modeling of the mechanical response of auxetic structures
subjected to dynamic uniaxial compressive loading in split Hopkinson pressure bar (SHPB) [2]. The
stress-strain characteristics as well as compressive strain dependent Poisson’s ratio are studied nu-
merically at strain rates of 1500 s−1 and 3000 s−1. Three auxetic unit-cells having uni- or biaxial auxetic
characteristics are considered. The structures are developed by a periodic assembly of unit-cells in
the respective spatial directions. Due to the complex deformation response of the auxetic structures,
the reference data for the development of numerical simulations are obtained from the experiments
with the samples of structures manufactured using 3D printing from 316L stainless steel. Dynamic
loading is performed using a Split Hopkinson Pressure Bar (SHPB) apparatus, while the development
of a full-scale numerical representation of the SHPB apparatus for an explicit time integration scheme
in LS-DYNA was selected for finite element modeling. The numerical aspects of the simulations to-
gether with the influence of the 3D printing quality on the reliability of the results are discussed.
The ability of the numerical simulations to describe the deformation response of the investigated
auxetic lattices is assessed based on the numerical stress-strain curves and the graphs of the strain-
dependent Poisson’s ratio.

2 | MATERIALS AND METHODS

2.1 | Investigated lattices

The unit-cells with the geometry of 2Dmissing-rib, 2D re-entrant honeycomb, and 3D re-entrant hon-
eycomb were used to generate periodic assemblies forming the lattices satisfying the requirements
on the RVE of cellular solids as defined by Ashby et al. [3] by having 6 × 6 or 6 × 7 unit-cells in the
structure depending on a specific type of lattice. Visualisation of the lattices is shown in Figure 1.

The specimens for the testing were printed with an AM 250 device (Renishaw, UK) using the SLS
method by sintering powdered SS316L-0407 austenitic stainless steel at minimum achievable strut
thickness of 0.2mm. In total, 5 specimens of each type at every strain rate were tested.

Petr Koudelka et al. 3

F IGURE 1 SLS printed specimens of the investigated lattices: 2D missing-rib (left), 2D
re-entrant honeycomb (middle), 3D re-entrant honeycomb (right).

TABLE 1 Characteristics of the 3D printed lattices.

Type of lattice No. of unit-cells Dimensions [mm] Porosity [%]

2D missing-rib 36 14 × 14 × 14.8 74.37

2D re-entrant honeycomb 42 14.0 × 14.0 × 14.5 73.43

3D re-entrant honeycomb 252 14.0 × 14.0 × 14.5 72.36

2.2 | Numerical

To be able to calibrate the numerical simulations and to compare the numerical results with the ex-
perimental data, the approach based on the development of a virtual SHPB apparatus used in the
experiments was selected. For this reason, a fully three-dimensional model of the SHPB apparatus
was developed in LS-DYNA. The experimental arrangement (i.e., the striker, incident, and transmis-
sion bars with the specimen placed in contact with both the incident and transmission bars) and the
dimensions of the individual components was considered including the geometry of the specimens
directly derived from the parametric models used for the SLS production of the samples. Any of the
possible analogies for the representation of the auxetic lattices (i.e., beam analogy, solid represen-
tation with the homogenised material model, etc.) was not used due to the need to include all the
potential phenomena in the simulations to have the numerical and experimental results directly com-
parable in terms of the stress wave propagation, the resulting overall stress-strain diagrams of the
lattices, the strain-dependent Poisson’s ratio, and the influence of the strain-rate on these quantities.
Obviously, such an approach effectively prevented the axisymmetric formulation of the problems
with the implications of the computational costs as the topology of the lattices does not allow the
dimensional reduction of the problem. The arrangement of the virtual SHPB apparatus is depicted in
Figure 2.

In the simulations, the initial conditions, in terms of the translational velocity of the striker bar,
were imposed with the velocity value measured in the respective SHPB experiment. No body forces
nor boundary conditions reflecting the slide bearings carrying the bars of the SHPB apparatus were
considered. The geometry of the bars and the auxetic lattices was considered to be ideal, without
imperfections in plane-parallelism, surface roughness, defects, or deviations from the geometry pre-
scribed for the SLS testing. The mechanical results from the numerical simulations were extracted by
defining the virtual strain gauges on the same location, where the measurement points were estab-
lished in the SHPB experiments. At the virtual strain-gauges, the strain versus time data was acquired
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ties highly optimized with respect to their application where one such interesting material property
is the negative Poisson’s ratio (NPR) of the so-called auxetic materials [1].

The paper is focused on the numerical modeling of the mechanical response of auxetic structures
subjected to dynamic uniaxial compressive loading in split Hopkinson pressure bar (SHPB) [2]. The
stress-strain characteristics as well as compressive strain dependent Poisson’s ratio are studied nu-
merically at strain rates of 1500 s−1 and 3000 s−1. Three auxetic unit-cells having uni- or biaxial auxetic
characteristics are considered. The structures are developed by a periodic assembly of unit-cells in
the respective spatial directions. Due to the complex deformation response of the auxetic structures,
the reference data for the development of numerical simulations are obtained from the experiments
with the samples of structures manufactured using 3D printing from 316L stainless steel. Dynamic
loading is performed using a Split Hopkinson Pressure Bar (SHPB) apparatus, while the development
of a full-scale numerical representation of the SHPB apparatus for an explicit time integration scheme
in LS-DYNA was selected for finite element modeling. The numerical aspects of the simulations to-
gether with the influence of the 3D printing quality on the reliability of the results are discussed.
The ability of the numerical simulations to describe the deformation response of the investigated
auxetic lattices is assessed based on the numerical stress-strain curves and the graphs of the strain-
dependent Poisson’s ratio.

2 | MATERIALS AND METHODS

2.1 | Investigated lattices

The unit-cells with the geometry of 2Dmissing-rib, 2D re-entrant honeycomb, and 3D re-entrant hon-
eycomb were used to generate periodic assemblies forming the lattices satisfying the requirements
on the RVE of cellular solids as defined by Ashby et al. [3] by having 6 × 6 or 6 × 7 unit-cells in the
structure depending on a specific type of lattice. Visualisation of the lattices is shown in Figure 1.

The specimens for the testing were printed with an AM 250 device (Renishaw, UK) using the SLS
method by sintering powdered SS316L-0407 austenitic stainless steel at minimum achievable strut
thickness of 0.2mm. In total, 5 specimens of each type at every strain rate were tested.

Petr Koudelka et al. 3

F IGURE 1 SLS printed specimens of the investigated lattices: 2D missing-rib (left), 2D
re-entrant honeycomb (middle), 3D re-entrant honeycomb (right).

TABLE 1 Characteristics of the 3D printed lattices.

Type of lattice No. of unit-cells Dimensions [mm] Porosity [%]

2D missing-rib 36 14 × 14 × 14.8 74.37

2D re-entrant honeycomb 42 14.0 × 14.0 × 14.5 73.43

3D re-entrant honeycomb 252 14.0 × 14.0 × 14.5 72.36

2.2 | Numerical

To be able to calibrate the numerical simulations and to compare the numerical results with the ex-
perimental data, the approach based on the development of a virtual SHPB apparatus used in the
experiments was selected. For this reason, a fully three-dimensional model of the SHPB apparatus
was developed in LS-DYNA. The experimental arrangement (i.e., the striker, incident, and transmis-
sion bars with the specimen placed in contact with both the incident and transmission bars) and the
dimensions of the individual components was considered including the geometry of the specimens
directly derived from the parametric models used for the SLS production of the samples. Any of the
possible analogies for the representation of the auxetic lattices (i.e., beam analogy, solid represen-
tation with the homogenised material model, etc.) was not used due to the need to include all the
potential phenomena in the simulations to have the numerical and experimental results directly com-
parable in terms of the stress wave propagation, the resulting overall stress-strain diagrams of the
lattices, the strain-dependent Poisson’s ratio, and the influence of the strain-rate on these quantities.
Obviously, such an approach effectively prevented the axisymmetric formulation of the problems
with the implications of the computational costs as the topology of the lattices does not allow the
dimensional reduction of the problem. The arrangement of the virtual SHPB apparatus is depicted in
Figure 2.

In the simulations, the initial conditions, in terms of the translational velocity of the striker bar,
were imposed with the velocity value measured in the respective SHPB experiment. No body forces
nor boundary conditions reflecting the slide bearings carrying the bars of the SHPB apparatus were
considered. The geometry of the bars and the auxetic lattices was considered to be ideal, without
imperfections in plane-parallelism, surface roughness, defects, or deviations from the geometry pre-
scribed for the SLS testing. The mechanical results from the numerical simulations were extracted by
defining the virtual strain gauges on the same location, where the measurement points were estab-
lished in the SHPB experiments. At the virtual strain-gauges, the strain versus time data was acquired
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F IGURE 2 Principle of the virtual SHPB.

and used in the further post-processing using the same mathematical methods utilised for the exper-
imental evaluation. The geometrical characteristics of the studied auxetic lattices were extracted at
the locations equivalent to the full-field DIC evaluation of the high-speed camera data and from the
nodal coordinates, the strain-dependent function of Poisson’s ratio was established. The bars were
represented by under-integrated single-point constant-stress hexahedral elements (ELFORM 1). For
the auxetic lattices, 10-noded composite tetrahedral elements (ELFORM 17) were selected.

2.3 | Experimental

A modified Kolsky SHPB setup was used in the study to evaluate the response of the auxetic struc-
tures under dynamic conditions. The incident, transmission, and striker bars had the same nominal
diameter of 20mm with a solid cross-section and were made of a high-strength aluminium alloy (EN-
AW-7075) to match the mechanical impedance of the specimens. The incident bar and the trans-
mission bar had the same length of 1600mm and were supported by eight low-friction polymer-liner
slide bearings with an aluminium housing. A striker bar with a length of 500mm was used for the
generation of the incident wave. A fixed aluminium rod and a hydraulic damper were used as the
absorbers of the residual kinetic energy of the experiment. For the strain wave measurement during
the test, the incident and transmission bars of the SHPB setup were equipped with foil strain gauges.
Three measurement points were used on the incident bar (one point in the middle of the bar and the
other two points 200mm from each of the bars’ faces), while the transmission bar was equipped with
one measurement point located 200mm from the impact face of the bar. The deformation process of
the samples was observed using a high-speed digital camera (FASTCAM SA-Z, Photron, Japan) with
a 20mm square CMOS sensor. As a compromise between the frame rate and the image resolution
with respect to the DIC analysis, a 256 × 168px image resolution at approximately 130 kfps was used
in the experiments.

Two impact velocities of the striker bar were used - a lower striker impact velocity of approx-
imately 21m · s−1 was used to compress the specimens at a strain-rate of approximately 1500 s−1

while higher striker impact velocity of approximately 43m · s−1 was used to compress the specimens
at a strain-rate of approximately 3000 s−1. Depending on the type of the auxetic structure, the spec-
imens in the low-rate experiments were compressed to a maximum overall strain of approximately
25−30%. The specimens in the experiments conducted at the high-rate reached a significantly higher
overall strain of approximately 40−50%. For the minimisation of the wave dispersion effects, cylindri-
cal soft copper pulse-shapers were placed on the incident bar’s impact face in this set of experiments.
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F IGURE 3 Comparison of the numerical and experimental stress-strain curves (left) and
functions of Poisson’s ratio (right) of the 2D missing-rib lattice.

Depending on the type of auxetic structure and strain-rate, the diameter and the thickness of the
pulse-shapers varied between 7 − 8mm and 0.5 − 1mm, respectively. The pulse-shapers were very
effective in filtering out the high frequencies causing the Pochhammer-Chree oscillations and in the
reduction of the ramp-in effect during the initial phase of the wave impact on the specimen. A suffi-
cient quality of the dynamic equilibrium was reached in all the experiments at all strain-rates. Using
the pulse-shaping technique, it was possible to maintain a constant strain-rate during the impact up
to the densification of the auxetic structure. All the methods used for the evaluation of the stress-
strain curves exhibited good convergence after the initial phase of the impact, representing a good
quality dynamic equilibrium during the experiment. The strain-rate-strain curve showed constant
values of the strain-rate up to the densification of the structures. Approximately 35 images of the
deforming specimen during the first deformation pulse were captured using the high-speed camera
and processed using the DIC technique.

3 | RESULTS AND CONCLUSION

Figures 3 - 5 depict the numerical and experimental stress-strain diagrams calculated from the dy-
namic loading at both strain-rates togetherwith numerically and experimentally determined functions
of Poisson’s ratio and a comparison with the quasi-static results.

It can be seen that the numerical simulations capture the measured stress-strain response of
the samples as well as the strain dependent Poisson’s ratio with reasonable accuracy including the
experimentally observed strain rate effect.

A significantly lower precision of the FEA was achieved in the case of the stress-strain response
of the 2D re-entrant honeycomb structures where, at both strain rates, sufficient conformity between
the numerical and experimental stress-strain curves was obtained for compressive strains up to 0.1 ,
i.e., for the yield point and initial part of the plateau region.

For all the structures and initial conditions, lower precision of the numerical results was assessed
for the strain dependent Poisson’s ratio. Even though the resulting numerical curves were within the
standard deviations of the experiments in many cases, the overall trends or magnitudes of the Pois-
son’s ratio exhibited significant deviations in both missing-rib and 2D re-entrant honeycomb struc-
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the samples was observed using a high-speed digital camera (FASTCAM SA-Z, Photron, Japan) with
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with respect to the DIC analysis, a 256 × 168px image resolution at approximately 130 kfps was used
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Two impact velocities of the striker bar were used - a lower striker impact velocity of approx-
imately 21m · s−1 was used to compress the specimens at a strain-rate of approximately 1500 s−1

while higher striker impact velocity of approximately 43m · s−1 was used to compress the specimens
at a strain-rate of approximately 3000 s−1. Depending on the type of the auxetic structure, the spec-
imens in the low-rate experiments were compressed to a maximum overall strain of approximately
25−30%. The specimens in the experiments conducted at the high-rate reached a significantly higher
overall strain of approximately 40−50%. For the minimisation of the wave dispersion effects, cylindri-
cal soft copper pulse-shapers were placed on the incident bar’s impact face in this set of experiments.
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Depending on the type of auxetic structure and strain-rate, the diameter and the thickness of the
pulse-shapers varied between 7 − 8mm and 0.5 − 1mm, respectively. The pulse-shapers were very
effective in filtering out the high frequencies causing the Pochhammer-Chree oscillations and in the
reduction of the ramp-in effect during the initial phase of the wave impact on the specimen. A suffi-
cient quality of the dynamic equilibrium was reached in all the experiments at all strain-rates. Using
the pulse-shaping technique, it was possible to maintain a constant strain-rate during the impact up
to the densification of the auxetic structure. All the methods used for the evaluation of the stress-
strain curves exhibited good convergence after the initial phase of the impact, representing a good
quality dynamic equilibrium during the experiment. The strain-rate-strain curve showed constant
values of the strain-rate up to the densification of the structures. Approximately 35 images of the
deforming specimen during the first deformation pulse were captured using the high-speed camera
and processed using the DIC technique.

3 | RESULTS AND CONCLUSION

Figures 3 - 5 depict the numerical and experimental stress-strain diagrams calculated from the dy-
namic loading at both strain-rates togetherwith numerically and experimentally determined functions
of Poisson’s ratio and a comparison with the quasi-static results.

It can be seen that the numerical simulations capture the measured stress-strain response of
the samples as well as the strain dependent Poisson’s ratio with reasonable accuracy including the
experimentally observed strain rate effect.

A significantly lower precision of the FEA was achieved in the case of the stress-strain response
of the 2D re-entrant honeycomb structures where, at both strain rates, sufficient conformity between
the numerical and experimental stress-strain curves was obtained for compressive strains up to 0.1 ,
i.e., for the yield point and initial part of the plateau region.

For all the structures and initial conditions, lower precision of the numerical results was assessed
for the strain dependent Poisson’s ratio. Even though the resulting numerical curves were within the
standard deviations of the experiments in many cases, the overall trends or magnitudes of the Pois-
son’s ratio exhibited significant deviations in both missing-rib and 2D re-entrant honeycomb struc-
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F IGURE 4 Comparison of the numerical and experimental stress-strain curves (left) and
functions of Poisson’s ratio (right) of the 2D re-entrant honeycomb.

F IGURE 5 Comparison of the numerical and experimental stress-strain curves (left) and
functions of Poisson’s ratio (right) of the 3D re-entrant honeycomb.

tures. However, significantly higher precision was achieved for the 3D re-entrant honeycomb where
orthotropy of the Poisson’s ratio was identified.

Based on the computed micro-tomographical inspection of the samples, the primary source of
error in precision of the FEA was attributed to the differences between the printed and prescribed
geometry of the lattices which influences the deformation response of the samples in strut joints
and during self-contact conditions. This factor together with the need for more complex constitutive
model in the simulations outlines future direction of the research.
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In the last years, lightweight cellular 
structures like honeycombs, foams or 
lattices have gained notable attention. 
Their remarkable mechanical 
properties such as increased specific 
strength and stiffness or their energy 
absorbing capabilities make them 
attractive for many applications.[1, 2] 
Thus, they are increasingly applied in a 
wide range of technical fields, like 
automotive, aerospace or defense. 
Furthermore, the development of new 
manufacturing processes, like laser 
powder bed fusion (LPBF), enables the 
fabrication of filigree and complex 

In this study, different modeling concepts of 
additively manufactured lattice structures under 
dynamic loading are presented. Besides the 
simulation with a volume discretization, a more 
efficient beam-based model is developed. Some 
difficulties in adapting current quasi-static modeling 
concepts for dynamic compression have been 
identified and modifications to overcome these 
problems are presented. To validate the different 
approaches, experimental investigations of a 
representative auxetic lattice structure are 
performed. The structures are manufactured using 
laser powder bed fusion. The compression behavior 
under the impact velocities of 5 m/s and 100 m/s is 
investigated and analyzed using digital image 
correlation. Both simulation approaches show a 
good agreement with experimental results. 
Especially, the modified beam-based simulation 
approach constitutes to be an effective way to 
model complex lattice structures with 
comparatively low computational costs and high 
accuracy under different dynamic loading 
conditions. Prospectively, the new modified beam-
based simulation approach can be used for 
optimization strategies in order to further improve 
the energy absorbing characteristics and enable a 
lightweight design. 

structures with new materials and tailored material properties.[3, 4] Through the newly gained 
degrees of freedom, there are innumerable possibilities of cell topologies and design configurations. 
In particular, lattice-like structures show excellent properties. They can exhibit higher strength to 
weight than traditional foams [5] and are especially suitable for the absorption of impulsive energy 
due to their open topology, which allows enough space for plastic deformation.[6, 7] It is even 
possible to design cellular lattice structures with special properties, such as negative Poisson ratios,  
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F IGURE 4 Comparison of the numerical and experimental stress-strain curves (left) and
functions of Poisson’s ratio (right) of the 2D re-entrant honeycomb.

