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Abstract

The habilitation thesis is focused on a
demonstration of advanced experimental
methods for the investigation of the aux-
etic metamaterial response on high-strain
rate loading. Several types of auxetic
structures manufactured using an additive
manufacturing technique are introduced.
These structures are tested using a Split
Hopkinson Pressure Bar (SHPB) tech-
nique and its modifications at different
strain-rates. The design and properties of
the SHPB apparatus and an Open Hopkin-
son Pressure Bar (OHPB) as well as the
proper instrumentation are described in
the thesis. Moreover, the supplementary
experimental campaigns, such as testing
at elevated and reduced temperatures or
penetration testing, are mentioned. The
final passage of the habilitation thesis is
an introduction of the very unique and ad-
vanced facilities for the high-speed X-ray
imaging of the high-strain rate or interme-
diate strain-rate testing that are currently
implemented at the Department of Me-

chanics and Materials.

Keywords: auxetic structures,

metamaterials, additive manufacturing,
SHPB, OHPB, instrumentation,
high-speed X-ray imaging
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Abstrakt

Habilitacni prace je zamérena na demon-
straci pokrocilych experimentédlnich me-
tod pro zkoumani odezvy auxetickych me-
tamaterialt pri dynamickém rézu za vyso-
kych rychlosti deformace. V praci je pred-
staveno nékolik typt auxetickych struktur,
které jsou vyrabény technologii 3D tisku.
Tyto struktury jsou testovany pomoci se-
stavy Délené Hopkinsonovi tyce (SHPB)
a jejl modifikacich pri rtznych rychlos-
tech zatézovani. V préci je taktéz uve-
den popis sestavy SHPB tak jako sestavy
OHPB (Open Hopkinson Pressure Bar) a
prislusné instrumentace. Navic, jsou zde
uvedeny i doplnujici experimentalni kam-
pané, napt. experimenty pti zvysené a sni-
zené teploté nebo penetracni experimenty.
Zavérecné pasize prace popisuji unikatni
a pokrocila zarizeni, v soucasné dobé vzni-
kajici na Ustavu mechaniky a materiali,
pro vysokorychlostni rentgenové zobrazo-
vani se soucasnym razovym zatézovanim
za vysokych a stfednich rychlosti defor-

mace.

Kli¢ova slova: auxetické struktury,
metamaterialy, 3D tisk, SHPB, OHPB,
instrumentace, vysokorychlostni

rentgenové zobrazovani
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Chapter 1
Introduction

Nowadays, investigations into metamaterials and the further application of metamate-
rials are very popular tasks in research. The term metamaterial is a combination of
the Greek word "meta" (meaning "beyond") and the Latin word "materia" (meaning
"matter" or "material"). Metamaterials can be characterised by specific properties that
are not found (or they occur very rarely) in naturally occurring materials. Metamateri-
als are often engineered with tailored properties for a given type of application and for
a specific purpose (electrical, electromagnetics, optic, mechanical, etc.) [1]. Mechanical
metamaterials are types of metamaterials where the mechanical properties obtained
by arranging the internal structure to prevail over the mechanical properties of the
base material [2].

An auxetic metamaterial is a type of mechanical metamaterial which is characterised by
a negative Poisson’s ratio. The term "auxetic" comes from the Greek word "auxetikos"
which means "that which tends to increase". When an auxetic material is compressed,
its structure shrinks in a perpendicular direction to the applied force. In the case of
tension, the auxetic structure expands in the transverse direction (see Fig. |1.1)).

This behaviour results from the structural geometry of the cells, which are specially
designed for this purpose. Depending on the deformation direction and design, the
man-made auxetic structure (two-dimensional and three-dimensional) can be generally
subdivided into eight groups: (a) rigid node rotation, (b) chiral, (c) re-entrant lattice,
(d) elastic instability, (e) kirigami fractal cut, (f) origami, (g) star shape connected,
and (h) missing-rib [3, [4]. Auxetic structures are not just man-made arrangements,
they can also rarely exist in nature in two forms: biological and minerals [5]. Examples
of naturally occurring mineral auxetic materials are iron pyrytes, arsenic monocrystals

[6], while the representative of the biological form is the trabecular bone of a human
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Kolpakov [§], in 1985, mathematically described an example of the structure which
exhibits a negative Poisson’s ratio. In 1987, Lakes et al. [9] firstly designed and manu-
factured auxetic cellural materials from conventional low-density open-cell polymer
foams by causing the ribs of each cell to permanently protrude inward. The resulting
scheme is known as the re-entrant topology.

The rapid development in production technologies opened the door to the wider
use of auxetic structures in fields of engineering and technology. Because auxetic
metamaterials are usually arranged in repeating patterns, manufacturing them using
3D printing/additive manufacturing techniques is a very promising way how to produce
different type of structures with optimised parameters for the target application. Due
to their unique mechanical properties, they have a high utility potential in a wide range
of important applications across a broad range of engineering areas. These application
areas can range from the medical (artificial skin, stents) [10], sports engineering (impact
protector equipment, such as gloves and helmets) [I1], sound and vibration reduction for
automotive [12], blast protection structures (e.g., sandwich panels) [13] 14], aerospace
or the space industries.

High attention has been paid to auxetic structures as lightweight structures suitable for
absorbing a large deformation energy. This property is highly valued in applications
where collisions with fast-moving objects occur (crashes, blasts, etc.). Auxetic topology
enables one to increase the energy absorption capability through the possibility of using

lighter and smaller components. To investigate the energy absorption capability, it is
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essential to accurately describe the deformation behaviour of the structure under large
deformations. In the case of experimental testing, it is necessary to reliably determine
strain with respect to the appropriate loading mode. Moreover, several parameters
need to be taken into account (e.q. large displacements and rotation, contact between
struts, boundary conditions, etc.). The correct evaluation of the experimental data is
a crucial task for the validation of numerical models [13].

With regard to the possible application areas of auxetic structures (crashes, high
velocity impacts, blasts), it necessary to take strain-rates and a the velocity of the
impact into account during the experiments. Various values of these loading parameters
can lead to a different deformation process of the structure. It is well known that the
deformation behaviour of many homogeneous materials (aluminium, copper, etc.) is
strain-rate dependent and their response differs significantly during quasi-static and
dynamic testing (and also between low and high velocity impacts) [I5]. In the case
of auxetic structures, the strain-rate effect of the basic material is amplified by the
internal structural arrangement. The resulting strain-rate response of the auxetic
structure is then a combination of the strain-rate dependency of the base material and
the effects of the micro-inertia, localised heating, pore pressure, and others which are
related to the specially designed topology [16].

The correct understanding of these phenomena and disclosure of the extent of their
influence on the effective properties of the auxetics can be reliably determined only on
the basis of experiments that ensure sufficient strain-rates in the tested sample. In
addition to the drop-tower experiment (typically low or medium strain-rates ~ 10s~!
to 103s71), a Split Hopkinson Pressure Bar (SHPB) and its modifications (DIHB -
Direct Impact Hopkinson Bar, OHPB - Open Hopkinson Pressure Bar, etc.) have been
successfully used for the assessment of the mechanical properties of auxetics structures
[17]. The typical achieved strain-rates using the SHPB experimental apparatus are in
the range of 10351 - 10*s™!, which makes this technique a suitable one for investigation
into dynamic response of auxetic structures under impact loading at various stran-rates.
The SHPB technique is based on the elastic strain wave propagation in slender bars.
Nowadays, the SHPB apparatus is a well-established method for the dynamic testing of
a wide range of materials and can be successfully used for the evaluation of stress-strain
dependency at high strain-rates in a compression mode. The main application of the

SHPB technique is the measurement of ductile, high-strength materials, such as solid
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metals, where the results are reliable and the technique is relatively easy to use. For
materials with low mechanical impedance and a geometrically complex inner structure,
its use is problematic and may lead to unreliable results [I§]. To test these types
of materials, it is most appropriate to use a modification of the setup or only some
parts (e.g. incident and transmission bar made from a low mechanical impedance
material). Moreover, advanced data correction techniques have to be applied during
the evaluation process of the measured data [19].

The core of the thesis is a compilation of papers published during my research work at
the Department of Mechanics and Materials in the Faculty of Transportation Sciences
(FTS) over the last six years. At the beginning of this period, a working group aimed at
the dynamic testing of cellural solid/auxetic materials was established. The main focus
of this group was the design and implementation of a custom SHPB/OHPB apparatus
in configurations suitable for the measurement of 3D printed auxetic structures or
cellural solids produced by the foaming process. In addition to the construction of
the SHPB apparatus itself, it was necessary to carry out proper instrumentation and
evaluation procedures along with their modifications, which were based on the needs
of the individual types of experiments. The experimental work during the mentioned
period was focused on the characterisation of the deformation response of specimens

with different types of materials:

® closed-cell aluminum alloy foam; Advanced pore morphology (APM) foam - alu-
minium spheres are coated by polyamide; hybrid APM foam (hAPM) - aluminium

spheres are embedded in an epoxy [20].

® Ni/Polyurethane hybrid metal foams - polyurethane open-cell foam template and

nickel coating [21]

B auxetic structure of various topologies fabricated by the laser powder bed fusion

technique (LPBF) from SS316L powdered austenitic steel [22]

® hybrid 2D re-entrantauxetic lattices - polyurethane auxetic structure template

and nickel coating [23]
® filling materials for inter-penetrating phase composites [24]

® polymer-filled auxetic structures [25]
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® bulk samples fabricated by the LPBF technique from SS316L powdered austenitic

steel with different printing orientations [26]
with different types of auxetic topologies:
® 2D re-entrant honeycomb [27), 22], 3D re-entrant honeycomb [22]
® 2D missing-rib [22]
® hexa-chiral 2D [28], tetra-chiral 2D [28], tetra-chiral 3D [2§]
® re-entrant tetrakaidecahedral [29]
and with different types of ambient or loading mode conditions:
® penetration testing [20]
B testing using the OHPB apparatus [23]
B at elevated and reduced temperatures [27]

In addition to the experimental campaigns, the experimental setup was gradually
improved and modified over time. For each setup modification or improvement of the
instrumentation (e.g., custom strain-gauge measurement unit [30]), it is necessary to
perform a calibration to verify the correct functionality to ensure that the reliability of
the measured data is not affected. Thus, the strain assessment evaluated using Digital
Image Correlation (DIC) and the force measured using a piezo-electric quartz impact
force transducer were compared with the strain and force derived from strain-gauges
[23, BT, [32]

This thesis is mainly a compilation of the selected papers (the articles are available as
attachments, see Appendix |A) covering the most important findings in the presented
research topic. This compilation is supplemented by supporting parts: Introduction,
Materials and Methods and Future work. The introduction briefly describes the
motivation of the research and solved topic. The main methods and techniques relate
to the research activity of this thesis are introduced in the section called Materials and
Method. Finally, the last section outlines how the experimental work will be developed

in the near future.



Chapter 2
Materials and Methods

This chapter summarises and briefly describes the materials, methods and techniques
used, adopted or developed during the research work performed in the compilation of
the selected papers. Mainly, the focus is placed upon the design and instrumentation
of the SHPB setup and its modification, strain assessment (conventionally using strain-
gauges and more advanced using DIC) and image post-processing, sample preparation,

thermal imaging, etc.

O 2.1 Samples

| 2.1.1 Auxetic lattices

The production of different types of auxetic structures were performed using a laser
powder bed fusion technique (LPBF) in an AM 250 device (Renishaw, UK). As
a material for the additive manufacturing printing process, a powdered 3161L-0407
austenitic stainless steel alloy was used. This alloy is an extra-low carbon variation on
the standard 316L alloy with a density of 7990kgm ™ (for wrought materials) and a
melting point in a range of 1371 — 1399 °C. The compressive strength, yield strength
and modulus of elasticity of the sintered bulk material in a horizontal direction are
676 MPa, 547 MPa, 197 GPa, respectively. For the vertical direction, the compressive
strength, yield strength and modulus of elasticity of the sintered bulk material are
624 MPa, 494 MPa, 190 GPa, respectively. These mechanical values are specified in a
datasheet provided by the manufacturer. Some examples of the auxetic samples (2D
re-entrant honeycomb, 3D re-entrant honeycomb and 2D missing-rib) produced using

the LPBF technique are depicted in Fig.
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(a)

(b) (c)

Figure 2.1: Auxetic lattices: a) 2D re-entrant honeycomb with SEM image detail of the

strut joint, b) 3D re-entrant honeycomb, and ¢) 2D missing-rib (image taken from paper

2 in Appendix.

These samples were optimised versions with a nominal thickness of the individual
struts of 0.3 mm, while the initial samples had a thickness of 0.6 mm. The optimisation
of the production process enabled a significant reduction in the unit-cell size which
led one to obtain at least 6 unit-cells in both directions of the specimen cross-section.
This number of cells satisfied the general requirements on the representative volume
element (RVE) as defined by Gibson and Ashby et al. [33]. The outer dimensions of
the samples were 12.2 x 12.2 x 12.6 mm. The overall cross-section dimensions of the

samples were limited by diameter of the bars of the SHPB.

H 10 Hybrid auxetic structures

A unit cell of the 3D re-entrant honeycomb auxetic was used as a template for the
geometry of the hybrid auxetic samples. The specimens were printed using a Pro Jet
HD3000 3D printer (3D Systems, Rock Hill, USA) from a UV-curable polymer VisiJet.
The outer dimensions of the printed specimens were approximately 12.5x12.5x18.4 mm.
The printed polymeric samples were electro-chemically coated with a layer of a 60 pm
or 120 um in thickness (two types of hybrid auxetic samples) of nickel. The detailed

description of the coating process can be found in Jung et al. [16]. After the coating
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procedure, the samples were pyrolytically treated (approx. 1000°C) and the polymer
template was removed. In Fig. the printed polymeric template as well as the final

hybrid auxetic structures are shown.

Figure 2.2: The printed and coated hybrid auxetic constructs (image taken from paper 4
in Appendix .

[] 2.1.3 Advanced Pore Morphology (APM) foam

The fabrication process of the APM aluminium foam (AlSi;q) samples consists of
two steps: the foaming and shaping step [34] [35]. The fabrication and coating of the
basic APM spheres were performed by Fraunhofer IFAM Bremen (Germany). In the
second step, Teflon (PTFE) moulds with a diameter of 60 mm and thickness of 30 mm
were used to manufacture the APM specimens. The filled moulds with polyamide
coated APM elements were placed into a 190 °C heated furnace for two hours to melt
the adhesive. Thus after the cooling, the neighbouring APM elements were bonded
together. The same manufacturing process was employed for the fabrication of the
hAPM foam, unlike the APM foam, the heating was performed at 160 °C for three
hours. The specimens of the APM and hAPM foam are shown in Fig.

Figure 2.3: The investigated specimens: (a) the closed-cell aluminium foam, (b) APM,
(c) hAPM (image taken from paper 5 in Appendix .
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[ 2.2 Principle of Split Hopkinson Pressure Bar

[ 2.2.1 introduction to the theory

The split Hopkinson Pressure Bar (SHPB) is a promising technique used to investigate
the mechanical properties of a wide range of materials at high strain-rates. The nominal
achieved strain-rates of the experimental apparatus are in a range of 103s~! - 10 s,
which makes this technique suitable for the investigation of the dynamic response of
auxetic structures under impact loading. The main principle of the SHPB method
is based on an elastic strain wave propagation in a set of co-axial slender bars. A
commonly used SHPB setup consists of three co-axial bars. The striker bar is usually
significantly shorter than the other two bars called the incident and transmission bars.
Between the incident and the transmission bar, the tested specimen is mounted. The
striker bar is an impactor which is accelerated by the excitation system (e.g., a gas-gun,
pre-tension). The accelerated striker bar impacts the incident bar and excites an elastic
strain-wave. The elastic strain wave propagates through the incident bar to its end
before reaching the interface with the mounted sample. On the interface with the
specimen, a part of the incident wave is reflected back into the incident bar while a
part of the incident wave passes through the specimen and gradually compresses it.
On the opposite side of the sample (interface sample - transmission bar), the wave
passes into the transmission bar. The transmission bar then hits a momentum trap
where the the residual energy of the experiment is absorbed. The SHPB experiment
usually generates three waves (incident, reflected, transmission) which are propagated
in the bars. These waves are most often measured using foil strain-gauges bonded
onto the surface of the bars. The post-processing of the measured strain waves allows
one to determine the stress-strain diagrams as well as the strain-rate diagrams of the
tested material. The fundamental principle of the SHPB and the scheme of the SHPB
apparatus with the initial instrumentation (year 2017) are shown in Fig. 2.4,

The simplest method used to evaluate of the SHPB experiment is the one-dimensional
wave propagation theory. This theory is based on the assumption that the elastic strain
waves in the bars propagate at a constant velocity without any damping and with
non-dispersive behaviour. The theory also neglects the effects related to inertia and

friction. Moreover, the theory is valid only if the dynamic force equilibrium (see Fig.
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Figure 2.4: Principle of SHPB: a) fundamental principle and b) scheme of SHPB apparatus

with initial instrumentation (year 2017) (image taken from paper 1 in Appendix |A).

2.4-a) has been achieved. The dynamic force equilibrium is a state when the forces in
the specimen are equal to the forces on the both faces of the bars (at the place of contact
with the sample). This method, the differences resulting from the real behaviour of the
propagated wave, issues with the measurement of low impedance materials and cellural

materials and recommendations for overcoming them are summarised by Fila [36].

[ 2.2.2 Selected approach for the testing using SHPB at the

Department of Mechanics and Materials

The following approach was chosen and applied to the SHPB apparatus at the Depart-
ment of Mechanics and Materials to overcome the problems with the cellular and low

impedance nature of the tested specimens [36]:

® A high-strength aluminium alloy was used as the material of the bars to get higher

strain signals in comparison to steel.

10
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® For testing specimens of the low impedance material, the bars of a visco-elastic

polymethyl metacrylate (PMMA) material were used.

8 Multiple strikers of different lengths were used to achieve the requested strain at

a given strain-rate.

B A gas-gun with a long barrel and a high pressure capacity was used for the

acceleration of the long striker for the high impact velocities.

® Optimisation of a specimen’s design led to suitable stiffness to achieve an acceptable
ratio between the maximum strain, strain-rate, strain wave amplitudes, inertia,

friction effects and producibility.
® Using the pulse-shaping technique for the optimisation of an incident pulse.

® Application of noise reduction techniques to reduce the electromagnetic signal

interference of the measured strain-gauges signals.
8 Development and use of advanced calibration methods

#® Redundancy of measuring points and multi-point measurements of the strain

waves to the increase a precision and relevancy of the results.
® An optical inspection of the experiments using high-speed camera imaging.

® Digital image correlation technique for verification of the measured signals and

advanced analysis of the deformation behaviour of the tested specimens

O 2.3 SHPB at the Department of Mechanics and

Materials

B 231 Design

The SHPB apparatus in its initial version, developed and located at the Department
of Mechanics and Materials, was based on the classical design introduced by [37] in
1949. The typical arrangement with three bars (striker bar, incident bar, transmission
bar) and a momentum trap for the absorption of the residual energy. In our setup,

the striker bar is accelerated using a gas-gun and the whole setup had already been

11
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optimised at the design stage for testing cellular metamaterials. The setup was designed
to allow the acceleration of a striker with a length of 500 mm up to the maximal impact
velocity of around 50 ms~!. Then, based on the calculations, the required length of the
incident and transmission bar was approx. 1500 mm and the residual kinetic energy
could be as high as approx. 2000J.

The basis of our SHPB apparatus is a stiff modular frame consisting of an aluminium
alloy profile (cross-sectional dimension of 180 mm x 90 mm) that is supported by the
adjustable steel supports. The aluminium profile provides a mounting platform for all
other parts of the setup, e.g., the gas-gun barrel, bars bearing the supports, damping
elements, etc. The initial arrangement consists of two aluminium profiles (length of
2800 mm and 3500 mm) screwed together to form one long beam. The overall length
(including the air reservoir, momentum trap) is approx. 8000 mm, however, due to its
modular design, it can be easily extended up to the required length.

The gas-gun system consists of a steel barrel with an internal diameter 20 mm and a
length of 2500 mm, a compressed air reservoir with a volume of 201, an electromagnetic
fast-release solenoid valve (366531, Parker, USA) and safety elements and accessories.
The valve is directly and coaxially connected to the barrel to maximise the performance.
All the parts of the gas-gun system are designed for the maximum pressure of 16 bar.
The incident and transmission bars are mounted co-axially to the frame using universal
bearing supports. These supports enable the easy and fast adjustment of the bars and
their replacement without damage to the strain-gauges. In the initial arrangement,
the overall length of both bars was approx. 3500 mm (commonly 2 x 1600 mm) with
diameter of 20mm. The 20 mm diameter was chosen as a reasonable compromise
between the size of the specimen, the achievable strain and the strain-rate performance,
the complexity of the setup and the manufacturing cost of the specimens. A high
performance aluminium alloy (EN-AW-7075-T6) was selected as the material for the
bars because it has relatively low mechanical impedance in comparison with other
materials such as steel or titanium alloys. In the case of the measurements of materials
with significantly lower impedance, bars made of polymethyl-metacrylate (PMMA)
materials are used.

Absorption of the residual energy is provided using the momentum trap. Due to the
absorption of a large amount of energy (typically hundreds of joules), the momentum

trap was designed as a cascade consisting of several acting elements: short aluminium

12



2.3. SHPB at the Department of Mechanics and Materials

bar clamped in the holders, an expendable wooden block and an industrial hydro-
pneumatic damper. At first, the energy is dissipated during the friction contact of the
clamped bar, then in the crushing or destruction of the wooden block and finally in
the hydro-pneumatic damper.

In addition to the parts already described, the SHPB apparatus is equipped with
a number of supporting or safety accessories and peripherals (an air compressor,
polycarbonate safety shields, control electronics etc.). The overview of the SHPB setup

with the marked main function parts is shown in Fig

momentum trap  bearing supports  barrel valve air reservoir

transmission bar incident bar safety accessories compressor

Figure 2.5: The overview of the SHPB setup located at the Department of Mechanics and

Materials.

| 2.3.2 Instrumentation

The instrumentation of the setup is crucial for the data acquisition during the exper-
iment. The precise and reliable evaluation of the mechanical properties and other
quantities is dependent on the proper instrumentation. Instrumentation of the setup
consists of several apparently independent sub-systems that work together to obtain
comprehensive data from the performed experiment. Thus, the individual sub-systems
are used depending on the type of the experimental test. The main parts of the instru-
mentation of the SHPB apparatus and its modification (located at the Department
of Mechanics and Materials) are depicted in Fig. and described in the following

sections.

13
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Figure 2.6: The overview of the SHPB setup instrumentation with the main sub-systems

(image was originally created for [36])

. Strain-gauges

Strain-gauges are devices used to measure the strain on an object. They are a
fundamental part of the instrumentation. The vast majority of SHPB setups use
strain-gauges for the direct measurement of the strain. The strain-gauges are bonded
directly onto the surface of the measurement bars and measure the strain of the bars
caused by the passage of an elastic wave.

The principle of the strain-gauge is based on the change of its electrical resistance due
to its own deformation (deformation transferred from the measured object to the active
part of the strain-gauge). However, the change in the resistance is very small and
cannot be reliable detected directly. For this reason, the strain-gauges are arranged to
a special electrical circuit called a Wheastone bridge. Although other similar circuits
exist, the Wheastone bridge is the most frequently used one.

The Wheatstone bridge is an electrical circuit used to measure changes in the electrical
resistance of a strain-gauge using its voltage output. From the rate of unbalance of

the voltage output, it is easy to determine the change in the electrical resistance of
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the strain-gauge. The bridge circuit is a very precise tool for the detection of very
small changes in the electrical resistance. There are several possible arrangements
of a Wheastone bridge circuit depending on the number of active strain-gauges and
measured loading mode [38]. These arrangements are: a full-bridge (four active
strain-gauges), half-bridge (two active strain-gauges) and quarter bridge (one active
strain-gauge).

Strain-gauges are attached to the substrate with a special glue. Two types of adhesives
are used according to the application. Cyanoacrylate glue is appropriate for short time
measurements while epoxy glue is used for long lasting installations. A complication
of the epoxy adhesive that precludes its use in some applications is the need for high
temperature curing (at about 80 — 100°C). In the case of the strain-gauge bonding on
bars which are already adjusted in the SHPB setup, the use of an epoxy adhesive is
excluded.

Historically, two types of strain-gauges were tested in our setup: (i) foil strain-gauges
and (ii) semiconductor strain-gauges. The foil strain-gauge consists of a thin flexible
insulating backpacking on which the strain sensitive pattern (conductive metallic wire)
is applied. The main advantages of foil strain-gauges are the almost ideal linearity,
the high strain capacity, ability to measure higher strain values (approx. 50,000 ue),
mechanical durability and relatively simple manipulation and bonding with regard to
the damage. The main disadvantage is the low sensitivity called gauge factor which
requires the use of a low noise amplifier and additional steps to reduce noise in the
measuring chain.