F IGURE 5 Comparison of the numerical and experimental stress-strain curves (left) and
functions of Poisson’s ratio (right) of the 3D re-entrant honeycomb.
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that do not occur in conventional solids. However, due to the variety of possibilities, the design 
options are hard to overview and efficient simulation models are needed to study different topologies 
and design optimal structures under different loading conditions.  
The static responses of several lattice cell topologies are investigated analytically, numerically and 
experimentally in several studies.[2, 8, 9] Luxner et al. uses different finite element models to predict 
the linear-elastic response of lattice structures. Both beam elements and continuum elements are 
used to predict the elastic moduli. The shortcomings of the beam-based approach are uncovered and 
a modified simulation approach was developed, where the stiffness in the vicinity of the vertices is 
increased [8]. However, for dynamic compression applications such as crash, impact or blast 
mitigation, the nonlinear dynamic response and the energy absorbing characteristics of cellular 
structures are of interest. Smith et al. use continuum elements and beam elements to predict the 
nonlinear structural behavior of bcc and bcc-z lattice structures under a quasi-static compression 
load, whereas possible solutions regarding the simplification of the beam elements are proposed by 
an artificial increase of the thickness of the beam elements in the vertex area.[10]  
However, at varied loading rates of cellular structures, different deformation behaviors occur and 
other influence factors, such as inertia, are relevant. Multiple studies confirm that three categories of 
deformation behavior can be identified [11, 12]: (1) The quasi-static mode, where the deformation is 
macroscopically homogeneous, (2) the transition mode, where the deformation occurs mainly on the 
impact side, and (3) the shock mode, where the deformation proceeds sequentially from impact to 
the non-impact end and inertia effects have a significant influence. For explicit analysis, the modified 
beam-based model approaches for lattice structures proposed in [8] and [10] are not practical due to 
an increased timestep or increased mass, which influences the inertia effects.  
In order to be able to model lattice structures in different dynamic application scenarios, e.g. crash or 
blast loads, and to enable optimization, a volume element and a computationally effective modified 
beam-based simulation approach are developed and compared in this study. Therefore, a complex 
additively manufactured auxetic lattice structure under various impact velocities is investigated. 
Lattice cubes are made by LPBF of the aluminum alloy Scalmalloy® and tested in experiments. Impact 
velocities of 5 m/s and 100 m/s are examined using drop weight and planar plate impact experiments. 
The response towards the different velocities is analyzed. Furthermore, the experiments are 
simulated and compared using the different finite element model techniques with the explicit solver 
LS-Dyna. Based on the experimental and numerical results, the influence of the impact velocity on 
the compression and energy absorbing behavior is analyzed 

MATERIAL AND METHODS 

Design of Lattice Structures 

The single lattice unit cell and assembly of cells investigated in this work are presented in Figure 1. 
The lattice topology is inspired by studies from [13], where the lattice is used as a sandwich core 
structure under blast loading. The structure exhibits auxetic behavior constituted by a negative 
poisson´s ratio. The dimensions of a single cell are 12.5 x 12.5 x 10 mm³. An assembly of the unit cell 
is created, consisting of 4 x 4 x 5 cells. The diameter of a single strut is 1 mm, resulting in a relative 
density ρrel of 7.7 %. 
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Figure 1 CAD Model of auxetic lattice structure a) unit cell and b) cell assembly 

Additive Manufacturing  

The auxetic lattice structures are manufactured using the LPBF process on the EOS M400 system 
using the aluminum-scandium-magnesium alloy powder, called Scalmalloy®. The aluminum alloy can 
reach a yield stress of approximately 340 MPa, which can be increased by heat-treating to 
approximately 530 MPa. However, this reduces the failure strain about 50 %. These values, combined 
with the density of 2.7 g/cm³ make Scalmalloy® a promising choice for lightweight energy absorbing 
structures. [14] A particular challenge is the orientation of the structures relative to the build platform. 
It influences, for example, the geometrical accuracy, surface quality or the material properties. The 
lattice structures are produced in an orientation, that the cubic cell assembly is tilted 45° around its 
X and Y axis. Small exposure cross sections, as is the case with the present lattice structures, cause 
strongly shortened laser paths in the case of a strip-shaped, undulating exposure strategy. Inertial 
effects cause an irregular melt pool in such laser paths and thus a reduced material quality. 
Furthermore, the material quality is degraded due to an inhomogeneous energy input.[15] For those 
reasons, a single exposure path following the contour is defined in order to increase the material 
quality. The following parameters are used for exposure: laser power 400 W; exposure speed 900 
mm/s; laser path distance: 0.17 mm. In order to maintain high ductility and avoid failure of the lattice 
structures, the specimens are not heat treated after the manufacturing process.  

Experimental methodology 

The dynamic behavior of the additive manufactured lattice structures is investigated using both drop 
weight and planar plate impact experiments. The behavior at impact velocities of 5 m/s and 100 m/s 
is studied.  

Drop weight test 
The low-velocity impact tests are carried out by drop weight experiments. The cubic lattice structures 
are placed on a force sensor. A total impact mass of 20.4 kg, consisting of 2.8 kg for the sled and an 
additional weight of 17.6 kg, is used. A drop height is adjusted such that an impact velocity of 5 m/s 
between the impact mass and the lattice test specimen is set. To investigate the deformation behavior 
of the impact scenario a FASTCAM SA-X type 324K-M2 high-speed camera with a framerate of 30 
kHz is used. The experimental setup is shown in Figure 2 a). 
 
 
 
 
 
 
 
 



Finite element modeling concepts for the dynamic compression response of additively manufactured ...     195  
Konstantin Kappe et al. Page 2 

 

 
 
that do not occur in conventional solids. However, due to the variety of possibilities, the design 
options are hard to overview and efficient simulation models are needed to study different topologies 
and design optimal structures under different loading conditions.  
The static responses of several lattice cell topologies are investigated analytically, numerically and 
experimentally in several studies.[2, 8, 9] Luxner et al. uses different finite element models to predict 
the linear-elastic response of lattice structures. Both beam elements and continuum elements are 
used to predict the elastic moduli. The shortcomings of the beam-based approach are uncovered and 
a modified simulation approach was developed, where the stiffness in the vicinity of the vertices is 
increased [8]. However, for dynamic compression applications such as crash, impact or blast 
mitigation, the nonlinear dynamic response and the energy absorbing characteristics of cellular 
structures are of interest. Smith et al. use continuum elements and beam elements to predict the 
nonlinear structural behavior of bcc and bcc-z lattice structures under a quasi-static compression 
load, whereas possible solutions regarding the simplification of the beam elements are proposed by 
an artificial increase of the thickness of the beam elements in the vertex area.[10]  
However, at varied loading rates of cellular structures, different deformation behaviors occur and 
other influence factors, such as inertia, are relevant. Multiple studies confirm that three categories of 
deformation behavior can be identified [11, 12]: (1) The quasi-static mode, where the deformation is 
macroscopically homogeneous, (2) the transition mode, where the deformation occurs mainly on the 
impact side, and (3) the shock mode, where the deformation proceeds sequentially from impact to 
the non-impact end and inertia effects have a significant influence. For explicit analysis, the modified 
beam-based model approaches for lattice structures proposed in [8] and [10] are not practical due to 
an increased timestep or increased mass, which influences the inertia effects.  
In order to be able to model lattice structures in different dynamic application scenarios, e.g. crash or 
blast loads, and to enable optimization, a volume element and a computationally effective modified 
beam-based simulation approach are developed and compared in this study. Therefore, a complex 
additively manufactured auxetic lattice structure under various impact velocities is investigated. 
Lattice cubes are made by LPBF of the aluminum alloy Scalmalloy® and tested in experiments. Impact 
velocities of 5 m/s and 100 m/s are examined using drop weight and planar plate impact experiments. 
The response towards the different velocities is analyzed. Furthermore, the experiments are 
simulated and compared using the different finite element model techniques with the explicit solver 
LS-Dyna. Based on the experimental and numerical results, the influence of the impact velocity on 
the compression and energy absorbing behavior is analyzed 

MATERIAL AND METHODS 

Design of Lattice Structures 

The single lattice unit cell and assembly of cells investigated in this work are presented in Figure 1. 
The lattice topology is inspired by studies from [13], where the lattice is used as a sandwich core 
structure under blast loading. The structure exhibits auxetic behavior constituted by a negative 
poisson´s ratio. The dimensions of a single cell are 12.5 x 12.5 x 10 mm³. An assembly of the unit cell 
is created, consisting of 4 x 4 x 5 cells. The diameter of a single strut is 1 mm, resulting in a relative 
density ρrel of 7.7 %. 
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Figure 1 CAD Model of auxetic lattice structure a) unit cell and b) cell assembly 

Additive Manufacturing  

The auxetic lattice structures are manufactured using the LPBF process on the EOS M400 system 
using the aluminum-scandium-magnesium alloy powder, called Scalmalloy®. The aluminum alloy can 
reach a yield stress of approximately 340 MPa, which can be increased by heat-treating to 
approximately 530 MPa. However, this reduces the failure strain about 50 %. These values, combined 
with the density of 2.7 g/cm³ make Scalmalloy® a promising choice for lightweight energy absorbing 
structures. [14] A particular challenge is the orientation of the structures relative to the build platform. 
It influences, for example, the geometrical accuracy, surface quality or the material properties. The 
lattice structures are produced in an orientation, that the cubic cell assembly is tilted 45° around its 
X and Y axis. Small exposure cross sections, as is the case with the present lattice structures, cause 
strongly shortened laser paths in the case of a strip-shaped, undulating exposure strategy. Inertial 
effects cause an irregular melt pool in such laser paths and thus a reduced material quality. 
Furthermore, the material quality is degraded due to an inhomogeneous energy input.[15] For those 
reasons, a single exposure path following the contour is defined in order to increase the material 
quality. The following parameters are used for exposure: laser power 400 W; exposure speed 900 
mm/s; laser path distance: 0.17 mm. In order to maintain high ductility and avoid failure of the lattice 
structures, the specimens are not heat treated after the manufacturing process.  

Experimental methodology 

The dynamic behavior of the additive manufactured lattice structures is investigated using both drop 
weight and planar plate impact experiments. The behavior at impact velocities of 5 m/s and 100 m/s 
is studied.  

Drop weight test 
The low-velocity impact tests are carried out by drop weight experiments. The cubic lattice structures 
are placed on a force sensor. A total impact mass of 20.4 kg, consisting of 2.8 kg for the sled and an 
additional weight of 17.6 kg, is used. A drop height is adjusted such that an impact velocity of 5 m/s 
between the impact mass and the lattice test specimen is set. To investigate the deformation behavior 
of the impact scenario a FASTCAM SA-X type 324K-M2 high-speed camera with a framerate of 30 
kHz is used. The experimental setup is shown in Figure 2 a). 
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Figure 2 Experimental setup for a) drop weight experiment with 5 m/s and b) high-speed planar plate impact 
experiment with 100 m/s  

Planar plate impact test 
In the planar plate impact experiment, setup shown in Figure 2 b), the lattice cube was glued to a solid 
aluminum backplate with a mass of 9.675 g. The backplate was attached to the glass target holders, 
which immediately fails in the event of an impact. The structure is impacted by a cylindrical aluminum 
plate with a diameter of 70 mm, mass of 280 g and a velocity of 100 m/s. The deformation and 
movement of the lattice test specimen is detected by a high-speed camera with a framerate of 200 
kHz. The resulting displacements and velocities of the lattice cube are evaluated by digital image 
correlation using GOM Correlate.  

Numerical Modeling 

To generate a robust, adequately accurate and time effective simulation model, both a volume- and 
a modified beam-based simulation model are developed. Due to the strong simplification of the beam 
elements, an artificial modification of the model is developed to increase the accuracy. The numerical 
model representative of the complex lattice structures is developed using the LS-Dyna explicit finite 
element code. Due to the symmetry of the lattice structures as well as the loading conditions, 
symmetric boundary conditions are used and only a quarter of the structure is analyzed to reduce the 
simulation time.  

Material model 
Deformation under high impulsive loading is a complex and dynamic process and requires the 
consideration of plastic strains and strain rate effects. Therefore, the Johnson-Cook constitutive 
material model is used to describe the material behavior of the lattice structures. Material 
characteristics of Scalmalloy® have been tested in [14] using servo-hydraulic and Split-Hopkinson 
testing methods. Due to the weak negative strain rate sensitivity of the material, a constitutive model 
based on a simplified Johnson-Cook approach is used [16]:  

𝜎𝜎𝑦𝑦 = (𝐴𝐴 + 𝐵𝐵𝜀𝜀�̅�𝑝𝑛𝑛) 
Where A, B and n are Material constants and 𝜎𝜎𝑦𝑦 the von Mises equivalent flow stress and 𝜀𝜀̅𝑝𝑝 the 
effective plastic strain. The associated parameters are shown in Table 1. Failure of the elements is 
not taken into account, due to the fact, that the used material has a sufficiently high failure strain as 
well as tensile strength and only ductile deformation occurs.  
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Table 1 Parameters of the Johnson-Cook material model for as-built Scalmalloy [14]  

E [GPa] A [MPa] B [MPa] n [-]  ν [-] ρ [g/cm³] 

65 198 400 0.332 0.33 2.7 

Volume element-based simulation model 
Using volume elements leads to the advantage that the geometry of the lattice structure can be 
represented in detail. The stress distribution in the struts and the vertices can be studied in detail. For 
the volume-based simulation approach, tetrahedron elements with a linear interpolation function are 
used.[17] A contact algorithm between the struts with a static and dynamic coefficient of friction of 
0.5 is utilized. However, due to the rough surface of additively manufactured components, the 
determination of the coefficient of friction requires further investigation. To reduce computational 
effort a mesh-sensitivity study of the lattice structures is performed on a single unit cell under a 
compression of 5 m/s. The unit cell is meshed with elements with an edge length between 0.1 mm 
and 0.65 mm, corresponding to an element count ranging from 630554 to 4654 elements for a single 
unit cell. Based on the results, an element size with the edge length of 0.25 mm is selected for further 
simulations.  

Modified beam-based simulation model 
The geometry of the auxetic lattice structure is modeled using beam elements. Beam elements are 
computationally effective and show in many cases accurate results. However, complex lattice 
structures contain many vertices, where the various struts intersect, as can be schematically seen for 
two struts in Figure 3. Straightforward modeling of the vertices by beam elements affects the result 
by two approximations [8]:  
1. Overlapping domains create an increased volume and mass in the area of the vertex. 
2. Possible constraints near the vertices caused by the material accumulation in these areas are not 

taken into account 
These approximations could lead to inaccuracies in the simulation results. An increased volume and 
mass could result in a higher dynamic plateau stress due to effects of inertia. A neglection of the 
material accumulation in the vertices on the other hand can lead to a reduction of the plateau stress, 
due to the longer effective length of the deformed struts. To decrease the effects of this 
approximation, the distribution of material in the intersections should be considered in terms of the 
stiffness and the density. The influence on the accuracy in predicting stiffness depends on the 
complexity of the vertices. Thereby the number of intersecting struts, their diameter and their angle 
should be taken into account. With the assumption that in complex lattice structures under 
compression loading, the main plastic deformation occurs in the struts between the vertices, whereas 
the vertices itself remain undeformed, it is necessary to increase the stiffness of the beam elements 
inside the area of the vertices. Hence, in explicit simulation it is not practical to artificially increase 
the stiffness of certain elements (due to the decrease in element time step). Instead, a simple linear-
elastic material is chosen for the elements. In combination with an elastic-plastic material model for 
the beam element outside the vertex areas, the vertices appear stiff due to the infinite strength of 
the linear elastic material model in progressive loading. The area for each intersecting strut is 
approximated using the intersection angles and the diameter of the struts. The procedure is 
schematically shown for two intersecting struts in Figure 3 b).  
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Planar plate impact test 
In the planar plate impact experiment, setup shown in Figure 2 b), the lattice cube was glued to a solid 
aluminum backplate with a mass of 9.675 g. The backplate was attached to the glass target holders, 
which immediately fails in the event of an impact. The structure is impacted by a cylindrical aluminum 
plate with a diameter of 70 mm, mass of 280 g and a velocity of 100 m/s. The deformation and 
movement of the lattice test specimen is detected by a high-speed camera with a framerate of 200 
kHz. The resulting displacements and velocities of the lattice cube are evaluated by digital image 
correlation using GOM Correlate.  

Numerical Modeling 

To generate a robust, adequately accurate and time effective simulation model, both a volume- and 
a modified beam-based simulation model are developed. Due to the strong simplification of the beam 
elements, an artificial modification of the model is developed to increase the accuracy. The numerical 
model representative of the complex lattice structures is developed using the LS-Dyna explicit finite 
element code. Due to the symmetry of the lattice structures as well as the loading conditions, 
symmetric boundary conditions are used and only a quarter of the structure is analyzed to reduce the 
simulation time.  

Material model 
Deformation under high impulsive loading is a complex and dynamic process and requires the 
consideration of plastic strains and strain rate effects. Therefore, the Johnson-Cook constitutive 
material model is used to describe the material behavior of the lattice structures. Material 
characteristics of Scalmalloy® have been tested in [14] using servo-hydraulic and Split-Hopkinson 
testing methods. Due to the weak negative strain rate sensitivity of the material, a constitutive model 
based on a simplified Johnson-Cook approach is used [16]:  

𝜎𝜎𝑦𝑦 = (𝐴𝐴 + 𝐵𝐵𝜀𝜀�̅�𝑝𝑛𝑛) 
Where A, B and n are Material constants and 𝜎𝜎𝑦𝑦 the von Mises equivalent flow stress and 𝜀𝜀̅𝑝𝑝 the 
effective plastic strain. The associated parameters are shown in Table 1. Failure of the elements is 
not taken into account, due to the fact, that the used material has a sufficiently high failure strain as 
well as tensile strength and only ductile deformation occurs.  
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E [GPa] A [MPa] B [MPa] n [-]  ν [-] ρ [g/cm³] 

65 198 400 0.332 0.33 2.7 

Volume element-based simulation model 
Using volume elements leads to the advantage that the geometry of the lattice structure can be 
represented in detail. The stress distribution in the struts and the vertices can be studied in detail. For 
the volume-based simulation approach, tetrahedron elements with a linear interpolation function are 
used.[17] A contact algorithm between the struts with a static and dynamic coefficient of friction of 
0.5 is utilized. However, due to the rough surface of additively manufactured components, the 
determination of the coefficient of friction requires further investigation. To reduce computational 
effort a mesh-sensitivity study of the lattice structures is performed on a single unit cell under a 
compression of 5 m/s. The unit cell is meshed with elements with an edge length between 0.1 mm 
and 0.65 mm, corresponding to an element count ranging from 630554 to 4654 elements for a single 
unit cell. Based on the results, an element size with the edge length of 0.25 mm is selected for further 
simulations.  