The semiconductor strain-gauge is based on the piezoresistive effect. The piezoresistive
effect is the change in the electrical resistivity of a semiconductor material when a
mechanical strain is applied. The change only concerns the electrical resistance, not on
the electric potential (in contrast to the piezoelectric effect). The main advantage of
the semiconductor strain-gauge is the higher gauge factor (more than 100 times larger
than in the case of the foil stran-gauge). Due to higher output signal and higher signal-
to-noise ratio, it is possible not to use the signal amplifier in the measuring chain. The
crucial disadvantages are the significant non-linearity behaviour and the asymmetric
response of the sensor in tension and compression. The other main disadvantages are
the very limited strain capacity (approx. 2,000 pe) and more complicated manipulation

and bonding due to the fragility of the sensor itself.
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Although we tested two types of semiconductor strain-gauges in our SHPB setup:
AP170-3-100/BP/CuSn N-sort (VTS Zlin, Czech Republic) and AFP-500-090 (Kulite,
Japan), only the foil stran-gauges were used for experimental campaigns. Significantly,
the non-linearity behaviour together with the asymmetric response of the sensor and
limited strain capacity were key limitations of their application in the Hopkinson bar
setup, particularly for testing cellular metamaterials. In our setup, foil strain-gauges
in the half-bridge arrangement were commonly used at the individual measurement
points. In the half-bridge arrangement, a pair of strain-gauges of the same type is
bonded at the same distance from the face of the bar with a half-revolution angular
offset. This arrangement is capable of reducing the eventual minor bending of the bar
during the experiments and, in the case of the pure tensile or compression loading
mode, amplifying the output signal twice. During all our experimental campaigns, the
incident and the transmission bar of the SHPB setup were equipped with foil strain
gauges (3/120 LY61, HBM, Germany) with a strain sensitive pattern length of 3 mm.
The relatively small length of the selected strain gauges enabled high precision strain
measurements (integration of the strain wave along the length of the strain gauge)
with respect to the wavelength of the strain wave. The strain-gauges were bonded to
the surface of the bars by special cyanoacrylite bonding (Z70, HBM, Germany) and
cured for at least 24 hours. To maximise the signal-to-noise ratio, each strain-gauge
circuit was independently powered using a battery pack (with an excitation voltage of
3V), which is part of a custom strain-gauge control unit [30], to decrease the noise
of strain-gauge signal to a minimum. Due to the small sensitivity of the foil strain
gauges, it was necessary to use an active differential low noise amplifier (EL-LNA-2,
Elsys AG, Switzerland) with a gain 100. The strain-gauge measurement unit was
connected to the amplifier using specially designed twisted-pair cables to protect the
raw strain-gauge signal from noise. The bonding process, circuitry and noise reduction
techniques are described in more detail in [39]. The amplified strain-gauge signal
was sampled and recorded using a pair of a high speed 16-bit digitisers (PCI-9826H,
ADLINK Technology, Inc., Taiwan) with maximal 20 MHz sample rate. The SHPB
apparatus with the above-mentionted instrumentation is shown in Fig. |2.7.

The position of the strain-gauges on the measurement bars may vary for different
applications and setups. A basic arrangement is a single measurement point (a pair

of strain-gauges connected in a half-bridge configuration) in the middle of each bar.
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Figure 2.7: Initial instrumentation of the SHPB setup (image taken from paper 2 in
Appendix .

The location of the strain-gauges is the optimal trade-off between the complexity of
the system (the number of strain-gauges - cost and mounting time), the prevention
of the wave superposition at the measurement point and the quality of the signal.
We used this arrangement in several experimental campaigns. In the case of more
complex experiments (more complex samples, high impact velocities, bars of PMMA
material, using a pulse-shaping technique to prolong the wavelength of the pulse, etc.),
the arrangement of the strain-gauges was adapted. The number of the measuring
points and their positions on the bars were modified. The proper modification of
the measurement points leads to higher reliability, data redundancy (backup signals),
application of advanced methods of the setup calibration and wave decomposition
techniques. Detailed information can be found in [36]. In Fila [36], several rules for

the position of the strain-gauges were drawn:

® The strain-gauges have to be placed at a distance of at least 10 x the diameter

from the bar’s face.

® The first transmission strain-gauge should be placed as close to the specimen as
possible to obtain the most reliable record of its deformation behaviour and to

eliminate or reduce the wave superposition with the backward propagating wave.

17



2.3. SHPB at the Department of Mechanics and Materials

® As the attenuation and wave dispersion are negligible when the aluminum alloy
bars with an optimal pulse-shaper are used, the travel distance of the pulses can

be relatively long (units of meters).

® The travel distance of the pulses when using of visco-elastic PMMA bars has to be

as short as possible (< 1000 mm) due to the strong dispersion behaviour of wave.

The scheme of variants of the strain-gauge arrangement used during the experimental

campaigns over time are shown in Fig. 2.8/
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Figure 2.8: The variants of the strain-gauge arrangement used during the experimental
campaigns: (a) standard Kolsky bar with strain-gauges in the middle of the bars, (b)
multi-point measurement with the SHPB, (c) direct impact OHPB bar, (d) direct impact
OHPB with visco-elastic bars (image taken from [36]).

After each strain-gauge arrangement modification or before the experimental campaign,
it is highly appropriate to perform the quasi-static force calibration of the strain-gauges
to evaluate the setup precision. A quasi-static force calibration is performed as the
uni-axial compression of the bars. A piston mounted on the end of the experimental
setup loads both bars (arranged in line) and the reaction force is measured using a
standard load-cell (U9C, HBM, Germany) which is mounted co-axially between the
bars. The measured force of the load-cell is compared with the force calculated base of
the strain-gauge signal and its precision is evaluated. A common error of the individual

pair of foil strain-gauges is up to 2 — 4 % of the measured value.
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Impact velocity measurement and triggering of acquisition

The measurement of the impact velocity of the striker bar is important for the
estimation of the strain wave amplitude because it is directly proportional to the impact
velocity. Based on the known value of the impact velocity, an initial estimation of the
experimental validity can be made. Moreover, in the case of negligible attenuation over
a short travel distance (aluminium alloy elastic bars), the maximum strain calculated
from the impact velocity value is comparable with the signal from the strain-gauges
(the error is in the range of a few percent). In the case of the OHPB modification, the
knowledge of the value of the impact velocity is crucial to evaluate of the test.

Two pairs of laser through-beam photoelectric sensors (FS/FE 10-RL-PS-E4, Sensopart,
Germany) are installed on the barrel of the SHPB at a fixed distance from each other.
Each assembly includes a laser beam transmitter and its receiver, creates an optical
gate together. When the laser beam is interrupted by a foreign object (in our case
by the striker) in its path (oriented perpendicularly to the barrel), the voltage output
suddenly changes and generates a pulse. This pulse is detected using same the digitiser
as in the case of the strain-gauge signal. Thus, it is possible to calculate the striker
velocity from measured time (and known distance between the optical gate) of the
falling edge of the pulses of the first and second optical gates. Because the striker bar
is accelerated through the whole length of the gas-gun barrel, for the higher precision
of measured impact velocity (higher precision of estimation of strain amplitude), we
deduced a simple constant acceleration analytical model based on the measurement
using three optical gates.

The second usage of the optical gate is triggering of the data acquisition. As the output
from the optical gates is digitised by the same digitiser device (diffrent channel) as
the signal from the strain-gauges, there is a fixed time stamp in the record. The pulse
generated by the optical gates is also used to trigger other devices, e.g., high-speed
cameras, a high-speed thermal imaging camera, etc. Then, the synchronisation of the
signal from these relatively independent devices can be performed on the basis of the
fixed time stamp in all the records. The scheme of the experimental triggering and the

impact velocity measurement sub-system is shown in Fig. |2.9,
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Figure 2.9: The scheme of the experimental triggering and impact velocity measurement

sub-system (image was originally created for [36])

N High-speed imaging

During the experimental campaigns in our laboratory, the high-speed imaging has
become an integral part of all the performed experiments. The high-speed imaging
in our setup has two main function: i.) inspection technique to confirm the correct
process of the experiment, ii.) advanced analysis of the experiments using the digital
image correlation (DIC) technique. The high-speed imaging sub-system consists of a
high-speed camera, a high performance lightning system, a camera positioning stage
and a control PC.

A high-speed camera is a device capable of capturing images with exposures of less than
1/1000s or frame rates in excess of 250 fps. The images are captured using a CMOS
image sensor and they are usually stored in the internal memory. In the first years
of the SHPB testing in our laboratory, a Fastcam SA-5 (Photron, Japan) high-speed
camera was used to observe the experiment. Currently, the laboratory is equipped by a
pair of high-end Fastcam SA-Z 2100K (Photron, Japan) high-speed cameras. The pair
of cameras has significantly expanded the possibilities of the performed experiments.
The first camera can capture sample details for further strain evaluations using the
DIC technique, while the second camera can capture the entire scene for the inspection
of the experiment or can record the details of another side of the sample for the strain
evaluation on two faces. Both types of cameras are capable of capturing the SHPB

experiment with sufficient resolution and frame-rate in the range of 50 — 300 kfps and
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both cameras have a TTL trigger capability to start the acquisition using our triggering
sub-system. The main parameters of both types of cameras are summarised in Tab.

2.1l

Parameter Fastcam SA-5 Fastcam SA-Z
Max. frame rate 1-10° 2.1-10°
Max. resolution [px| 1024 x 1024 1024 x 1024
Max. full-frame speed [fps] 7000 20000
Light sensitivity [—] 10000 50000
Dynamic Range 12-bit 12-bit
Sensor size [mm] 20.48 x 20.48 20.48 x 20.48
Pixel size [pm] 20 x 20 20 x 20
Min. shutter speed [ns] 1000 159
Internal storage [GB| 16 32
TTL triggering yes yes

Table 2.1: The main parameters of both types of high-speed cameras.

Because the high-speed imaging is very sensitive to the proper illumination of the scene,
suitable illumination has to be used. In our laboratory for the SHPB testing, two
high performance LED illumination systems are available: i.) a pair of high intensity
Constellation 60 (Veritas, USA) LED lights, ii.) a pair of high intensity Multiled QT
(GS Vitec, Germany) LED lights. Both illumination systems are able to properly
illuminate the scene during the high-speed imaging.

The positioning and holding of the high-speed camera in a fixed position is performed by
a standard tripod or the in-house motorised remote-controlled hybrid optics positioning
system (HOPS) [40]. The high-speed imaging sub-system also includes transparent
shields made of a high performance non-shattering polycarbonate with a thickness of
5mm to protect the operators and equipment. The scheme of the high-speed imaging
sub-system is depicted in Fig. [2.10l The high-speed imaging sub-system is also shown
in Fig. [2.11] and partially in Fig. |2.8|
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Figure 2.10: The scheme of the high-speed imaging sub-system (image was originally
created for [36])

L High-speed thermography

Outside the mainstream of the experiments with auxetic metamaterials, supplementary
methods were used to obtain additional data about the deformation behaviour of
the structures. The most important supplementary method employed during the
experimental campaigns was the testing of auxetic structures at elevated and reduced
temperatures. For this experimental campaign %, the usual instrumentation of the
SHPB was extended by a high-speed thermal imaging camera and an in-house developed
a cooling and a heating stage.

A high-speed thermal imaging camera SC7600 (FLIR, USA) equipped with an actively
cooled focal plane array (FPA) InSb photon-counting detector and a 50 mm f/2 silicon-
based lens with an antireflection coating were used for the thermal imaging during
the impact test. The camera detector operates in the spectral range of 1.575.0 um
(short-to-medium wavelength infrared band—SWIR to MWIR) with 640 x 515 px full
frame resolution. Thermal imaging was used for the inspection of the specimen’s
temperature before the experiment and to estimate the temperature increase and heat

distribution during the impact.

'this experimental campaign relates paper 3 in Appendix A
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The high-speed thermal imaging system was calibrated for a temperature range of
—5 to 300°C. To maximise the frame rate of the camera, the image resolution was
down-scaled and set to 96 x 44 px by sensor image windowing. In this configuration,
the maximum frame rate of approx. 2kfps was achieved. The safety shatterproof
polycarbonate specimen shield was modified (window mounting hole was made) and
attached by a MgF, protective window to make the infrared imaging possible and safe
for the high-speed thermal imaging system.

The heating stage includes ceramic heating elements (output power of 40 W) that are
commonly used for the construction of hotends (printing heads of thermal 3D printers).
The heating elements were attached to movable aluminium clamps to provide close
contact with the specimen to ensure the best possible heat transfer. The clamps were
operated using a servo-based actuator that allows the quick remote control removal
of the heating elements just before the impact. The servo system was controlled by
in-house developed electronics and the temperature was regulated using open-loop
control circuitry with pulse width modulation (PWM). The heating stage was able to
heat the sample to approximately 200 °C.

The cooling setup was designed as a gas cooling system using carbon dioxide (CO,)
as an active cooling medium. The cooling stage consisted of a pressure vessel with a
volume of 6.7 L. containing 5 kg of liquid CO,, a thermally isolated box containing dry
ice with a temperature of —78°C and a piping system. Inside the thermally isolated
box, a low temperature compatible piping coil was submerged in a mixture of dry ice
and 1L of pure ethanol. The cooling process began with the release of the valve, the
gas from the reservoir was released at a pressure of 1.5 MPa and was rapidly cooled
down by contact with the ethanol and dry ice mixture. The super-cooled gas was
then led directly to the specimen area using hoses and nozzles. The cooling stage
reached a sample temperature of —27 °C before the start of the experimental procedure.
A temperature change to approx. —5°C of the specimen at the time of the impact
was given by the thermal conductivity of the samples leading to a rapid rise in the
temperature in the time delay between the cooling process and the moment when the
impact could be performed.

Details of both stages and the overall experimental setup used to test auxetic structures

at elevated and reduced temperatures are shown in Fig. [2.11
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Figure 2.11: Details of the heating/cooling stage and the overall experimental setup used

to test auxetic structures at elevated and reduced temperatures (image taken from paper

3 in Appendix .

N Digital Image Correlation

The digital Image Correlation (DIC) is an optical method for tracking changes in
digital images. In our application, the DIC technique is used for the evaluation of
changes in the images acquired using the high-speed imaging. As the high-speed camera
observes the sample area, the displacements of the bar’s ends or the displacement of the
individual cells in the specimens can be evaluated. Based of the evaluated displacement,
the impact velocity or strain field on the sample surface can be determined. From
the obtained displacement/strain field, it is possible to investigate, e.g., the auxetic
behaviour of the sample. In addition to quantities relating to the sample, DIC can also
be used to create "virtual strain gauges" to determine the strain (direct comparison with
the strain measured using strain-gauges) and particle velocity during the experiment
[36].

The basic principle of DIC is as follows: The DIC procedure begins by overlying the
region of interest with a virtual correlation pattern that forms a set of points. To
calculate the displacement, the location of every pixel is then tracked between each pair
of images (high-speed images in case of the SHPB) in the series of images capturing
the deforming/moving object. To find the exact solution of the problem, subsets
of pixels are used. The subset is defined as a square shaped area with dimensions

(2M +1) x (2M + 1) pixels formed around a centroid, which is the location of the
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individual tracked point P (zg,yp) in the correlation pattern. The size of the subset
(value of parameter M) influences the analysis in two contradictory ways. The subset
has to have sufficient dimensions to contain a unique pattern of image (this is the
reason why the bars or sample surface is covered by a random speckle pattern). It can
be assumed that the probability of the uniqueness increases with the size of the subset,
but with an increasing size, the computational costs of the correlation procedure also
increases.

To find the deformed subset, the location of the pattern from the reference subset in
the deformed image is established from the extremum of the correlation coefficient
calculated using the selected criterion. In our custom DIC tool, the correlation
coefficients were estimated using a two-step procedure in a pixel level and consequently
in a sub-pixel level to determine the displacement vectors more accurately. On the
pixel level, the sum-squared difference (SSD) criterion was used. On the sub-pixel level,
the Lucas-Kanade algorithm based on the zero-normalised SSD (ZNSSD) criterion was
used [4I]. For more details about used the custom DIC algorithm see [31], 42, [43]. An
example of using DIC for the estimation of longitudinal strain and Poisson’s ratio of
2D re-entrant honeycomb auxetic lattice in the SHPB experiment is illustrated in Fig.

2.12
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Figure 2.12: Image sequence showing the deforming 2D re-entrant honeycomb auxetic
lattice during impact with the mapped local-gradient results of the longitudinal strain and

Poisson’s ratio. (image taken from paper 2 in Appendix .

An example of the typical value of the mean correlation coefficient throughout the grid
plotted against the strain, and an example of the correlation grid in the representative

states of deformation (no deformation, auxetic behaviour, and densification) of the 2D
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re-entrant honeycomb structure are shown in Fig.
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Figure 2.13: Mean correlation coefficient throughout the grid plotted against the strain
with the highlighted representative states of deformation (no deformation, auxetic behaviour,
and densification) of the 2D re-entrant honeycomb structure. (image taken from paper 2

in Appendix ) .

O 2.4 OHPB at the Department of Mechanics and

Materials

Open Hopkinson Pressure Bar (OHPB) is a advanced and novel method for the high
strain-rate testing of materials which was firstly introduced by Govender [44] in 2016.
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The OHPB technique is a derivative of a direct impact Hopkinson bar technique. The
development of the OHPB method has been one of the main task of our laboratory work
in recent years. Paper 4 in Appendix |A| describes the developed OHPB apparatus in
our laboratory and the initial experimental campaign with metal foam samples and
auxetic structure samples (hybrid and conventional)

The motivation for the design and commissioning of the OHPB apparatus was to
overcome the problems and limitations of the SHPB setup, especially with regard to
the testing of soft cellular materials. The OHPB method also has its disadvantages and
is definitely not a complete replacement of the SHPB setup, but rather an alternative
for testing a specific type of material. The main reasons for the design of the OHPB
apparatus were to overcome the main limitations summarised in [36] and described

below:

® The strain in the specimen is directly proportional to the length of the striker
and its impact velocity. Therefore, a higher sample deformation can be obtained
with a higher impact velocity (higher strain-rate) or a longer striker or both.
The striker is a moving object and its length is limited by friction, the housing
and performance of the gas-gun. For these reasons, the SHPB has its minimum

strain-rate limit.

8 The duration of the experiment is limited by the wavelength of the strain wave
pulse and the wave propagation velocity. Thus, the deformation of the sample

must occur in a short time window.

® The amplitudes of the incident, reflected and transmission pulse are disproportion-
ate in the case of testing the cellular materials. The transmission pulse commonly
has a very low amplitude in comparison to the incident pulse. This disparity
in the amplitude can lead to noisy oscillations hiding the true state of the force

equilibrium.

® Oppositely propagating strain waves cause a wave superposition that makes the

evaluation from the strain-gauges mounted close to the specimen difficult.

#8 The validity of the SHPB experiment is strongly dependent on the state of the
force equilibrium. Equations for the evaluation of the results, respecting the
standard theory, are valid only during the time period when the force equilibrium

occurs.
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® The necessary application of correction methods of the wave dispersion effects in
use of low-impedance visco-elastic bars (e.g. PMMA). These corrections are not

generally valid, they are valid only under certain conditions.

W 241 Basic principle

The principle of the OHPB method (described in detail in paper 4 in Appendix Al)
is directly derived from the Direct Impact Hopkinson Bar (DIHB) methods. The
schemes of both the forward and reverse DIHB method and the OHPB are shown in
Figure |2.14.

(a) forward m g O

strain-gauge

(b) reverse ( 0
specimen strain-gauge

(c) OHPB = = () & 0
strain-gauge strain-gauge

Figure 2.14: Principle of the forward DIHB (a), reverse DIHB (b), and OHPB (c). (image
taken from paper 4 in Appendix |A)).

From these schemes, it is obvious that, in the case of the forward and reverse DIHB,
only the transmission bar is instrumented with a strain-gauge. The OHPB consists of
two measurement bars (incident and transmission), unlike the DTHB, both of which
are instrumented with strain-gauges. The incident bar is directly inserted into the
barrel of the gas-gun and simultaneously serves as the striker bar. The tested specimen
is mounted on the impact face of the transmission bar. During the experiment, the
incident bar is accelerated using the gas-gun and directly impacts the specimen. The
impact generates the strain waves in both bars. The pulses propagate from the specimen
to the free ends of the bars. Then, the pulses are reflected and travel back to the
specimen. The end of the experiment occurs when the backward-propagating waves
reach the strain-gauges. At this point, the strain-gauges produce superposed signals.
As the waves propagate from the specimen, they have an approximately identical
shape. The beginning of the transmission pulse is delayed in comparison with the
incident pulse. This delay is caused by the longer path as the strain wave has to pass

through the specimen (similarly to the SHPB). The diagram showing the strain wave
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propagation in the OHPB setup is shown in Fig. 2.15]
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Figure 2.15: Diagram showing the strain wave propagation in the OHPB setup (image
taken from paper 4 in Appendix |A).

The forces and displacements on the respected faces of the bars can be calculated using
the strain-gauge signals [44]. For the detailed calculation procedure see paper 4 in
Appendix [Al. From the derived equations, it is obvious that the evaluation of the actual
length of the specimen (strain) is strongly dependent on the initial impact velocity
vp. This fact highlights the key importance of the accurate measurement of the initial
impact velocity with high precision (by, e.g., the DIC) unlike in the SHPB method,
where the impact velocity serves as a secondary parameter useful for the verification

of the results.

B 242 Design of OHPB

Our SHPB experimental setup has been adapted for the OHPB apparatus and all
the major parts of the SHPB setup were used in this OHPB modification. Due to
sharing the major parts, SHPB setup can be modified to the OHPB setup relatively
quickly, and vice versa. This modularity allows one to choose the optimal apparatus
and method for a given type of sample.

In our design (unlike [44]), the incident bar is not fully loaded in the barrel of the
gas-gun system, but its frontal part always protrudes from the barrel. The reason for

this approach is that the strain-gauges are mounted on the protruding part of the
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incident bar. Unlike other concepts, the quiding of the incident bar is not provided only
by the barrel, but by a linear guidance system. This concept allows one to maximise
the stroke of the gas-gun and increase the performance of the apparatus. The scheme

of the OHPB apparatus according to our concept is depicted in Fig. [2.16!
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Figure 2.16: The arrangement of the OHPB experimental setup: uni-axial compression

with the aluminium alloy/PMMA bars (image taken from paper 4 in Appendix |Al).

] Linear guidance system of the incident bar

The guiding of the incident bar during the acceleration is provided by a low mass/low
friction linear guidance system. The linear guidance system consisted of a linear
motion guide with a high performance polymeric slider bearing (drylinT, IGUS, USA)
and a rail with a length of 1200 mm. The incident bar front-end was attached by a
friction contact clamp to link the incident bar to the carriage, while the back-end of
the incident bar is loaded in the gas-gun barrel. During the calibration testing, it was
found that if the friction clamp is adjusted properly,it did not bring any distortion
to the incident wave. The frontal part of the incident bar, which protrudes from the
barrel, is used for the strain-gauge mounting at a typical distance of 200 mm from the

impact face.

L Gas-gun system

For the acceleration of the incident bar, the identical gas-gun system as in the case
of the SHPB apparatus (see section 2.3.1) was used. The only change is the absence
of the system used for the loading of the striker bar (reverse air pressure supplied by
a separate hose), which is not needed in the case of the OHPB. The incident bar is

loaded manually into the barrel.
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Instrumentation

As the OHBP apparatus is a modification of the SHPB setup, the whole instrumentation
can be identical. All the equipment and sensors have been used in the same way as
described in 2.3.2. Small changes, especially in the placement of equipment and sensors,
were performed. Due to the longer deformation process the optical gates are as close
to the specimen as possible to tighten the triggering of the experiment. As mentioned
above, the proper evaluation of the OHPB experiment is strongly dependent on the
the accuracy of the impact velocity determination. To reduce the acceleration effect
between the pair of optical gates, they are mounted as close to each other as possible.
Moreover, the position and the trigger of the high-speed camera are adjusted in order
that the camera also records the movement of the incident bar in the pre-impact phase.
Thus, the DIC technique can be used for the precise evaluation of the initial impact
velocity. The adjusted positions of the high-speed camera and the optical gates allow
for the determination of the impact velocity by two independent systems which is
advantageous in the case of the OHPB. A modification was also performed in the
case of the momentum trap because the moving mass impacting the specimen (long
incident bar instead of a relatively short striker) is usually higher and the momentum
trap is more stressed than in the SHPB apparatus. The experimental setup with the
aluminum alloy bars/PMMA bars and the important parts of the OHPB arrangement

and instrumentation is shown in Fig. [2.17| and Fig. 2.18

o Performance

The compressor dedicated to the gas-gun system has a maximal pressure of 10 bar (all
components of the gas-gun system are designed at 16 bar). At this pressure level the

gas-gun system is capable to accelerate the incident bar:

B material: aluminum alloy, length: 1600 mm — max. impact velocity approx.

18 —20m - s}

® material: PMMA, length: 1750 mm — max. impact velocity approx. 25 —

30m-s!

The strain-rate achieved at this maximum pressure level is at the bottom range of the

strain-rates achievable by the SHPB. This fact confirms that the OHPB technique is
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Figure 2.17: The experimental setup with the aluminium alloy bars and the important

parts of the OHPB arrangement (image taken from paper 4 in Appendix .
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Figure 2.18: The experimental setup with the PMMA bars during the experimental
campaign.(image taken from paper 4 in Appendix .

not a better successor to the SHPB technique, but rather an additional experimental
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technique for testing at strain-rates between the drop-weight test and the SHPB.
The lower strain-rate, in the case of the OHPB, is mainly caused by the mass of the
impactor (incident bar). The impact energy depends directly on the mass and the
square of the impact velocity. As the impact velocity decreases, the impact energy
decreases dramatically. Due to the lower impact energy margin in the experiment, the

strain-rate dramatically drops.

. Comparison with SHPB

The OHPB method has several advantages in comparison to the SHPB and the direct
impact Hopkinson bar methods. On the other hand, it also has several disadvantages.
The main advantages are: the higher achievable strain of the specimen, the long time
period without the superposition, the strain wave measurement from both sides of the
specimen, approx. the same level of the measured signals in both bars, the dynamic
equilibrium in good quality. The main disadvantages are: more complex assembly,
high sensitivity of determining the correct value of the impact velocity to the accuracy
of the results, the possibility of an unstable strain-rate during the experiment due to a

significant decrease in the impact velocity (and the impact energy).

| 2.4.3 Penetration test

Penetration or dynamic indentation is one of the important dynamic loading modes.
During the penetration test the specimen is impacted with an object with a cross-
section smaller than the cross-section of the specimen. As the penetrating object passed
through the specimen, its kinetic energy is dissipated in the material. This loading
mode is crucial for the description of the crushing behaviour of the investigated material
under the impacting object. Paper 5 in Appendix [A| describes the developed setup
for the penetration testing in our laboratory and the initial experimental campaign
with three types of samples: i.) closed-cell aluminum alloy foam, ii.) an APM foam,
where aluminium spheres are coated by polyamide, and iii.) an hAPM foam, where
aluminium spheres are embedded in an epoxy.

Based on our experience from previous studies investigating the strain-rate sensitivity
of cellular materials using the Hopkinson bar a DIHB experimental setup with advanced
instrumentation for the low to medium velocity penetration of cellular materials has

been developed in our laboratory. For purposes of penetration testing, the OHPB
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experimental setup introduced in Section [2.4] was modified. The penetration setup
used aluminium bars made of a high-strength aluminium alloy (EN-AW-7075-T6) with
a diameter of 20 mm. The gas-gun system is capable of accelerating the incident bar
(length of 1600 mm) to an impact velocity of approx. 20ms~! corresponding to an
impact energy of approximately 300 J. The front face of the transmission bar (length of
1600 mm) was attached to the specimen’s supporting plate with a diameter of 60 mm
and thickness of 40 mm using a bolted joint. The diameter of the supporting plate
corresponded to the diameter of the samples. A pair of strain-gauges in a half-bridge
arrangement were bonded at a distance of 200 mm from the specimen on both adjacent
bars. Amplifying, sampling and recording the strain-gauges signals were performed

using the same instrumentation as in case of SHPB/OHPB (see Section [2.3.2). The

1600 mm 1600 mm 1600 mm

|2500 mm ) | [ | |
ﬁ strain-gauge specimen _strain-gauge

ﬁ = - [ 'l §
\transmission \ momentum \ damper

gas / incident
bar trap bar

gun bar &

optical
high-speed camera / gate \ high-speed camera

(overview) (DIC)

Figure 2.19: The scheme of the OHPB modification for the penetration testing.

optical gates were placed in front of the tested sample and a signal interruption of
the first gate was used for the triggering and time synchronisation of the experiment.
Observation of the penetration test was performed using a pair of high-speed cameras
(Fastcam SA-Z, Photron, Japan). The first "overview" camera (recording speed of
20 kfps, resolution of 1024 x 1024 pixels) served as an inspection of the specimen’s
front face during the impact. The second "DIC" camera (recording speed of 180 kfps,
resolution of 768 x 112 pixels) was oriented perpendicularly to the setup’s longitudinal
axis and observed the ends of both bars. The images from the "DIC" camera were
post-processed using a custom DIC tool for the evaluation of the displacements of
both bars, the initial impact velocity and the longitudinal strain on the surface of the
penetrated specimens. The proper illumination of the scene was performed using a
high-performance LED illumination system (Multiled QT, GS Vitec, Germany).

The scheme and assembly of the fully instrumented setup for the penetration testing
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Figure 2.20: The OHPB experimental setup: High-speed cameras, their field of view and
an example of the grid of correlation points established in the incident and transmission

bar. (image taken from paper 5 in Appendix .

are shown in Fig. and Fig. [2.20], respectively. For a detailed description of the

performed penetration experimental campaign, see paper 5 in Appendix Al
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Chapter 3
Future work

The previous chapters and the collection of the selected papers attached in Appendix
‘Al demonstrate the experimental work in the area of testing of cellural metamaterials
over the last few years. In this time period, all aspects of the experimental work
(experimental devices, instrumentation, evaluation of the results, etc.) were improved.
The initial SHPB apparatus was gradually improved and other in-house developed
equipment (heating/cooling stage, strain-gates control unit, etc.) were developed.
The experience gained over the years has enabled the design of more advanced and
sophisticated experimental techniques (OHPB, penetration testing) that push the
possibilities of the materials research even further. Currently, two very unique and
advanced experimental facilities are being prepared in the laboratory: i.) a modular
high-strain rate testing setup with high-speed X-ray radiography imaging and ii.) an
intermediate strain-rate testing setup with a high power X-ray source for high speed
X-ray radiography and tomography imaging. Both of the setups have a high potential
to expand the knowledge about the materials at several areas, i.e., behaviour of the
structures during penetration, the fracture mechanics, constitutive modelling, fatigue,

etc.

[ 3.0.1 High-speed X-ray imaging of the high-strain rate testing setup

In the previous year, the laboratory at the Department of Mechanics and Materials
was significantly expanded with a new type of equipment enabling the very fast X-ray
radiography called Flash X-ray. Typical applications of the Flash X-ray device are
found in ballistics, detonics and simulations of space debris impacts [45]. The Flash

X-ray system Model 300 (Scandiflash, Sweden) at our laboratory is equipped with 4
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anodes (X-ray sources) with a small focal spot size of 1 mm and are built into the same
vacuum chamber in a circle arrangement. Each source is connected to a pulser with a
high voltage coaxial cable and can be individually pulsed. The system can generate

X-rays with a voltage in a range of 100 —300kV and with a current of 10 kA. Before the

ﬁ pulser

pulser

control unit =

sample

scintillating screen

mirror X-ray sources
+ (4 anodes)
motorised positioning stage
high-speed camera shielded
+ door

motorised optical stage

shielded
bunker

shielded
door

SHPB/OHPB
apparatus

/

Figure 3.1: Scheme of the experimental facility for the high-speed X-ray imaging during
the high-strain rate testing.

image acquisition, the pulser is charged up and waits on a trigger in the standby mode.
Thus, the image is taken after the trigger pulse is received. Images are recorded using
a high-speed camera. Between the irradiated object and the camera, a scintillating
screen is placed. The scintillating screen converts the X-ray image (front side of the
screen) into a visible image (rear side of the screen). A large area (468 x 468 mm)
CsI(TI) scintillating screen (Hamamatsu, Japan) with a high transformation efficiency
(X-ray to visible spectrum), a short reaction period and fast decay time of a few us is
used in our setup. The fast decay time of the scintillating screen is a very important
parameter because the maximum frame rate is not limited by the X-ray system, but

only by the decay time. The time between the pulses is optional, it has no lower limit.

37



3. Future work

The exposure time for each individual image is determined by the X-ray system pulser
and the duration of the X-ray burst is normally 20 ns. Between the scintillating screen
and the high-speed camera, the mirror, mounted on an in-house developed positioning
stage [40], is placed to reduce the potentially harmful effect of the irradiation on the
high-speed camera electronics. The initial setup arrangement was tested in a pilot

experiment and the first series of images were acquired (see Fig. |3.2). The pilot

Current time : +000.0560 ms
Frame rate : 1000PB DS
Resolution @ 384%408
Frame no. : e g

Frzime no.

Figure 3.2: Series of four images (= 4 anodes) of a small object from chromium-vanadium
steel acquired using the Flash X-ray system (240kV), scintillating screen and high-speed
camera (100kfps). The increasing brightness of the images is caused by the gradual

saturation of the scintillation layer.

experiment proved that the concept is applicable for high speed X-ray imaging and
is able to capture four images during a single experiment. Thus, a combination of
the X-ray flash system, high-speed camera, scintillating screen and mirror assembly is
potentially ready to reliably capture impacts and processes as short as a few dozen
microseconds. Currently, the SHPB/OHPB apparatus is being integrated into the
high-speed X-ray imaging system and the pilot impact test is being prepared. The
scheme and assembly of the experimental facility for the high-speed X-ray imaging

during high-strain rate testing are depicted in Fig. and Fig. respectively.

] 3.0.2 High-speed X-ray imaging of the intermediate strain-rate
testing setup

Currently, the novel loading device capable of performing dynamic experiments at
low impact velocities (up to 6ms—!) and intermediate strain rates with well defined
boundary conditions is assembled in the laboratory. The designed loading performance
is aimed at filling the gap between the quasi-static and high strain rate testing. The

frame (see Fig. of the loading device consists of aluminium profiles. Two main
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Figure 3.3: Experimental facility for the high-speed X-ray imaging during the high-strain

rate testing.

Figure 3.4: Frame of the assembled loading device

profiles placed horizontally across the frame form the support for the rails of the sledges
propelled by linear motors. A set of linear motors is used for the loading and its motion
can be controlled very precisely (modify the experiment parameters within dozens of

microseconds) and, therefore, the optimal load function (displacement, velocity, force)
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of the tested specimens can be prescribed. This feature will allow the testing of the
samples’ deformation response to a specific type of prescribed load or can be used to
investigate the specific material properties. The two types of load-cells were selected
for the initial instrumentation because the loading device is able to load the samples
dynamically and quasi-statically. For the dynamic testing, impact piezoelectric load-
cells can be used. In the case of the quasi-static, conventional strain-gauge load-cells
can be mounted on the loading sledges. Other equipment, such as a polycarbonate
safety shields, limit and safety switches, etc., are also important parts of the device
and will be integrated simultaneously with the main parts.

This stand-alone loading device will be further extended by a high power X-ray source
and the same acquisition sub-system (scintillating screen, mirror, high-speed camera)
as in the case of the Flash X-ray system. By combining both systems, it will be possible
to perform high speed X-ray imaging of the dynamic experiments conducted at low
and intermediate strain rates. A suitable X-ray tube has already been tested in a
voltage range of 160 — 225 kV and maximum power of 900 W and the results confirmed
that imaging at frame rates of at least 14 kfps is possible with the current acquisition
sub-system. For imaging of impacts at low and intermediate strain-rates, the achieved

frame rate is sufficient.
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In this paper, impact testing of auxetic structures filled with strain rate sensitive material is presented.
Two dimensional missing rib, 2D re-entrant honeycomb, and 3D re-entrant honeycomb lattices are
investigated. Structures are divided into three groups according to type of filling: no filling, low
expansion polyurethane foam, and ordnance gelatine. Samples from each group are tested under quasi-
static loading and dynamic compression using Split Hopkinson Pressure Bar. Digital image
correlation is used for assessment of in-plane displacement and strain fields. Ratios between quasi-
static and dynamic results for plateau stresses and specific energy absorption in the plateau are
calculated. It is found out that not only the manufactured structures, but also the wrought material
exhibit strain rate dependent properties. Evaluation of influence of filling on mechanical properties
shows that polyurethane increases specific absorbed energy by a factor of 1.05—-1.4, whereas the effect of
gelatine leads to increase of only 5-10%. Analysis of the Poisson’s function reveals influence of filling
on achievable (negative) values of Poisson’s ratio, when compared to unfilled specimens. The results for
the Poisson’s function yielded apparently different values as the assessed minima of quasi-static
Poisson’s ratio in small deformations are constrained by a factor of 15.

1. Introduction they increase density under the impacting object.!! The
Materials with negative Poisson’s ratio, so called auxetic auxetic behavior is important in a plateau region and in the

materials, is a group of advanced materials with mechanical ea'rl'y part of a densification, where most of the energy is

. .. . . .. -5 mitigated.

properties promising for energy absorption applications. Aucet] b ¢ d usi ! )

Auxetic materials exhibit high specific energy absorption as uxetic structures can be manu acturéﬂ using volumetric

they can have significant plateau region where a large amount

of impact energy is dissipated. Moreover, the auxetic

materials show increased resistance against penetration as

compression of conventional foams. Other options
are additive manufacturing and rapid prototyping that
can produce periodic lattice structures with controlled
geometry.[s’m] Moreover, additive manufacturing can be
used to build periodic auxetic lattices from metal alloys that
exhibit high ductility and extended plateau region. Such a

structure can be used, after careful optimization of the design,
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test was investigated by Scarpa and Lim.2*2%

investigated auxetic sandwich panels using quasi-static
three-point bending test and dynamic drop-weight impact

Yang

test.??! Auxetic materials for sport safety application were
investigated by Duncan using a drop hammer impact test.[!
Both Scarpa and Duncan showed that auxetic foams can
exhibit performance superior to conventional foams, e.g., in
terms of damping properties, acoustic properties, and
dynamic crushing.[>?"!

Generally, a key factor influencing deformation behavior
under dynamic loading is strain rate of the impact. For many
materials, mechanical behavior at various strain rates can be
significantly different. Mechanical properties based on quasi-
static testing can produce misleading results and can
significantly underestimate or overestimate the properties
valid for the dynamic impact conditions.**! Dynamic impact
testing at high strain rates is performed using specialized
experimental apparatuses, particularly Split Hopkinson
Pressure Bar (SHPB).

SHPB is a well-established method for dynamic testing of
materials and can be used for evaluation of stress—strain
curves at high strain rates. While SHPB can be easily used for
measurements of ductile, high-strength materials such as
solid metals, its application to materials with low mechanical
impedance and geometrically complex inner structure is
complicated and may lead to unreliable conclusions.”” Such a
measurement requires a modification of the experimental
setup and advanced data correction techniques have to be
applied for proper evaluation of mechanical properties.[>2°]
Recently, a number of studies analyzing lattices,®”! foams, and
honeycomb structures subjected to impact loading in SHPB
were published.[28"3o] Strain rate sensitivity, inertia effects,
and deformation behavior at high strain rates were investi-
gated. A novel approach utilizing digital image correlation
(DIC) techniques in SHPB experiments was also
introduced.?®"!

In this study, we investigate deformation behavior of
additively manufactured metal auxetic lattices under impact
loading in SHPB. SHPB was employed as an approach for
characterization of metallic auxetic lattices under dynamic
compression at strain rates significantly higher than typical
rates of drop weight impact tests (1-200s'). Re-entrant and
missing rib (cross-chiral) auxetic structures were used in the
experiments.[>1%'832! Voids in the selected specimens were
filled using strain rate sensitive material. The filling was
employed to investigate a possible synergistic effect during
impact energy absorption of a ductile auxetic lattice with a soft
strain rate sensitive filling. Three types of auxetic structures
were prepared using selective laser sintering (SLS) and filled
with two types of strain rate sensitive material. Quasi-static
experiments were performed and mechanical behavior of the
filled structures and the structures without filling was
evaluated. Then, a series of SHPB experiments was carried
out to evaluate mechanical behavior of the structures at high
strain rate. Striker impact velocity and corresponding strain
rate were selected to analyze the influence of strain-rate

sensitivity effect at rates corresponding to a very high velocity
impact of vehicles, blast loading, and particle penetration. In
this field, a sandwich panels filled with additively manufac-
tured auxetic structures can potentially exhibit beneficial
performance. Deformation behavior and selected mechanical
properties derived from quasi-static tests and from SHPB
experiments were analyzed and compared. The SHPB
experiments were observed using a high-speed camera and
the recorded image data were used to analyze the displace-
ment and strain fields using DIC. As a result, deformation
behavior of the studied samples at quasi-static conditions and
at high strain rate was evaluated, compared and summarized
in the paper together with the effect of the two considered
strain rate sensitive fillings.

2. Materials and Methods

2.1. Samples

Three different types of auxetic structures exhibiting in-
plane and volumetric negative strain-dependent Poisson’s
ratio were printed using SLS method. Material used for
printing the auxetic structures using additive manufacturing
technology was 316L-0407 austenitic stainless steel alloy,
which comprises iron alloyed with chromium of mass fraction
up to 18%, nickel up to 14%. and molybdenum up to 3%, along
with other minor elements. The alloy is an extra-low carbon
variation on the standard 316L alloy.

The density of the wrought material is 7990kgm > and
melting is in the range 1371-1399 °C. Mechanical properties
of the sintered bulk material are: compressive strength in
horizontal direction 6624+2MPa, in vertical direction
574+ 10 MPa; yield strength in horizontal direction 518 £5
MPa, in vertical direction 440 + 10 MPa, modulus of elasticity
in horizontal direction 167 =8 GPa, in vertical direction
134 £17 GPa.

The following auxetic structures were used in the study:
two dimensional missing rib, two dimensional re-entrant
honeycomb and three-dimensional re-entrant honeycomb.
The structures are shown in Figure 1. The aforementioned
types of structures were selected as they can be produced
using SLS with satisfactory quality and reasonable ratio
between overall dimensions (limited by employed SHPB
setup) and the number of unit cells in the structure.
Moreover, they exhibit a significant development potential
as their properties can be tuned by optimization of the cell
geometry.

The missing rib specimen had dimensions of 11.7 x 12.0
x 13.0mm (w x d x h) and nominal porosity 53.1%. The 2D
re-entrant had dimensions of 12.0x12.0x13.0mm and
nominal porosity 52.3%. The 3D inverted re-entrant had
dimensions of 12.1 x12.0 x 13.0mm and nominal porosity
74.0%. All structures had nominal strut thickness 0.6 mm. The
overall dimensions of the samples were chosen to fit in the
SHPB setup and, based on the SHPB performance, to reach
densification region in the impact experiment. The cross-
section to specimen height ratio was approx. 1 and was
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selected to minimize frictional and inertia effects in the SHPB
experiment.

The samples were divided into three groups for subsequent
filling with strain rate sensitive material. The samples from
the first group were filled using ordnance gelatine. This type
of filling was selected due to its low viscosity during
preparation, which provided a highly homogeneous distri-
bution of the filling in the open cellular structure. The mixture
was prepared as 20% 260 Bloom beef powder gelatine (Remi
MB, Ltd., Czech Republic). The powder was poured into tap
water with temperature 45 °C and stirred for 10 min to remove
the air bubbles. Then, the auxetic structure specimens were
immersed into the mold and cured for 24h at room
temperature and subsequently 24 h in the refrigerator. Then,
the gelatine block was cut to separate the samples and to
reveal their surface. Nominal density of the gelatine after
curing was 1 084kgm™>. Plateau stress of gelatine was
reported at both low (0.0013 s™h and high strain rates
(320057 to be 3kPa and 6 MPa,*¥! respectively.

Samples of the second group were filled with porous low
expansion polyurethane foam (Soudal, N.V., Belgium). This
type of filling was selected due to its low specific weight and
closed pore nature after curing, which contributes to strain
rate sensitivity of this filling. As this foam cures at room
temperature and in ambient air conditions, the liquid mixture
was sprayed at the samples’ surface and pressed carefully into
the entire cellular structure. Then, the liquid mixture was
removed from the faces to ensure proper curing of the mixture

2500 mm 1600 mm, 220mm

laser through-beam 538 ﬁr‘: ulse. sh.z ert b i high-speed . ssion b
sensors ———— 2 incident bar camera ransmission bar
(aw)striker [ / LEDlights | hydraulic
= S R85l Ao | damper 1\

1600 mm, 220mm

strain gauges

Wheatstone| Low-noise
-> bridge differential
circuit amplifier

(d)
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photoelectric sensors

high-speed
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\\\\\ high intensity
JAnRe S 2 | LED lights

strain gauges
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Fig. 1. (a) 2D missing rib, (b) 2D re-entrant, (c) 3D re-entrant, (d) experimental setup scheme, (e) overall experimental setup, (f) part of the experimental setup with specimen
location, high-speed camera, and instrumentation.

filled within the porous structure of the auxetic constructs. A
sufficient level of bonding between struts and filling was
achieved due to good adhesive properties of the used mixture.
The adhesive capabilities between the PU foam and metallic
struts were justified by a pull-off adhesion test prior to the
samples’ preparation. After 12h of curing at room tempera-
ture, the foam was removed from the samples’ surface with a
scalpel. Finally, the faces were ground and polished to restore
their plan parallelism and suitable optical surface properties
of the solid phase. Nominal properties of the PU foam after
curing were: nominal density 26 kg m >, compressive strength
30kPa, and shear strength 170 kPa.

Samples of the third group were kept unfilled for
comparison of influence of the considered filling materials
and assessment of the deformation behavior of the auxetic
structure themselves.

After the filling process density of the specimens was
evaluated. 2D re-entrant with no filling had average density
4381kgm >, with polyurethane filling 4456 kg m >, and with
gelatine filling 4976 kg m . 3D re-entrant with no filling had
average density 2944kgm™®, with polyurethane filling
3041kgm >, and with gelatine filling 3686kgm . 2D
missing rib with no filling had average density 4266kgm >,
with polyurethane filling 4415kgm >, and with gelatine
filling 4845kgm 2.

Following sample combinations were tested: (i) quasi-
static, all structures, 1+1+1 (unfilled 4 polyurethane filling
+gelatine filling); (ii) SHPB, 2D re-entrant, 3+2+2;
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(iii) SHPB, 3D re-entrant, 2 + 2 + 2; (iv) SHPB, 2D missing rib,
34242

2.2. Quasi-static Testing

Quasi-static compression tests were carried out for each
type of auxetic structure and filling using a uniaxial testing
machine (Instron 3382, Instron, USA). All samples were
loaded at the speed of 0.5 mm min " (strain rate 0.0011s™) up
to their 50% overall deformation (defined by cross-head
displacement) and the applied force was measured. During
the experiments, the deforming samples were observed
using a digital camera (Manta G-504B, AVT, Germany) with
2 452 x 2 056 px resolution equipped with a telecentric lens
(TCZR072, Opto Engineering, Italy). Captured images were
evaluated using DIC technique to obtain in-plane displace-
ment and strain fields. For each sample, stress—strain
diagrams valid for quasi-static loading were determined
and compared with deformation behavior measured at high
strain rates. The data were also used to estimate the expected
measured values during the SHPB experiment.

2.3. SHPB Setup

A modified Kolsky SHPB setup was used in the study. The
incident, transmission, and striker bars had the same
nominal diameter 20 mm with solid cross-section and were
made of high-strength aluminum alloy (EN-AW-7075) to
match the mechanical impedance of the specimens as close as
possible. A gas—gun system with 16 bar maximum pressure
was used to accelerate the striker bar. The gas—gun system
consisted of a 20 1 air reservoir, a pressure gauge, high-flow
fast release solenoid valve (366531, Parker, USA), a steel
barrel with the maximal stroke 2500mm, and other
peripherals (compressor unit, safety elements, piping etc.).
The incident bar and the transmission bar had the same
length 1600 mm and were supported by eight low-friction
polymer-liner slide bearings with aluminum housing (Drylin
FJUM housing, IGUS, Germany). The striker bar with length
500mm was used for generation of the incident wave. A
fixed aluminum rod and a hydraulic damper were used as
the absorbers of the residual kinetic energy of the experi-
ment. The experiments were carried out without momentum
trap as the damping elements were not in initial contact with
the transmission bar.

The experimental setup was carefully adjusted to reduce
negative effects of improper geometrical alignment. Selected
high precision extruded rods with tight diameter tolerance
were used for the experiments. Surfaces of the bars were
ground and polished. Position of the bars was adjusted in the
bearing housings to achieve system axis straightness better
than 1mmm ™' and friction effects of the slider bearings were
minimized. The impact faces of the bars were finished using
high-precision grinding and polishing and were adjusted to
be in full contact at interfaces (striker to incident bar interface
and bars to specimen interface). The precision of the contact
was measured by feeler gauge and maximal distortion of in-
plane contact was in order of tens of micrometers.

As the experiments with auxetic structures required a high
impact velocity, it was necessary to use a pulse shaper at the
striker to incident bar interface. Paper pulse-shaper (thickness
=2x0.25mm) was selected on the basis of results from
calibration experiments that were carried out prior to the
experiments with auxetics. Paper pulse-shaper satisfactorily
reduced the spurious effects of wave dispersion, while the
wave shape was not significantly influenced. This allowed for
constant strain rates in the plateau region with no wave
interference in the bars.