Modified beam-based simulation model 
The geometry of the auxetic lattice structure is modeled using beam elements. Beam elements are 
computationally effective and show in many cases accurate results. However, complex lattice 
structures contain many vertices, where the various struts intersect, as can be schematically seen for 
two struts in Figure 3. Straightforward modeling of the vertices by beam elements affects the result 
by two approximations [8]:  
1. Overlapping domains create an increased volume and mass in the area of the vertex. 
2. Possible constraints near the vertices caused by the material accumulation in these areas are not 

taken into account 
These approximations could lead to inaccuracies in the simulation results. An increased volume and 
mass could result in a higher dynamic plateau stress due to effects of inertia. A neglection of the 
material accumulation in the vertices on the other hand can lead to a reduction of the plateau stress, 
due to the longer effective length of the deformed struts. To decrease the effects of this 
approximation, the distribution of material in the intersections should be considered in terms of the 
stiffness and the density. The influence on the accuracy in predicting stiffness depends on the 
complexity of the vertices. Thereby the number of intersecting struts, their diameter and their angle 
should be taken into account. With the assumption that in complex lattice structures under 
compression loading, the main plastic deformation occurs in the struts between the vertices, whereas 
the vertices itself remain undeformed, it is necessary to increase the stiffness of the beam elements 
inside the area of the vertices. Hence, in explicit simulation it is not practical to artificially increase 
the stiffness of certain elements (due to the decrease in element time step). Instead, a simple linear-
elastic material is chosen for the elements. In combination with an elastic-plastic material model for 
the beam element outside the vertex areas, the vertices appear stiff due to the infinite strength of 
the linear elastic material model in progressive loading. The area for each intersecting strut is 
approximated using the intersection angles and the diameter of the struts. The procedure is 
schematically shown for two intersecting struts in Figure 3 b).  
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Figure 3  a) Overlapping area and different material models of beam sections for two connected struts and b) 
parameter for determination of vertex 

To allow repeatability and adaptability, the range of overlapping vertex areas is calculated depending 
on the complexity of the respective vertex. Whereas the length of the artificially stiffened beam 
elements xi inside the vertex area is determined by:  

𝑥𝑥𝑖𝑖 = max
𝑗𝑗=1…𝑛𝑛

(
(𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗)

2 tan (𝛼𝛼𝑖𝑖𝑗𝑗 2)⁄  ) 

Where ri and rj are the radii of the intersecting struts and 𝛼𝛼𝑖𝑖𝑗𝑗 the angle between them (see Figure 3 
b)). When multiple struts are intersecting in a vertex, the maximum beam element length for each 
strut is chosen.  
The relative density of the lattice structures is an important factor for dynamic loading, especially for 
higher strain rates.[18] However, the deviation of the mass between the manufactured samples and 
the beam-based simulation approach is less than 10 percent and therefore neglected in this study. 
At compression of the lattice structures, the contact between the individual struts plays an important 
role. To take into account this effect, a beam-to-beam contact algorithm is implemented. To avoid 
initial penetration of the beam elements, only the elements outside the vertex areas are considered. 
All beam elements are modeled with Hughes-Liu beam elements as they are computationally cheap 
and include transverse shear strain.[19] Multiple integration points are used in the cross-section area 
due to high plastic deformation of the struts. A convergence study has shown that at least an element 
size of 1 mm between the vertices is small enough to achieve accurate results. 

RESULTS AND DISCUSSION 

Experiments with the auxetic lattice cubes are performed, as well as numerical simulation using the 
above described volume-based model approach and the modified beam-based model approach. The 
additively manufactured lattice cubes show a total mass of 27.8 g (ρrel of 8.2 %). This indicates a 
deviation from the theoretical mass of the CAD model with 26.0 g (ρrel of 7.7 %). Due to the above 
described overlaps of the beam elements in the vertex areas, the beam-based model has a higher 
mass of 30.4 g (ρrel of 9.0 %). This deviation, as it is relatively small, is neglected in the simulations. 
However, the accuracy of the additively manufactured lattice structures requires further 
investigation. 
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Drop Weight Experiment  

The resulting transmitted forces and the corresponding deformation behavior of the drop weight 
experiment and simulations are shown in Figure 4. A typical compression behavior of the cellular 
structure can be observed in Figure 4 a), whereas the linear elastic region is followed by an almost  
 
constant plateau force and an increase of the transmitted force due to full densification of the lattice 
sample. The deformation pattern of the lattice cube shows a symmetrical behavior to the center axis 
(see Figure 4 b)), which is typical for the homogeneous quasi-static mode.[11] Furthermore, a local 
cross-sectional reduction under compression is observed, which means a negative poisson's ratio and 
confirms the auxetic behavior of the cell topology. 

 
Figure 4 Comparison of a) the force time curve of the reaction forces and b) the deformation behavior at 1, 2.5, 5 
and 10 ms of both simulation and experiment of the drop weight experiment with impact velocity of 5 m/s 

Both the volume element-based and beam element-based simulation models show a good agreement 
to the experimental results. The modification of the beam-based simulation approach shows an 
improvement of accuracy of the simulation results, whereas a lower plateau stress is recognized with 
no artificial increase of the strength of the vertex elements. It can be assumed that this is due to the 
longer effective strut length of the lattice. In comparison the volume-based simulation model shows 
a slightly higher plateau force. Considering the computational effort of the simulation models, a 
significant reduction from 94 h 53 min for the volume-based simulation to 30 min for the modified 
beam-based simulation approach can be achieved. This enables an accurate and efficient numerical 
representation of the lattice structures and allows for design optimization.  
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Where ri and rj are the radii of the intersecting struts and 𝛼𝛼𝑖𝑖𝑗𝑗 the angle between them (see Figure 3 
b)). When multiple struts are intersecting in a vertex, the maximum beam element length for each 
strut is chosen.  
The relative density of the lattice structures is an important factor for dynamic loading, especially for 
higher strain rates.[18] However, the deviation of the mass between the manufactured samples and 
the beam-based simulation approach is less than 10 percent and therefore neglected in this study. 
At compression of the lattice structures, the contact between the individual struts plays an important 
role. To take into account this effect, a beam-to-beam contact algorithm is implemented. To avoid 
initial penetration of the beam elements, only the elements outside the vertex areas are considered. 
All beam elements are modeled with Hughes-Liu beam elements as they are computationally cheap 
and include transverse shear strain.[19] Multiple integration points are used in the cross-section area 
due to high plastic deformation of the struts. A convergence study has shown that at least an element 
size of 1 mm between the vertices is small enough to achieve accurate results. 

RESULTS AND DISCUSSION 

Experiments with the auxetic lattice cubes are performed, as well as numerical simulation using the 
above described volume-based model approach and the modified beam-based model approach. The 
additively manufactured lattice cubes show a total mass of 27.8 g (ρrel of 8.2 %). This indicates a 
deviation from the theoretical mass of the CAD model with 26.0 g (ρrel of 7.7 %). Due to the above 
described overlaps of the beam elements in the vertex areas, the beam-based model has a higher 
mass of 30.4 g (ρrel of 9.0 %). This deviation, as it is relatively small, is neglected in the simulations. 
However, the accuracy of the additively manufactured lattice structures requires further 
investigation. 
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and 10 ms of both simulation and experiment of the drop weight experiment with impact velocity of 5 m/s 

Both the volume element-based and beam element-based simulation models show a good agreement 
to the experimental results. The modification of the beam-based simulation approach shows an 
improvement of accuracy of the simulation results, whereas a lower plateau stress is recognized with 
no artificial increase of the strength of the vertex elements. It can be assumed that this is due to the 
longer effective strut length of the lattice. In comparison the volume-based simulation model shows 
a slightly higher plateau force. Considering the computational effort of the simulation models, a 
significant reduction from 94 h 53 min for the volume-based simulation to 30 min for the modified 
beam-based simulation approach can be achieved. This enables an accurate and efficient numerical 
representation of the lattice structures and allows for design optimization.  
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Planar impact test 
In order to validate the different simulation approaches also at higher velocities, the planar plate 
impact experiment is performed at a velocity of 100 m/s. To compare the deformation behavior 
between the experiment and the simulations accurately, this is evaluated with digital image 
correlation (DIC). For this, the velocity-time curves of the different cell layers, as shown in Figure 5 a) 
and b), are considered. The deformation pattern of the experiment and both the volume- and modified 
beam-based simulation are shown in Figure 5 c). The lattice cube shows a typical shock mode 
deformation behavior and a change to the transitional mode, since the lattice cube is crushed 
sequentially from the impact end and the velocity difference between the impacted and the non-
impact end is constantly decreasing. At the beginning of the deformation, both simulation results 
show good agreement with the experiments. At the end of the deformation, there are differences 
between the volume and the beam-based simulation, with the volume-based simulation showing a 
slightly stiffer behavior. This can also be seen in the drop-weight experiment, where the plateau force 
is higher. The neglected negative strain rate dependency of the constitutive material could also be a 
reason for the overestimated strength of the lattice cube. However, there seems to be only a very 
small deviation and a negative strain rate dependence can lead to strong instabilities in explicit 
simulation [14]. Furthermore, the linear increase of the velocity of the backplate indicates a typical 
constant force plateau on the non-impact side. 

 
 
Figure 5 a) Cell layers of auxetic lattice structure,  b) velocity time curve of different celular layers during planar 
plate impact experiment determined by DIC  and c) defomation pattern of experiment, volume-based and 
modified beam-based simulation models 
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CONCLUSION  

In this study, volume- and beam-based finite element modeling concepts for the nonlinear dynamic 
analysis of lattice structures, manufactured by LPBF additive manufacturing, are presented. The 
models are validated using impact experiments on a representative auxetic lattice structure with 
impact velocities of 5 m/s and 100 m/s. It is shown that the dynamic response under the different 
velocities and deformation patterns can be accurately represented by the finite element simulations. 
The main findings are as follows: 
• Numerical investigation of filigree lattice structures with volume discretization is 

computationally expensive, since a large number of small elements are required which directly 
influence the explicit timestep. Furthermore, the creation of the simulation models causes 
difficulties due to the great manual effort for meshing of the structure. 

• Beam elements are computationally effective, but straightforward modeling of the lattice 
structures with beam elements leads to inaccuracies for dynamic compression. Due to the higher 
effective beam length a lower strength of the lattice structures can be observed. 

• A modified beam-based approach, where the beam vertices are assumed as quasi-rigid, can 
achieve an equivalent or even better accuracy compared to the volume-element-based 
approach, while reducing the computational cost significantly. 

The proposed modified beam-based approach gives the possibility to model additively manufactured 
lattice structures with a high accuracy even at different loading rates and deformation patterns. 
Furthermore, it enables the possibility of an efficient automated modeling and thus allows the 
optimization of configurations, such as density gradients, or varied lattice topologies for energy 
absorbing applications. However, the modified beam-based simulation approach needs to be further 
validated with higher relative densities resulting in larger overlaps of the vertices, and for more 
complex cell topologies. Furthermore, manufacturing tolerances, for example differences in strut 
diameter or material properties, are not yet taken into account and their influences must be further 
investigated.    
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models are validated using impact experiments on a representative auxetic lattice structure with 
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The main findings are as follows: 
• Numerical investigation of filigree lattice structures with volume discretization is 

computationally expensive, since a large number of small elements are required which directly 
influence the explicit timestep. Furthermore, the creation of the simulation models causes 
difficulties due to the great manual effort for meshing of the structure. 

• Beam elements are computationally effective, but straightforward modeling of the lattice 
structures with beam elements leads to inaccuracies for dynamic compression. Due to the higher 
effective beam length a lower strength of the lattice structures can be observed. 

• A modified beam-based approach, where the beam vertices are assumed as quasi-rigid, can 
achieve an equivalent or even better accuracy compared to the volume-element-based 
approach, while reducing the computational cost significantly. 

The proposed modified beam-based approach gives the possibility to model additively manufactured 
lattice structures with a high accuracy even at different loading rates and deformation patterns. 
Furthermore, it enables the possibility of an efficient automated modeling and thus allows the 
optimization of configurations, such as density gradients, or varied lattice topologies for energy 
absorbing applications. However, the modified beam-based simulation approach needs to be further 
validated with higher relative densities resulting in larger overlaps of the vertices, and for more 
complex cell topologies. Furthermore, manufacturing tolerances, for example differences in strut 
diameter or material properties, are not yet taken into account and their influences must be further 
investigated.    
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1 | INTRODUCTION

This work presents a methodology to introduce a pronounced strain rate sensitivity into additively
manufactured metallic lattice structures where the base material does not have a pronounced intrin-
sic strain rate sensitivity. Typically, the strain-rate sensitivity is observed pronouncedly for polymers.
Here, the material gets brittle and stiff when loaded at a higher velocity compared to the behaviour at
a lower velocity. However, many metals show similar behaviour but is less pronounced to that of the
polymers. There is a need for a practical technique in the case of metallic lattice structures that induce
pronounced strain rate sensitivity. To the authors’ knowledge, currently no metallic lattice structure
or a practical technique that induces pronounced strain rate sensitivity exists to date. This situation is
in stark contrast with polymeric lattice structures where the intrinsic material property usually plays
a significant role in witnessing a pronounced strain rate dependent behaviour. The viscoelastic and
viscoplastic nature due to the sliding of polymeric chains past each other hold account for such a time
dependent behaviour [1]. A similar mechanism is required in the case of metallic lattice structures to
introduce pronounced strain rate sensitivity.

Atomic dislocations are responsible for the strain rate dependent behaviour in metals [2], similar to
that of the chain arrangements in polymer. Even though the decoupling of time scale exists in both
the cases, the mechanism in metals do no induce a pronounced strain rate dependency as by the
mechanism in polymers. However, the aforementioned mechanisms are inherent to a material. In
order to be independent of the intrinsic material properties, the designs should include mechanisms
that bring along its own time scale and couples with the time scale of loading thus inducing a strain
rate dependent behaviour due to the presence of a mechanism on a decoupled time scale. Friction,
being dissipative and time-dependent [3] [4] can have its time scale coupled on to the velocity at
which the structure will be loaded. In such a case, the sliding strain rate experienced by a smaller
friction element in a structure will be much higher than that experienced by the actual structure.

The time dependent behaviour of metallic lattice structures has been characterized by many authors
in order to assess the energy absorbing and dissipative capabilities [6] [7] [8]. However, the attempts
made to design a strain rate dependent lattice structure or unit cell are limited or not existing in the
case of metals. S. Janbaz et al. [9] have designed a strain-rate dependent mechanical metamaterial by
laterally attaching two beams with different levels of strain rate dependencies, i.e. hyperelastic and
visco-hyperelastic thus acting as a single beam. The direction in which the beam buckles is governed
by the velocity of loading thus having a controlled response. However, the technique is introduced
and illustrated with polymers.

Here, we deviate from the path of employing complicated material mixes to introduce pronounced
strain rate sensitivity into metallic lattice structures. Instead, a mechanism at the mesoscale that
brings in its own time scale is necessary. This work presents the design methodology of the unit cell
by considering friction as a time dependent mechanism at the mesoscale and thereby investigates
the time-dependent phenomena by experimental characterization. The resulting friction unit cells
are manufactured additively via FDM and L-PBF processes and are experimentally characterized at
various strain rates to verify the desired behaviour.

Sankalp Patil et al. 3

2 | UNIT CELL: PRINCIPLE OF OPERATION

The Fig. 1 shows a 2D auxetic unit cell with an added friction mechanism. It is designed with the
fundamental idea of redirecting the vertical compressive load into the horizontal direction, such that
the central stems are pressed against each other, creating contact pressure. Therefore the friction
force is affected by the axial compression. The magnitude of the friction force can be controlled by
the geometry of the curved beams. Their thickness, t and bending radii, R are the dominant parame-
ters to achieve this task. As in Fig. 1, the unit cell design frames to be a close representation of the
classical viscoelastic model. Here, the curved beams represent the spring signifying stiffness and the
linear frictional struts within auxetic cell represent the dashpot signifying damping behaviour of the
structure.

Compressive Load

u u

thickness, t

he
ig
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, h

1 mm

curved beams

frictional struts

F IGURE 1 Unit cell design along with the representation of its key geometrical features. The
design strategy redirects the vertical compressive load into displacement of the curved beams in
horizontal direction, u . The curved beams and the linear frictional struts of the unit cell respectively
represent the spring and dashpot of the classical viscoelastic model.

Furthermore, the contact pressure is distributed over a large area to decrease stress concentrations
and exploit the proportional regime of coulomb friction, i.e., a constant ratio of normal force and fric-
tion force. A large frictional force can be generated without exceeding the material strength. This is
because the friction force is effected by the curved beamswhich span the entire height of the unit cell.
Thus, their length is maximized, which is advantageous as bending stresses are inversely proportional
to the third power of the bending length. All these design features aid in strongly interlocking the
surfaces of linear struts giving rise to large friction forces. It is noteworthy that the shear strain rate
experienced by the sliding surfaces in contact will be very high when compared to that of the nominal
strain rate experienced by the entire structure. This is due to the length of interlocking surfaces being
in the order of only a few micrometres.
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3 | MATERIAL AND METHODS

3.1 | Material and Manufacturing

The polymeric specimens were manufactured on a Markforged X7 fused deposition modeling ma-
chine in 100 µm layers. We employed OnyxTM (coal-microfiber filled nylon) as the fused filament.

The metal specimens were produced on an EOS M 100 LPBF machine with a 200 W laser unit
(YLR-series, CW-laser, wavelength 1070 nm) in 20 µm layers. For the production, recycled Ti6Al4V
powder (EOS Titanium Ti6Al4V) sieved with a 63 µm mesh was used. An argon-based inert gas at-
mosphere of O2 < 0.1 % was applied in order to avoid oxidation. The test specimens were examined
in the as-built state without further surface or heat treatment.

3.2 | Experimental Setup

The polymeric and metallic friction cells were subjected to compressive loads by employing a Zwick-
Roell Z100 testing system with 100 kN load cell. The accuracy class of the load cell is 1 for forces less
than 200 N. The cross-head velocities of the machine were chosen to achieve nominal strain rates
of 0.001 s-1, 0.01 s-1 and 0.1 s-1 on the auxetic friction cells. The cyclic loading was performed by
controlling the cross-head position in the universal testing machine. To this end, a speckle pattern
was applied to the specimen in order to record the deformation field. The Basler ace 2 USB camera
was employed to record the deformation images at the frame rate of 0.16 - 16.5 Hz. The camera can
record a maximum of 255 images at any given frame rate. A total of 5 specimens each for metallic
and polymeric versions were tested at each strain rate to assess the reproducibility.

4 | RESULTS

As evidenced by the force-displacement data shown in Fig. 3, the auxetic friction cell exhibits a
pronounced positive strain rate sensitivity in both the cases of additively manufactured polymeric
(OnyxTM) and metallic (Ti6Al4V) structures. The friction cells were axially loaded up to a compres-
sive strain of 25 %, i.e., a displacement of 4 mm and at varying strain rates. As strain rate increases
from 0.001 s-1 to 0.1 s-1 , the plateau force shifts up by approximately 25 % and 10 % in the case
of polymeric and metallic friction cell respectively. The sudden rise in the force is due to the friction
between rough surfaces, i.e., friction force due to the linear struts sliding with respect to each other.
The spike in the force is significant in the case of metallic cells when compared to that of polymeric
cells at all strain rates. In the case of metallic cell, the force suddenly drops after a compressive strain
of approximately 17%. This is due to theminute rupture in the curved beams of themetallic structure
at this state.