2.4. Instrumentation

The incident and transmission bar of the SHPB setup were
equipped with foil strain gauges (3/120LY61, HBM,
Germany) for the strain wave measurement during the test.
Foil strain gauges were selected despite their low sensitivity
in comparison to semiconductor strain gauges (approxi-
mately hundred times lower), because of their linearity and
ability to measure higher strain values (50 000 micro strains
compared to 2500 micro strains in case of semiconductor
gauges) expected during the experiments. A relatively small
length of selected strain gauges (3mm) enabled high
precision strain measurement (integration of the strain wave
along the length of the strain gauge) with respect to the
wavelength of the strain wave. Two strain gauges were
applied on each measurement point using a single compo-
nent low-viscosity cyanoacrylate adhesive (Cyberbond 2003,
Cyberbond Europe GmbH, Germany) in half-bridge ar-
rangement to eliminate a potential influence of bending, and
cured for at least 24 h. One measurement point in the middle
of both the incident and transmission bars was selected. To
maximize the signal-to-noise ratio each strain gauge circuit
was powered using a battery pack (with excitation voltage
3V) to decrease the noise of strain gauge signal to a
minimum. Due to small sensitivity of the foil strain gauges, it
was necessary to use the active differential low noise
amplifier (EL-LNA-2, Elsys AG, Switzerland) with gain 10
(bandwidth: 20 MHz) or 100 (bandwidth: 15MHz). Ampli-
fied strain gauge signal was sampled and recorded using
high speed 16-bit digitizer (PCI-9826H, ADLINK Technol-
ogy, Inc., Taiwan) with maximal 20MHz sample rate.
Because the internal memory of the digitizer is limited,
triggering of the measurement is very important as the
maximal length of the record is only 65536 samples per
channel, which corresponds to 3.2 ms at 20 MHz sample rate.
Thus, a laser through-beam photoelectric sensor (FS/FE
10-RL-PS-E4, Sensopart, Germany) was employed for
measurement triggering. Two pairs of these sensors were
installed on the barrel of the SHPB at a fixed distance from
each other. The laser beam interruption of the first pair
(closer to the air tank) starts data acquisition (signal from
strain gauges, image data from high-speed camera, etc.),
while the interrupt signals from both sensors enable to assess
the speed of the projectile. The process of the deformation of
the sample was observed using a high-speed digital camera
(FASTCAM SA5, Photron, Japan) with 20 pm square CMOS
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sensor with maximal 1000000 fps at a 64 x 16 image pixel
resolution. Due to hardware configuration of the camera, the
value of maximal frame rate depends on the image resolution
and vice versa. As a compromise between the frame rate and
the image resolution with respect to the DIC analysis 100 000
fps and 320 x 192 px image resolution were chosen. Because
high-speed imaging is very sensitive to proper illumination
of the scene, a pair of high intensity LED lights (Constellation
60, Veritas, USA) was used for illumination of the sample
during the deformation process. Custom virtual instrument
was designed in LabView (National Instruments, USA) and
used for controlling instruments, data acquisition and
source synchronization during the SHPB test. Scheme of
the experimental setup and instrumentation is shown in
Figure 1d. The experimental setup is shown in Figure 1le
and f.

2.5. SHPB Experiments

A prepared sample was placed into the SHPB setup
between the incident bar and the transmission bar. Faces of the
bars were carefully aligned on the faces of the sample to
eliminate the distortion of the strain pulse. The ends of both
bars (adjacent to the sample) were covered by random
artificial black and white texture to increase the contrast for
image tracking algorithm. The gas—gun release pressure of
5 bars was used in the experiments. Resulting impact velocity
of the striker bar was 33 ms ™ (one experiment was carried out
with 8 bar pressure with impact velocity 43 ms ™, see Results
section). The impact velocity was tuned to achieve maximal
deformation in the specimen and constant strain rate during
most of the time of the experiment (duration). A thick paper
(2 x 0.25mm) was placed on the impact face of the incident
bar and used to reduce the Pochhammer—Chree oscillations
and dispersion effects of the elastic wave propagating in the
incident bar and to reduce the ramp-in effect at the specimen
boundary.

2.6. SHPB Data Processing

As the mechanical impedances of the bars and specimen
were significantly different a number of calibration and
correction methods was utilized to evaluate the results. Series
of calibration experiments and void tests were carried out at
different impact velocities to obtain correction data. Data from
void tests were used to evaluate the actual mechanical
properties of the aluminum bars and to correct the signals
from strain-gauges. Two types of void tests were performed:
“incident bar apart” void test and “bars together” void test.
The “incident bar apart” void test was carried out to analyze
the impact velocity, elastic properties of the bar, wave
propagation velocity, damping characteristics, wave shape,
strain-gage position error, and linearity of the incident bar.
The “bars together” void test was carried out to analyze the
same properties valid for the transmission bar, the quality of
the contact between the bars, wave transfer parameters,
strain-gauge signals equilibrium, and friction losses of the
system. All the evaluated parameters were consistent and the

experimental setup was evaluated as suitable for the
measurements of auxetic structures with adequate precision.

Void tests with 50 mm short striker bar and no pulse shaper
were performed to record wave dispersion effects in the bars.
The data were used to calculate the experimentally deter-
mined wave transfer function and wave propagation coeffi-
cient in frequency domain, according to Bacon’s method and
its modification.***! Wave propagation coefficient was
calculated separately for incident and transmission bars
using “bars together” and “incident bar apart” void tests.
Fourier transforms of the first measured pulse in the bar & (w)
and its reflection & (w) on the free end of the bar were used to
calculate wave transfer function H * (w) of the system in
frequency domain. The propagation coefficient was obtained
using equation

where y(w) is the propagation coefficient and d is the distance
between the strain-gauge and the free end of the bar.["’!

Recorded incident, transmission, and reflected strain—
gauge signals measured in the center of the bars were shifted
to specimen boundary using the propagation coefficient. The
aforementioned geometrical calibration, pulse-shaping tech-
nique, and correction methods ensured that the dynamic
equilibrium was achieved in the specimen and the SHPB
experiments were valid. Thus, the sample was undergoing
homogeneous deformation after initial ramp-in effect of the
incident pulse. Examples of force equilibrium recorded
without aforementioned techniques and equilibrium after
the calibration of the setup are shown in Figure 2a and b. The
experiments with auxetic materials produced consistent data,
which is demonstrated in Figure 2c, where all the measured
curves of one selected auxetic structure are shown.

2.7. Digital Image Correlation of SHPB Results

Deformation of the samples was recorded using a high-
speed camera. The camera was triggered by interruption of a
laser beam of a photoelectric sensor installed on the barrel.
Images were taken at frame rate 100000 fps with recorded
image size 320 x 292 pixels. Total number of the recorded
frames per experiment was approximately 2000. This
enabled to capture the whole deformation process of the
sample. Raw data from the high-speed camera were
exported to TIFF image format without compression. For
the DIC procedure, the TIFF images were converted to PNG
image file format with lossless compression using the
command-line convert tool from ImageMagick package
and identical region of interest was cropped from the
images.’®! To verify that the compression level is only a
trade-off between the resulting file size and the encoding/
decoding speed and does not affect the image data quality,
converted images were subtracted from the original images
and zero matrices were obtained. From the captured image
sequence, 10 frames that captured the first part of the
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Fig. 2. (a) recorded forces at sample boundary — dynamic equilibrium not achieved, (b) recorded forces at sample boundary — valid experiment, (c) results consistency for

2D re-entrant specimens with no filling.

deformation process (the first image represented the
undeformed state and the next nine images captured the
deformation process up to approximately 20% deformation)
were selected. These images were used in the DIC analysis
using Ncorr open source 2D-DIC tool for Matlab (Math-
Works, USA). To ensure the same image processing
procedure was applied to all measurements, no histogram
equalization was performed, and raw data were used in the
correlation procedure. For all measurements, every parame-
ter set in the DIC scheme, such as correlation criteria, sub-
pixel registration algorithm, interpolation scheme, initial
guess, and convergence conditions (number of iterations and
PCG error criterion) was kept identical.

Because the basic principles of DIC algorithm have been
fully described in literature, the algorithm is described here
only briefly for clarity.’””* DIC generally employs a zero-
mean normalized sum-of-square difference (ZNSSD) criterion
to compute the similarity in pixel intensity between reference
and deformed image subsets.*"! In this manner, displace-
ments with pixel accuracy are obtained. Then, to obtain
deformation with sub-pixel accuracy, the above mentioned
ZNSSD criterion is iteratively optimized using the classic
Newton-Raphson iterative algorithm.

From the displacement fields, full-field strains were
calculated as Green-Lagrange strain tensors. This involves
differentiation of the displacements fields, which is sensitive
to noise and one must be careful that the displacement fields
contain no noise prior differentiation. Attention was paid to
keep the smoothing window as low as possible not to over-
smooth the resulting strain fields. In all the experiments, the
smoothing window was 15 pixels.

Set of parameters used for calculation of the results
(displacements, strains, Poisson’s ratios) were kept constant
for all the experiments performed. The only smoothing
procedure used in the DIC was the initial displacement
smoothing using 2 x2 pixel Gaussian kernel. Since the
position and settings for the camera used in the experiments
did not change, all the experiments were processed using the
same Matlab scripts. This enabled an easy and reliable result
evaluation and comparison.

3. Results and Discussion

3.1. Quasi-Static Poisson’s Function from DIC
The Poisson’s ratio v, was calculated using quasi-static
strain fields evaluated by the DIC method according to
&

Vig = ——,
&1

where ¢, is lateral strain in direction perpendicular to the
direction of loading and &; is a strain in the direction of
loading. In every case, the deformation perpendicular to the
direction of loading was evaluated from the middle parts of
specimens’ microstructure, where the concentration of the
lateral strain occurred.

The Poisson’s ratio of an unfilled missing rib structure
gradually decreased to its minimum value of —0.25 at 2.5%
strain and remained constant at this level up to 8% strain.
Then, the Poisson’s ratio linearly increased and reached zero
at 35% strain. The Poisson’s function of the 2D re-entrant
honeycomb specimens reached its minimum of —1.4 at 2%
deformation. From this point, it gradually increased and
reached its asymptotic value in the observed range of
deformation yielding Poisson’s ratio —0.05 at 30% strain.
Minimum value —1.2 of the Poisson’s function of the 3D re-
entrant honeycomb structure has been measured at 1% strain.
After that, the Poisson’s ratio increased to 0.2—4.5% strain and
remained positive until the end of the experiment.

The gelatine-filled cut missing rib structure reached
Poisson’s ratio —0.145 at very small strains up to 0.5% that
progressively increased to zero at 0.5% strain and remained
approximately constant. The polyurethane-filled cut missing
rib structure reached similar value of the Poisson’s ratio at
small strains, but the polyurethane filling significantly altered
behavior of this microarchitecture at higher strains. The
Poisson’s ratio remained, in this case, lower than —0.125 up to
3.5% strain, and then linearly decreased to —0.62 at 6.2%
strain. From this point, gradual increase of the Poisson’s ratio
to zero at 22% strain was observed.

The gelatine-filled 2D re-entrant honeycomb structure
exhibited negative Poisson’s ratio during the whole
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investigated deformation process. At the initial stage of
loading, the Poisson’s reached —0.1 at 0.3% strain and
decreased from this point to —0.23 at 0.7% strain. After that,
the Poisson’s ratio gradually increased to —0.04 at 27% strain
followed by decrease to constant level of —0.14. By contrast,
Poisson’s function of the polyurethane-filled re-entrant
honeycomb structure is quasi-cyclic. In the first cycle, the
Poisson’s ratio decreases to —0.18 at 4.2% strain, and then
increases to 0.05 at 12% of strain. From this point, the Poisson’s
ratio decreased again to —0.12 at 19% strain and then
gradually reached zero at 36% strain.

The Poisson’s ratio of the gelatine-filled 3D re-entrant
honeycomb structure decreased to —0.075 at 1.9% strain and
then increased to zero at 20% strain. As in the experiments of
polyurethane-filled 2D re-entrant honeycomb structure,
Poisson’s function of the polyurethane-filled 3D re-entrant
honeycomb structure exhibited cyclic changes in the values of
Poisson’s ratio. In small deformations up to 0.07% of strain,
the Poisson’s ratio reached the minimum value of —0.2 that
was followed by its three cyclic changes. The respective
minima and maxima of Poisson’s ratio occurred in the
following scheme:

1) Minima—-Poisson’s ratios —0.175, —0.09, —0.02 at strains
8%, 21.25%, 31%

2) Maxima-Poisson’s ratios —0.09, —0.07, —0.002 at strains
5%, 17%, 26%

3.2. Specific Energy Analysis

Stress—strain diagrams from the quasi static experiments
were used for evaluation of specific energy analysis (SEA) of
the structures. As the plateau region is the most important
part of the stress—strain diagram for effective energy
absorption, the plateau was identified for all structures and
a plateau energy analysis was carried out.

For the 2D re-entrant structures, a plateau region was
identified in the range 5-25% of engineering strain for the
structure with the gelatine filling and without filling, and in
the range 5-15% for the specimen with the polyurethane
filling. Plateau specific energy density for the 2D re-entrant
with gelatine filling was 15.779MJm > comparing to
15.748MJ m ™ of the specimen with no filling in the same
plateau region. Plateau specific energy of the specimen with
gelatine filling was 3.182KJkg ' comparing to 3.602KJ kg '
of the specimen with no filling. Plateau specific energy density
for the 2D re-entrant with polyurethane filling was 12.801 MJ
m > comparing to 11.677MJm > of the specimen with no
filling in the same plateau region. Plateau specific energy of
the specimen with polyurethane filling was 2.883KJkg '
comparing to 2.662 K] kg ™" of the specimen with no filling.

For the 3D re-entrant structures plateau region was
identified in the range 7-27% of engineering strain for all
the structures. Plateau specific energy density for the 3D re-
entrant with no filling was 6.647 MJm >, for gelatine filling
6.337MJm > and for polyurethane filling 8.409MJm >

Plateau specific energy of the specimen without filling was
2.308KJ kg,
kgf1 and for the specimen with polyurethane filling
2.766 KJ kg .

For the 2D missing rib structures plateau region was
identified in the range 5-12% of engineering strain for all the
structures. Plateau specific energy density for the 2D missing
rib with no filling was 1.476 MJ m~°, for gelatine filling
1.333MJm~2 and for polyurethane filling 1.696 M] m~2.
Plateau specific energy of the specimen without filling was
0.349K] kg_], 0.274 K]kg_1 for the specimen with gelatine
filling, and 0.386 K] kg " for the specimen with polyurethane
filling.

for the specimen with gelatine filling 1.800 K]

3.3. SHPB Results

Employed SHPB setup was suitable to measure the
dynamic response of auxetic structures. Foil strain gauges
were successfully employed instead of semiconductor strain
gauges. Increased noise and lower sensitivity were compen-
sated by linearity of the foil gauge and its extensive working
range. Values of measured strain in the incident bar were
significantly above the measurable limit of a semiconductor
gauge type. Digitizer sample rate 20 MHz and high-speed
camera sample rate 100kHz were sufficient to capture the
deformation of specimen.

Stress—strain curves, strain rate curves, and specific
material parameters of three types of auxetic structures
without filling, and with two different strain rate sensitive
fillings were evaluated. Average plateau stress and specific
energy absorption in the plateau region were calculated from
the stress—strain curves and compared with the quasi-static
data. In the following sections, the specific energy absorption
is represented using the parameters “specific energy absorp-
tion ratio” and “filling/no filling energy ratio”. The specific
energy absorption ratio was evaluated as a ratio of an area
under the plateau region in the dynamic stress—strain curve to
the quasi-static stress—strain curve. Moreover, it represents a
comparison of energy mitigated in the plateau region in quasi-
static and dynamic compression. The filling/no filling energy
ratio was evaluated as a ratio of area under the plateau region
in the stress-strain curve for a structure with filling to a
structure without filling. It was evaluated separately for the
quasi-static tests and for the dynamic tests and it represents a
contribution of the filling to overall energy absorption.
Comparison of this parameter evaluated for quasi-static
and dynamic curves was also used to investigate the strain
rate sensitivity of the filling materials. The averaged stress—
strain and strain rate curves of the auxetic structures are
shown in the Figure 3. Results of the quasi-static and SHPB
experiments are summarized in Table 1.

3.3.1. 2D Re-Entrant

The 2D re-entrant structures were compressed at constant
strain rate approx. 2000s ™', adequate dynamic equilibrium
was achieved in all experiments, and all the measured curves
were consistent. Plateau region was identified in the range
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Fig. 3. Averaged stress—strain curves and strain rate-strain curves: (a) 2D re-entrant stress—strain, (b) 2D re-entrant strain rate-strain, (c) 3D re-entrant stress-strain, (d) 3D
re-entrant strain rate-strain, (e) 2D missing rib stress—strain, (f) 2D missing rib strain rate-strain.

5-25% of engineering strain for the structure with the gelatine  identified. Average plateau stress and specific energy
filling and without filling, and in the range 5-15% for the  absorption were significantly higher in the dynamic tests.
specimen with the polyurethane filling. Strain rate sensitive = Moreover, different deformation behavior of the structure was
behavior of the sintered auxetic structure and both fillings was ~ observed as densification of the structure occurred at lower
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Table 1. Specific energy absorption

Average plateau stress

Filling/No filling plateau

Specific energy absorption ratio energy ratio

Static Dynamic Ratio Dynamic/Static Static Dynamic

2D re-entrant

No filling 80MPa 113 MPa 141 1.43 - -

PU 85MPa 121 MPa 1.42 142 1.09 1.06

Gelatine 79 MPa 123 MPa 138 1.58 1.00 111
3D re-entrant

No filling 33 MPa 51 MPa 1.56 155 = =

PU 40 MPa 72MPa 1.73 171 127 1.39

Gelatine 31 MPa 56 MPa 1.70 1.78 0.96 1.09
2D missing rib

No filling 30 MPa 49 MPa 1.66 1.66 = =

PU 34 MPa 57 MPa 1.69 1.70 1L 1.18

Gelatine 28 MPa 52MPa 1.76 1.95 0.90 1.06

strains in the SHPB experiments in comparison to quasi-static
experiments. The effect of filling can be observed in stress—
strain curves in specific energy absorption ratios. Polyure-
thane filling has approximately the same effect on the plateau
stress in quasi-static and dynamic compression. Gelatine
filling has negligible effect in quasi-static compression and
recognisable effect in SHPB compression. Both fillings
eliminated the plateau stress drop observed in dynamic
compression of the structures without filling.

3.3.2. 3D Re-Entrant

The 3D re-entrant structures were compressed at constant
strain rate approx. 2300s” !, adequate dynamic equilibrium
was achieved in all experiments, and all the measured curves
were consistent. Plateau region was identified in the range
7-27% of engineering strain for all the structures. Strain rate
sensitive behavior of the sintered auxetic structure and both
fillings was also identified, as in the case of 2D variant of the
microstructure. Average plateau stress and specific energy
absorption were significantly higher in the dynamic tests.
Moreover, different deformation behavior of the structure was
observed as densification of the structure occurred at lower
strains in the SHPB experiments, in comparison to the quasi-
static experiments. The effect of filling can be observed in
stress—strain curves as well as in specific energy absorption
ratios. Polyurethane filling has significantly higher effect on
the plateau stress in dynamic compression. Gelatine filling has
negligible effect in quasi-static compression and recognizable
effect in SHPB compression. The value lower than one in the
case of the “filling/no filling plateau energy ratio” is caused
by measurement errors during the quasi-static experiments. It
can be seen, that filling is the most effective
in case of the 3D re-entrant structure as this structure has
the highest porosity and the lowest strength from all the
structures tested.

3.3.3. 2D Missing Rib

The 2D missing rib structures were compressed at constant
strain rate approx. 2300s~ ' and adequate dynamic equilib-
rium was achieved in all experiments. The measured curves
were consistent, but showed lower quality than the two
aforementioned structures. A plateau-like region was identi-
fied in the range 5-12% of engineering strain for all structures.
One experiment with this type of structure was intentionally
conducted at higher strain rate of approx. 2800s . The
experiment at higher strain rate was performed to investigate
the effect of strain rate sensitivity of the sintered structure
without filling. Strain rate sensitive behavior of the sintered
auxetic structure without filling at both strain rates was
identified. The effect of polyurethane filling and gelatine
filling can be only identified with difficulties. The low
significance of filling effect is connected with a high relative
density together with small fragmented pores of the structure
and, therefore low amount of the effective filling material
within the auxetic structure.

The values in Table 1 should be interpreted as only
approximate and are of a lower relevance than the results for
other two structures. However, using the image sequence
recorded by the high-speed camera, it was possible to evaluate
deformation behavior properly.

As it can be seen from Table 1, the “filling /no filling plateau
energy ratio” was approx. 10% lower for the structure with
gelatine filling than for the specimen with no filling in quasi-
static compression. This can be observed also in case of the 3D
re-entrant with gelatine filling but the difference was very low
(4%). As the effect of the gelatine filling is very low in quasi-
static test, this can be interpreted as a proportional error of the
measurement. In case of the 2D missing rib, this behavior was
caused also by virtually no effect of the gelatine filling in the
structure together with higher dispersion of the measured
curves. The deformation behavior of the structure under
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quasi-static and dynamic conditions was significantly differ-
ent. Shear deformation and considerable lateral deformation
of the specimen was observed in quasi-static compression.
Such a complex deformation mechanism together with no
effect of the filling caused higher distortion of the measured
data. In the SHPB experiments, the failure of the structure was
homogenous and was not distorted laterally, however the
measured data was of lower quality than in case of other
structures. Although the dynamic equilibrium in the sample
was achieved in all experiments, there was a higher level of
error of the measured signals. The oscillations were caused by
the complex deformation of the sample and its low
mechanical impedance. An optimized pulse-shaping of
incident pulse would be necessary for further reduction in
these effects. The comparison of the deformation mechanisms
for all the investigated structures during the quasi-static
compression and the SHPB compression is shown in Figure 4.

3.4. DIC Results

The example of displacement and strain fields in horizontal
and vertical direction is presented in Figure 5. This example
shows resulting displacement and strain fields in 2D re-
entrant auxetic structure. From the vertical displacements and
vertical strains, the auxetic behavior of the sample is clearly
evident. For all the samples (with/without the filling
material), it was possible to calculate the displacements and
strains up to 20% deformation. This enables to compare the
results to geometrically nonlinear finite element models.
These models describe the auxetic structures using beam
elements and the auxetic behavior of the structures was
studied in interrelations to several design parameters.*'** In
these FE simulations, the auxetic structures were developed
using 3D beam element formulation (Timoshenko beam
theory) directly from the CAD models. These FE models were
loaded according to the experimental loading conditions (the
lower part of the model restrained in vertical direction and the

intact structure

quasi-static failure

dynamic failure

upper part loaded by prescribed displacement) and stress—
strain relations, the Poisson’s ratio dependency on strain
value were calculated. The comparison between the experi-
mental and numerical results shows that the nonlinear FEA
predicted lower values for the Poisson’s ratio, however the
trends are identical. Both the FEA and experiments showed
the highest auxetic behavior (the highest absolute value of the
Poisson’s ratio) for the 2D missing rib and the lowest for the
2D re-entrant.

In the first frame capturing, the horizontal deformation (¢;)
(see Figure 5b), the non-homogeneous strain field, is visible,
which indicates that the initial ramp-in part of the incident
pulse impacts the specimen. From the following frames, it is
evident that the & is quite homogeneous and, thus the
experiment was successfully performed. The strain fields in
the vertical direction show a very good symmetry and clearly
indicate the auxetic behavior of the sample. The strains and
Poisson’s ratios calculated from the DIC for selected experi-
ments are shown in Table 2.

The effect of filling on the Poisson’s ratio for each type of
the studied material has been established. For each filling, the
Poisson’s ratio has been calculated using DIC as described
above in 3.1. Since the fillings are all low-stiffness materials,
the effect was expected to be very low. This was proven for the
missing rib structure where the Poisson’s ratio effect was
decreased from —0.25 to —0.145 for both gelatine and
polyurethane fillings. For higher strain values, the Poisson’s
ratio gradually increases almost to zero (this was proved for
gelatine filling). On the other hand, for the 2D re-entrant and
3D re-entrant honeycomb structures, the constrain effect for
the Poisson’s ratio was found regardless to the very low
stiffness of fillers. For both filling materials the Poisson’s ratio
effect was constrained by the factor of 15 for small
deformations. For higher deformations, the change of the
Poisson’s ratio has a cyclic feature, however, the values remain
small compared to unfilled structures.

Fig. 4. Comparison of intact structures, structures collapsed in quasi-static experiment, and structures collapsed in SHPB experiments, (a) 2D re-entrant, (b) 3D re-entrant, (c) 2D

missing rib.
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Fig. 5. (a) Full-field displacements in the 2D re-entrant sample during compression in selected time instants. Horizontal displacements (first row) and vertical displacements (second
row). From the vertical displacement field, the auxetic behavior is clearly visible. (b) Full-field strains in the 2D re-entrant sample during compression in selected time instants. The ¢;
(first row) field shows homogeneous deformation in the sample during the whole process, while from the vertical strains (second row) the auxetic behavior can be assessed.

4. Discussion By the comparison of the ability of individual samples to

The employed SHPB experimental setup and instrumenta- absorb deformation energy, the following conclusions were
tion was suitable for measurement of the auxetic structures ~ drawn: gelatine filling has virtually no effect under quasi-
under high strain rates. The setup calibration, pulse shaping static conditions, whereas its effect under dynamic loading is
techniques, and data correction methods were used for substantial. This was observed for all the studied auxetic
evaluation of dynamic material characteristics. The dynamic ~ structures. The effect of polyurethane filling on the plateau
equilibrium was achieved in a short space of time after the stress value was similar for quasi-static and dynamic
impact of an incident wave on the specimen. The evaluated compression.

stress—strain curves were valid and were successfully used for The strain rate sensitivity of both the additively manufac-
the analysis of the effect of filling. tured auxetic lattices and the filling was observed. The strain

Table 2. Results obtained for selected tests: Maximum values of strains in vertical (first row) and horizontal direction (second row) and calculated Poisson’s ratio (third
row).

2D re-ent 2D re-ent 3D re-ent 3D re-ent mRib mRib

(Sample 1) (Sample 2) (Sample 1) (Sample 2) (Sample 1) (Sample 2)
Max. & —0.129 —0.102 —0.112 —0.107 —0.121 —0.139
Max. & —0.017 —0.021 —0.018 —0.018 —0.038 —0.040
V12 -0.131 —0.197 —0.157 -0.171 —0.295 —0.286
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rate sensitivity of the sintered structure is comparable with the
results summarized in literature, where additively manufac-
tured bulk specimens from sintered material were studied
when SHPB was used.*>*4!