Additionally, we also witness a hysteresis from the structure that is noticeable from the force-
displacement curves. This means that the friction cell retracts back to its original shape upon load
removal, thereby dissipating energy. The deformation fields of polymeric and metallic cell correlating
the loading and load removal paths at the strain rate of 0.01 s-1 are depicted in the Fig. 2. It can be
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F IGURE 2 Experimental images with deformation histories of polymeric (top) and metallic (bot-
tom) auxetic friction cell visualized with a grey scale speckle pattern. The friction cell under a com-
pressive strain of 25 % at the nominal strain rate of 0.01 s-1 is depicted in the figure. The states
(a) and (b) represent the deformation of the auxetic frcition cell under compressive load. Upon load
removal, the cell retracts back to its mere actual shape as evident from states (c) and (d).
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F IGURE 3 Experimental results of polymeric (left) and metallic (right) auxetic friction cell under
compression at varying strain rates. These curves are averages of individual experiments. The states
(a), (b), (c) and (d) represent the deformation fields shown in Fig. 2.

inferred from the initial, (a) and final, (d) states that the friction cell retracts back to its original shape
irrespective of the base material. The state (b) corresponds to the compressive strain of 25 %, where
the vertical compressive load is redirected into the displacement of curved beams in horizontal direc-
tion thereby affirming the contact of sliding surfaces. Qualitatively, the deformation states are similar
for bothmetallic and polymeric cells at all tested strain rates, also evident from the force-displacement
curves. The energy dissipated increases as the strain rate increases for both cases.
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powder (EOS Titanium Ti6Al4V) sieved with a 63 µm mesh was used. An argon-based inert gas at-
mosphere of O2 < 0.1 % was applied in order to avoid oxidation. The test specimens were examined
in the as-built state without further surface or heat treatment.

3.2 | Experimental Setup

The polymeric and metallic friction cells were subjected to compressive loads by employing a Zwick-
Roell Z100 testing system with 100 kN load cell. The accuracy class of the load cell is 1 for forces less
than 200 N. The cross-head velocities of the machine were chosen to achieve nominal strain rates
of 0.001 s-1, 0.01 s-1 and 0.1 s-1 on the auxetic friction cells. The cyclic loading was performed by
controlling the cross-head position in the universal testing machine. To this end, a speckle pattern
was applied to the specimen in order to record the deformation field. The Basler ace 2 USB camera
was employed to record the deformation images at the frame rate of 0.16 - 16.5 Hz. The camera can
record a maximum of 255 images at any given frame rate. A total of 5 specimens each for metallic
and polymeric versions were tested at each strain rate to assess the reproducibility.

4 | RESULTS

As evidenced by the force-displacement data shown in Fig. 3, the auxetic friction cell exhibits a
pronounced positive strain rate sensitivity in both the cases of additively manufactured polymeric
(OnyxTM) and metallic (Ti6Al4V) structures. The friction cells were axially loaded up to a compres-
sive strain of 25 %, i.e., a displacement of 4 mm and at varying strain rates. As strain rate increases
from 0.001 s-1 to 0.1 s-1 , the plateau force shifts up by approximately 25 % and 10 % in the case
of polymeric and metallic friction cell respectively. The sudden rise in the force is due to the friction
between rough surfaces, i.e., friction force due to the linear struts sliding with respect to each other.
The spike in the force is significant in the case of metallic cells when compared to that of polymeric
cells at all strain rates. In the case of metallic cell, the force suddenly drops after a compressive strain
of approximately 17%. This is due to theminute rupture in the curved beams of themetallic structure
at this state.

Additionally, we also witness a hysteresis from the structure that is noticeable from the force-
displacement curves. This means that the friction cell retracts back to its original shape upon load
removal, thereby dissipating energy. The deformation fields of polymeric and metallic cell correlating
the loading and load removal paths at the strain rate of 0.01 s-1 are depicted in the Fig. 2. It can be
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(a), (b), (c) and (d) represent the deformation fields shown in Fig. 2.

inferred from the initial, (a) and final, (d) states that the friction cell retracts back to its original shape
irrespective of the base material. The state (b) corresponds to the compressive strain of 25 %, where
the vertical compressive load is redirected into the displacement of curved beams in horizontal direc-
tion thereby affirming the contact of sliding surfaces. Qualitatively, the deformation states are similar
for bothmetallic and polymeric cells at all tested strain rates, also evident from the force-displacement
curves. The energy dissipated increases as the strain rate increases for both cases.
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5 | DISCUSSION AND CONCLUSION

We have presented a simple unit cell which is able to introduce a pronounced strain rate sensitivity
into additively manufactured lattice structures, especially metallic structures where the base material
does not have a pronounced intrinsic strain rate sensitivity. We have introduced friction between
rough surfaces as a mechanism at the mesoscale whose time-dependent properties [3] have strongly
influenced the macroscopic properties. The design of the auxetic friction cell not only introduces
strain rate dependency but also the structure retracts back to its original shape upon load removal
indicating excellent dissipative properties. With such a methodology, the dynamic response of the
material can be controlled and structures can be tailored for specific properties.

This study has not addressed the behaviour of a lattice structure employing the auxetic friction unit
cell. We leave this open for future investigation, but it is noteworthy that the behaviour would be de-
pendent on the deformation behaviour of the neighbouring unit cells and of course the arrangement.
Related works, in particular that of A. Garland et al. [10] propose a dissipative honeycomb structure
wherein the elements slide against each other to induce a Coulombic friction to dissipate energy. The
bendingmoment is strongly concentrated at the roots of the cantilever friction legs that are compliant.
In order to develop a significant friction force, a thick cantilever beam would be required. Their study
is focussed on the energy dissipation and the strain rate dependency of such a dissipative structure is
not addressed. However, the design of the auxetic friction cell circumvents the limiting friction force
by coupling the contact forces with the force resisting axial compression.

It is evident from the implementation that the strain rate dependency and the dissipative proper-
ties can be controlled by geometrical choices and be independent of the complicated material mixes.
The methodology of decoupling of time scales at the mesoscale leads to the overall time dependent
behaviour. Nevertheless, the parametrization of the key geometrical features of the auxetic friction
cell will lead to a more controlled dynamic response and this frames to be the next steps of this work.
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bendingmoment is strongly concentrated at the roots of the cantilever friction legs that are compliant.
In order to develop a significant friction force, a thick cantilever beam would be required. Their study
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1 INTRODUCTION 

Additive Manufacturing (AM) or 3D printing technologies have been progressing drastically over the 
past decade thanks to the RepRap project and its opensource approach. The AM technologies pre-
viously are mainly used by engineers to iterate engineering designs rapidly, which coins the term, 
rapid-prototyping. However, as further research is being conducted, the existing techniques are 
constantly improving, while new forming techniques are also being developed such as volumetric 
3D printing. The state-of-the-art AM technologies are increasingly being used for production of 
functional or load-bearing engineering parts, thanks to the constantly expending material catalog 
and increasing in-print speed and volume [1].  

The most popular 3D printing techniques are based on layering materials on top of each other, 
i.e. Fused Deposition Modeling (FDM), Stereolithography (SLA), Masked Stereolithography (MSLA) 
and Selective Laser Sintering (SLS). That causes the printed material to possess the layered micro-
structure, which induces anisotropic material properties which may fail along the layer interfaces [2], 
especially in the case of FDM and SLS. In order to fully utilise Finite Element Analysis (FEA) packages 
when designing with 3D printed components for extreme use cases (e.g. high strain-rates), a cali-
brated dynamic material model will be crucial for accurately representing the interface’s mechanical 
performance. Many researchers have contributed to the material models for various 3D printed 
metamaterials [3-5] . However, there is a lack of literature on the layer interface model where failure 
is most likely to occur.  

In this paper, we present a semi-automatic and time efficient dynamic cohesive model optimi-
sation strategy, based on a readily available adhesive bond material card (UMAT) and corresponding 
experimental results. The calibrated UMAT is then compared with the original manually calibrated 
UMAT in terms of accuracy. With proven success of the proposed strategy, it can be translated to 
3D printed materials and their numerical representation for dynamic loading scenarios.  
 

2 FINITE ELEMENT MODEL FORMULATION 

2.1 Specimen Specifications 

The UMAT calibration strategy is developed based on our previous works on Titanium-Titanium 
adhesive bond [6]. For simplicity, only the Mode I loading case is presented in this paper. As shown 
in Figure 1 below, the FE model is constructed in a way that replicates the gauge section of the test 
specimens. The gauge section of the Mode I specimen consists of a butt-joint of 4mm thick end-
caps, manufactured from Ti-6Al-4V alloy (refer to “Ti” in the following sections). The end-caps were 
bonded together with a rubber toughened epoxy film adhesive of thickness 0.3mm using a proprie-
tary bonding fixture. The bonding surfaces were treated to provide optimal adhesion.  

Figure 1b shows the FE model in LS-Dyna, constructed from two disk geometries of 4mm thick-
ness and 10mm diameter (green and red region), with a 0.3mm cohesive layer (blue region) in be-
tween. The element size was set to 0.3mm in the loading direction so that the bond line consists of 
a single layer of cohesive elements. The MAT_ELASTIC_001 material card was chosen for the Ti 
end-caps with property inputs: Young’s Modulus, 𝐸𝐸 = 2 × 105 𝑀𝑀𝑀𝑀𝑎𝑎; Poisson’s Ratio, 𝜈𝜈 = 0.34; Den-
sity, 𝜌𝜌 = 4.43 × 10−6 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚3. A custom UMAT was used for the cohesive element layer. For de-
tailed description of the UMAT, please refer to the previous work by M. Lißner et al. [6].  
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FIGURE 1  (a) Mode I test specimen dimensions and, (b) Corresponding FE model of the gauge section in LS-Dyna. 

2.2 Boundary Conditions 

The experiments were carried out in 3 levels of strain rates: quasi-static (QS), medium-rate (MR) and 
high-rate (HR). The QS and MR experiments were conducted using high-stiffness screw-driven 
servo-electric and servo-hydraulic testing machines respectively. The HR experiments were per-
formed on a Split Hopkinson Tension Bar (SHTB) [6]. The displacement rates for QS, MR and HR 
were 𝑣𝑣 = 0.05𝑚𝑚𝑚𝑚/𝑠𝑠, 𝑣𝑣 = 10𝑚𝑚𝑚𝑚/𝑠𝑠 and 𝑣𝑣 = 3000𝑚𝑚𝑚𝑚/𝑠𝑠 respectively. Therefore, the same displace-
ment rates were applied to the FE model through the nodes on the top surface, with displacement 
constraints applied to the nodes on the bottom surface in all directions, as illustrated in Figure 2 
below. 
 

 
  
FIGURE 2   Illustration of the FE model boundary conditions, with history output nodes for displacement (yellow 
triangles) and planner reaction force (yellow dash line). 

During the experiments, the bond line separation displacement was measured by tracking two 
points on both sides of the bond line using Digital Image Correlation (DIC). The QS and MR tests 
follow a setup explain in [6] which allows the direct measurement of the cohesive response, the 
traction separation law (TSL). This setup follows the SHB theory in which a long rod with a strain 
gauge attached is used. The obtained force is a combination of loading cell and strain gauge meas-
ured force which acts on the specimen. The force in the HR experiments is obtained using the strain 
gauges on the loading bars. To ensure comparability between the FE model and the experiments, 
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the bond line separation displacement, 𝑑𝑑, was extracted by calculating the difference in displace-
ment between two probing nodes, 𝑑𝑑 = 𝑑𝑑2 − 𝑑𝑑1 , marked by yellow triangles in Figure 2. The result-
ing force was extracted by enabling SECFORCE keyword on the cross-section plane marked by yel-
low dash line in Figure 2.  
 

3 PARAMETER OPTIMISATION STRATEGY 

Previously the UMAT subroutine was calibrated using the manual approach, where parameters were 
initially determined from the mechanical properties extrapolated from the experimental traction-
separation curves, then finetuned within the range of uncertainties through numerous iterations. 
Due to the key features of the traction-separation curves having multiple contributors, each may 
also have effect on the others, the manual optimisation process required extensive human input in 
terms of trial-and-error and some level of intuitions. Such approach imposed unnecessary biases 
towards the final parameter set. Although a decent agreement with the experimental results was 
reached, there was a lack of confidence in the level of optimisation achieved from an incomplete 
exploration of the design domain.  

To improve upon the previous method, a parameter identification workflow was employed 
within the LS-Opt engine, as illustrated by the schematic in Figure 3 below. In such workflow, a 
quadratic polynomial metamodel was selected; design domain sampling points were automatically 
selected for each iteration using the “D-Optimal” point selection algorithm; number of sampling 
points was kept at default which will automatically adapt to the problem according to the number 
of active variables in the “Setup” block; the error measurement algorithm was set to “MSE”, which 
stands for Mean Square Error between reference experimental curve and the predicted curve. 
Hence, the objective of the LS-Opt engine was to minimize the aforementioned “error”.   
 

 
FIGURE 3   Schematic of the parameter identification workflow in LS-Opt. 

To further reduce dimensionality of the metamodel hence computational time, we divided the 
procedure into 3 stages, each with only a subset of the parameters being optimised. The stages were 
determined according to distinct and independent features of the traction-separation curves, as 
shown in Figure 4. Stage I and Stage II covers the elastic region and the energy release region of the 
QS traction-separation response respectively; the rate dependency was then calibrated against the 
full response curve in MR and HR cases in Stage III. Each stage has a certain number of governing 
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parameters (marked in Table 1), so only these parameters were optimised while keeping other pa-
rameters at an estimated value. After each stage, the governing parameters will be fixed at the cal-
ibrated value before moving onto the next stage. Note that both Mode I (with subscript “_N”) and 
Mode II (with subscript “_S”) governing parameters were being optimised in the workflow to account 
for potential interactions between them. 
 
 

   
 
FIGURE 4   Example of traction-separation curves with illustration of the optimisation stages.  

 
TABLE 1    Corresponding active parameters in the material card for each stage; green: elastic region; blue: plastic-
softening region; orange: rate dependency 

 
 
 
 



Transferable Parameter Optimisation Strategy for Dynamic Interlaminar Interfaces     215  Y. Song et al. Page 4 

 

 

the bond line separation displacement, 𝑑𝑑, was extracted by calculating the difference in displace-
ment between two probing nodes, 𝑑𝑑 = 𝑑𝑑2 − 𝑑𝑑1 , marked by yellow triangles in Figure 2. The result-
ing force was extracted by enabling SECFORCE keyword on the cross-section plane marked by yel-
low dash line in Figure 2.  
 

3 PARAMETER OPTIMISATION STRATEGY 

Previously the UMAT subroutine was calibrated using the manual approach, where parameters were 
initially determined from the mechanical properties extrapolated from the experimental traction-
separation curves, then finetuned within the range of uncertainties through numerous iterations. 
Due to the key features of the traction-separation curves having multiple contributors, each may 
also have effect on the others, the manual optimisation process required extensive human input in 
terms of trial-and-error and some level of intuitions. Such approach imposed unnecessary biases 
towards the final parameter set. Although a decent agreement with the experimental results was 
reached, there was a lack of confidence in the level of optimisation achieved from an incomplete 
exploration of the design domain.  

To improve upon the previous method, a parameter identification workflow was employed 
within the LS-Opt engine, as illustrated by the schematic in Figure 3 below. In such workflow, a 
quadratic polynomial metamodel was selected; design domain sampling points were automatically 
selected for each iteration using the “D-Optimal” point selection algorithm; number of sampling 
points was kept at default which will automatically adapt to the problem according to the number 
of active variables in the “Setup” block; the error measurement algorithm was set to “MSE”, which 
stands for Mean Square Error between reference experimental curve and the predicted curve. 
Hence, the objective of the LS-Opt engine was to minimize the aforementioned “error”.   
 

 
FIGURE 3   Schematic of the parameter identification workflow in LS-Opt. 

To further reduce dimensionality of the metamodel hence computational time, we divided the 
procedure into 3 stages, each with only a subset of the parameters being optimised. The stages were 
determined according to distinct and independent features of the traction-separation curves, as 
shown in Figure 4. Stage I and Stage II covers the elastic region and the energy release region of the 
QS traction-separation response respectively; the rate dependency was then calibrated against the 
full response curve in MR and HR cases in Stage III. Each stage has a certain number of governing 

Y. Song et al. Page 5 

 

 

parameters (marked in Table 1), so only these parameters were optimised while keeping other pa-
rameters at an estimated value. After each stage, the governing parameters will be fixed at the cal-
ibrated value before moving onto the next stage. Note that both Mode I (with subscript “_N”) and 
Mode II (with subscript “_S”) governing parameters were being optimised in the workflow to account 
for potential interactions between them. 
 
 

   
 
FIGURE 4   Example of traction-separation curves with illustration of the optimisation stages.  

 
TABLE 1    Corresponding active parameters in the material card for each stage; green: elastic region; blue: plastic-
softening region; orange: rate dependency 

 
 
 
 



216     Y. Song, H. Liu, Z. Xu, N. Petrinic, M. Lißner
Si

m
ul

at
io

n
Y. Song et al. Page 6 

 

 

4 RESULTS & DISCUSSION 

In this section, we compare the results of manual parameter optimisation method to that of the 
proposed automatic optimisation method. The optimised parameter sets were used to generate 
the FE simulated response curves in all three loading rates, which were then overlayed on top of 
the experimental response curves.  
 

 
 
FIGURE 5   Mode I experimental responses (shaded regions) in QS, MR and HR loading cases compared with 
simulated responses (solid lines) with (a) manually optimised parameter set and (b) automatically optimised pa-
rameter set.   

As shown in Figure 5a, the elastic region had a good agreement between experimental and sim-
ulation results. However, in the QS case, there is a slight over prediction of plateau stress and sig-
nificant under prediction of total dissipated energy due to faster softening. Also, in both MR and HR 
cases, the predicted plateau is wider. Such characteristics indicate suboptimal parameters governing 
the dissipated energy and its rate dependency. Figure 5b shows the prediction from optimised pa-
rameter set using the proposed method, where a visible improvement can be observed in terms of 
energy dissipation and rate dependency, especially the width of the plateau region in MR and HR 
cases. Quantitatively, a minimum of 11.6% increase in accuracy (reduce in MSE) was recorded, with 
MR case having the most improvement in accuracy of 42.7%. These indicated that the proposed 
optimisation method was able to suggest more appropriate parameter values for the dynamic cohe-
sive zone model, especially for the energy dissipation and rate dependency governing parameters. 
On the other hand, the predicted QS response curve in Figure 5b still shows a visible deviation from 
the experimental curve, which implies either a limitation in the cohesive zone model or some unex-
plained mechanism occurring around 0.14mm displacement. Such anomaly could potentially act as 
an indication or motivation for further investigations.  
 
TABLE 2    Comparison between Mean Square Errors (MSE) using manually calibrated and automatically calibrated 
parameter sets, under different loading rates.  

 
Loading Rate 

Manual Calibration 
MSE 

Automatic Calibration 
MSE 

% Improvement 

 QS 48.51 42.86 11.6 

 MR 104.88 60.06 42.7 

 HR 32.05 25.92 19.1 
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5 CONCLUSION 

In this study, an automatic parameter optimisation method for cohesive zone model was proposed. 
A trial was conducted on a previously established cohesive zone model which was originally cali-
brated against experimental results manually. The results from the new method were then compared 
to the previous results and some key conclusions are listed below: 

• The manual calibration process, although with some level of physical implications, still 
shows potential for improvements. 

• The proposed method was able to achieve a minimum of 11.6% improvement over the 
previous method in terms of predicted traction-separation responses, with highest im-
provement in MR loading case of 42.7%. 

• The proposed method can expose limitations in either model formulations or experi-
mental understandings of a material system.  

Finally, given the generality of such method, this cohesive zone model can easily be transferred to 
fit the application of interlayer cohesive failure of 3D printed materials by changing the solid ele-
ment material properties and optimising against appropriate experimental data. However, this is 
beyond the scope of the current study and left for future works.  
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 Additive manufacturing (AM) has created a new 
paradigm in control of structure-property relati-
onships for a wide variety of material classes and 
applications.  Here, we describe investigations of 
the response of polymer AM structures under 
high strain rate, shockwave loading conditions for 
applications in shock wave dissipation, focusing, 
and wavefront manipulation. Shock wave experi-
ments are performed using a single stage light 
gas-gun synchronized to the X-ray bunch se-
quence of the Advanced Photon Source, allowing 
for up to 8 frames of in situ X-ray phase contrast 
imaging during a single shock event.  We have 
examined the shockwave coupling to several ty-
pes of polymer AM structures.  The experiments 
have been analyzed using several types of image 
analysis techniques to better understand localiza-
tion and deformation behaviors. 

1 INTRODUCTION 

Additive manufacturing (AM) techniques have enabled topological tailoring of polymeric structures 
at the micrometer scale, producing new classes of materials with exquisite control of structure-
property relationships.1-18 For polymer-based structures, AM offers control structure across de-
cades in scale.  At the nanometer scale, there is control of network chemistry, crosslinking and 
crystallinity, filler particles and polymer-filler interactions through AM feedstock materials and fillers. 
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At the micrometer-scale, individual polymer ligaments can be varied in both scale and geometry 
around connection or node points.  And at the millimeter scale, layer symmetries can be tailored to 
affect deformation or compaction mechanisms, and to alter wave propagation through the struc-
tures.  As a result of this unprecedented control, polymer-based AM structures have been used to 
achieve material properties simply not possible in stochastic structures. These have included tailo-
red thermal transport, high mechanical strength-to-density ratios, and controlled acoustic transmis-
sion.8-18   

1.1 Additively-manufactured (AM) polymer structures 

In this work, we describe features of shockwave localization in several different types of interface-
dominated AM polymer structures, Table 1.  Shockwave coupling, localization, and deformation phe-
nomena were measured in situ using dynamic x-ray phase contrast imaging at the Dynamic Com-
pression Sector (DCS), Sector 35, Advanced Photon Source, Argonne, IL, (APS).  In each of the struc-
tures, the void dimensions (Table 1), and void spacing are 10’s-100’s mm, ensuring wave interactions 
are set up within the structures on shock propagation timescales.  Further, we apply and evaluate 
various approaches of image analysis to better understand deformation fields arising from the 
shockwave interactions within the void structures.   
 
TABLE 1   Description of polymer AM structures, print feedstock, and void morphologies and dimensions inves-
tigated in this work. 

AM topology Feedstock Void morphology and dimensions 

3rd-order fractal Menger 2PP-acrylate Cubic, l = 63, 180, 560 m 

2nd-order fractal Menger 2PP-acrylate Cubic, l = 180, 560 m 

2nd-order cylindrical 2PP-acrylate Cylindrical,  = 170, 550 m 

Squirt-flow 2PP-acrylate Elliptical, x = 47 m, y = 174 m 

1.1.1. Prior work 
Polymeric foams have traditionally been used extensively as structural supports, as well as impact 
and blast mitigation. There are few examples of the application of additive manufacturing to opti-
mization of shockwave propagation through control of wave interactions at the micrometer-to-cen-
timeter length scales.1,2-7 Towards that end, we previously demonstrated control of shockwave pro-
pagation in different lattice symmetry,2,3 fractal,4 and diode5 AM polymer structures.6 The features 
of shock wave coupling to AM topologies are strongly related to its topology and layer symmetry, 
polymer properties at high strain rates, and the physical spacing of structural elements, such as liga-
ments & voids.  Wave dynamics can be modified from one in which there is a high degree of locali-
zation – e.g. jet formation – to one in which compaction of the layers occurs to form a shaped 
wavefront.  These observations were only possible using high brilliance X-rays from the Advanced 
Photon Source (APS) coupled to plate impact drivers at the Dynamic Compression Sector (DCS).  
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FIGURE 1 Pre-shock (static) and 7 dynamic frames from x-ray phase contrast imaging of a 3rd-order Menger 

structure during shockwave loading following projectile impact at 331 m/s (Shot 19-2-017).  The frames are timed 

to the 24-bunch mode of the Advanced Photon Source.  In the phase contrast images, the shock travels from the 

baseplate (right side, no transmission) into the structure, resulting in substantial lateral displacement and dissipa-

tion of the shock. (D. M. Dattelbaum et al. AIP Adv. 10, 075016 (2020). 
 
Of note, we previously demonstrated unprecedented shockwave dissipation could be achieved in 
fractal-based AM structures which introduce free surfaces, or interfaces, within a critical spacing (or 
timescale t ~ L/2cl) that is determined by shock strength, and rarefaction (fan) or release wavespeeds; 
e.g. the material's sound velocity (cl) at pressure.4 The dissipative effect is similar to localization phe-
nomena related to "hot spots" in the shock initiation of explosives, but instead of energy localization 
leading to reactive burn, rarefaction interactions and material deformation can lead rarefaction in-
teractions and reduction of the shock front.  An example is shown in Fig 1 in which a 3rd-order fractal 
Menger structure (L = 0.126 mm) is shock loaded following plate impact at ~318 m/s. As the shock 
traverses the first few layers, rarefaction waves from free surfaces of the cubic voids interact, resul-
ting in significant lateral deformation and buckling.6 The kinetic energy imparted to the structure 
from the impact event is partitioned into elastic and viscoplastic energy, with viscoplastic energy 
increasing with time/distance (in this experiment leading to a temperature rise DT = +170 K). This 
prior work was aimed at defining guiding principles for the topological optimization of shock mitiga-
ting materials such that optimization of mechanical strength and shock or blast wave dissipation 
could be achieved.   

1.1.2. Image analysis 
Image analysis has been sparsely applied to quantify shockwave localization in AM structures; much 
of which has been inferred from simulation. Here, we introduce several methods of velocity field 
analysis for the X-ray images, or “X-ray velocimetry” enabled by dynamic phase contrast imaging. 
Two of the critical steps of X-ray velocimetry are similar to optical velocimetry, namely, feature 
recognition or object identification from individual movie frames to another, and feature matching 
or object tracking from one frame to another. Even though X-ray velocimetry is not widely practiced 
in the literature, we have used existing algorithms for optical imaging and velocimetry for the X-ray 
data. Several challenges in X-ray velocimetry are recognized: a) Low signal-to-noise ratio in the raw 
data limited by the X-ray source intensity and camera hardware; b) Shockwave or impact on the 
porous structure can modify the features significantly and frequently destroy the features comple-
tely from one movie frame to another; i.e., many features are not recognizable after the impact or 
the shockwave front; so manual tuning of the existing algorithms is necessary for X-ray velocimetry 
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porous structure can modify the features significantly and frequently destroy the features comple-
tely from one movie frame to another; i.e., many features are not recognizable after the impact or 
the shockwave front; so manual tuning of the existing algorithms is necessary for X-ray velocimetry 
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to improve the reliability of the velocity estimation; c) It is difficult to obtain the 2D velocity uni-
formly across the images because of the limited number of features; d) There is limit amount of 
information on ‘ground-truths’ to validate the algorithms; i.e., except for some estimates of the shock 
velocity based on the bulk material properties; and e) The velocity field is intrinsically 3D, while the 
X-ray image only captures the projected information.  

2 EXPERIMENTAL 

2.1 Materials 

Macro-3D printing using photolithography was used to fabricate polymer AM structures using a 
Nanophotonics NanoProfessional GT. This system can fabricate structures with resolutions ap-
proaching 100 nm over 100 x 100 mm samples.  The printing is achieved via 2-photon polymeriza-
tion of positive-tone photoresists, in this case a proprietary acrylate polymer. The structures were 
characterized using X-ray computed tomography with a Carl Zeiss Microscopy Inc, Xradia 520 Versa 
instrument, using the 4X objective, and 1.5 s exposure time over 3001 images (60 keV, 5 W source, 
2.7 μm pixel size). Four different AM polymer structures are presented here. They include 3rd- and 
2nd-order fractal Menger19 structures (Fig. 2a and 2b), a cylindrical analog – 2nd-order cylindrical (Fig. 
2c), and a squirt-flow architecture20 (Fig. 2d). The Menger structures, Mn are made up of 20n smaller 
cubes, each with side length of (1/3)n. The squirt flow structures were inspired by Ref. 20, but mod-
ified for shock-wave shaping based on our guiding principles. 
 

 
FIGURE 2 Various 3D X-ray CT renderings of additively-manufactured polymer structures subjected to shock 
wave compression.  The structures are a) 3rd-order fractal Menger, b) 2nd-order fractal Menger, c) 2nd-order cy-
lindrical, and d) squirt-flow architectures. 

2.2 Dynamic X-ray phase contrast imaging experiments 

The experimental configuration for dynamic X-ray phase contrast imaging at the DCS has been 
described in detail previously.1-7,21-24 Briefly, X-ray bunches ("pink" beam, E = 25.0 ± 0.9 keV, l = 0.05 
nm) are aligned normal to the impact (shock) direction in an experimental target mounted to the end 
of the 12.7 mm diameter gun barrel of a single stage light gas gun. Impact is timed to the 24-bunch 
mode of the APS (Dt = 153.4 ns), with eight images detected using an X-ray-to-optical light scintil-
lator and recorded using four intensified CCDs (Roper Scientific). In addition, three photonic Dopp-
ler velocimetry25 probes were used to record projectile velocity, shockwave breakout time in the 
material, and transmitted wave at the rear sample/window interface.   

2.3 Image analysis 

Two different approaches to image analysis of shocked AM structures were pursued: ground-truth 
and particle image velocimetry (PIV). Since the relative displacement of various material features in 
the target can be estimated via inspection, a manual “human-in-the-loop'' method was devised to 
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generate a ground truth result which consisted of a user interface written in MATLAB which stream-
lined manual identification of matching points on the target between two adjacent frames. Once all 
visible pairs of matching points had been identified and a displacement had been calculated for each, 
velocimetry could be performed simply by interpolating these displacements onto a regular grid of 
sample points. Ground truth generated using this method was determined to be sufficiently accurate 
for validation, since a successful velocimetry result from conventional algorithms should agree with 
the displacement of visible features evident via manual inspection. 
 
One of the most common techniques for automatic analysis of 2D sequential images is particle ima-
ging velocimetry (PIV) via cross-correlation, which has been implemented in MATLAB under the 
name PIVlab by Ref. 26. Cross-correlation PIV relies upon frequency-space comparison between 
portions of subsequent frames. The algorithm scans through the second frame with a small rectan-
gular portion of the first frame, attempting to maximize the average correlation coefficient (calcula-
ted by multiplying together the Fourier transform of the patch and the Fourier transform of an 
equally-sized patch of the second image, then taking the inverse Fourier transform). A sequential 
method of patch comparison is built on top of this Fourier-space correlation, successively refining 
the optimized result until a stopping criterion is reached, after which a velocimetry result is reported 
for that portion of the image.  

3 RESULTS AND DISCUSSION 

3.1 Plate impact experiments 

Dynamic, single bunch X-ray phase contrast imaging (PCI)2-7,21-24 has allowed for in situ measurement 
of shockwave coupling to stochastic and AM polymer structures with spatial (few micrometer) and 
temporal resolutions (<100 nanoseconds) that were not possible previously.  In prior work, we found 
that regular lattice layer symmetry structures fabricated using direct ink write (DIW) methods result 
in localization and material extrusion (jetting) in the case of a simple cubic layer symmetry, and cre-
ation of a sinusoidal front in a face-centered tetragonal symmetry.2,3 In these experiments, the feed-
stock material, polydimethylsiloxane, retains its ductility even at high strain rates, giving rise to the 
jetting phenomena as the material is compressed and extrudes between ligaments. Here, we present 
the results of dynamic PCI experiments on four different AM structures.  
 
3.1.1. 3rd- and 2nd-order fractal Menger  
Cubic void structures in the 3rd- and 2nd-order fractal Menger structures are spaced at L = 0.126 and 
0.36 mm, respectively. At an input condition resulting from plate impact at ~300 m/s, P ~ 0.7 GPa, 
Us ~ 1.99 km/s,6 the sound velocity on the principal isentrope is cl ~ 2.30 mm/ms. At this input 
condition, the timescale for rarefaction interactions is commensurate with shockwave propagation, 
and dissipation occurs within the first 30 (3rd-order) to <180 (2nd-order) ns.6 Inspection of Figures 1 
and 3 reveal the general shock localization mechanisms in the fractal structures. Figure 3 shows the 
static (top right) and seven (left-to-right, top row, then bottom row) dynamic frames from X-ray 
phase contrast imaging of a 2nd-order Menger structure during shockwave loading following projec-
tile impact at 318 m/s (Shot 20-2-081).  There is greater magnitude to the focusing of the shock 
wave in the first layer of voids in the cell (at right) leading to material ejection into the central void 
(image center, Frames 4-6) compared to the 3rd-order structure shown in Figure 1. 
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for validation, since a successful velocimetry result from conventional algorithms should agree with 
the displacement of visible features evident via manual inspection. 
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ging velocimetry (PIV) via cross-correlation, which has been implemented in MATLAB under the 
name PIVlab by Ref. 26. Cross-correlation PIV relies upon frequency-space comparison between 
portions of subsequent frames. The algorithm scans through the second frame with a small rectan-
gular portion of the first frame, attempting to maximize the average correlation coefficient (calcula-
ted by multiplying together the Fourier transform of the patch and the Fourier transform of an 
equally-sized patch of the second image, then taking the inverse Fourier transform). A sequential 
method of patch comparison is built on top of this Fourier-space correlation, successively refining 
the optimized result until a stopping criterion is reached, after which a velocimetry result is reported 
for that portion of the image.  

3 RESULTS AND DISCUSSION 

3.1 Plate impact experiments 

Dynamic, single bunch X-ray phase contrast imaging (PCI)2-7,21-24 has allowed for in situ measurement 
of shockwave coupling to stochastic and AM polymer structures with spatial (few micrometer) and 
temporal resolutions (<100 nanoseconds) that were not possible previously.  In prior work, we found 
that regular lattice layer symmetry structures fabricated using direct ink write (DIW) methods result 
in localization and material extrusion (jetting) in the case of a simple cubic layer symmetry, and cre-
ation of a sinusoidal front in a face-centered tetragonal symmetry.2,3 In these experiments, the feed-
stock material, polydimethylsiloxane, retains its ductility even at high strain rates, giving rise to the 
jetting phenomena as the material is compressed and extrudes between ligaments. Here, we present 
the results of dynamic PCI experiments on four different AM structures.  
 
3.1.1. 3rd- and 2nd-order fractal Menger  
Cubic void structures in the 3rd- and 2nd-order fractal Menger structures are spaced at L = 0.126 and 
0.36 mm, respectively. At an input condition resulting from plate impact at ~300 m/s, P ~ 0.7 GPa, 
Us ~ 1.99 km/s,6 the sound velocity on the principal isentrope is cl ~ 2.30 mm/ms. At this input 
condition, the timescale for rarefaction interactions is commensurate with shockwave propagation, 
and dissipation occurs within the first 30 (3rd-order) to <180 (2nd-order) ns.6 Inspection of Figures 1 
and 3 reveal the general shock localization mechanisms in the fractal structures. Figure 3 shows the 
static (top right) and seven (left-to-right, top row, then bottom row) dynamic frames from X-ray 
phase contrast imaging of a 2nd-order Menger structure during shockwave loading following projec-
tile impact at 318 m/s (Shot 20-2-081).  There is greater magnitude to the focusing of the shock 
wave in the first layer of voids in the cell (at right) leading to material ejection into the central void 
(image center, Frames 4-6) compared to the 3rd-order structure shown in Figure 1. 
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FIGURE 3 Pre-shock (static) and 7 dynamic frames from X-ray phase contrast imaging of a 2nd-order Menger 
structure during shockwave loading following projectile impact at 317 m/s (Shot 20-2-081).  There is greater 
focusing of the shock wave by the first layer of voids in the cell (at right) leading to material ejection into the 
central void (image center, Frames 4-6) compared to the 3rd-order structure shown in Figure 1. (bottom) PIVlab 
X-ray velocimetry analysis of the PCI images of the shocked Menger structure shows increasing lateral deforma-
tion of the solid matrix with time. 

3.1.2. 2nd-order cylindrical 
A 2nd-order cylindrical void-analog of the Menger structures was studied to compare the dynamic 
void collapse and compaction response with cylindrical rods vs. cubic voids. Figure 4 shows a series 
of dynamic X-ray phase contrast images from a target impacted at 316 m/s (Shot 20-2-083). Here, 
the void collapse is similar to collapse observed in related spherical and rod-like voids, with the 
downstream wall collapsing into the void. This is best seen on Frames 5, 6 and 7. From inspection of 
the dynamic PCI images, one can observe the initial collapse of the first layer of cylindrical voids, 
including a "wrap-around" effect on the material flow around the voids. This leads to less lateral 
material displacement compared to the cubic voids in the Menger structures. 
 
TABLE 2    Summary of plate impact experiments diagnosed by dynamic X-ray phase contrast imaging at 
the DCS.  The impact velocity, u0, in m/s, X-ray bunches recorded in image frames, and general observa-
tions on deformation mechanisms of several shocked AM topologies are given. 