The quasi-static compression tests showed similar defor-
mation behavior of the auxetic lattices, as can be seen in quasi-
static compression study concerning sintered metallic re-
entrant lattices of similar geometry.*! A significant buckling
effect and loss of stability of single layers in quasi-static
compression were observed. All investigated structures
exhibited lateral distortion, particularly the 2D missing rib
structure. This effect was reduced significantly in dynamic
compression in SHPB, where the lateral distortion was
minimum and the structures underwent homogeneous
deformation. The structure densification occurred at lower
strains in dynamic compression as well.

As expected, the most distinct effect on energy absorption
capacity was found for the 3D re-entrant. For this structure,
not only the ratio between dynamic and static plateau stress
was the highest, but also the effect of strain rate sensitive
filling was the most significant among all studied structures.
This was especially apparent for the polyurethane filling. The
effect of the gelatine filling on average plateau energy for
the same structure was less than 10% for the dynamic
experiments.

The DIC was used to compute the displacement and
strain fields during the dynamic and quasi-static compres-
sion of the samples. The DIC was used primarily to
compute the Poisson’s ratio of the structures and compare
the values for static and dynamic loading. The important
finding is that the auxetic behavior of the structures under
quasi-static loading is not very strong, but it is very
profound under dynamic loading. The calculated values of
the Poisson’s ratio for all studied auxetic structures
was close to the values predicted by the referenced FE
simulations.!*"*? However, the experimentally obtained
values were approximately 20% higher than those predicted
by the simulations. This is mainly caused by the localized
necking in the middle of the samples, which is not captured
in the simulations. From the DIC, it was found that nearly
homogeneous compression in the loading direction was
maintained for all samples. For all experiments, we were
successful in computation of the strain fields from the
recorded images for compression up to 20%.

We have shown that the dynamic compression of
additively manufactured auxetic lattices can be investigated
by SHPB and that the effect of the strain rate sensitive filling
can be experimentally evaluated at high strain rates. Thus, the
obtained results can be used in conjunction with methods of
numerical modeling, namely the explicit dynamic simula-
tions, to propose auxetic lattice filled with strain rate sensitive
material. However, these structures have to be numerically
optimized for a given application. The application potential of
3D printed auxetic materials ranges from structural compo-
nents to reduce the vibration or car crash absorber elements to
wearable impact protection.!*”!

Additive manufacturing technologies (3D printing, powder
metallurgy /sintering, krigami, laser writing, SLS, etc.) produce
complex parts without the design constraints of traditional
manufacturing technologies. The traditional manufacturing,
like machining and casting, produces parts with higher
accuracy and better quality of surface finish and, more
importantly, with better mechanical properties. This has to be
taken into account since in the presented application the impact
properties of the printed structures can differ significantly.

5. Conclusion

Three types of auxetic structures were prepared using SLS
from stainless steel powder. Two types of strain rate sensitive
fillings were used in these structures to study their influence on
energy absorption capacity at wide range of strain rates. The
samples were subjected to quasi-static and dynamic compres-
sive loading using SHPB. Stress strain diagrams were obtained
foreachsample ata given strain rate. The mechanical properties
of the structures were compared in terms of an average plateau
stress and specific energy absorption in the plateau region.
Auxetic behavior of the samples was assessed using the DIC —
the Poisson’s ratio was calculated from the recorded images of
the deforming samples. Based on the evaluated results, the
following conclusions can be drawn:

1) SHPB is a suitable method for investigation of deformation
behavior of the laser-sintered auxetic structures. Dynamic
equilibrium was achieved in the experiments and the
specimens were crushed at constant strain rate.

2) Material used for sintering was identified as strain rate
sensitive. All structures exhibited approximately 40-70%
higher plateau stress in dynamic compression.

3) The effect of the strain rate sensitive filling on mechanical
properties was evaluated. Gelatine filling had negligible effect
on the plateau stress and absorbed energy in quasi-static
compression. The polyurethane filling specimens exhibited
specific plateau energy 10-25% higher than that of specimens
without filling in quasi-static compression. Specific absorbed
energy of the specimens with gelatine filling was approx.
5-10% higher than of the specimens without filling in dynamic
compression. Specific absorbed energy of the specimens with
polyurethane filling was approx. 5-40% higher than of the
specimens without filling in dynamic compression.

4 Different deformation behavior of the specimens was
observed during the quasi-static and dynamic experiments.
Structures in quasi-static compression exhibited lateral
deformation during compression, in particular the 2D
missing rib. The dynamically compressed specimens
exhibited homogeneous deformation without lateral distor-
tion. Densification of the structures occurred at lower strain
in dynamic compression compared to quasi-static tests.

5 The Poisson’s ratio was evaluated in both quasi-static and
dynamic experiments using the DIC. Deformation with
negative Poisson’s ratio was identified in all structures in
quasi-static and dynamic compression. Although the
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stiffness of the filling materials was very low, negative

Poisson’s ratio of all filled auxetic structures was

significantly reduced. This effect was particularly strong
in the 3D re-entrant structure.
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Strain Dependency of Poisson’s Ratio of SLS Printed
Auxetic Lattices Subjected to Quasi-Static and Dynamic

Compressive Loading

Tomds Fila,* Petr Koudelka, Petr Zldmal, Jan Falta, Marcel Adorna,

Michaela Neuhduserovd, Jutta Luksch, and Ondrej Jirousek

This paper deals with experimental investigation into a strain-rate dependent
function of Poisson’s ratio of three auxetic structures subjected to compres-
sive loading. The missing rib, the 2D re-entrant honeycomb, and the 3D
re-entrant honeycomb lattices printed using selective laser sintering from
powdered SS316L austenitic steel are investigated. The samples are subjected
to uni-axial compression under quasi-static conditions and dynamic con-
ditions using the Split Hopkinson Pressure Bar (SHPB). The deforming
specimens are optically observed in order to apply a digital image correlation
for evaluation of the in-plane displacement and strain fields. From the
calculated strain fields, the function of Poisson’s ratio is calculated for each
experiment using different methods taking specific regions of interest of the
specimen microstructures into account. The obtained functions of Poisson’s
ratio are plotted for each microstructure and strain-rate. The analysis of the

special design of the internal structuring,
but examples of naturally occurring mate-
rials with the same property also exist, such
as mineral rods, zeolites, silicates, and a
few biological tissues.!"

The example of a material with a
negative Poisson’s ratio was described by
Kolpakov?! in 1985. The first cellular
materials with a negative Poisson’s ratio
were designed and synthetized in 1987 by
Lakes et alP! from conventional low-
density open-cell polymer foams by tri-
axial compression and the subsequent
placing in a mold causing the ribs of each
cell to protrude inward permanently. The
word “auxetic” referring to material with

results shows that the strain-rate has a significant influence on the
deformation characteristics of all the investigated microstructures

yielding differences in the magnitude of the minima of Poisson’s ratio and
the differences in the maximum overall compressive strain, where the lattices

are still auxetic.

1. Introduction

Auxetic structures are metamaterials that possess a negative
Poisson’s ratio due to the deformation response of their internal
structure to the applied loading. As a result, they expand in a
transverse direction when loaded in tension and shrink when
compressed. This behavior can be achieved artificially due to the
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negative Poisson’s ratio was used by
Evanst* in 1991. With the advancement
of material science and especially with the
emergence of computer-aided design to-
gether with additive manufacturing tech-
nologies, different structures with 2D and
3D auxetic behavior have been designed,
produced, and tested.*® Currently, there
are generally eight types of common
auxetic structures that can be classified
as: (a) rigid node rotation, (b) chiral, (c) re-entrant lattice, (d)
elastic instability, (e) kirigami fractal cut, (f) origami, (g) star
shape connected, and (h) missing-1ib.”"'% Design optimization
and improvements of the deformation characteristics have been
also investigated"' ™! including out-of-plane deformation
characteristics and bending behavior.'*'”! Owing to their
specific properties, many interesting applications of auxetic
materials have been described as potentially rendering use in
different application areas, ranging from the medical (foldable
devices, angioplasty, or esophageal stents)'*'”) to the automo-
tive, aerospace, sport, or defense industry. Due to the possible
increase in strain energy absorption, special attention has been
paid to the application of auxetic materials for the energy
absorption purposes during crash, blast, and other impact
loading."®?% Advancement in additive manufacturing and
particularly the introduction of selective laser sintering/melting
(SLS/SLM), powder metallurgy (P/M) sintering, and pulsed
electric current sintering (PECS) enabled one to use metals as
the base material for the production of the structures.” This has
broadened the application area of auxetic materials in impact
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protector devices,”” and increased the energy absorption

capability through the possibility of using lighter and thinner
components. These new technologies are still rather expensive,
but with their increasing accessibility and the potential of their
utilization in mass production leading to reduction in the final
price, the application of 3D printing in this area is expanding.

Regarding the issue of energy absorption, it is crucial to
describe the deformation behavior of the structure under large
deformation (i.e., large overall compressive strain) properly. In
the experimental investigation, it is necessary to reliably evaluate
the strains during the experiment and assess the deformation
modes taking the large displacements, large rotations, and
contacts between the struts into account. This is crucial for the
calibration or verification of the numerical models against the
experimentally obtained data.**!

For the proper description of the deformation behavior, it is
necessary to evaluate Poisson’s ratio of the structure and more
importantly, the dependency of Poisson’s ratio on the compres-
sive strain (the so-called function of Poisson’s ratio). The design
parameters, especially the re-entrant angles, influencing
Poisson’s ratio and its strain dependency, can be predicted
using analytical or numerical (FE — finite elements) models.
Nevertheless, outside the small-strain linear region, these
characteristics must be evaluated experimentally due to their
strong non-linearity.**

Furthermore, the strain-rates and the velocities of the specific
deformation processes have to be taken into account considering
the expected applications of the auxetics, particularly the
energy absorption of the rapidly moving objects or blasts. The
deformation response of many homogeneous materials (i.e.,
ferrous alloys, copper, aluminum, etc.) is strain-rate dependent
and significant variations between the quasi-static and the
dynamic characteristics can be observed, including differences
in low and high velocity impacts.” The difference of the
dynamic behavior is further amplified in the case of auxetics due
to the cellular nature of the constructs. The strain-rate
dependency of the base material is then combined with
the effects of the micro-inertia, localized heating, pore pressure,
and others.?®?”) Understanding these phenomena and the
assessment of their influence on the effective properties of
the auxetics can only be revealed by experimental methods
providing sufficient strain-rates in the sample. Among the
available methods, particularly the Split Hopkinson Pressure
Bar (SHPB) and the single-stage powder gun have been
successfully used for the evaluation of the mechanical character-
istics of auxetics.”®>% Other experimental studies investigating
the mechanical behavior of the auxetic structures under dynamic
loading conditions, e.g., the crash behavior of a cylindrical tube
with auxetic structures,*! the drop-weight impact character-
istics,*? and the impact properties of an auxetic textile!**! were
also published. Studies analyzing auxetic structures under
dynamic conditions using numerical simulations are also
available.**=7)

In our previous studies, we have already shown that
experimentally verified numerical modeling can be used for
the prediction of the mechanical properties of the auxetics as a
basis for optimization procedures.*® In the field of dynamic
testing, we have shown that the SHPB technique can be
successfully used to evaluate the deformation characteristics of
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structures based on different auxetic unit cells and to assess the
influence of the strain-rate dependent filling on their overall
properties.”?® This paper is aimed at addressing the issue of the
experimental investigation of the deformation behavior of
additively manufactured auxetic structures under high strain-
rates using SHPB with a focus on the evaluation of the function
of Poisson’s ratio (strain dependent Poisson’s ratio) using an
in-house developed digital image correlation (DIC) procedure
applied on sets of images of the deforming samples captured
using a high-speed camera.?**% The samples were designed as
structures with both in-plane and volumetric auxetic behavior
and 3D printed from powdered SS316L stainless steel using the
SLS method. The manufactured specimens were experimentally
studied under quasi-static and dynamic loading and the strains
during the compression were evaluated using DIC with sub-pixel
precision to calculate the highly detailed function of Poisson’s
ratio of the micro-geometries up to the densification region of
their deformation response.

2. Experimental Section

2.1. Specimens

Three different types of auxetic microarchitectures exhibiting
either in-plane and volumetric negative Poisson’s ratio were
investigated. The specimens were printed in an AM 250 device
(Renishaw, UK) using the SLS method by sintering powdered
SS316L-0407 austenitic stainless steel composed of iron alloyed
by 16-18 wt% of chromium, 10-14 wt% of nickel, and 2—3 wt% of
molybdenum. The maximum permissible content of carbon is
up to 0.03wt% making this material an extra-low carbon
modification of a standard SS316L alloy. The melting range of
the material is 1371-1399 °C and the density of the wrought solid
is 7990kgm . The mechanical properties of the additively
manufactured components (according to the manufacturer of
the sintering device) are summarized in Table 1.

The SLS based additive manufacturing method was used to
produce samples composed of the periodic assembly of three
different unit cell geometries: the missing-rib structure, the two
dimensional, and the three-dimensional re-entrant honeycomb
structures. Both the missing rib and the two dimensional
re-entrant honeycomb structures exhibit the in-plane negative
Poisson’s ratio, whereas the three-dimensional re-entrant
honeycomb exhibits a volumetric negative Poisson’s ratio
during deformation. The printed samples of the structures
are shown in Figure 1. In contrast with our previous study,*® we
designed the geometry of the samples with a higher number of

Table 1. Direction dependent mechanical properties of the wrought
SS316L-0407 steel.

Parameter Horizontal direction Vertical direction Unit
Compressive strength 662 +2 574+£10 MPa
Yield strength 518+5 440+ 10 MPa
Modulus of elasticity 167 £8 134+£17 GPa
Elongation at break 43+£2 35+8 %
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(b) (c)

Figure 1. Tested auxetic lattices: a) 2D re-entrant honeycomb with SEM
image detail of the strut joint, b) 3D re-entrant honeycomb, and c) 2D
missing-rib.

unit-cells in the cross-section of the produced samples. This was
achieved by changing the ratio of the characteristic unit-cell
dimension to the overall specimen dimensions (constrained by
the diameter of the bars used in the SHPB setup), i.e., the
dimensions of the unit-cells were reduced to obtain at least 6
unit-cells in both directions of the specimen cross-section. This
number was selected according to the general requirements on
the RVE as defined by Gibson and Ashby et al.*!! In relation to
the decrease of the unit-cell dimensions, the nominal thickness
of the individual struts within the microstructure was also
reduced down to approximately 0.3 mm. The overall dimensions
of the samples were 12.15x12.15x 12.58mm (wx dx h)
according to the dimensions and performance of the SHPB
setup, which ensured reaching the densification region of the
materials response during the impact experiments. The ratio of
approximately 1 between the specimen height and cross-section
dimensions was selected to minimize the frictional and inertia
effects in the SHPB experiment. The missing-rib specimens
were composed of 36 unit-cells in a 6 x 6 arrangement at a
nominal porosity of 74.37%, the two-dimensional re-entrant
honeycomb specimens were composed of 42 unit-cells ina 6 x 7
arrangement at a nominal porosity of 73.43%, and the three-
dimensional re-entrant honeycomb specimens were composed
of 252 unit-cells in 6 x 6 x 7 arrangement at a nominal porosity
0f 72.36%. The production of such samples was at the resolution
limit of the used SLS device as the treatment of the heat
dissipation brought serious challenges to tuning the
manufacturing procedure in order to avoid the collapse of the
specimens during printing. For every type of the micro-
architecture, three specimens were used during the quasi-static
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experiments and five specimens for each strain-rate during the
SHPB dynamic testing. Hence, 13 samples of every microstruc-
ture were tested and evaluated yielding 39 tested samples in total.
SEM inspection of the printed lattices was performed showing
that imperfections occur primarily on the surface of the
specimen with the magnitude of twice the size of powder
particles of the printing material. This is in this case
approximately 2 x 50 pm. The resulting surface quality affects
the ability of the SLS printing to reproduce the sharp edges and
corners designed in the microstructure, where particularly the
sharp corners are printed as filleted connections with the radius
equivalent to the surface roughness.

2.2. Quasi-Static Testing

To obtain the quasi-static response of the auxetic micro-
architectures, the SLS printed samples were subjected to uni-
axial compression tests performed using the electromechanical
loading device (Instron 3382, Instron, USA). The crosshead
speed was set to 0.5 mm min~! (strain-rate 0.006 1/s) up to 50%
of the overall deformation defined by the crosshead displace-
ment. The deforming microstructure of the samples was
observed by a CCD digital camera to enable the optical
evaluation of the displacement and strain fields of the
investigated microstructures, which was necessary for the
evaluation of the stress-strain diagrams and the functions of
Poisson’s ratio. The optical part of the experimental setup was
composed of a monochromatic camera (Manta G-504B, AVT,
Germany) with resolution of 2452 x 2056 px operated at 3 fps
and attached to a bi-telecentric zoom revolver (TCZRO072,
OptoEngineering, Italy). The specimens were illuminated using
a high-power cold-light LED source (KL2500, Schott, Germany).
The acquisition of the projections was controlled with custom-
developed software based on the OpenCV library and Python
programming language. The observed faces of the specimens
were sprayed using a granite paint to generate a random pattern
to enable reliable optical deformation tracking. The quasi-static
loading setup is shown in Figure 2.

load cell

illumination

bi-telecentric
zoom revolver

CCD camera

3-axis
positioning
platform

Figure 2. Experimental setup used for uni-axial quasi-static compression.
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2.3. Digital Image Correlation of the Quasi-Static
Experiments

The acquired series of images were exported to a PNG format
using a lossless compression algorithm and subjected to a
custom DIC procedure implemented in Matlab (Mathworks,
USA). The procedure based on the Lucas—Kanade tracking
algorithm!*? uses a zero-mean normalized sum-of:square
differences (ZNSSD) criterion to compute the similarity in
pixel intensity between the reference and the deformed image
subsets,**! which is then followed by the optimization of the
received displacement by the Newton—Raphson iterative algo-
rithm to achieve the sub-pixel accuracy of the results. Thus, a
periodical grid of correlation points was generated for every
investigated sample, where the location and distance between
the individual correlation points was selected in order to track
the deformation of the joints between the individual struts to
enable the reliable evaluation of the function of Poisson’s ratio.
Each marker was then tracked throughout the acquired series of
projections by searching for the highest correlation coefficient
between two consequent projections. As a result, the in-plane
displacement and strain fields of the deforming microstructures
were obtained and averaged over all the measurements
comprising the respective auxetic microarchitecture. Because
the derivation of the strains from the displacements is based on
the calculation of a Green-Lagrange strain tensor, which
involves the differentiation of the strain fields, particular
attention has to be paid to the treatment of noise in the data.
For this reason, a correlation window was set to 25 px and its
neighborhood, where the correlation was sought around a
centroid of the correlation window in the two consequent
projections, was set to 30 px and kept constant in all the evaluated
quasi-static experiments. To evaluate the influence of the
boundary effects in the periodical assembly of the different
unit-cells, the DIC procedure was performed on different
regions within the specimens’ microstructure as depicted by
the red and green colors in Figure 3 on an example of the
2D re-entrant honeycomb structure. The correlation points were
generated in the selected joints of the individual struts; in total,
48 points were tracked on the re-entrant honeycomb structures
and 36 points on the missing-rib structures.

2.4. Dynamic Testing

To evaluate the response of the auxetic structures under dynamic
conditions, the specimens were subjected to dynamic impacts
using the SHPB apparatus at two different strain-rates to reveal
the possible strain-rate sensitivity of the samples and the
changes in the deformation behavior of the structures. The
standard arrangement of the experimental setup with the striker,
incident, and transmission bars was used for the testing. All the
bars had a nominal diameter of 20 mm and were made of a high-
strength aluminum alloy (EN-AW-7075). A striker bar with a
length of 500 mm was accelerated using a gas-gun system with a
barrel length of 2500 mm. The incident bar and the transmission
bar had an identical length of 1600 mm. The incident bar was
instrumented by establishing three individual measurement
points, each equipped by foil strain-gauges (3/120 LY61, HBM,
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Germany) with an active length of 3 mm. The foil strain-gauges
were selected instead of semiconductor strain-gauges because of
their linearity up to high strains and higher service-life which
were key factors in the testing at high impact velocities. On the
incident bar, one measurement point was located in the middle
of the bar and the other two measurement points were located
200 mm from each of the faces of the bar, while the transmission
bar was equipped with one measurement point located 200 mm
from the impact face of the bar. At each measurement point, a
pair of strain-gauges wired in the Wheatstone half-bridge
arrangement was used. This solution enabled one to compensate
for the possible minor bending of the bars during the impact test
and to amplify the output signal two times in comparison with a
quarter-bridge arrangement. The strain-gauge signals were
amplified using a differential low noise amplifier (EL-LNA-2,
Elsys AG, Switzerland) with a gain of 100. The amplified strain-
gauge signals were digitized and recorded using a pair of
synchronized high-speed 16-bit digitizers (PCI-9826H, ADLINK
Technology, Taiwan) at a sampling rate of 20 MHz. Data
acquisition and control of the experiment was performed using
a custom LabView (National Instruments, USA) interface. The
striker impact velocity measurement and the triggering of the
data acquisition system were performed by a pair of a short-
reaction time through-beam photoelectric sensors (FS/FE 10-RL-
PS-E4, Sensopart, Germany). The experiments were observed by
a high-speed camera (Fastcam SA-5, Photron, Japan) with a
CMOS sensor having a pixel size of 20 um and full-frame
resolution of 1024 x 1024 pixels. In the experiments, the region
of interest was set to 256 x 168 pixels. The reduced resolution of
the camera allowed for observation of the specimen during the
impact with approximately 130 kfps. The triggering of the
camera was performed using the same photoelectric sensor used
for the triggering of the data acquisition system. Thus, the
image sequence captured with the high-speed camera was

+

+
+
+
+
__i__
+
+
‘f

Figure 3. Example of the correlation pattern (green color) generated on
the 2D re-entrant honeycomb specimen showing the inner (red) and outer
part used for the DIC evaluation of the results.
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synchronized with the strain-gauge signals. The overall view of
the SHPB experimental setup is shown in Figure 4.

To reach two different strain-rates in the specimens, two
impact velocities of the striker bar were used. A lower striker
impact velocity of approx. 21ms~"' was used to compress the
specimens at a strain-rate of approximately 1500 1/s (referred to
as low-rate in the following text). A higher striker impact velocity
of approximately 43 ms ™" was used to compress the specimens
at a strain-rate of approximately 3000 1/s (referred to as high-rate
in the following text). The maximum reachable strain in the
SHPB method is dependent on the striker impact velocity and
the striker length. However, a longer striker bar could not be
used in the low-rate experiments due to the superposition of
the forward-propagating and backward-propagating waves in the
strain-gauge signals. Depending on the type of the auxetic
structure, the specimens 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 minimization of the wave
dispersion effects, cylindrical soft copper pulse-shapers were
placed on the incident bar impact face. Depending on the type of
the auxetic structure and strain-rate, the diameter and the
thickness of the pulse-shapers varied between 7-8 mm and
0.5-1 mm, respectively. The pulse-shapers were very effective in
filtering out the high frequencies causing Pochhammer—Chree
oscillations and in the reduction of the ramp-in effect during the
initial phase of the wave impact on the specimen. Sufficient
quality dynamic equilibrium was reached in all the experiments
at both 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. The typical
measured response of the lattice during the impact is shown
in Figure 5. The plot represents the stress—strain diagrams of the
3D re-entrant honeycomb evaluated using different methods
(1 wave, 2 waves, 3 waves) and the strain-rate-strain diagram for
the same experiment. All the methods used for the evaluation of
the stress—strain curves exhibit good convergence after the initial
phase of the impact, representing good quality dynamic
equilibrium during the experiment. The strain-rate-strain curve
shows constant values of the strain-rate up to the densification of

through-beam
photoelectric
Sensors

digitizers

= high-speed

sample space | camera
shield

il
|
‘
‘
‘

strain-gauges | " LED lights

measurement | Dk
point 4 strain-gauges
control unit

Figure 4. Hopkinson bar experimental setup used for dynamic
compression of the specimens.
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the structure. 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.

2.5. Digital Image Correlation of the SHPB Experiments

From the recorded image sequences, only the initial part of the
recordings capturing the first deformation pulse was used for
the further DIC analysis and evaluation of Poisson’s ratio,
while the consequent images in the sequence were used for the
inspection of the experiment validity. For the DIC procedure,
the native raw files were converted to a PNG image file format
with lossless compression and the identical region of interest
(ROI) was cropped from the images. The DIC procedure was
then performed using the same tracking algorithm as in the
case of the quasi-static experiments. The output from the
algorithm was a matrix of current coordinates of the markers
for each loading state in the image sequence that was used for
further evaluation of the strain dependent Poisson’s ratio using
Matlab.

2.6. Function of Poisson’s Ratio — Evaluation

From the strain fields assessed by DIC, Poisson’s ratio vy, was
calculated using the formula

where ¢, is the lateral strain in the direction perpendicular to the
direction of loading and &; is the strain in the direction of
loading.

Different methods were used for determining the function of
Poisson’s ratio for both the quasi-static and dynamic experi-
ments. The outputs of the different methods were analyzed and
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Figure 5. Typical measured stress—strain and strain-rate-strain diagram
(3D re-entrant honeycomb).
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compared to evaluate their reliability. As three specimens of each
microarchitecture were tested in the quasi-static experiments
and five specimens were tested at each strain-rate during the
SHPB experiments, the mean curves and standard deviation
envelopes of the functions of Poisson’s ratio for each type of
experiment were calculated.

The methods for calculating Poisson’s ratio were based on
different sets of correlation markers selected for the calcula-
tion. In the first method, both the deformation parallel and
perpendicular to the direction of loading were evaluated from
the inner part of the specimens’ microstructure, where the
concentration of the lateral strain occurred (see the red
markers of the correlation points in Figure 3). In the following
text, the function of Poisson’s ratio calculated from this region
of interest will be designated as the “inner-inner” function. In
the second method, the deformation in the same direction was
calculated from the outer part of the specimens’ microstruc-
ture (see the outer green markers of the correlation points in
Figure 3). The corresponding function of Poisson’s ratio will be
designated as the “outer-outer” function. The difference in the
functions of Poisson’s ratio using both methods enables one to
characterize the influence of boundary effects emerging from
the cellular nature of the specimens. In the dynamic
experiments, another method based on the local Poisson’s
ratio was also employed to study its variations in different parts
of the crushed microstructures. Here, Poisson’s ratio was
derived as a mean of the ratio between the lateral and
longitudinal strains in the localized regions around every
correlation point within the outer-outer region. Since Poisson’s
ratio calculated at every time step for a given correlation point
is based on a local gradient of the lateral and longitudinal
deformation, the corresponding function of Poisson’s ratio will
be designated as the “local-gradient” function. The inner-inner
and outer-outer methods were based on a correlation grid
composed of markers generated over the joints of the
individual struts forming the auxetic microstructure. Due to
the lower resolution of the high-speed images and rapid
changes in the microstructure, the local-gradient method was
based on a grid with higher density composed of 11 x 11 points
covering the whole observed face of the specimen. Apart from
the possibility to plot maps of the strains and Poisson’s ratio
over the entire investigated structure, the average over the
region corresponding to the inner-inner method of evaluation
was calculated to obtain the comparative Poisson’s ratio-strain
curves.

3. Results

In the following paragraphs, we firstly concentrate on the
functions of Poisson’s ratio calculated using the inner-inner
evaluation method described in the previous section. The
motivation for this is that the results calculated according to the
inner-inner approach can be considered the most representative
by taking the region of the cellular microstructure into account,
where the boundary effects arising from the free outer faces of
the specimens are neglected. We also provide a comparison of
the results based on all the evaluation methods in the last
paragraphs of the results section.
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3.1. Function of Poisson’s Ratio from the DIC — Quasi-Static
Loading

As can be seen in Figure 6a, the 2D re-entrant honeycomb
structure exhibited auxetic behavior during the quasi-static tests
over the whole range of applied compressive strain and the
calculated Poisson’s ratio remained negative up to a 28% strain.
The maximum absolute value of Poisson’s ratio identified for
this type of microarchitecture was approximately —0.9 at 1% of
strain. From this strain, Poisson’s ratio then gradually increased
to zero at the maximum compressive strain achieved in the
experiments.

On the contrary, the calculated function of Poisson’s ratio of
the 3D re-entrant honeycomb specimens showed a significantly
different quasi-static response of such a similar type of unit-cell
geometry (see Figure 6b). Here, the extreme value of Poisson’s
ratio reached the value of only —0.1 at the same 1% of
compressive strain. Poisson’s ratio then gradually increased,
reaching a value of —0.05 at 5% strain and formed a plateau-like
region of approximately constant Poisson’s ratio up to the
compressive strain over 30%.

Figure 6¢ depicts the function of Poisson’s ratio of the missing
rib structure. It can be seen that, in this case, the identified
compressive response is, in terms of the function of Poisson’s
ratio, very similar to the 3D re-entrant honeycomb. However, the
difference between these two microarchitectures consists in
the value of Poisson’s ratio at the plateau-like region, where the
missing rib structure reaches v, =0 at a 10% strain.
Furthermore, from the 25% point of the compressive strain,
Poisson’s ratio increases to positive values. This effect was
investigated by the visual inspection of the images captured
during the late stages of the experiment and such behavior can
be accounted for the overall loss of stability of the specimens due
to excessive rotations of the individual strut joints.

3.2. Function of Poisson’s Ratio from the DIC — Dynamic
Loading

For every investigated microarchitecture, the DIC-based evalua-
tion of the function of Poisson’s ratio was performed for both
strain-rates and the resulting curves were compared to reveal the
strain dependent characteristics of the structures.

From the comparison of the strain dependent function of
Poisson’s ratio of the 2D re-entrant honeycomb structure
depicted in Figure 6a, it can be seen that the overall shape of the
curve is very similar for both the considered strain-rates.
Poisson’s ratio reaches its global minimum in the initial stages
of deformation and then gradually increases up to positive
values. The difference between the high and the low strain-rate is
the magnitude of the auxetic effect. The extremum of Poisson’s
ratio in the case of the lower strain-rate was also reached at the
lower compressive strain (5% compared to 8%).

Similar to the quasi-static results, the 3D re-entrant
honeycomb structures exhibited a significantly different
response than the periodical assembly of the two-dimensional
re-entrant honeycombs. As can be seen in Figure 6b, the results
from the dynamic testing at both strain-rates are very similar to
each other and the results of the quasi-static test. During the
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Figure 6. DIC evaluated Poisson’s ratio curves, inner-inner method: a) 2D re-entrant honeycomb, b) 3D re-entrant honeycomb, c) missing-rib,
d) structures in two representative deformation states marked by the dots on the strain axis.

dynamic experiments, Poisson’s ratio increased from the values
of approximately —0.1 at the very small strains and then formed
the plateau-like region similar to the specimens subjected to the
quasi-static loading. Comparison of the low and the high strain-
rate experiments shows that the values of Poisson’s ratio at the
plateau region increase with a higher strain-rate. At the lower
strain-rate, Poisson’s ratio remains constantly negative (approx.
—0.02) beyond the 30% compressive strain. However, with the
increase of the applied strain-rate, the plateau region reaches
positive values at 10% of the compressive strain and further
increases at 40% strain.

The most profound difference between the quasi-static and
the dynamic response (i.e., the strain-rate dependence) was
revealed in the case of the missing-rib structure (see Figure 6c).
At both considered strain-rates, Poisson’s ratio decreased to one
local and a global minimum located between 2 and 10% of the
compressive strain. The global minimum was, in both cases,
followed by a gradual increase to positive values while a zero
Poisson’s ratio was reached at 20% of the compressive strain in
the case of the low strain-rate and 30% in the case of the high
strain-rate. Both strain-rates produced insignificantly different
values of the lowest achieved Poisson’s ratio of —0.28 during the
lower strain-rate and —0.33 during the high strain-rate experi-
ments. Interestingly, this trend is inverse to the other dynamic
experiments. A visual inspection of the deforming structures
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also showed that the two observable local extrema of the function
of Poisson’s ratio can be accounted for the initial collapse of the
layers of the microstructure. All structures in two representative
deformation states during the dynamic experiment are shown in
Figure 6d.

3.3. Local-Gradient Results of Poisson’s Ratio in the
Dynamic Compression

The local-gradient method was used for the strain evaluation
of the dynamic experiments in parallel to the calculations based
on the displacements and strains calculated for each pair of
correlation points in the respective direction. Due to the
significantly lower resolution and number of images in the
captured sequence during the dynamic tests, the higher-density
correlation grid used in the local-gradient evaluation methods
enabled one to support conclusions based on the results from the
other methods. A set of images showing the deforming auxetic
structure during impact with the local-gradient results in the
form of a map of strain and Poisson’s ratio is shown in Figure 7.

The results of the local-gradient analysis of the 2D re-entrant
honeycomb lattice are shown in Figure 8a. The functions of
Poisson’s ratio for both strain-rates are represented by solid lines
showing the mean values with standard deviations obtained
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Figure 7. Image sequence showing the deforming 2D re-entrant honeycomb auxetic lattice during impact with the mapped local-gradient results of
longitudinal strain and Poisson’s ratio.
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curves of the mean Poisson’s ratio calculated according to the  the inner-inner method are within the standard deviation
inner-inner method from the quasi-static and dynamic envelopes from approximately 10% strain up to densification.
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Figure 8. DIC evaluated Poisson’s ratio functions, solid lines — local-gradient method, dashed lines — inner-inner method: a) 2D re-entrant honeycomb,
b) 3D re-entrant honeycomb, c) missing-rib.
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Nevertheless, the results from both methods are in very good
agreement. The local-gradient functions of Poisson’s ratio
exhibit slightly lower values than the inner-inner results.

The results of the local-gradient analysis of the 3D re-entrant
honeycomb lattice are shown in Figure 8b. It can be seen that
apart from the high strain-rate measurements, the results from
both evaluation methods are also in good agreement. Only
Poisson’s ratio evaluated using the inner-inner method reaches
positive values at approximately a 10% strain, while the local-
gradient method indicates an auxetic behavior up to the
densification region. From the comparison with the quasi-static
results, it can be seen that the deformation behavior of this
microstructure is similar to the behavior of the metal foams and
the difference in Poisson’s ratio decreases with the higher
strain-rates.

The results of the full-field analysis of the 2D missing-rib
structure are shown in Figure 8c. The difference of the inner-
inner and local-gradient results is higher than in the case of the
2D re-entrant honeycomb, particularly between 10 and 30% of
the compressive strain. The local-gradient method also gives
lower values of Poisson’s ratio. However, the results of both
methods are very close to the standard deviation envelopes of the
local-gradient approach and can be considered very similar. The
plot also shows the diametrically different behavior of this
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structure in comparison with the 3D re-entrant honeycomb.
Here, the magnitude of the negative Poisson’s ratio of the
missing-rib structure increases with the higher strain-rates
showing that the dynamic effects induce a significant auxetic
response resulting in approximately 5 times a lower Poisson’s
ratio up to 10% of the compressive strain.

3.4. Comparison of All the Methods

Comparison of the results calculated by all three methods is
shown in Figure 9a (the 2D re-entrant honeycomb),
Figure 9b (the 3D re-entrant honeycomb), and Figure 9c (the
missing-rib structure). The solid lines represent the curves
estimated by the inner-inner method, the dashed lines represent
the curves estimated by the outer-outer method and the dotted
lines represent the curves estimated by the local-gradient
method. As can be seen in all the figures, the results of all
three methods are in good agreement and exhibit very similar
trends. The only significant difference can be found in the quasi-
static curves of the 3D re-entrant lattice. Here, Poisson’s ratio
evaluated by the outer-outer method is considerably higher than
the estimation of the inner-inner method and is close to zero in
the whole range of deformation.

0.1

T T
quasi-static innerfinner
! quasi-static outer/outer — —
SHPB low-rate inner/inner

SHPB low-rate outer/outer — —
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Figure 9. Comparison of the functions of Poisson’s ratio calculated by all methods, solid line — inner-inner, dashed line — outer-outer, dotted line —
local-gradient: a) 2D re-entrant honeycomb, b) 3D re-entrant honeycomb, c) missing-rib.
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3.5. DIC Reliability

A high degree of reliability of the digital image correlation
results was achieved in all the quasi-static and dynamic
experiments. The overall mean correlation coefficient of all the
measurements was higher than 90% representing the reliable
tracking of the correlation points. Moreover, the displacement
paths of the individual tracked points were optically inspected to
reveal a possible loss of correlation or a sudden change of the
point’s position. In all the cases, the majority of the grid exhibits
continuous displacement paths up to the densification of the
structure. A loss in the correlation occurred in a limited extent
and only for individual correlation points particularly located on
the edges of the specimen. The typical values of the mean
correlation coefficient throughout the grid plotted against the
strain, and the example of the correlation grid in the
representative states of deformation (no deformation, auxetic
behavior, and densification) of the 2D re-entrant honeycomb are
shown in Figure 10. The tracking results started to be unreliable
during the initial phase of the densification of the structure.
Note, that the mean correlation coefficient in Figure 10 reached
its minimum at the strain of approximately 38%. From this
point it seemingly increased and reached values above 0.9
again. However, this effect was identified not as the restoration
of the tracking precision, but as the misidentification of the
correlation points in the densified structure. The incorrectly
identified positions of a limited number of points can be found
even in the blue image corresponding to the strain of
approximately 35% (see Figure 10). In some experiments,

0.8 |- .

Correlation coefficient [-]

mean correlation coefficient
070 @ ‘ —— :
0 0.1 0.2 0.3 04 0.5 0.6

Strain [-]

&« 0.00

Figure 10. Mean correlation coefficient throughout the grid plotted
against the strain with the highlighted representative states of
deformation (no deformation, auxetic behavior, and densification) of
the 2D re-entrant honeycomb structure.
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the mean correlation coefficient exhibited a different behavior
and tended to oscillate after reaching the densification phase
revealing the loss of the correlation in the crushed structure.
This behavior was similar to the analysis performed on hybrid
nickel-polyurethane foams.?? Thus, the DIC results presented
in this paper can be considered reliable up to the strain of
ca. 30%. Also, the values of Poisson’s ratio in the very low
strains (up to ca. 3%) exhibit large numerical errors as the low
values of the lateral strain are divided by the low values of the
longitudinal strain. Moreover, in the dynamic experiments, the
values are also affected by the ramp-in effects of the strain
wave and by its propagation through the sample in the initial
phase of impact. Thus, dramatic changes in Poisson’s ratio at
the low strain apparent in the graphs are caused by the
abovementioned errors and are not connected with the
deformation behavior.

4, Discussion

In this work, DIC was successfully used for the evaluation of the
displacement and strain fields and used as a basis for the
calculation of the function of Poisson’s ratios. The precision and
reliability of the methods (inner-inner, outer-outer, and local-
gradient) enabled one to reveal differences in the quasi-static and
dynamic deformation responses of all the studied micro-
structures. As a result, it was possible to assess the strain-rate
dependency characteristics of the individual auxetic micro-
architectures additively manufactured from powdered stainless
steel by the SLS method. Every method has its advantages and
disadvantages and it is hard to evaluate the most reliable method
in general. The local-gradient method provides the most
consistent results with the lowest standard deviation as it is
calculated as an average through a certain area of the specimen.
As such, it is not over-sensitive to the loss of correlation in a
limited number of the correlation points. On the other hand, it
requires a high density grid of the correlation points and cannot
be evaluated only in the certain points of interest. The other two
methods can be used for the points-of-interest based analysis of
Poisson’s ratio, however, they are very susceptible to the loss of
correlation or to the big displacements of the individual points.
The inner-inner method is good for the analysis of the internal
part of the structure itself whereas the outer-outer method is
valuable for the analysis of the given complex specimen.
Improvement of the evaluation of the displacement and strain
fields of such experiments using DIC would require taking the
incremental strain theory into account. It would be necessary to
account for the additional effects, e.g., out-of-plane deformation,
Lagrangian mesh tracking to follow the strain localization and
checking for the distorted mesh occurrence. However, for the
comparison purposes between the studied lattices, we chose, at
this stage, to use a simplified procedure based on the described
two-stage DIC algorithm with sub-pixel precision for the
displacements evaluation and 2D full-affine transformation
for the strain field evaluation. Since the strain values in
longitudinal and lateral directions are used to mutually compare
the behavior of the structures and compare Poisson’s ratio of the
studied lattices, the simplified procedure enables one for an easy
comparison. To take the aforementioned effects into account, it
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would be necessary to use two camera system, higher frame-rate
and/or higher resolution.

The 2D re-entrant honeycomb auxetic structure exhibited a
negative Poisson’s ratio under all three loading conditions.
The results of all three evaluation methods for each strain-rate
were in very good agreement. The structure exhibited a strain-
rate sensitivity of Poisson’s ratio. In the dynamic compression,
the global minimum Poisson’s ratio did not reach the magnitude
observed in the quasi-static compression, but the microstructure
remained auxetic up to significantly higher compressive strains.

The 3D re-entrant honeycomb auxetic structure exhibited a
negative Poisson’s ratio in the central part of the lattice during
the quasi-static loading evaluated using the inner-inner
approach. From all the other methods, and particularly during
the dynamic loading scenarios, the structure exhibited a
Poisson’s ratio close to zero. It was not possible to clearly
identify the strain-rate sensitivity of the structure due to the high
standard deviations of the evaluated Poisson’s ratio curves in all
the loading cases. The results correspond to the behavior
observed during the visual inspection of the experiments. Such
an architecture exhibits not only the highest porosity, but the
assembly is based on slender individual struts prone to the loss
of stability and with significantly lower loading capacity than in
the case of structural the elements of the other analyzed
microarchitectures. As a result, the compressive response of
such a structure is very similar to the compression of an open-
cell or a closed-cell metal foam.

In contrast, the missing-rib microstructure exhibited a
negative Poisson’s ratio in all three loading cases. The results
of all three evaluation methods for each strain-rate were in good
agreement and exhibited identical trends. Due to the chiral
nature of the unit-cells and the lateral movements of all the layers
during the compression, the standard deviations of Poisson’s
ratio curves in the dynamic compression were higher than in the
experiments of the other structures. Nevertheless, the missing-
rib structure exhibited a strain-rate sensitivity of the function of
Poisson’s ratio, where the global minimum of Poisson’s ratio
decreased with the increasing strain-rate. With the increasing
strain-rate, the structure also exhibited an auxetic behavior up to
higher compressive strains.

The discussed effects of the strain-rate on the observed
deformation properties are caused by non-linearity at several
levels of the hierarchical structure of the material, ie., from
strain-rate dependence of the printed steel at the microscale to
micro-inertia effects and shock-wave propagation at the macro-
scale. As a result, the mode of deformation of the individual
struts and their joints varies in quasi-statics and dynamics. For
example, it can be seen in the quasi-static experiments that every
layer of the unit cells moves laterally after its collapse leading to a
very high lateral difference in the final position of the lowest and
the highest layers. In the dynamic experiments, however, the
mentioned effects are not so significant and exhibit more uni-
axial response of the microstructure, where the pronounced
Poisson’s ratio effects cause the more uniform compression.

As the boundary conditions during the quasi-static experi-
ments and dynamic compression using Hopkinson bar can be
different and can affect the measured data, all the contact faces of
the specimens as well as the faces of the loading devices in the
contact with the specimens were precisely polished and
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lubricated with a small amount of grease. Thus, the boundary
conditions of the experiments were very similar. Moreover, the
bending of the incident and transmission bars (the off axis-
movement that can negatively affect the results) was investigated
by a high-speed camera. No significant bending of the bars was
observed during the impact up to the densification of all types of
structures. Considering this analysis, it can be concluded that
any changes in the deformation behavior can be addressed solely
with the strain-rate. Friction and shock effects on the specimen’s
boundaries during the dynamic experiments can be considered
consistent and are therefore a part of the specimen’s response to
the impact loading.

The design of the specimen is a trade-off between the
specimen’s suitability for the high strain-rate dynamic measure-
ments, actual limits of the manufacturing technology (resolu-
tion, printing technique, mechanical properties of the printed
specimen) and representative volume element of the cellular
structure. Moreover, a valid SHPB experiment has to be
conducted in the dynamic equilibrium and attention has to be
paid to the friction and inertia effects. Mechanical impedance of
the specimen and the wave propagation phenomena are key
factors for the relevant results of the test. Thus, the dimensions
of the specimens were selected to minimize the friction and
inertia effects. Also, the specimen was equipped with the
necessary supporting platens on the contact faces to provide
good contact with the propagating stress wave on the contact
faces. Otherwise, the ramp-in effect of the propagating stress-
wave would cause the non-ideal contact of the bar with the
specimen’s struts resulting in the limited wave transfer, long
times for reaching the dynamic equilibrium, very non-uniform
wave propagation through the specimen, or even sudden
collapse of the struts during the initial ramp-in phase. On the
other hand, the supporting platens change boundary conditions
of the neighboring cells.* Using the selected geometry of the
specimens it was possible to have atleast 3 x 3 cells in the auxetic
core completely surrounded by the other cells. The core of the
specimen was of main interest as the behavior in this region
should be the most representative for the investigated structures.
It can be concluded, that the specimens exhibit stress
concentrations in the central part (core of the specimen) and
the resulting properties of the auxetic structure itself would be
dependent on the array configuration.

5. Conclusions

Three types of additively manufactured auxetic lattices were
subjected to uni-axial quasi-static and compressive impact
loading in Hopkinson bar at two different strain-rates. The 2D
re-entrant honeycomb, the 3D re-entrant honeycomb, and the
2D missing-rib structures were sintered from powdered
austenitic steel. Quasi-static compression was observed using
the CCD camera, whereas the dynamic experiments were
recorded using a high-speed camera. The recorded images of
the experiments were processed using the DIC technique. The
longitudinal and lateral strain fields were calculated and the
strain dependent Poisson’s ratio was evaluated for all types of
structures and loading scenarios using three different methods.
The derived functions of Poisson’s ratio were analyzed and the
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changes in the deformation behavior induced by the different
compressive strain-rates were identified. The 2D re-entrant
honeycomb and the 2D missing-rib structures exhibited a
significant strain-rate dependency of an auxetic behavior. The 3D
re-entrant structure exhibited an auxetic behavior only on a
limited number of the unit-cells close to its centroid and only
during the quasi-static compression. Other evaluation methods
and loading scenarios yielded Poisson’s ratio close to zero over
the whole range of the deformation and the deformation
response of this microarchitecture was very similar to metal
foams. To conclude, DIC was successfully and reliably used as an
advanced tool for the evaluation of the functions of the strain
dependent Poisson’s ratio during both the quasi-static and
dynamic loading conditions.
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Impact Behavior of Additively Manufactured Stainless Steel
Auxetic Structures at Elevated and Reduced Temperatures

Tomd$ Fila,* Petr Koudelka, Jan Falta, Jan Sleichrt, Marcel Adorna, Petr Zldmal,
Michaela Neuhduserovd, Anja Mauko, Jaroslav Valach, and Ondrej Jirousek

Metamaterials produced using additive manufacturing represent advanced
structures with tunable properties and deformation characteristics. However,
the manufacturing process, imperfections in geometry, properties of the base
material as well as the ambient and operating conditions often result in complex
multiparametric dependence of the mechanical response. As the lattice struc-
tures are metamaterials that can be tailored for energy absorption applications
and impact protection, the investigation of the coupled thermomechanical
response and ambient temperature-dependent properties is particularly impor-
tant. Herein, the 2D re-entrant honeycomb auxetic lattice structures additively
manufactured from powdered stainless steel are subjected to high strain rate
uniaxial compression using split Hopkinson pressure bar (SHPB) at two different
strain rates and three different temperatures. An in-house developed cooling and
heating stages are used to control the temperature of the specimen subjected
to high strain rate impact loading. Thermal imaging and high-speed cameras
are used to inspect the specimens during the impact. It is shown that the stress—

broad range of possible applications rang-
ing from deformation energy mitigation!*~
to biomaterials.?! Herein, a deep under-
standing and knowledge of the coupled
thermomechanical behavior, strain rate
sensitivity,” and temperature-dependent
mechanical properties are crucial since
such phenomena seriously affect the
response and performance of the lattices
at high strain rates. However, in the case
of coupled thermomechanical behavior of
additively manufactured (AM) materials,
particularly during dynamic impact condi-
tions, this topic is still not fully explored
and only a few research studies are avail-
able. Commonly, only wrought metallic
materials have been investigated. In the
case of the austenitic stainless steel, strain

strain response as well as the crushing behavior of the investigated lattice
structures are strongly dependent on both initial temperature and strain rate.

Additively manufactured auxetic metamaterials represent lattice
structures that are being intensively investigated thanks to their
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rate sensitivity and coupled thermome-
chanical behavior of the bulk specimens
have been investigated in research studies
covering topics like microstructure charac-
terization,™ adiabatic heating,[(’] or constitu-
tive modelling”™ Kluczynski et al. dealt
with the influence of additive manufacturing production parame-
ters on the resulting mechanical parameters.'? In their study, the
specimens produced with different settings of laser power, expo-
sure velocity, hatching distance, and layer thickness were subjected
to microstructural analysis, hardness measurement, and a combi-
nation of quasistatic and dynamic compression. The authors con-
cluded that the observed mechanism of material cracking during
dynamic loading is affected by the energy dissipation capacity of
the resulting structures. The effects of laser energy density in
terms of point distance and exposure time on the resulting poros-
ity, surface finish, microstructure, density, and hardness of the
samples were studied by Cherry et al.'"! It was shown that sur-
face roughness was primarily affected by point distance with
increased point distance resulting in increased surface rough-
ness, whereas laser energy density was shown to affect total
porosity. Relationships between porosity, microstructure, and
mechanical properties of additively manufactured stainless steel
were investigated by Ronneberg et al. through heat treatment.'”
Heat treatment of the additively manufactured austenitic steel is
considered as a suitable approach to modify and improve the
mechanical properties of the as-built material.

Strain rate- and temperature-dependent properties of the addi-
tively manufactured materials have been investigated in papers
focused mainly on strain rate dependency of polymers,*~*!
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mechanical characterization of the Inconel superalloy,*® the
thermomechanical model of a titanium alloy,"” and strain rate
dependency of the printed bulk stainless steel.” In the case of
similar materials, temperature-dependent penetration resistance
of the aluminum foam sandwich panels has been investigated
numerically.'” Tattice structures and auxetic metamaterials
have been studied at both quasistatic®” and dynamic loading
conditions.??! However, coupled thermomechanical effects
related to changes of strain rate and temperature are scarce.
For polymers, the performance of additively manufactured
Nylon 12 lattice structures at different temperatures has been
investigated using the drop-weight dynamic loading condi-
tions.?% To our knowledge, there is no publication dedicated
to thermomechanical effects of strain rate dependency of addi-
tively manufactured metallic auxetic lattices.