Shot # Topology u0 (m/s) 
Image frames 

(X-ray bunches) 
Deformation mechanism 

19-2-017 3rd-order Menger 331 0, 1, 2, 3, 4, 6, 8, 11 Layer buckling and rubblization 
within first void layer  

20-2-081 2nd-order Menger 317 1, 2, 3, 5, 7, 9, 12, 15 Deformation localization at first 
layer and material ejection 

20-2-083 2nd-order Cylindri-
cal 316 1, 2, 3, 5, 7, 9, 12, 15 Void collapse with less lateral dis-

placement vs. cubic voids 

Dana M. Dattelbaum et al. Page 7 

 

 

21-2-121 Squirt-Flow 416 0, 1, 2, 3, 4, 5, 7, 9 
Preferential closure of elliptical 
voids with long axis normal to 

shock direction 

 
 

 
FIGURE 4 X-ray phase contrast images from a 2nd-order cylindrical void structure impacted at 316 m/s (shot 20-
2-083).  Frames 1-4 (bunches 1, 2, 3, 5) are in the top row, left-to-right. Frames 5-8 (bunches 7, 9, 12, 15) are in 
the bottom row.   Here, the void collapse and material extrusion occur with less lateral motion, as the downstream 
wall is collapsed into the void. 

3.1.3. Squirt-flow 
Squirt-flow structures have been previously proposed for energy dissipation by Cohen et. al.20 Here, 
we modified the squirt-flow structure to have elliptical channels oriented with their long axis parallel 
and perpendicular to the shock propagation direction.  Dynamic X-ray phase contrast images for 
shot 21-2-121 are shown in Fig. 5.  While all of the voids in the 1.71.7 mm field-of-view (FOV) are 
shock loaded at the baseplate/sample interface simultaneously, collapse of the elliptical features 
occurs promptly for voids oriented perpendicular (long-axis) to the shock direction, giving rise to 
wave shaping of the front. In fact, the oppositely-oriented voids on the top and bottom of the FOV 
become rotated due to this flow field, and many do not appear to fully collapse. It is expected that 
this effect is due to weakening of the axial stress in these regions from dissipation of the shock in 
the central region. 
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21-2-121 Squirt-Flow 416 0, 1, 2, 3, 4, 5, 7, 9 
Preferential closure of elliptical 
voids with long axis normal to 

shock direction 

 
 

 
FIGURE 4 X-ray phase contrast images from a 2nd-order cylindrical void structure impacted at 316 m/s (shot 20-
2-083).  Frames 1-4 (bunches 1, 2, 3, 5) are in the top row, left-to-right. Frames 5-8 (bunches 7, 9, 12, 15) are in 
the bottom row.   Here, the void collapse and material extrusion occur with less lateral motion, as the downstream 
wall is collapsed into the void. 

3.1.3. Squirt-flow 
Squirt-flow structures have been previously proposed for energy dissipation by Cohen et. al.20 Here, 
we modified the squirt-flow structure to have elliptical channels oriented with their long axis parallel 
and perpendicular to the shock propagation direction.  Dynamic X-ray phase contrast images for 
shot 21-2-121 are shown in Fig. 5.  While all of the voids in the 1.71.7 mm field-of-view (FOV) are 
shock loaded at the baseplate/sample interface simultaneously, collapse of the elliptical features 
occurs promptly for voids oriented perpendicular (long-axis) to the shock direction, giving rise to 
wave shaping of the front. In fact, the oppositely-oriented voids on the top and bottom of the FOV 
become rotated due to this flow field, and many do not appear to fully collapse. It is expected that 
this effect is due to weakening of the axial stress in these regions from dissipation of the shock in 
the central region. 
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FIGURE 5 (Top) Eight dynamic frames from X-ray phase contrast imaging of a squirt-flow structure during 
shockwave loading following projectile impact at 416 m/s (Shot 20-2-121).  Here, the shock collapses the 
elliptical voids, with collapse occurring preferentially in the center of the material where the ellipses are 
oriented with the long axis perpendicular to the front. This leads to faster wave propagation through the 
middle of the target. (bottom) PIVlab velocimetry results of the first six frames. The X-ray velocimetry 
analysis shows the angular motion outside the central set of elliptical voids. 

3.2 Image analysis 

In order to increase the robustness of this ground truth method, a unique speckle pattern was 
printed on the impactor (visible on the right side the frames in Figure 6a and Figure 4), shifted to 
align with the impactor's edge. This eases velocimetry analysis, since it is known with high con-
fidence that the impactor is a rigid body and should therefore correspond with a unidirectional 
constant velocity field. Figure 6a gives an example of the ground truth approach applied to one of 
the dynamic frames in 20-2-081. Ground truth generated using this method was determined to be 
sufficiently accurate for validation, since a successful velocimetry result from conventional algo-
rithms should agree with the displacement of visible features evident via manual inspection. 
 
The results of the ground truth velocimetry of shot 20-2-081 are given in Fig. 6b-c. By definition, 
the velocimetry via this ground truth method is successful in tracking clearly-visible moving features 
of the target. In regions where no discernible feature is present in subsequent frames, interpolation 
onto a regularly-spaced grid is used to estimate the velocity field within these gaps. Once the im-
pactor moves into the field of view, a prominent shoulder in the velocity field becomes visible near 
the corresponding edge of the plot. One major feature of interest is the secondary smaller shoulder 
in velocity (visible in the third frame of Figure 3) which precedes the impactor by several hundred 
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micrometer. This second shoulder or front is shown in Figure 6b, stacked corresponding to inter-
frame time, and in 3D in Figure 6c. The front moves out in front of the baseplate with time, as 
expected, but is not a discontinuous shock front, but rather a wide band of velocities. 
 

 
FIGURE 6 a) Single frame analysis from shot 20-2-081 using the ground truth approach.  Here, the 4th frame is 
shown, in which shock localization led to "cell" rotation and material extrusion lateral to the shock direction.  b) 
Corner velocity as a function of horizontal position stacked by frame shows a broad velocity disturbance with a 
maximum of ~250 m/s moving into the structure.  The velocity increase is not discontinuous (shock-like), but is 
spread over nearly 0.5 mm. 

Building off of the cross-correlation PIV results for second-order Menger sponge target, we used 
the same velocimetry method to analyze shock compression of the squirt-flow structure, shot 21-
2-121. Figure 5 (bottom) shows the PIVlab results of the dynamic PCI frames in shot 21-2-121 
(impact velocity = 416 m/s). In this structure, the central voids with long-axis perpendicular to the 
front preferentially collapse, and the PIVlab analysis shows the divergence of the shock flow with 
rotation of the oppositely-oriented voids at top and bottom. Though quantitative analysis via com-
parison to a ground truth was not performed on this experiment (the aforementioned ground truth 
method was less successful on these irregular non-rectangular features), in general cross-correlation 
PIV worked better for the squirt-flow target than for the Menger target, indicated by a reduced 
sensitivity to noise and pre-processing parameters. This improvement appeared to be caused by the 
nature of target destruction during the event: destruction of the squirt-flow structure was marked 
by smooth deformation of the material, while that of the Menger sponge target exhibited more 
fracturing behavior and motion of smaller rigid fragments. Note that this smooth deformation be-
havior closely resembles more common applications of cross-correlation PIV (such as analyzing fluid 
flow with seed particles), where discontinuities in the velocity field are less common. The Fourier-
space comparison on which this method relies will typically fail near regions of the image with high 
spatial gradients in the velocity field, since successive iterations of comparison with different patch 
sizes will likely lead to drastically different velocity results for those regions.  
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rithms should agree with the displacement of visible features evident via manual inspection. 
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Building off of the cross-correlation PIV results for second-order Menger sponge target, we used 
the same velocimetry method to analyze shock compression of the squirt-flow structure, shot 21-
2-121. Figure 5 (bottom) shows the PIVlab results of the dynamic PCI frames in shot 21-2-121 
(impact velocity = 416 m/s). In this structure, the central voids with long-axis perpendicular to the 
front preferentially collapse, and the PIVlab analysis shows the divergence of the shock flow with 
rotation of the oppositely-oriented voids at top and bottom. Though quantitative analysis via com-
parison to a ground truth was not performed on this experiment (the aforementioned ground truth 
method was less successful on these irregular non-rectangular features), in general cross-correlation 
PIV worked better for the squirt-flow target than for the Menger target, indicated by a reduced 
sensitivity to noise and pre-processing parameters. This improvement appeared to be caused by the 
nature of target destruction during the event: destruction of the squirt-flow structure was marked 
by smooth deformation of the material, while that of the Menger sponge target exhibited more 
fracturing behavior and motion of smaller rigid fragments. Note that this smooth deformation be-
havior closely resembles more common applications of cross-correlation PIV (such as analyzing fluid 
flow with seed particles), where discontinuities in the velocity field are less common. The Fourier-
space comparison on which this method relies will typically fail near regions of the image with high 
spatial gradients in the velocity field, since successive iterations of comparison with different patch 
sizes will likely lead to drastically different velocity results for those regions.  



230     D.M. Dattelbaum, L. Kuettner, B. Patterson, R. Huber, A. Ionita, Z. Wang, C. Campbell, T. Natan, B. MacNider
Po

ly
m

er
s

Dana M. Dattelbaum et al. Page 10 

 

 

4 CONCLUSIONS 

Additive manufacturing has enabled the heirarchical assembly of structures at the mesoscale not 
possible using traditional techniques. We have measured the dynamic response of several AM po-
lymer structures with high spatiotemporal (single bunch) X-ray phase contrast imaging at the Ad-
vanced Photon Source, directly imaging and quantifying deformation fields in the shock-loaded 
structures. As with our earlier studies, features (in this case, voids) must be spaced within a volume 
that allows for the shockwave (and release waves) to couple on relevant timescales to affect the 
shock-driven flow. Here, we have examined 2nd- and 3rd-order fractal Menger structures, a cylind-
rical Menger-analog, and a squirt-flow architecture. Overall, there is greater material displacement 
in the 2nd-order Menger structure compared to the 3rd-order Menger structure, due to the stronger 
shock at the 2nd layer of voids - e.g. the shock is not as dissipated in the first layer - which is con-
sistent with our prior finite element simulations. Replacement of the cubic voids with cylindrical rod-
shaped voids results in void collapse reminiscent of shock-driven bubble collapse and a "wrap-
around" effect in the flow such that there is less displaced material outside of the void.  Lastly, a 
squirt-flow structure exhibited smooth deformation of the material, and preferential void compres-
sion along the center axis, which resulted in a shaped wavefront and faster wavespeed in the center. 

 
The rich experimental dataset offers insights into AM material deformation under shock loading, 
and we describe new "X-ray velocimetry" approaches based on image analysis to quantitatively 
measure deformation fields. Semi-manual velocity field analysis is necessary to generate a ground 
truth for automated algorithm validation and overcome the difficulties associated with feature de-
struction in a shockwave and impact environment. We have also described automatic velocity field 
retrieval using PIVLab, which is commonly applied to particle flows. Other velocimetry algorithms 
may be used for future work.  Due to the unique challenges in dynamic material experiments and X-
ray imaging, a combination of algorithm improvement and better experimental data generation 
through imaging hardware improvements and introduction of contrast agent would be key ingre-
dients towards routine applications of X-ray velocimetry for AM material qualification, dynamic ma-
terial modeling, and better understanding of dynamic material responses to shockwaves and impact. 
 
While the results we described here are sufficiently interesting, it seems critical to develop automa-
ted feature recognition algorithms through better understanding of how the features are created or 
destroyed, especially for AM structures. Further improvement of the phase contrast imaging reso-
lution and contrast improvement will also be helpful. We conclude that a combination of algorithm 
improvement and better experimental data would pave the way towards routine X-ray velocimetry 
for AM material and other dynamic X-ray phase contrast imaging applications.4.  
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1 | INTRODUCTION

Although sports and physical activity have a variety of health benefits [1], certain sports can lead
to an increased risk of concussions and orofacial injuries [2]. For example, in contact sports such as
boxing and rugby or hardball sports such as field hockey, impacts to the orofacial area can affect the
health of participants. In addition, it is difficult to completely prevent potentially debilitating head
injuries such as sports-related concussions, e.g., ICB (intracranial hemorrhage) and TBI (traumatic
brain injury), through the use of protective sports equipment. One of the reasons for this could be that
the equipment is not able to proactively inform the athlete about their health management. Another
reason could be that the mechanical performance of the material used is not fully understood for the
environment in which the sports equipment is utilized or the equipment is not tested and evaluated
in representative environments.

New technologies such as additive manufacturing (also referred to as 3D printing) are believed to
enable elaborate designs of sports equipment that can accommodate wearable sensor technologies
(e.g., GPS, heart rate monitoring systems). These are being considered to monitor the health of ath-
letes during competitions [3, 4]. The sensor location is critical for accurate measurements, whilst at
the same time the sports equipment must be able to withstand sport-specific conditions. 3D printing
enables precise printing of cavities that could house the wearable technologies, while contributing
to resource-efficient manufacturing by minimizing excess material. Although new technologies offer
the opportunity to improve existing sports protection devices, a fundamental understanding of the
mechanical performance of the 3D printed material system is necessary in order to withstand the
impact scenarios while safely accommodating the sensor technologies.

Some investigations exist in which suitable 3D printable materials are tested at different strain-
rates covering a wide range of impact speeds and energies observed in the different sports [5]. The
experimental observations provide the fundamentals for numerical modelling techniques capable to
represent real-world scenarios. In [5] strain-rate dependent experiments using 3D printed coupon
specimens were used to calibrate existing material models. While specimens with different air cell
geometries were used to successfully verify the material model’s ability to predict the experimental
findings. This ability is important for the numerical design of 3D printed mouthguards.

Although, further investigation is necessary, an initial attempt is made to establish a combined
experimental-numerical framework able to design 3D printed mouthguards with different air cell ge-
ometries. This is believed to support the design of sophisticated mouthguards aiming to enhance the
level of protection offered against e.g. concussions of athletes.

2 | NUMERICAL METHOD

The considered material is based on the investigation carried out by Saunders et al. [5]. The 3D print-
able material is a TPC (Thermoplastic copolyester) highly flexible and with excellent energy returns.
These characteristics are beneficial for sport protective equipment since they should be designed so
that repeatable hits are possible without compromising their structural health as well as the athletes
health and comfort.

Thematerial model used in this work for further verification on the structural level, is investigated

M. Lißner et al. 3

and calibrated by Lißner et al. [6]. They initially verified the obtained model parameters using coupon
specimens with different air cell geometries.

For the design framework this work considers the newly established experimental setup by Gold-
berg et al. [7] which enables the testing ofmouthguards atmuch higher impact energies than previous
literature has reported. Replicating the entire setup in the numerical workspace allows the accurate
design of 3D printed mouthguards before experiments are carried out for verification. The creation
of a so-called digital twin enables an accurate design framework by minimising the amounts of ex-
periments and the related material usage. Nevertheless, it is important to highlight that this is only
possible with accurate, representable material models.

2.1 | Numerical setup

The numerical analysis is performed using theABAQUS/Explicit finite element commercial solver. The
numerical setup follows the experimental setup reported in [7]. Themouthguard is placed on a fixture
resembling the jaw. The hockey ball is placed closely on top of the mouthguard but not in contact.
Figure 1 shows the numerical setup based on the experimental developed one. The CAD drawings
of each part were used in the simulation to ensure the accurate replication of the experiments in the
numerical model.

F IGURE 1 Graphical illustration of the numerical setup used to carry out the simulations based
on the experimental description.

2.2 | Material and mesh definition

The fixture on which the mouthguard sits is made from aluminium alloy and is modelled as a rigid
body due to its high stiffness compared to the one of the mouthguard material.

The hollow hockey ball is modelled following the dimensions of balls used in field hockey which
have a diameter of 73 mm and a wall thickness of 10 mm [8]. Eight-node hexahedral elements were
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periments and the related material usage. Nevertheless, it is important to highlight that this is only
possible with accurate, representable material models.

2.1 | Numerical setup

The numerical analysis is performed using theABAQUS/Explicit finite element commercial solver. The
numerical setup follows the experimental setup reported in [7]. Themouthguard is placed on a fixture
resembling the jaw. The hockey ball is placed closely on top of the mouthguard but not in contact.
Figure 1 shows the numerical setup based on the experimental developed one. The CAD drawings
of each part were used in the simulation to ensure the accurate replication of the experiments in the
numerical model.

F IGURE 1 Graphical illustration of the numerical setup used to carry out the simulations based
on the experimental description.

2.2 | Material and mesh definition

The fixture on which the mouthguard sits is made from aluminium alloy and is modelled as a rigid
body due to its high stiffness compared to the one of the mouthguard material.

The hollow hockey ball is modelled following the dimensions of balls used in field hockey which
have a diameter of 73 mm and a wall thickness of 10 mm [8]. Eight-node hexahedral elements were
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TABLE 1 Material model definitions for the hockey ball [8] and the mouthguard [6] according to
studies reported in the literature.

Hockey ball
Reduced polynomial strain energy potential

Density [t/mm3] C10 C20 D1 D2
2.0 e-8 3.87 11.46 0 0

Mouthguard
Neo Hooke model Strain hardening power law

C D A n M sratio
2.1636 0 0.4245 0.9964 -0.5 0.9

used together with a mesh size of 2 mm. The constitutive behaviour is described by a hyperelastic
material model using a reduced polynomial strain energy potential based on experimental results
found in the literature [8]. The parameters are found in Table 1.

The mouthguard follows the same geometrical dimensions as tested in the experiments due to
the same CADmodel being used for the 3D print. The material used is equivalent to the one reported
in [5], while the considered material model definition follows the one studied in [6]. That means,
the mouthguard’s constitutive behaviour is represented by a hyperelastic and strain rate dependent
material model available in ABAQUS/Explicit. Similarly to thework in [6], themouthguard is modelled
using six-node tetrahedral elements with a mesh size of 1 mm. The used parameters for describing
the material behaviour are summarised in Table 1.

For the numerical design of mouthguards with air cells of different geometries, preliminary struc-
tures aremodelled using the samemouthguard dimensions with the same air cell geometries reported
in [5]. To start, the air cells are located on the front side of the mouthguard with a wall thickness of
1 mm.

2.3 | Boundary conditions

According to the experiments, the fixture is restricted to move in all directions. The mouthguard sits
on the fixture using tie constraints so as to replicate the experiments. Although, the experiments
were drop tower tests from which the ball was dropped from a specific hight, the simulation starts
the analysis when the ball is close in contact with the mouthguard to reduce computational time. In
order to represent the experiments, the following considerations were used: First, the internal cavity
of the ball was filled with air using the fluid cavity definition in ABAQUS. Second, the whole model
was defined with a gravitational load. Third, a predefined field included the velocity of the hockey ball
at this stage, as measured in the experiments, which is equivalent to 4000 mm/s. This corresponds
to an impact energy of 20 J, which is the load under investigation in this work. The contact between
the hockey ball and the mouthguard is defined with a frictional coefficient of 0.2.

For assessing the accuracy of the whole model strategy, direct experimental outputs in the form
of displacement histories are used. The displacement history of the mouthguard follows the same
approach as in the experiments – a node on the mouthguard is used to extract this information.

M. Lißner et al. 5

F IGURE 2 Displacement history comparison of mouthguard experiment and mouthguard
simulations with solid, spherical and cubical air cell structures.