In this article, a split Hopkinson pressure bar (SHPB) appa-
ratus was used together with in-house developed heating and
cooling stages to investigate the coupled thermomechanical
effects of 2D re-entrant auxetic lattices having in-plane negative
Poisson’s ratio (NPR) at high strain rates. The lattices were
additively manufactured from the powdered stainless steel using
laser powder bed fusion (LPBF) and subjected to dynamic uni-
axial compression at two different strain rates and three different
temperatures. Temperature- and strain rate-dependent changes
in deformation behavior were investigated and the important
trends related to changes in temperature and impact velocity
were identified and described. It was found out that the
stress—strain response of the auxetic lattices as well as their
crushing behavior were strongly dependent on both initial tem-
perature and strain rate. With an increasing strain rate, lateral
motion of the individual lattice layers during their collapse
was suppressed. Therefore, the densification of the structure
occurred at lower strain with elevated stresses. Moreover, the
initial temperature strongly affected the stress—strain response
of the structure as the measured stresses exhibited lower values
with increasing temperature and temperature-related softening
of the lattice could be identified.

Experimental Section

Specimens: Re-entrant honeycomb auxetic lattice having in-plane NPR
was selected for the study as the mechanical response of this microarch-
itecture has already been described in previous studies conducted at room
temperature.”*?*! The designed dimensions of the structure and its unit
cell are shown in Figure Ta. The re-entrant angle of 70° was selected to
maximize the auxetic effect in the lattice structure over the whole range of
deformation. The thickness of the cell walls of 0.6 mm was selected to
elevate the thermomechanical effects induced by stress concentration
in individual struts and joints during crushing of the lattice. The other spe-
cific dimensions of the unit cell were derived from the cell-wall thickness
and re-entrant angle to achieve overall dimensions of the structure
with respect to the specifics of the SHPB measurement (specimen cross-
sectional dimensions to height ratio and diameter of the bars).

The specimens were additively manufactured from the powdered
$S316-0407 austenitic stainless steel using the LPBF technique in AM250
device (Renishaw, UK). During the AM process the structures were
oriented perpendicularly to the powder bed plane and thus the particular
layers of the fused base material were parallel to the direction of loading
(see scheme in Figure 1a). The metal powder granularity was 15-45 pm,
the layer thickness was 50 pm, and the maximal laser power was 200 W.
The chessboard scanning strategy was used and the specimens were
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produced in Argon 5.0 protective atmosphere. No heat treatment of
the specimens was carried out. The size of the AM produced specimens
was 14.0 x 14.0 x 15.2 mm®. Each specimen was composed of 5 x 4
planar re-entrant auxetic cells with a nominal strut thickness of 0.6 mm.
In total, 35 specimens were produced and tested. Figure 1b shows scan-
ning electron microscopy (SEM) of the investigated lattices. Both the sur-
face roughness on the as-built sample as well as the porosity in the
microstructure of the polished surface were captured. Furthermore, the
micrographs with the higher resolution show the resulting microstructure
in the area of the strut joint as a result of the printing strategy.
Experimental Setup: To obtain reference data, the specimens were
tested in quasistatic conditions at room temperature. The quasistatic tests
were carried out using 3382 testing system (Instron, USA) equipped with
100 kN load cell and an optical setup for noncontact strain measurement.
The imaging was carried out using bi-telecentric zoom revolver TCZR072
(OptoEngineering, ltaly) attached to a monochromatic CMOS camera
Manta G504B (AVT, Germany) at full-frame resolution of 5 Mpx
(2452 x 2056 px) and 1 fps readout rate. The uniaxial loading of the sam-
ples was carried out with the cross-head speed of 0.03 mm s ™' (strain rate
0.002s™") and readout rate of displacement and force data of 10 Hz.
The SHPB equipped with the heating and cooling stages
was used to subject the specimens to impacts in six scenarios
combining two impact velocities and three temperatures. In the setup,
incident and transmission bars with a diameter of 20 mm and with an
identical length of 1600 mm were used. The bars were manufactured from
a high-strength aluminum alloy (EN-AW-7075-T6). The strain waves in the
Hopkinson bar were induced by an impact of a striker bar with the same
diameter of 20 mm, accelerated using a single-stage gas-gun, onto the
impact face of the incident bar. The striker bar was manufactured from
the identical aluminum alloy as the other bars. While the compressive
strain of the specimen is proportional to the striker bar length and its
impact velocity, two striker bars with various lengths were used to com-
press the specimens to a nominal engineering strain of at least 0.25:
1) 750 mm for the lower impact velocity of 30 ms™' and 2) 500 mm for
the higher impact velocity of 45 ms™'. The SHPB bars were instrumented
using the foil strain-gauges (3/120 LY61, HBM, Germany) with an active
length of 3 mm connected in a Wheatstone half-bridge arrangement (mea-
surement point) for compensation of a possible (very small) bending of
the bars during the experiment. Conventional arrangement with a single
strain-gauge measurement point located in the middle of each bar was
selected for its simplicity and straightforward calibration. Each bar was
supported by four high-performance polymeric slide bearings (drylin
TJUM, IGUS, USA) mounted in the adjustable stainless steel housings.
Soft copper pulse-shapers with a diameter in the range of 5-7 mm and
thickness of 0.5-1 mm were mounted at the incident bar impact face
to produce smooth incident strain pulse, to reduce the wave dispersion
effects in the bars, and to stabilize the resulting strain rate. More informa-
tion and technical details about the used SHPB apparatus (e.g., data
acquisition system, experiment triggering, etc.) can be found in our previ-
ous study.”®! The SHPB experimental apparatus is shown in Figure 1c.
The experiments were observed using a pair of high-speed cameras
(Fastcam SA-Z, Photron, Japan). The first camera was used for the
high-speed optical inspection of the specimen at the highest achievable
frame rate. In this case, the frame rate of the camera was set to 252 kfps
and image resolution was 256 x 168 px with spatial resolution of
~100 pm. The specimen before the impact was projected to an area of
~153 x 138 px. The images acquired by this camera were further proc-
essed using an in-house digital image correlation (DIC) algorithm
to obtain displacement and strain fields of the specimen and to evaluate
the deformation response of the lattice at different strain rates and tem-
peratures. The second camera was used for the optical inspection of the
experiment and provided a general overview of the experimental setup at
the moment of the impact. This camera was operated at 80 kfps with
image resolution of 512 x 424 px. lllumination of the scene was
performed using a pair of high-intensity light emitting diode light sources
(Multiled QT, GS Vitec, Germany).
A high-speed thermal imaging camera (SC7600, FLIR, USA) equipped
with an actively cooled focal plane array (FPA) InSb photon-counting

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. a) Geometry of the auxetic lattice; b) SEM micrographs of the printed specimen; and c) SHPB experimental setup with the high-speed camera,

thermal imaging camera and the heating/cooling stages.

detector and 50 mm f/2 silicon-based lens with an antireflection coating
were used for thermal imaging. Full frame resolution of the camera
was 640 x 512 px and the detector operates in the spectral range of
1.5-5.0 pm (short-to-medium wavelength infrared band—SWIR to MWIR).
Thermal imaging was used for the inspection of the specimen’s tempera-
ture before the experiment and for estimation of the temperature increase
and heat distribution during the impact. The camera-lens

Adv. Eng. Mater. 2021, 23, 2000669

2000669 (3 of 7)

assembly system was calibrated for a temperature range of —5 to 300°C.
To maximize the frame rate of the camera for the dynamic experiments,
the image resolution was downscaled to 96 x 44 px by sensor image
windowing. In this configuration, the maximum frame rate was ~2 kfps.
A MgF, protective window was mounted in the shatterproof polycarbonate
specimen shield to make the infrared imaging possible, while guarantee-
ing the safety of the thermal imaging optics.

© 2020 The Authors. Published by Wiley-VCH GmbH
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The specimens were tested at three different temperatures
to reveal the possible strain rate and temperature-dependent behavior.
Based on the performance of the used heating/cooling stages, the thermal
conductivity of the specimen and its surrounding components, the
following temperatures were selected for the experiments: 1) lowered tem-
perature of =—5 °C, 2) room temperature of ~20 °C, and 3) elevated tem-
perature of ~120 °C. The in-house developed cooling/heating stages were
used to control the temperature of the specimen before the impact.

The heating stage consisted of ceramic heating elements with a rated
output power of 40 W that are commonly used for the construction of hot-
ends (printing heads of the thermal 3D printers). The heating elements
were connected to the aluminum clamps that were in contact with the
specimen. The clamps with the heating elements were mounted in the
servo-based actuator that was used for a quick remote control removal
of the heating elements just before the impact. The servo system was con-
trolled by a custom electronics. The output temperature was regulated
using an open-loop control circuitry with pulse width modulation
(PWM). The heating stage was capable to raise the temperature of the
specimen to /2220 °C.

The cooling stage consisted of a pressure vessel with a volume of 6.7 L
containing 5 kg of liquid CO,, a thermally isolated box containing dry ice

www.aem-journal.com

(CO; in a solid state) with a temperature of —78 °C and a piping system.
Inside the thermally isolated box, the low-temperature compatible piping
coil was submerged in a mixture of dry ice and 1 L pure ethanol. During the
cooling process, the gas from the reservoir was released at a pressure of
1.5 MPa and was rapidly cooled further down by contact with the mixture
of ethanol and dry ice. Then, the supercooled gas was led directly to the
specimen using the low-temperature compatible hoses and nozzles. Using
this system, it was possible to cool the specimen to ~—27°C.

Experimental procedure: In total, 35 specimens were tested at three
different temperatures. Five specimens were tested using the standard
electromechanical testing rig under quasistatic conditions and room tem-
perature to obtain the reference data for comparison with the dynamic
experiments at different temperatures. The experimental campaign was
carried out according to the following scheme: 1) quasistatics, room tem-
perature (=220 °C): five specimens. 2) SHPB, room temperature (20 °C),
strain rate ~1150s™": five specimens. 3) SHPB, low temperature
(=—5°C), strain rate ~1150 s~ ": five specimens. 4) SHPB, high tempera-
ture (=120 °C), strain rate ~1150 s~ five specimens. 5) SHPB, room tem-
perature (~20°C), strain rate ~2300s ': five specimens. 6) SHPB, low
temperature (=—5°C), strain rate ~2300s ' five specimens. 7) SHPB,
high temperature (=120°C), strain rate ~2300s™: five specimens.
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Figure 2. Thermomechanical response of the 2D re-entrant auxetic lattice: a) stress—strain curves for three different temperatures at strain rate of
~115057; b) stress—strain curves for three different temperatures at strain rate of ~2300 s c) stress—strain and strain rate curves for temperature
of 20 °C at two different strain rates—uvertical bars represent the interval of the approximately constant strain rate where the average plateau stress was

calculated. d) Average plateau stress for different temperatures and strain rates.
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Coupled temperature- and strain rate-dependent properties: Stress—strain
curves for the individual temperatures and strain rates were evaluated
from the strain-gauge signals according to the standard 1D wave propa-
gation theory valid for SHPB. The average dynamic stress—strain diagrams
for all the tested temperatures at a strain rate of ~1150s ' are compared
with the average quasistatic curve in Figure 2a. For all the temperatures,
the stresses in dynamic compression were considerably higher than in the
case of the quasistatic loading conditions (~30% higher at the room tem-
perature). The stresses in the experiments with the low temperature were
higher than the stresses during the experiments conducted at room tem-
perature. The same trend was observed in the experiments at the elevated
temperature, where the stresses were significantly lower than during the
room temperature testing and even approached the values of the quasi-
static room temperature curve. The average dynamic stress—strain dia-
grams for all tested temperatures at a strain rate of ~2300s ' are
compared with the average quasistatic curve in Figure 2b. Note that
the trends are identical to the previous case. Average stress—strain dia-
grams and strain rate histories for room temperature and three different
velocities (quasistatic, strain rate 1150 s and 2300s™"') are compared in
Figure 2c. Note that the difference between the two strain rates is particu-
larly distinct at a nominal strain higher than 0.15, where a different den-
sification behavior can be identified. With the increasing strain rate, the
densification of the structure occurred at the lower strain. To quantify
the strain rate and temperature-related sensitivity of the lattice structure,
the average plateau stress was calculated from the stress—strain diagram
in a strain range of 0.05-0.25 (see black vertical lines in Figure 2c). This
range was selected as the strain rate in this interval remained approxi-
mately constant and was not affected by the initial ramp-in phase of
the strain pulse or rapid strain rate decrease during the densification.
The average plateau stress values for all the temperatures and strain rates
are shown in Figure 2d. Here, the coupled thermomechanical behavior of
the lattice structure was very profound as the average plateau stress was
increasing with the strain rate at low and room temperature. The rate of its
increase was marginally higher for the low temperature. Different behavior
was observed in the experiments conducted at the high temperature,
where the average plateau stress was decreasing with the strain rate,
revealing the thermal-related softening of the lattice structures. The
revealed coupled thermomechanical behavior was similar to the trends
observed during heat treatment of the additively manufactured stainless
steel specimens that, in horizontal orientation of the printed structure,
exhibited a decrease in yield stress and increase in elongation at break with
the increasing heat treatment temperature.l'”

The changes in the crushing behavior of the auxetic cells were investi-
gated using the DIC to reveal possible changes of the crushing mechanism
of the lattices and to compare the results with the stress—strain response
shown in Figure 2. DIC was used to track the positions of correlation
points created at the nodes of the lattice structures. The difference
between the area defined by the actual edges of the deformed specimen
and the area defined by the points in the four corners of the specimen was
used to characterize the change in the crushing behavior. The area
difference Dp was calculated according to

Da = Ae — Ac M

where A; represents the area of a polygon with its vertices defined by the
nodes at the edges of the auxetic structure tracked by the DIC and Ac rep-
resents the area of the trapezoid defined by the four corner nodes of the
auxetic structure tracked by the DIC. According to this relation, the auxetic
behavior of the structure results in the negative area difference. The
scheme explaining calculation of the area difference is shown in
Figure 3a. Area difference of the auxetic lattice for all the temperatures
and strain rate of ~2300s™ ' is plotted against nominal engineering strain
in Figure 3b. Note that at all the temperatures, the structures exhibited
NPR with no significant difference in the crushing behavior. The area dif-
ference of the lattice for the room temperature and both strain rates is
compared with the area difference for the high temperature at both strain
rates in Figure 3c. Note that at the room temperature and the lower strain
rate, the crushing behavior of the lattice was different as the area difference
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was considerably less compared with the high strain rate. Interestingly,
this trend was not observed at the high temperature, where the area dif-
ference was approximately identical for both strain rates and corresponded
in both cases approximately to the area difference at room temperature
and higher strain rate. Unfortunately, this trend could not be investigated
at the low temperature as the frozen specimens were covered by frost that
made the tracking of the lattice by DIC in most cases impossible.
Nevertheless, the lattice response was strongly affected by both strain rate
and temperature. Crushing behavior of the re-entrant lattice at lower and
higher strain rates at room temperature is compared in Figure 3d,e. Here,
the changes in deformation behavior at a nominal strain higher than 0.15
are clearly apparent. At a strain rate of ~1150s ™', the structure exhibited
extensive lateral movements, whereas at a strain rate of ~2300s™", the
lateral movements were prevented by the velocity of the impact and inertia
effects. Therefore, the principal mode of deformation of the lattice
changed with the increasing strain rate. During the quasistatic and
dynamic tests at the lower strain rate, the structure exhibited a slow rota-
tion of the strut joints followed by self-contact induced densification of
individual unit cells. During the dynamic tests at the higher strain rate,
the structure exhibited longitudinal displacement of strut joints and bend-
ing of outer struts in the cell layers.

Qualitative analysis of the deformation processes was carried out by
studying the heat distribution in the acquired thermograms. The data
showed that the initial temperature of the sample not only trivially influ-
enced the highest observable temperature of the deforming microstruc-
ture, but also more importantly affected the difference between the
initial and the highest measured temperature during the given experiment.
As such, the highest temperature difference (101 °C) was calculated for the
room temperature samples at high strain rate loading, whereas the lowest
difference (30°C) was assessed for the elevated-temperature samples
loaded at a lower strain rate. In terms of relative temperature difference
in dependence on strain rate, i.e., the ratio of temperature increase
between the low and the high strain rate loading, the lowest value of
23% was calculated for the low-temperature experiments, whereas the
highest value of 113% was assessed for the high-temperature experi-
ments. Furthermore, the thermograms can be used as a mean for inspec-
tion of concentration of deformation within the specimen microstructure,
as shown in Figure 3f. Here, it is possible to reveal, e.g., localized heating
in the joints of struts and overall distribution of deformation over the
microstructure including possible localization of deformation to certain
cell layers.

The additively manufactured 2D re-entrant auxetic lattices produced
from the powdered austenitic steel were subjected to high strain rate
uniaxial compressive loading in SHPB at three different temperatures
and two different rates of deformation. It was found out that both the
studied auxetic lattice constructs and the base material exhibited consid-
erable strain rate and temperature sensitivity. Coupled thermomechanical
behavior of the lattice structures was investigated. The structure exhibited
a strain rate-related hardening with thermal softening effects. It was iden-
tified that the crushing behavior of the construct was strain rate dependent
as the lateral movements of the structure were effectively prevented with
the increasing strain rate by the inertia effects and short time duration of
the impact.
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ARTICLE INFO ABSTRACT

Keywords:

Direct impact testing with a Hopkinson bar is, nowadays, a very popular experimental technique for investigating
the behavior of cellular materials, e.g., lattice metamaterials, at high strain-rates as it overcomes several limi-
tations of the conventional Split Hopkinson Pressure Bar (SHPB). However, standard direct impact Hopkinson
bars (DIHB) have only single-sided instrumentation complicating the analysis. In this paper, a DIHB apparatus
instrumented with conventional strain-gauges on both bars (a so called Open Hopkinson Pressure Bar - OHPB) is
used for dynamic impact experiments of cellular materials. Digital image correlation (DIC) is used as a tool for
investigating the displacements and velocities at the faces of the bars. A straight-forward wave separation
technique combining the data from the strain-gauges with the DIC is adopted to increase the experiment time
window multiple times. The experimental method is successfully tested at impact velocities in a range of 5 —

Direct impact Hopkinson bar
Cellular solids

Auxetic metamaterials
Digital image correlation
Wave separation

30m-s~! with both linear elastic and visco-elastic bars of a medium diameter. It is shown that, under certain
circumstances, a simple linear elastic model is sufficient for the evaluation of the measurements with the visco-
elastic bars, while no additional attenuation and phase-shift corrections are necessary. The applicability of the
experimental method is demonstrated on various experiments with conventional metal foams, hybrid foams, and

additively manufactured auxetic lattices subjected to dynamic compression.

1. Introduction

The dynamic testing of materials is an important task for describing
the deformation behavior at high strain-rates and for understanding
phenomena like wave propagation, inertia and friction effects, shock
front formation, or coupled thermo-mechanical effects [1]. For such
high strain-rate testing, Hopkinson bar experimental techniques have
been found to be a vital method that produces reliable and consistent
results. Nowadays, extensive research is performed in the field of
cellular solids like metal foams [2,3], hybrid foams [4], additively
manufactured materials [5], or lattice structures and metamaterials [6]
including materials with a negative Poisson’s ratio (auxetics) [7-12]. In
this field, the behavior of cellular solids and metamaterials can be used
for the development of, e.g., lightweight structures of complex shapes or
shock absorbers [13]. However, as the internal structure of cellular
solids and metamaterials is rather complex (often on all levels: micro,
mezzo or macro), the description of their mechanical properties is
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non-trivial, dependent on many factors, and their behavior often ex-
hibits mechanisms that are still not well described and understood. This
problem is particularly significant in dynamic loading, where a lot of
effects influence the deformation behavior of the material. While the
standard Kolsky bar arrangement [14] is a well-established technique
for the high strain-rate testing of bulk materials in compression, it has a
number of disadvantages limiting its application for cellular solids and
additively manufactured lattices [15,16]. Nevertheless, the topic is very
attractive and papers describing the experimental and/or numerical
investigation of metal foams [17-21], metamaterials or additively
manufactured materials and lattices [22] using the Hopkinson bar or
gas-/powder-gun [23,24] are available. In some papers, digital image
correlation (DIC) has been employed as a tool for the advanced analysis
of the displacement and strain fields during the experiments [25-28].
The dynamic indentation of cellular materials subjected to dynamic
loading has also been of interest [29-34].

In the conventional split Hopkinson pressure bar (SHPB), the
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maximum achievable strain in the specimen is proportional to the length
of the striker bar and its impact velocity. Therefore, the maximum strain
is significantly constrained by the geometry of the setup and perfor-
mance of its mechanism accelerating the striker. Moreover, in classical
theory, the time window of the experiment is limited to the short period
of time before the wave superposition occurs at the location of the strain
wave sensing instrument (typically a strain-gauge). As the cellular solids
and lattices are materials with a relatively low mechanical impedance,
another problem arises with the disproportion between the amplitudes
of the reflected and transmitted signal that are additionally distorted by
the wave dispersion. Typically, the transmitted signal is much lower in
comparison with the amplitude of the incident and reflected pulse
making the analysis of dynamic equilibrium difficult. Due to the com-
plex nature of cellular solids and lattices, another problem is related to
the specimen size. The testing of the representative volume element
(RVE), as defined for cellular solids [35], usually requires large speci-
mens that can barely be tested up to the densification region in the
classical Kolsky bar. Here, larger strain of the specimen can be achieved
by increase of the striker bar impact velocity or by increase of striker bar
length. Both approaches have their physical limits. The maximum striker
bar impact velocity in the SHPB is limited by the performance of the
device for the acceleration of the striker (typically a gas-gun) and by the
yield strength of the material of the bars. As the incident pulse is
generated by the impact of the striker on the incident bar, the amplitude
of the pulse is much higher than the pulse transmitted through the
specimen. Therefore, an apparent velocity limit exists that would result
in the plastic deformation of the bar (e.g., for aluminum alloys
approximately 50 — 60m-s~!). On the other hand, an increase in the
striker bar length is limited by the geometrical tolerances of the gas-gun
barrel. Generally, longer strikers have to be used for testing at lower
strain-rates to achieve a similar strain as those by shorter strikers at
higher velocities. Moreover, large specimens require a long time to
achieve an equilibrium of the dynamic forces.

Many improvements in the standard Hopkinson bar experimental
setup have been developed to overcome the aforementioned problems,
to extend its application envelope and to reliably test cellular solids and
low impedance materials in general. Pulse-shaping techniques [36-41]
have been used to reduce the wave dispersion in the bars, to prolong the
ramp-in period of the strain wave (so called "ringing effects”), to achieve
a dynamic equilibrium in a shorter time and to optimize the strain-rate.
Specialized sensors based on quartz technology have been employed for
precise force measurements directly at the faces of the specimen [42].
Low impedance visco-elastic bars have been used for the better imped-
ance matching of the bar with the specimen [43-45] and specific cali-
bration and wave time-shifting methods have been developed to process
the signals from the visco-elastic bars [46]. Various wave separation
techniques have been introduced to extend the experiment duration
[47-51].

Special attention has been paid to the development of the specialized
Hopkinson bar experimental setups optimized for testing of low
impedance and cellular materials [15]. The experimental techniques
often combine the specialized apparatus together with the aforemen-
tioned approaches. A long pre-loaded bar has been used instead of the
conventional striker to develop very long incident strain waves and to
compress the specimens of metal foam up to densification [16,52].
Important improvements have been made related to the application of
direct impact Hopkinson bar [53] (DIHB) for the testing of cellular
materials. DIHB has been employed for the testing of metal foams at high
impact velocities [17,54,55] and has overcome a number of limitations
of the conventional experimental setups. In DIHB, the specimen can be
easily deformed to large strains (up to densification in the case of
cellular solids), while the strain waves propagating in the setup do not
exhibit disproportional amplitudes and are similar to each other.
Moreover, DIHB can be used for the testing of cellular solids at high
impact velocities as plateau stresses of the specimens are much lower
than that of the bars. Therefore, the strain wave generated at the
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specimen-bar interface cannot induce plastic deformation in the bars.
Both variants of the DIHB represented by the forward DIHB (FDIHB) and
reverse DIHB (RDIHB) has been used for the testing of cellular materials
[17,19,56], additively manufactured lattice structures [57,58] and to
investigate shock effects in the material [54,59]. In FDIHB, the specimen
is mounted on the instrumented transmission bar and is directly
impacted by a projectile. The RDIHB is, in fact, a variant of the Taylor
anvil test [60,61], where the specimen that is mounted on a projectile is
launched against the instrumented transmission bar. However, as the
DIHB is instrumented only on either side of the specimen, the equilib-
rium of the dynamic forces and strain of the specimen cannot be directly
analyzed from the signals recorded at the transmission bar. This repre-
sents one of the limiting factors of the DIHB testing. The problem can be
partially overcome by the combined testing using FDIHB and RDIHB
[19], while the FDIHB is used to investigate the force histories on the
back-side of the specimen and RDIHB is used for the same analysis on the
impact-side of the specimen. This approach has two limitations: (i) it is
considered that the wave propagation effects and dynamic forces are
similar for all the tested specimens, (ii) the specimen has to fit into the
barrel of the gas-gun. Therefore, this method cannot be employed for the
testing of large specimens and/or specimens that are difficult to produce
in large numbers like, e.g., additively manufactured panels. With the
single-sided instrumentation, the strains are often evaluated using
high-speed camera images.