3 | RESULTS AND DISCUSSION

The results of the simulation of the solid mouthguard experiment using a 3D printed material and the
material model calibrated using solid coupon specimens show good agreement with the experimental
observations as shown in Figure 2. The difference of the initial slope may be due to the selected
Neo Hooke strain energy potential. It is believed further investigation is necessary to identify the
most suitable material model for the material to improve the numerical prediction of the experiments.
Nevertheless, this investigation provides a good starting point in the numerical design of 3D printed
mouthguards with different air cell geometries capable to host wearable devices such as sensors.

Simulations of the mouthguards with air cell cavities demonstrate overall a similar mechanical
response when compared to the solid mouthguards. This is already a good indication that air cells
can be incorporated without compromising the structural integrity. Nevertheless, it is important to
highlight that the air cell location is necessary to be investigated further since in case of frontal hits
wearable devices sitting in that locations might be most likely to be broken due to the maximum load
occurring there.
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4 | CONCLUSIONS

In this work, a combined experimental-numerical design framework is demonstrated aiming at con-
tributing to the development of sport protective equipment such as mouthguards with enhanced
functionalities. The following conclusions can be drawn:

• Numerical simulations of droptower solid mouthguard experiments were successfully performed.
They result in a good representation of the experimental observations.

• The successful experimental representation in the numerical model verifies the calibrated mate-
rial model based on strain rate dependent experiments.

• The numerical design analysis of 3D printed mouthguards with different air cell cavities demon-
strate the importance of air cell cavity location in which wearable devices can sit. This is to
minimise the risk of damaging the devices after non-severe hits and therefore, risking the loss of
important data.

• The investigation presented in this work demonstrates a good starting point in the design process
of 3D printedmouthguards. Yet, further studies are believed to be necessary to fully comprehend
the materials deformation on a structural level as well as to identify the strategic locations of air
cells hosting wearable devices.
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INTRODUCTION 

Recently, additive manufacturing (AM) technologies have been progressively shifted from visual 
prototypes to end-use parts that are increasingly employed in aerospace, defense, and automotive 
sectors where high rate of deformation dominates the behaviour of the structures [1]. A broad set 
of standard mechanical characterisation tests such as tension, compression, flexion, shear and 
fracture are conducted on AM samples [2-4]. Yet, very little is known about the dynamic behaviour 
of AM parts under impact loading conditions, not to mention any complexity of varied loads.  
Polyamide 12 (PA12) is by far, due to a combination of strength, rigidity, and chemical resistance, 
the most widely used polymer in Selective Laser Sintering (SLS), one of the most promising AM 
techniques [5]. It is therefore imperative to investigate the mechanical properties of SLS 
manufactured PA12 under conditions of high-rate deformation. The objective of this study is to 
explore an experimental approach to reveal the dynamic behaviour of additive manufacturing 
polyamides subjected to varied multiaxial loads at high strain rates, from which the stress locus at 
high-rate loading can be populated.   

MATERIALS AND MANUFACTURING  

Additive Manufacturing Method 

The EOS Formiga P110 (EOS GmbH Electro Optical Systems, Krailling, Germany) was used for the 
selected laser sintering (SLS) of the samples from commercial polyamide powder PA2200 supplied 
by EOS. A 30W CO2 laser was used for layer-by-layer sintering of the powders. The parameters 
used for the SLS printing are provided in Table 1.  
 

TABLE 1    Process parameters used for SLS. 

Parameters Values 
Particle diameter D50 = 58 µm 

Powder ratio 50/50 
Powder bed temperature 170°C 

Frame temperature 150°C 
Layer thickness 100 µm 
Energy density 3.36 J/cm² 

Laser beam diameter 250 - 400 µm 
Cooling time > 12 h 

 
The additively manufactured parts are, due to the layer-by-layer production, to some extent 
direction dependent. The commercial data from the manufacturer show that PA12 products 
manufactured using SLS technology have, within test standard ISO 527-1/-2, an isotropic tensile 
modulus of 1700 MPa and isotropic tensile strength of 50 MPa. The strain at break is 20% 
(manufactured in X- and Y-direction) and 10% (in Z-direction).  

Specimen Design 

The specimens employed in all the high-rate experiments, including tension, torsion, and combined 
tension-torsion, are designed as thin-walled cylinders (Fig. 1). The gauge section has wall thickness 
of 0.5 mm, internal diameter of 16.65 mm, and gauge length of 2 mm. Both ends of the specimen 
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are shaped with an octagonal slot and external threads to enable the transmission of both torque 
and axial load throughout the specimen. Fillets with a radius of 2 mm join the gauge section with 
both ends. Note that the fillet applies to both the inner wall and the outer wall of the specimen, 
resulting in a dog-bone shape at the axisymmetric cross section. All the samples under investigation 
were manufactured in the Y-direction. 
 

 
 

FIGURE 1     Geometry and dimensions of the tubular specimen. 

The mechanical symmetry benefited from the axisymmetric dog-bone however brings difficulty in 
measurement. Coordinate measuring machine WENZEL is utilised to inspect the inner wall of the 
sample. An inner diameter of approximately 16.50 mm is measured, as shown in Fig. 2. The reduced 
dimension from the designated value might be attributed to the shrinkage after sintering.  
 

 
 

FIGURE 2     Measurement of the inner diameter using a coordinate measuring machine. 

EXPERIMENTAL METHOD 

Experiments were conducted using a combined tension-torsion Hopkinson bar (TTHB) system that 
was designed and developed at the Impact and Shock Mechanics Laboratory, University of Oxford. 
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The TTHB apparatus, as shown schematically in Fig. 3, essentially consists of an incident bar, a 
transmitted bar, with the specimen sandwiched in between, a rapid release clamp station, a torsion 
and tension loading station, and a data acquisition system. More information on the working 
principle of the TTHB, as well as signal interpretation in a typical TTHB experiment, can be found in 
[6-7]. In this study, two Photron SA-5 cameras were synchronised to record the high-speed 
deformation of the specimen, from which the high-rate strain variance was calculated via digital 
image correlation (DIC) techniques. The high-speed cameras were triggered by the incident wave 
signal recorded by the strain gauge on the incident bar, while the transmitted waves recorded from 
the transmitted bar were processed to derive the load history on the sample. 
 

 
 

FIGURE 3     Schematic of the split Hopkinson tension-torsion bar (TTHB) and the test setup. 

RESULTS AND DISCUSSION 

Experiments presented in this study are summarised in Table 2, categorised according to the type of 
tests by tension, combined tension-torsion, and torsion.  
 
TABLE 2    Summary of TTHB experiments. 

Type of test 
  

Ultimate stress 
(MPa) 

 Strain Rate 
(s-1) 

 
Elongation at break 

(%) 
Tension Shear  Tension Shear   Tension Shear 

Tension 54.9   119  
 

3.4  
Combined  
tension-torsion 

37.6 24.9  136 331  4.2 9.0 
38.0 27.6  287 747  8.3 18.8 

Torsion  42.3   3645   91.4 

 40.9   2388   129.0 
 
The mechanical response of PA12 subjected to high-rate tensile load is presented in Fig. 4. History 
of the engineering strain measured from the two cameras demonstrate consistent deformation at 
different locations along the circumference of the specimen. Constant strain rate loading was 
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achieved, as shown by the linear slope of the strain history till the fracture of the specimen. The 
behaviour at the beginning of loading was not successfully measured due to the stress wave 
interference. The spike at around 50 microseconds might be attributed to some initial slack in the 
mechanical connection between the specimen and the Hopkinson bars. The ultimate stress is 
measured 54.9 MPa, slightly higher than the commercial tensile strength 50 MPa tested at quasi-
static conditions. The elongation at break 3.4% is significantly lower than the provided strain 20%. 
 

 
 

FIGURE 4    Tension loading test: (a) histories of engineering stress and strain; (b) engineering stress-strain curve. 

The mechanical response of PA12 subjected to high-rate torsional load is presented in Fig. 5. Again  
consistent deformation at different locations along the circumference was observed till the fracture 
of the specimen at approximately 130 %. Constant strain rate can be measured from the linear 
slope of the strain history. A classical viscoplastic deformation behaviour is shown from the 
engineering shear stress-strain curve. 
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The mechanical response of PA12 subjected to a combined tension-torsion load at high rate is 
presented in Fig. 6. Consistency of the deformation was observed in shear (Fig. 6b), whereas the 
tensile deformation displayed considerate discrepancy (Fig. 6a), plausibly due to the concurrent 
effect of the combined loading. Furthermore, the ultimate strength in tension and shear was 
compromised compared to the single loading scenarios (Fig. 4 and Fig. 5). The tensile fracture strain 
increased slightly while the shear counterpart reduced significantly. The initial behaviour in tension 
is treated invalid because of the oscillation and thus removed from further interpretation. 
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The TTHB apparatus, as shown schematically in Fig. 3, essentially consists of an incident bar, a 
transmitted bar, with the specimen sandwiched in between, a rapid release clamp station, a torsion 
and tension loading station, and a data acquisition system. More information on the working 
principle of the TTHB, as well as signal interpretation in a typical TTHB experiment, can be found in 
[6-7]. In this study, two Photron SA-5 cameras were synchronised to record the high-speed 
deformation of the specimen, from which the high-rate strain variance was calculated via digital 
image correlation (DIC) techniques. The high-speed cameras were triggered by the incident wave 
signal recorded by the strain gauge on the incident bar, while the transmitted waves recorded from 
the transmitted bar were processed to derive the load history on the sample. 
 

 
 

FIGURE 3     Schematic of the split Hopkinson tension-torsion bar (TTHB) and the test setup. 

RESULTS AND DISCUSSION 
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TABLE 2    Summary of TTHB experiments. 
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Ultimate stress 
(MPa) 

 Strain Rate 
(s-1) 

 
Elongation at break 

(%) 
Tension Shear  Tension Shear   Tension Shear 

Tension 54.9   119  
 

3.4  
Combined  
tension-torsion 

37.6 24.9  136 331  4.2 9.0 
38.0 27.6  287 747  8.3 18.8 

Torsion  42.3   3645   91.4 

 40.9   2388   129.0 
 
The mechanical response of PA12 subjected to high-rate tensile load is presented in Fig. 4. History 
of the engineering strain measured from the two cameras demonstrate consistent deformation at 
different locations along the circumference of the specimen. Constant strain rate loading was 
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achieved, as shown by the linear slope of the strain history till the fracture of the specimen. The 
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interference. The spike at around 50 microseconds might be attributed to some initial slack in the 
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FIGURE 6     Combined tension-torsion test: (a) histories of engineering stress and strain in tension; (b) histories of 
engineering stress and strain in shear; (c) engineering stress-strain curves in tension and shear. 

The ultimate stresses of PA12 measured under varied stress states are subsequently plotted in a 
normal stress versus shear stress space to depict the multiaxial failure locus at a strain rate on the 
order of 102-103 s-1 (Fig. 7). Future experiments would cover a wider range of combinations of the 
tension and torsion loads. This will allow for populating the stress locus of PA12 under arbitrary 
impact or shock loading, which contributes to optimal design of engineering structures using 
additively manufactured PA12 parts. The work presented also offers an experimental tool to assess 
the predicative ability of the existing plasticity models of PA12 or developing new models.   

 
 

FIGURE 7     Multiaxial failure locus at high rates of deformation. 
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CONCLUSIONS 

The dynamic multiaxial behaviour of PA12, additively manufactured using selective laser sintering 
method, is assessed using a novel split Hopkinson tension-torsion bar system. The deformation and 
failure are presented under various loading conditions involving tension, torsion, and combined 
tension-torsion. A thin-walled tubular geometry was employed to allow for valid deformation of the 
specimens in different loading cases. A classical viscoplastic deformation behaviour was obtained 
from the engineering shear stress-strain responses. The ultimate strength measured from multiaxial 
loading reduced when compared with the single loading behaviour. The multiaxial failure locus was 
depicted from the direct experimental measurements. The present study focuses on the PA12 
sintered in Y-direction. Future work will include the behaviours of PA12 parts produced in Z-
direction to evaluate the anisotropy of the properties and the AM techniques.   
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Cellular materials are receiving great atten-
tion for their excellent mechanical proper-
ties. They should be applied in energy ab-
sorbers or in structural components having 
optimized mass distribution. In this paper, 
3D periodic lattice structures, TPMS (triply 
periodic minimal surface) were analyzed. 
Gyroid and Diamond structures were con-
sidered with different densities. Two kinds 
of Additive Manufacturing technologies and 
materials were investigated: Fused Filament 
Fabrication (FFF) of nylon reinforced by 
short carbon fibers, and Masked Stereo-
lithography (MSLA) of photo-reactive liquid 
resin. Compression tests under quasi-static 
and dynamic loading conditions were per-
formed and the results compared in terms of 
specific energy absorption.

1 INTRODUCTION 

Lattice structures, as cellular materials, received great attention in the last two decades for their ben-
efits, such as high strength-to-weight ratio, heat exchange, load bearing, excellent energy absorption, 
and minimizing material requirements [1,2]. In general, a lattice structure is an architecture formed by 
an array of spatially arranged unit cells with edges and faces. Additive Manufacturing (AM) offers the 
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and minimizing material requirements [1,2]. In general, a lattice structure is an architecture formed by 
an array of spatially arranged unit cells with edges and faces. Additive Manufacturing (AM) offers the 
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potential to realize metamaterials with unprecedented specific energy absorption and crashworthi-
ness capabilities, which could be exploited in different engineering fields thanks to the possibility of 
fabricating geometries in almost all types of shapes [3-5].  
Among these architected materials, Triply Periodic Minimal Surface (TPMS) structures exhibit struc-
tural and functional properties that could meet requirements for cutting-edge applications in the aer-
ospace, automotive and biomedical sectors [6,7]. Several materials can be employed in the manufac-
ture of these structures, including metals, polymers, ceramics, composites, etc.  
In this work, the energy absorption efficiency was evaluated for 3D periodic lattice structures. In 
order to investigate how the structure density relates to mechanical properties, four relative densities 
were considered. This study also wants to highlight how the cellular material shape and the manufac-
turing technology affect the mechanical properties of the entire structure [8]. Thus, the samples were 
printed with two kinds of Additive Manufacturing technologies and materials. The first technology is 
the Fused Filament Fabrication (FFF), which can print high-strength thermoplastic materials, in this 
study is Carbon-PA. However, the FFF deposition strategy is well-known for the presence of defect 
that plays a big role in the sample quality. The counterpart of FFF is the MSLA technology which is 
based on thermoset materials. The 3D-printed parts with this technology have lower strength than 
the ones printed by FFF. However, the presence of defects is quite lower inside those parts. All these 
peculiarities based on the AM technology gave different compressive properties to the 3D printed 
TPMS structures. The experimental tests were performed in compression at different strain-rate, 
from quasi-static to dynamic loading conditions. In the end, all results were compared to each other.  

2 SPECIMENS PREPARATION 

Two Additive Manufacturing technologies were used to prepare the samples. Fused Filament Fabri-
cation (FFF) technique was adopted for samples made of PA reinforced by short carbon fibers; 
Masked Stereolithography (MSLA) technique was adopted for samples made of photo-reactive liquid 
resin. The raw resin is a commercial high-quality resin named Premium Tough, Liqcreate product. The 
resin has crystal-clear transparency and a peculiar mechanical property as high toughness and large 
strain to failure.  

 
FIGURE 1     Gyroid (a) and Diamond (b) scaffolds of unit cells. 

The TPMS structures were designed by means of Topology software. The nTopology software can 
generate a wide range of architectured and cellular materials. Among them, the Gyroid and Diamond 
structures were chosen. The generated shapes were exported as STL format files and then imported 
to the slicing softwares. The process parameters were defined inside the slicing software based on 
extensively testing in the laboratory; they ensure the best choice in strength, printability, and size 
accurancy. No 3D printed supports need be provided. 
In order to measure the effective structures mechanical properties, the cubic volume of 30 mm side 
was filled with 8 unit cells [9]. This arrangement 2x2x2 guarantees a great compromise in terms of 

(a) (b) 
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maximum size can be tested and boundary condition effects on the unit cell behaviour. The scaffolds 
of unit cells are reported in Figure 1. The wall thickness was changed in order to manage the density: 
for each structure, four different wall thicknesses were considered achieving relative density equal to 
15%, 20%, 25% and 30%. 
 

 
FIGURE 2 3D printed Gyroid (a) and Diamond (b) with different relative densities; The specimen relative density 
runs to 30% (left sample) to 15% (right sample). 

 
FIGURE 3    X-ray CT images (resolution of 75 m/pixel) for carbon PA samples: x-y is the printing plane, z is the 
growth direction; The specimen relative density runs to 30% (left sample) to 15% (right sample). 

Once the printing is complete, the structures printed by MSLA undergo one post-treatement to obtain 
the ultimate mechanical properties. The post-treatment consists of a post-curing for 0.5 hours. Then, 
the printed parts were put in oven at temperature of 60°C and flashed by ultraviolet light source with 
wavelength 395-405 nm. The multiple parts location inside the oven influences the postcuring grade 
of the component and thus the mechanical properties. So, to avoid that phenomenon all printed part 
was post-cured alone in the UV oven for the same amount of time. This post-treatment provides an 
high curing grade of the components and thus, ensures a quite stable mechanical properties; succes-
sive exposition can be considered negligible. The 3D printed sample manufactured by MSLA are 

(a) 

(b) 
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Once the printing is complete, the structures printed by MSLA undergo one post-treatement to obtain 
the ultimate mechanical properties. The post-treatment consists of a post-curing for 0.5 hours. Then, 
the printed parts were put in oven at temperature of 60°C and flashed by ultraviolet light source with 
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showed on Figure 2. At the end, X-ray CT scans were conducted on printed samples to investigate 
the presence and distribution of voids (see Figure 3). 

3 EXPERIMENTAL TESTS AND RESULTS 

Quasi-static and medium strain-rate compression tests were performed by an electrodynamic testing 
machine (Electroforce3500 - TA Instruments), available at DYNLab laboratory at Politecnico di To-
rino. The tests were conducted at a nominal strain-rate of 10-3 and 3×101 s-1. The medium strain-rate 
tests were recorded with a high speed camera (Photron AX50). Thanks to the high epoxy resin tough-
ness, the TPMS structures can be compressed without reaching explosive failure [10]. Both TPMS 
structures show the common linear stage after the yielding point. This post-yielding behaviour can be 
similar to a plateau when the relative density is low. When the relative density increases, the post-
yielding slope becomes more and more relevant. Both TPMS structures show a specific strain where 
a first failure occurs during the plastic region. After these points, the stresses drop down without 
reaching zero and the densification phase begins. This kind of stress-strain curve is preferable when 
high specific absorption energy (SEA) is required on industrial applications.  
 

 
FIGURE 4   Experimental results: (a) Quasi-static and Dynamic compression properties of the structures printed 

by MSLA technology; (b) Dynamic compression properties of the structures printed by MSLA and FFF technology 

Dynamic tests were performed by a Split Hopkinson bar, available at the lab of Polytechnic University 
of Marche, which is a direct tension-compression Hopkinson bar made of three aligned bars, named 
pre-stresses (3m), input (7.5m) and output bar (4m). Each test was recorded by a Photron® SA4 at 
100 kfps. The experimental results showed a dependence of the engineering stress-strain curves on 
the relative density. In addition, both materials are very sensitive to strain-rate variations, significantly 
increasing its resistance under dynamic conditions. As shown in Figure 4.a, the yielding point of the 
Gyroid structure with 15% and 25% relative density reaches about four times the yielding point under 
quasi-static loading. However, the strain rate sensibility leads to brittle behaviour of the epoxy resin 
thus the TPMS structures are no longer able to withstand higher deformations. However, the Carbon-
PA does not become brittle as the epoxy resin under dynamic loading, as shown in Figure 4.b. The 
Gyroid structures made by Carbon-PA are able to withstand high deformation and absorb energy 
during the impact. Indeed, they show a relevant plastic phase after the yielding point. Moreover, the 
TPMS structure made by MSLA shows a relevant fragmentation during the compression phase as 
shown by Figure 5 where the deformed Gyroid structures is visualized before the loading and at strain 
10%. 

(b) (a) 
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FIGURE 5   Image of the specimen mounted on the Hopkinson bar setup; Deformed shape of 25% relative density 

Gyroid at strain about 10%, made by MSLA 
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FIGURE 5   Image of the specimen mounted on the Hopkinson bar setup; Deformed shape of 25% relative density 

Gyroid at strain about 10%, made by MSLA 
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Three-dimensional printing technology using fused deposition modeling (FDM) processes is contin-
uously developing and evolving mainly thanks to the increased availability of materials and the im-
provements in their mechanical properties. FDM is one of the most used additive manufacturing 
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techniques for printing polymers. The current technologies are ripe for the transition from purely 
aesthetic and/or functional prototypes to structural components suitable to support high loads.  
In additive manufacturing, polymers are used in a variety of forms, and in recent years particular 
attention has been dedicated to the development of filled polymers [1] with the aim to improves 
the characteristic and performances, depending on fiber matrix interactions and void formation. 
Commonly used fillers are carbon fibers and nanotubes, nanoparticles, and various synthetic fibers. 
In addition to the material itself and to the presence of reinforcing phase, the final strength of the 
printed parts is influenced by numerous printing parameters and their combinations, such as the 
morphology of the internal structure, the thickness of the walls, the height of the layers, the infill 
orientation, the printing speed, the temperature and diameter of the nozzle, the base plate temper-
ature, and the build orientation. In particular, the last one is strictly correlated to the quality of the 
bonding between adjacent layers which can be responsible for a strong degradation of the mechan-
ical strength especially in the direction of growth. 
Often, the validation phase is performed directly with field tests on printed components. On the 
other hand, numerical FE-based tool could be adopted, but this make mandatory the mechanical 
characterization of the material and the modelling of the behavior with appropriate material models.  

2 SPECIMEN PREPARATION AND EXPERIMENTAL TESTS 

This study investigated the mechanical strength of nylon-carbon varying the strain-rate. The pres-
ence of the nylon matrix reinforced by short fibers (approximately 20% by weight) makes the mate-
rial extremely attractive because of the resultant combination of properties: noticeable tensile 
strength and stiffness, high levels of impact strength, good thermal stability, and high levels of re-
sistance to chemical agents. A summary of the datasheet properties as declared by the manufacturer 
is reported in Table 1. In the following, x and y are the two directions on the printing plane, and z is 
the growth direction, as schematically reported in Figure 1.  
In general, although the filament is initially isotropic and homogeneous, it can be assumed that the 
printed components with FDM show an anisotropic behavior. In bulk printed components, when 
the angle between the stacked layers (Figure 1) is changed from one layer to the next one, the 
properties in the printing plane can be considered as isotropic while weaker properties results to be 
in the growth direction, as reported in Table 1. In addition, when polymeric materials are used, it is 
expected that the mechanical behavior could immediately be strongly nonlinear and then assume 
the connotation of plastic (or rather, irreversible) behavior [2]. Plasticity is not related to the motion 
of the dislocations, but to the evolution of the arrangement of the polymeric chains. The last, but 
not least, aspect to be considered is that with this printing technique, it is not possible to eliminate 
intrinsic porosity due to the presence of voids between adjacent layers. The presence of voids de-
pends on several parameters and in turn strongly affects the mechanical strength of the printed 
components. This also happens in fully filled portions, in which the component is obtained by strat-
ifying the layers: the deposition of the (molten) filament produces a texture like that which is typical 
for a fabric, and there is an apparent density reduction of the material. This is one of the reasons 
the printed structures exhibit less strength than expected, even at 100% infill. Because the printed 
structure is intrinsically porous, the measured mechanical properties (on a 100% infill specimen) are 
evaluated on the measured cross-section, hence they are averaged. The area reduction is globally 
perceived as a stiffness reduction, and consequently, there is a perceived reduction in elastic prop-
erties, as well as an under-estimation of mechanical strength. This highlights the need to perform 
mechanical tests on printed specimens in several loading conditions, depending on the applications: 
the properties could be different from those of the filament [3]. 
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FIGURE 1     FDM printing scheme: The filament is extruded through the heated nozzle, which moves in the x-y 
plane, while the hot base plate moves in the z direction. 

TABLE 1    Summary of the datasheet properties for Carbon-Nylon, as declared by the manufacturer, FiberForce. 

Property (Units) 

Direction 

 
xz 

 
 

xy 

Tensile strength (MPa) 12.64 66.3 

Elastic modulus (MPa) 1513 2758 

Elongation at break (%) 2.0 6.7 

Energy at break (J) 0.64 12.2 

Density (g/cm3) 1.00 

Melting point (°C) 180 

Note: Tensile tests performed on specimens printed on Ultimaker 2+ with Olsson Ruby nozzle, 
nozzle temperature of 260 °C, head bed temperature of 70 °C, print speed of 40 mm/s, infill 
per-centage of 100%, and infill orientation of 45°. 

 
In the present work, the mechanical characterization was performed by performing tensile tests on 
flat dog bone specimens (gage section of 5 × 5 mm and gage length of 10 mm) at different strain-
rate covering the range between 10-2 and 102 s-1. The specimens were printed on an Ultimaker S5 
with a print speed of 40 mm/s, an infill percentage of 100%, and a raster angle of ±45°. 
The influence of the build orientation was investigated by printing specimens at different orientation 
between the longitudinal axis of the specimens and the printing growth direction, as reported in 
Figure 2. Angles of 0, 15, 30, 45, 60, 75 and 90° were considered. This allowed also the investigation 
of anisotropy of the resultant behavior. These tests were chosen to calibrate an anisotropic strain-
rate dependent elasto-plastic material model based on the Hill48 yield criteria. The experimental 
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results could also be used to model the failure of the material which is strictly related to the load 
orientation with respect to the printing growth direction. 
 

  
  
FIGURE 2     Tensile specimens printed with an Ultimaker S5 at 100% infill, at various orientations between the 
longitudinal axis of the specimens and the printing direction. 

 

 
  
FIGURE 3     Setup used for the tensile tests at 102 s-1 of strain-rate. 

The quasi-static and low strain-rate tests were conducted on a standard electro-mechanical testing 
machine, Zwick Z05, at a nominal strain-rate of 10-2 and 1 s-1. Medium-high strain-rate tests were 
performed on a fast electro-mechanical testing machine (TA Instrument, see Figure 3) at a nominal 
strain-rate of 102 s-1. Each test was video recorded to directly evaluate the specimen deformation 
by digital image analysis. 
As expected for polymers, the investigated material is sensitive to the strain-rate: the strength in-
creases with strain-rate, whereas the ductility decreases with it. By increasing the strain-rates the 
molecular movement of the polymer chains are limited and consequently the overall material be-
havior is more rigid and brittle. The material strength appears to be critically influenced by the build 
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orientation. When the layer is built parallel to the load direction there is a higher volume fraction of 
filaments in line with the load, contributing to the largest improvement. As the layers begin to devi-
ate from the primary load direction, delamination occurs at the weaker interfaces. 
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After 3D printing of an SLA part, the polymer-

ization reaction may not yet be completed and

printed parts cannot not perform as expected.

In this context, exposing the printed parts to

heat and light as a post-processing is a neces-

sity which improves the mechanical behavior

of the final parts. In the present study, we

have investigated effects of curing conditions

on the dynamic behavior of 3D-printed com-

ponents produced by Stereolithography (SLA)

technique. To this aim, Formlabs’ resin has been

used to print cylindrical specimens. Later, two

different curing conditionswere considered and

applied as post-processing for SLA-printed spec-

imens. We have conducted a series of test via

split Hopkinson pressure bar to determine be-

havior of parts under a high loading regime.

The obtained results indicate effect of curing

conditions on themechanical behavior of SLA-

printed parts.

Abbreviations: AM, additive manufacturing; SLA, stereolithography; SHPB, split Hopkinson pressure bar.
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1 | INTRODUCTION

Additive manufacturing (AM) has been developing rapidly and has attracted considerable attention in

recent decades. AM, also known as three-dimensional (3D) printing has several advantages compared

with traditional technologies. For instance, 3D printing cannot only reduce procedures and shorten

the processing cycle, but can also form any shape structure without molds [1]. AMwas introduced as

a rapid prototyping method that can be used for different materials. As the name indicates, AM refers

to adding raw materials during manufacturing, which includes various assembly and rapid prototyp-

ing processes. According to the American Society for Testing Materials (ASTM) and the International

Organization for Standardization (ISO), AM is defined as the “process of joining materials to make ob-

jects from 3D model data, usually layer upon layer” [2]. Currently, 3D printing techniques are being

significantly used in different applications, such as aerospace [3], electronics [4], automotive [5], den-

tistry [6], food industry [7], and construction [8]. In different 3D printing processes, various materials

can be used owing to their wide range of chemical and mechanical properties. For instance, poly-

lactic acid (PLA), nylon, acrylonitrile butadiene styrene (ABS), polycarbonate, and polyvinyl alcohol

(PVA) have been utilized in different 3D printing processes [9–14]. This multimaterial printing can be

considered as a basic pillar for the development of future technologies. The industrial applications of

3D printing have proved that the list of materials employed in this technique increases continually.

Although AM was introduced for fabrication of prototypes, this technology has been recently

used for production of functional end-use products. Consequently, performance and the mechan-

ical strength of 3D-printed parts have become of significant importance. In this context, different

investigations have been conducted to study mechanical behavior, fracture, and structural integrity

of additively manufactured parts [15–17]. For instance, in [18] fracture behavior of 3D-printed ABS

parts is investigated. To this aim, single edge notch bending specimens with different sizes and var-

ious relative orientations are examined. Experimental tests demonstrated that the 3D-printed parts

exhibit considerable anisotropy in their fracture behavior, which would not occur in the monolithic

counterpart. Due to microlayering and macrolayering, considerable quasi-brittleness is also induced

in the fracture behavior, and the degree of quasi-brittleness is also anisotropic. Recently, we investi-

gated fracture of 3D-printed continuous glass fiber reinforced composites [19]. In this respect, nylon

and glass fibers were used as matrix and reinforcing materials, respectively. We used fused filament

fabrication process to print semi-circular bending composite specimens. Later, all specimens were

subjected to three-point bending tests and their mechanical behavior was determined. Based on

the experimental results, we have calculated fracture toughness in the composite specimens. The

obtained results confirmed that the lowest fracture toughness belongs to unreinforced specimens.

The experimental findings confirmed the crucial role of fiber reinforcement in structural integrity of

3D-printed composites.

Stereolithography (SLA) is one of the earliest additive manufacturing processes to be which is

based on printing using special photocurable resin [20]. During the printing process, the precursor

material is stored in liquid phase and heated in a tank located in the printing area laying above the

set of lenses and mirrors. The resin is crosslinked under ultraviolet (UV) light exposure, called pho-

topolymerization. SLA is now shifting from rapid prototyping to rapid manufacturing, but is facing

challenges in parts performance and printing speed, among others. Therefore, several studies are

performed to shed the lights on different aspects in this field [21–23]. For instance, The effects of
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build orientation on the tensile strength of SLA-manufactured parts were investigated in [24]. The

researchers used statistical design of experiments approach to determine impact of specific build

orientation parameters on the mechanical strength of SLA-fabricated components. Later, in [25] an

Al-based quasicrystalline alloys were used to develop a new UV-curable resin reinforced by metal

particles. 3D-printed composite specimens showed improved mechanical properties (e.g., hardness)

compared to the unfilled resin. Li et al. [26], synthesized core-shell nanoparticles for SLA printing,

which showed improved mechanical properties in static tensile behavior and were assessed as simi-

lar to ABS material. At the same time, uniaxial tensile tests were conducted on standard SLA-printed

parts to obtain their elastic modulus and ultimate tensile strength in order to develop the constitutive

material model.

In the present study, we investigateeffects of different curing conditionson the dynamic behavior

of SLA-printed parts. To this aim, cylindrical specimens printed and two different curing conditions

were considered and applied as post-processing. Later, all specimens were subjected to the dynamic

loading using split Hopkinson pressure bar (SHPB). In order to ease the comprehension of the readers,

the structure of this article is briefly described here. In Section2, specimens preparation, experimental

tests, and obtained results are presented and discussed. Finally, a conclusion has been furnished in

Section 3.

2 | EXPERIMENTAL PROCEDURE

As the first step of specimen preparation, all the samples are first drawn in a CAD platform and

then saved as ‘.stl’ format. The specimens were printed using Formlabs Form 2 SLA printer. The

slicing software was set to the highest printing quality, thus 0.025mm layer height was selected. The

specimens dimensions were 20 mm in height and in diameter. After printing, the supports structures

were removed and the specimens were cleaned using an isopropanol bath. Here, beside UV exposure,

two different conditions are considered for curing process: (a) exposure to air, and (b) submerging in

distilled water. Both processes were performed at 20
◦
C, and 30 min for each curing condition.

After curing process, specimens were subjected to the dynamic test via SHPB. Fig. 1 shows a

3D-printed specimens under test conditions. In each group, five specimens were examined.

FIGURE 1 A cylindrical 3D-printed specimen between incident and transmission bar.
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The utilized Hopkinson bar has aluminum incident and transmission bars with length of 1800

mm and a diameter of 20 mm. A steel striker with a diameter of 20 mm and a length of 100 mm was

used. The striker is accelerated by an air gun, impacts the incident bar and generates a compressive

stress pulse traveling in the incident bar. To measure the incoming, reflected and transmitted pulses

strain gauges are placed in the middle of the incident and transmission bars. All the data are acquired

by the HBM GEN7t system with the maximum sampling rate of one mega samples per second. The

impact velocity of the striker determines the amplitude of the incident wave. The strain rate, strain

and stress are calculated from the recorded strain history using the following equations:

∂ε

∂t
(t ) = −

2c0 εR (t )

l s
(1)

ε (t ) = −
2c0

l s

∫ t

0

εR (t )dt (2)

σ (t ) =
EAb

As
εT (t ) (3)

where σ and ρ denote the stress and strain as function of time, E is the elastic modulus of the bars;

and Ab and As are the cross-sectional area of the bar and the specimen, respectively. The indices R

and T refer to the reflected and transmitted waves, respectively. Finally, l s and c0 denote the spec-

imen length and wave speed in the bar, respectively. In experimental test via Hopkinson bar, there

are two fundamental assumptions that must be verified to ensure the validity of the experimental

results. The first assumption is that the stress wave propagates in both bars without dispersion [27].

This assumption is necessary so that the one-dimensional wave propagation theory can be applied

to describe the transmission of the stress wave in the bars. The second assumption presumes an

instantaneous equilibrium of forces in the loaded specimen and states that the reaction force on the

specimen-transmission bar interface is the same as the incoming force on the specimen-incident bar

interface. This assumption corresponds to an axially uniform state of deformation within the spec-

imen [28]. On this basis, which is often described as the stress equilibrium condition, the relations

(1)-(3) were deduced. Here, experiments were performed at strain rate of 30 s−1. A long striker pro-

vides a long loading impulse, which makes it easier to realize the dynamic stress equilibrium. Fig. 2

shows distribution of wave signals in incident and transmission bars and strain-rate over time.
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FIGURE 2 Incident and transmitted waves in the test via SHPB, and strain-rate over time.
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Based on the obtained results from test via SHPB, stress-strain relationship is determined. Fig. 3

illustrates stress-strain curves of specimens cured under different conditions and strain over time.

The tests performed with the use of the SHPB confirmed that the curing conditions influence the

mechanical behavior of 3D-printed SLA parts. This effect is clearly visible in stress-strain curves of

specimens cured at different conditions.
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FIGURE 3 Stress-strain curves of examined specimens and strain over time.

The experimental results indicate that the highest stress value belongs to the specimen which

experienced submerging in distilledwater for 30min. In this context, the curing process carried out on

3D-printed SLA parts has the main role. The presented results can be used in the design of structures

and next computational modeling. The investigations on the dynamic behavior of 3D-printed SLA

parts would be beneficial in the impact constructions and energy absorption applications.

3 | CONCLUSION

In contrast to traditional manufacturing processes, 3D printing is able to create more complex geome-

tries and multicompositions. SLA as one of the 3D printing techniques is a liquid resin photo-curing

process wherein liquid resin is placed in a reservoir, and a positionally programmed laser is scanned

over the resin surface to initiate photopolymerization. After 3D printing process of an SLA part, the

polymerization reactionmay not yet be completed and printed components have not reached to their

final material properties. Therefore, the 3D-printed parts cannot not perform as expected. In this con-

text, exposing the printed parts to heat and light as a post-processing is a necessity which improves

the mechanical behavior of the final parts. In the present study, we investigated effects of the curing

conditions on the dynamic behavior of 3D-printed SLA parts. To this aim, cylindrical specimens were

printed and beside UV exposure the samples experienced different curing processes: (a) exposure to

air, (b) submerging in distilled water, both at 20
◦
C for 30 min. Later, all specimens were subjected

to the dynamic load using SHPB. The examined specimens showed differences in the mechanical

response in accordance with the curing conditions. The obtained results indicate that strength of

specimens increased if test coupons experienced submerging in distilled water for 30 min. In fact,

this group of specimen achieved the highest stress value. The outcome of this study can be utilized

for future design and next fabrication of 3D-printed SLA parts.
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The experimental results indicate that the highest stress value belongs to the specimen which

experienced submerging in distilledwater for 30min. In this context, the curing process carried out on

3D-printed SLA parts has the main role. The presented results can be used in the design of structures

and next computational modeling. The investigations on the dynamic behavior of 3D-printed SLA

parts would be beneficial in the impact constructions and energy absorption applications.
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text, exposing the printed parts to heat and light as a post-processing is a necessity which improves
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conditions on the dynamic behavior of 3D-printed SLA parts. To this aim, cylindrical specimens were

printed and beside UV exposure the samples experienced different curing processes: (a) exposure to
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response in accordance with the curing conditions. The obtained results indicate that strength of
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