A few research groups have investigated the methods for the two-
sided instrumentation of the DIHB setup. A DIHB instrumented on
both the incident bar (striker) and the transmission bar using a thin
PVDF (polyvinyl fluoride) film gauges has been used for the testing of
soft materials like rubber [62]. Another approach using photon Doppler
velocimetry (PDV) has been tested in DIHB [63] to evaluate the velocity
and force histories for both bars according to the PDV technique
developed for SHPB [64]. The approach described in [62] has been
tested at low velocities (up to approximately 10m-s~!). Although the
PVDF gauges have a low noise and can produce smooth clear signals,
their mounting is demanding and requires careful calibration to prevent
stress concentrations at the contact. The method described in [63] has
been employed on the direct impact testing of metal foams [65]. While it
was demonstrated that the PDV instrumentation can be used even at
velocities of approximately 100m-s~! [63], some limitations arise from
the demanding evaluation, flexural waves compensation and expensive
instrumentation. Furthermore, problems with the laser beam posi-
tioning under the angle with the longitudinal axis of the striker bar, the
weak reflected signal and mounting of the reflective pattern or coating
on the striker bar complicate the application of the PDV method for
measurements with large striker bar displacements. An advanced
approach using the in-situ deceleration measurement has also been
tested [66]. In this method, the striker bar instrumented with an
accelerometer is employed to directly impact the specimen. As in the
PDV based method, the technique can be used for the high velocity
compression of the tested material. However, as the accelerometer is
used as a sensor, extensive filtering of the measured signals has to be
performed to estimate the forces and velocities during the impact.
Another DIHB setup was proposed by Govender and Curry [67]. In the
paper, the setup has been called the Open Hopkinson Pressure Bar
(OHPB). The OHPB setup is, in principle, the DIHB instrumented by
conventional strain-gauges on both bars. It was demonstrated that the
technique is simple and with many benefits suitable for the testing of low
impedance materials. The setup was tested via compression tests of a
SAN (styrene acrylonitrile) foam using PMMA (poly-methyl methacry-
late) bars with a diameter of 20mm at impact velocities of up to
10m-s~!. The conventional SHPB setups can be relatively easily adapted
to the OHPB variant, while standard strain-gauges can still be used as the
instrumentation. As the PDV based method requires complex instru-
mentation and data processing, the in-situ deceleration technique re-
quires an extensive filtering of the input signal and the applicability of
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the other methods has been demonstrated at low velocities only, thus,
the further experimental investigation of the performance and applica-
tion envelope of the OHPB method is desired. Moreover, testing at low
impact velocities (i.e., a relatively long impact duration) up to high
strains, particularly with linear elastic bars (e.g., aluminum alloy) is
complicated by the fact that the wave superposition occurs early at the
strain-gauge location. In this case, the situation is worse for the incident
bar, where the mounting of the second strain-gauge at the end of the bar
is problematic. The second strain-gauge is necessary for the standard
wave separation according to, e.g., [51].

In this paper, we introduce a different version of the OHPB setup
than presented in [67]. A linear guidance system is employed to guide
the incident bar during its acceleration provided by a gas-gun. With this
arrangement, it is possible to achieve higher impact velocities without
any bar alignment problems, parasitic bending and damage to the
strain-gauges or wiring. The system has been successfully tested at
impact velocities of up to approximately 30m-s~!. However, we are
convinced that, with a higher performance of the gas-gun, this limit can
be increased even further. DIC is used as a tool for the verification of the
straight-forward wave separation technique requiring only a single
strain-gauge at each bar allowing for the extension of the experimental
time window several times. The experimental method has been tested
with mid-sized linear elastic bars made of a high strength aluminum
alloy and with visco-elastic bars made of PMMA. It is shown that, under
certain circumstances, a simple linear elastic model is sufficient to
perform measurements with the visco-elastic bars, while no additional
attenuation and phase-shift corrections are necessary. The methods of
the wave separation, the setup calibration and the DIC analysis are
described in detail. The applicability of the experimental method is
demonstrated on various experiments with conventional metal foams,
hybrid foams, and additively manufactured auxetic lattices subjected to
dynamic compression. Thus, the presented OHPB and methodology
represent an interesting alternative to the testing of low impedance
materials using the standard DIHB or SHPB that can be easily adapted,
provides reliable results and uses standard instrumentation. The method
is particularly beneficial for experiments, where instrumented striker
bar is critically required together with the large strain in the specimen, i.
e., the dynamic indentation of large specimens or panels that cannot be
launched against an instrumented transmission bar in RDIHB.

2. Materials and methods
2.1. Open Hopkinson pressure bar

The principle of the OHPB method is directly derived from the DIHB
methods. The schemes of both the forward and reverse DIHB method
and the OHPB are shown in Fig. 1. Note that in the forward and reverse
DIHB, only the transmission bar is instrumented with a strain-gauge. The
OHPB consists of two measurement bars (incident and transmission)
both of which are instrumented with strain-gauges. The incident bar is
inserted into the barrel of the gas-gun and simultaneously serves as the
striker bar. The specimen is mounted on the impact face of the trans-
mission bar. During the experiment, the incident bar is accelerated using
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the gas-gun and directly impacts the specimen (see Videos S1 and S2). At
the impact, the strain waves are generated in both bars. The pulses
propagate from the specimen to the free ends of the bars. Then, the
pulses are reflected and travel back to the specimen. The experiment
ends (in the classical representation [67]) when the
backward-propagating waves reach the strain-gauges, thus, producing
superposed signals. As the waves propagate from the specimen, they
have an approximately identical shape. The beginning of the trans-
mission pulse is delayed in comparison with the incident pulse as the
strain wave has to pass through the specimen (similarly to the SHPB).

Using the strain-gauge signals, it is possible to calculate the forces
and displacements on the respected faces of the bars [67]. The forces on
the incident face Fj,(t) and on the transmission face F,.(t) can be
calculated according to the relations

Fin(t) = AinEinein(t)-, (1)
Foul(t) = Aoul ouleom(t)a (2)

where A;,, Aon represent the cross-sectional area of the (input and
output) bars, Ej,, E,, represent Young’s modulus of the individual bars
and €i,(t), €ou(t) are the measured strain-gauge signals. The particle
velocities iy (t), Vou(t) at the ends of the bars can be represented using
the relations

vin(t) = Co,, €n(1), (3)
Vou((t) = Coy, eou((t)-, 4)

where Cy, and C,, are the wave propagation velocities in the bars. By
adopting the aforementioned formulas, the actual impact velocity v(t)
and the distance between the bars (or actual specimen length) [(t) are
given by

V(1) = vy — Co, €in(t) — CopEou(t), 5)
L(t) = 1o — / V(1)dt = Iy — / (vo = Co, €mn(t) — Con o ()d, 6)
0 0

where [ is the initial length of the specimen and vy is the initial impact
velocity. Note that the evaluation of the actual length of the specimen
(strain) is strongly dependent on the initial impact velocity vo. Thus, in
the OHPB, it is crucial to measure the velocity with high precision (by, e.
g., DIC), unlike in the SHPB method, where the impact velocity serves as
a secondary parameter useful for the verification of the results.

All the above described equations are valid for linear elastic bars. For
experiments with visco-elastic bars, one of the well-known methods
based on the propagation coefficient and the time-shifting in frequency
domain [46,47,49,51] can be used. However, as it is demonstrated
further in the text, under certain strict conditions, the linear elastic
model can be adopted even for visco-elastic bars (see Section 2.4.4).
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Fig. 1. Principle of the forward DIHB (a), reverse DIHB (b), and OHPB (c).
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2.2. Digital image correlation

Digital Image Correlation (DIC) is an optical method employing
tracking techniques for the measurements of the changes in the images.
In this paper, an in-house developed software tool is employed for the
tracking of the pseudo-random black-and-white speckles mounted on
the bars and for the evaluation of the particle velocities at the faces of
the bars. With the DIC tool, the tracking is achieved with a sub-pixel
precision. First, the correlation is evaluated at the pixel level using
template matching employing the Sum of Squared Differences (SSD)
method. To obtain the sub-pixel precision, the pixel level difference is
interpolated using a third order bivariate spline over the pixel grid. The
best match is in the position of the minimum difference. The minimum
of the difference (best match) is then found by minimizing the inter-
polated bivariate spline using the LM-BFGS algorithm.

2.3. Wave separation technique

The equations described in Section 2.1 are valid only until the strain
wave is reflected at the free-end of the bar and it arrives back to the
strain-gauge location producing the superposed signals. This situation is
represented by the wave propagation diagram in Fig. 2(a). From this
moment, the recorded signal is composed of a sum of forward- and
backward-propagating strain waves. According to standard one-
dimensional wave propagation theory, the actual particle velocity v(t),
and the actual force F(t) at a certain cross-section of the bar are given by
[51]

e(r) = ex(1) + (1), %)
V(1) = coler(r) —es(1)), ®
F(r) = EA(er (1) + e8(1)), ©)

where ¢g(t) is the forward-propagating strain-wave and eg(t) is the
backward-propagating strain-wave. Wave separation methods for the
decomposition of the forward- and backward-propagating waves in
SHPB have been developed and are available [47,49,51]. The methods
usually separate the waves using signals from at least two strain-gauges
(or a strain-gauge and velocity sensor for a bar with a free-end) and are
applicable even for visco-elastic bars. For the SHPB, a wave separation
technique based on a single-point measurement and known boundary
conditions was published in [50]. This method works without any
redundant data source and does not account for the wave dispersion. In
the case of the OHPB, the application of a second strain-gauge or direct
velocity sensor would be complicated for the incident bar. Therefore,
under certain circumstances, a simplified wave separation technique
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requiring only a single strain-gauge on each bar can be employed, while,
in our case, its output is verified using DIC.

The straight-forward wave separation technique can be used if the
following assumptions are satisfied:

The waves propagate from the specimen to the free-ends of the bars.
e The free-ends are not in contact with other parts of the setup.

The waves are generated directly at the interface between the spec-
imen and the bar.

The specimen has the lowest mechanical impedance in the experi-
mental setup and deforms plastically up to a large strain.

High frequencies are not present in the strain pulse as they are
attenuated by the plastic deformation of the specimen.

The wavelengths present in the strain pulse are several times higher
than the diameter of the bar. Thus, the wave attenuation and
dispersion effects can be neglected.

Under the aforementioned circumstances, a boundary condition
valid for the free-end of the bar can be used to separate the individual
waves. According to this boundary condition, the force at the free-end of
the bar has to be zero. Thus, the waves at the free-end of the bar have to
satisfy the following relations (see Fig. 2(b))

er(r) +e8(1) =0, (10)

SB(t) = 78]:([). (11)

According to the diagram shown in Fig. 2(a) the experiment begins at
time t = —At, and the strain wave arrives at the strain-gauge location at
time t = 0. Then, the time required for the wave to travel through the
bar to its free-end is equal to At,. Thus, at time t = 2At, the superposed
signal is recorded by the strain-gauge and the measured signal &(t) is
composed of two waves ¢x(t) and ¢z (t). By adopting the equations from
above, the forward- and backward-propagating waves can be separated
and are given by

ep(t) = —ep(t — 2At,), 12)

er(t) = e(t) — es(r) = e(t) + er(t — 2At,). 13)

Using the procedure shown in Fig. 2(b), the relevant forward- and
backward-propagating waves can be time-shifted to the bar-specimen
interface producing strain waves egs(t —At,), eps(t —At;) at the speci-
men’s location and can be used to calculate the particle velocity v(t —
At,) and the contact force F(t — At;) using the relations

eps (1 — Aty) = e(t) + ep(t — 2At,), 14
eps (1 — Aty) = —ep(t — 2A1, + Aly), (15)
(b)
time ® EF.(t) time ©
ex(t) +Ate I -Atg
i Forward propagating I
F=0 I wave I Fspecwmen
i Backward propagating strain-gauge  specimen
| wave |
I eg(t) 1
time © l time ®
Ate  ggt) +Ats

Fig. 2. Diagram showing the strain wave propagation in the OHPB setup (a). Principle of the wave separation and time-shifting (b).
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v(t — Aty) = co(ers(t — At;) — eps(t — At,)), 1e)

F(t — Aty) = EA(ers (1 — Aty) +eps(t — AL)). a7

As the wave dispersion effects can be considered negligible, the
waves can be separated using this procedure. Neither the shape nor
amplitude of the waves needs to be updated. At the beginning of the
experiment, the strain-gauge signal ¢(t) is not superposed between time t
= —At, and t = 2At,. Thus, this part of the pulse can be used for the
iterative reconstruction of the signal.

In the real bars, the wave dispersion effects are always present and
the strain wave is attenuated over time. Therefore, it is necessary to
check whether the wave separation technique still produces reliable
results. For this purpose, pseudo-random black-and-white speckle pat-
terns are mounted on the bars as close to the specimen as possible. The
high-speed camera is used to observe the specimen during the experi-
ment, while the speckle patterns are observed together with the spec-
imen. DIC is used to evaluate the displacements at the boundaries
between the bars and the specimen. The displacements are calculated
from the strain-gauge data by integration of the indicated velocities
producing smooth curves (typically monotonous), where difference
between the DIC and strain-gauges is represented by typically margin-
ally different slopes of the curves. Conversely, the particle velocities of
the bars’ faces are calculated from the DIC displacements by differen-
tiation. By its nature, differentiation brings more noise into the resulting
velocity signal. Thus, a comparison of velocities is more difficult, but it is
more useful to identify possible errors in the measurement and, if suc-
cessful, produces more representative results. If the setup and DIC are
properly calibrated, the particle velocities indicated by DIC have to be
comparable with the velocities indicated by the separated strain-gauge
signals time-shifted to the bar-specimen interface. The strain calcu-
lated without the wave separation plotted against time is compared with
the strain calculated using the wave separation technique in Fig. 3(a).
The velocities indicated by strain-gauges calculated without the wave
separation and with the wave separation are compared with the velocity
evaluated by the DIC in Fig. 3(b). Results of the wave separation tech-
nique in the incident bar of the OHPB are shown in Videos S3 and S4.

The wave separation technique, in this form, does not account for the
wave dispersion effects including the attenuation and phase-shift.
Therefore, it is not possible to use it for the visco-elastic bars. In the
OHPB, the wave travel distance is usually long (typically close to 3 m for
the experiments presented in this paper) because the strain wave has to
propagate to the free end of the bar and then return back to the location
of the strain-gauge. Thus, in the case of the visco-elastic bars, the
backward propagating wave is significantly attenuated and phase-
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shifted. As a result, the assumption that the forward-propagating wave
can be directly used for the wave decomposition does not hold true.
However, a simple analysis valid until the wave superposition (see
Section 2.1) can be used even for visco-elastic bars. Comparing typical
materials used for visco-elastic and linear elastic bars in the Hopkinson
bar devices (with the same length and configuration of the bars), a
longer time window prior to the wave superposition is available for the
visco-elastic materials because of their lower wave propagation veloc-
ities. For instance, the wave propagation velocity in aluminum alloy bars
is approximately 5100m-s~!, while the wave propagation velocity for
the PMMA is approximately 2100 m-s~!. Therefore, approximately 2.5x
longer time window is available for the PMMA compared to aluminum
before the backward-propagating strain wave hits the strain-gauge
producing superposed signals.

2.4. Setup calibration

The setup calibration is an important task that has to be carried out
prior to every set of experiments. During the calibration procedure, the
response of the strain-gauges is tested using a quasi-static force cali-
bration. Furthermore, the behavior of the strain-gauges and DIC is
compared in a series of dynamic void tests.

2.4.1. Quasi-static calibration

During the quasi-static calibration, the bars of the setup are subjected
to an uni-axial compression using a piston mounted at the end of the
experimental setup. A conventional membrane load-cell (U9B, HBM,
Germany) is mounted co-axially between the bars (as the specimen). The
values of the force calculated from the strain-gauges (and the known
material properties of the bars) are compared with the force indicated by
the load-cell. Using the quasi-static calibration, the proper functionality
and precision of the strain-gauges are verified. Typically, the error of an
individual pair of foil strain-gauges is up to 2 — 4% of the load-cell force.

2.4.2. Dynamic void tests

A void test is, in principle, an OHPB experiment without any spec-
imen. The incident bar is accelerated using the gas-gun and directly
impacts the transmission bar forming an elastic collision between two
bars. Under such conditions, the kinetic energy of the incident bar is
transferred to the transmission bar, while the duration of the collision
corresponds to 21/Cy in the case when both bars are made of the same
material with the nominal wave propagation velocity Cy and have the
same length . In such a theoretical case, the initial impact velocity v, of
the incident bar decreases to vy/2 during the collision. After the colli-
sion, the incident bar has zero velocity, while the transmission bar is

(b)
14 :
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4 DIC = —
without wave separation
with wave separation
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0 0.5 1 1.5 2 25 3
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Fig. 3. Strain calculated without the wave separation plotted against time compared with the strain calculated using the wave separation (a). The velocities indicated
by the strain-gauges calculated without the wave separation and with the wave separation compared with the DIC (b).
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accelerated to vy. During the void test, the strain-gauge signals are
compared with the velocity obtained from the DIC and with the theo-
retical velocity value estimated according to the elastic collision theory.
In the case of linear elastic bars, the error has to be maximally in the
order of a few percent (typically better than 1 — 3%). The situation is
more complicated for visco-elastic bars, however, the strain-gauge sig-
nals still have to closely correspond to the values obtained from the DIC
(where an average difference approaching 6 — 10% is considered to be
an unacceptable error).

2.4.3. Linear elastic bars

The dynamic material properties, wave propagation velocity and
dispersion of the bars are investigated according to method published by
Bacon [46] using the "bars together” void test. The impact of the short
striker colliding with the incident bar directly in the barrel of the
gas-gun is used to evaluate the required parameters. For linear elastic
bars, the results of the quasi-static calibration should closely match the
outputs of the dynamic testing. Then, a set of dynamic void tests is
performed, while the consistency of the strain-gauge signals is investi-
gated. The velocities indicated by strain-gauges have to closely match
the velocities evaluated using the DIC. Result of the quasi-static cali-
bration of the high-strength aluminum alloy bars is shown in Fig. 4(a).
The velocities indicated by the strain-gauges and DIC during the void
test are compared in Fig. 4(b).

2.4.4. Visco-elastic bars

The situation is more complicated for visco-elastic bars. In this case,
during the quasi-static calibration, the quasi-static material parameters
have to be used to compare the strain-gauge signals with the load-cell.
Then, the “bars together” void test is performed similarly as in the
case of the linear elastic bars and the dynamic material properties of the
visco-elastic model are evaluated according to [46]. Then, a set of dy-
namic void tests is used to compare the response of the strain-gauges
with the DIC and with the theory of the elastic collision. The result of
the quasi-static calibration of the PMMA bars is shown in Fig. 5(a). The
velocities indicated by the strain-gauges and DIC during the void test are
compared in Fig. 5(b).

Conventionally, the waves in the visco-elastic bars have to be time-
shifted in the frequency domain using the visco-elastic material model
and a function of the wave propagation coefficient [46]. However, in the
case of the OHPB, simplifications can be adopted if the following testing
conditions are satisfied:

e The strain-gauges are mounted as close as possible to the specimen.
Proximity of the sensors to the location of the impact ensures that the

(a)

8000 [ '
7000
6000

5000

4000 -

3000 5

Measured force [N]

2000 —

1000 }r
0"/L\ i

0 1000 2000 3000 4000 5000 6000 7000 8000

Nominal force [N]

load-cell
incident strain-gauge |l
transmission strain-gauge
I 1 I 1

International Journal of Impact Engineering 148 (2021) 103767

recorded signals are highly similar to the original signals generated

by the impact.

The amplitudes of the strain waves are low in comparison with the

theoretical strain capacity of the bar at a given impact velocity. For

the small strain amplitudes, non-linear effects in the polymeric bars
are significantly suppressed, while the distortion becomes more se-
vere with the increasing amplitudes.

e The wavelengths of the frequencies present in the recorded pulses are
several times higher than the diameter of the bars. This assumption is
essential for significant reduction of the wave dispersion effects
during the experiment.

e The specimen deforms plastically and acts as an effective filter of the
higher frequencies. Plastic collapse of the specimen prevents transfer
of high frequencies that are significantly affected by the wave
dispersion effects.

o No significant bending is present during the testing. If significant
bending is observed during the experiment, the specimen does not
follow the uni-axial loading leading to more complex modes of
deformation. Moreover, the measurement technique cannot
compensate for a minor bending of the bars and the measured signals
are distorted.

When the above described conditions are fulfilled, the time-shifting
procedure can be processed identically as in the case of the linear
elastic bars. Because the dynamic properties of some visco-elastic ma-
terials are approximately constant at lower frequencies for long pro-
jectiles (as presented in Fig. 6(a,b) for a projectile with a length of
1750 mm and a diameter of 20 mm made of PMMA), the average value
of the complex modulus and the phase velocity for that can be used for
the calculation of the particle velocity and the force, while the frequency
domain based time-shifting of the signal is not necessary. The signals
recorded by the strain-gauges at distances of 200 mm and 400 mm from
the impact face of the PMMA bar with a diameter of 20 mm are time-
shifted by the frequency domain method and compared with the
output of this simplified approach in Fig. 7(a). It can be seen that, using
this simple approach, the error caused by the wave attenuation is more
profound with the increasing amplitude of the recorded signal, while the
frequency domain time-shifting procedure can better compensate for
this error. No significant phase-shift effects are observable in the pre-
sented example. The method for the dispersion correction in the visco-
elastic bar based on the frequency domain approach produces more
precise results. However, as the recorded amplitudes of the tested
cellular materials are usually low and the effects of the attenuation and
dispersion are small or negligible for the short travelled distance, the
simple method can be adopted. As can be seen in Fig. 7(a), its error over
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Fig. 4. Force indicated by the strain-gauges compared with the load-cell during the quasi-static calibration procedure, aluminum alloy bars (a). The velocities
indicated by the strain-gauges during the void test compared with the DIC, aluminum alloy bars (b).



T. Fila et al.

International Journal of Impact Engineering 148 (2021) 103767

(b)

incident DIC ——— |
transmission DIC

incident strain-gauge
transmission strain-gauge
1 1 1

(@)
T T T T T 7 T
500 - . 6 |
= 400 | . Sr
£ —
8 PN
S 300 | 4 £
3 z 37
= ‘©
2 200 - 4 2 2t
] >
= 1
100 . B
load-cell
incident strain-gauge |l 0
0L transmission strain-gauge -
T 1 1 1 1 1 1
0 100 200 300 400 500 0 0.2

Nominal force [N]

04 06 038 1 1.2 1.4

Time [ms]

Fig. 5. Force calculated from the strain-gauge signals compared with the force value measured by the load-cell during the quasi-static calibration procedure, PMMA
bars (a). The velocities calculated from the strain-gauge signals during the void test compared with values from the DIC, PMMA bars (b). Note that the DIC was not
able to capture the separation of the bars as it happened out of the field of view due to the large displacements of the PMMA bars.

(a)
T T T T T T T 2250
6 .
2200
— 5 -
S = 2150
O 4l 4 2
@ E 2100
3 3L a =l
kS 8 2050
£ E
3 2r 7T g 2000
Q.
§ 1L 1 &
8 1950
0 real part 1900
imaginary part
_1 1 1 1 1 1 1 1 1850
0 5 10 15 20 25 30 35 40 0

Frequency [kHz]

&)

10 15 20 25 30 35 40
Frequency [kHz]

Fig. 6. Visco-elastic properties of the PMMA projectile with a length of 1750mm and a diameter of 20mm at an impact velocity of 7m-s~!. Complex modulus (a). Note
that the rapid changes in the low frequencies (approximately below 2kHz) are related to the conversion of the measured signal to frequency domain using Fast
Fourier Transform and does not represent the actual material properties. The phase propagation velocity of the PMMA bars (b).

10000

8000

6000

Force [N]

4000

2000

(b)

semiconductor strain-gauge

T T
foil strain-gauge

DIC =

(a)
T T T T T 10 T
| error frequency domain time-shift B
error simple time-shift
measured signal 8
| frequency domain time-shift s
simple time-shift s—
] e ®
E
2
N kel
@)
>
| 2
0
1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 0
Time [ms]

0.4 0.6 0.8 1 1.2

Time [ms]

Fig. 7. Signals recorded by the strain-gauges at distances of 200mm and 400mm from the impact face of the PMMA bar with a diameter of 20mm time-shifted by the
conventional frequency domain method compared with the output of the simplified approach (a). The velocity calculated using the data of the semiconductor (AFP-
500-090, Kulite, USA) and foil (3/120, LY61, HBM, Germany) strain-gauge during the impact experiment compared with the DIC (b).
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the 200 mm travel distance is negligible for forces of up to approxi-
mately 4000N and the error is around 2% at a force of approximately
8000N. Therefore, with care, this simple approach can be used to avoid
problems caused by the inverse Fourier transform, where the errors or
peaks in a function of the propagation coefficient can result in the
reconstruction of distorted signals.

2.5. Experimental setup

In this paper, we present a set of representative results from the two-
sided direct impact Hopkinson bar testing of conventional metal foams,
additively manufactured auxetic lattices, and hybrid auxetic constructs.
For the measurements, two variants of the OHPB experimental setup
were used: (i) a setup with aluminum alloy bars of an identical diameter
for the uni-axial compression testing, (ii) a setup with PMMA bars of an
identical diameter for the uni-axial compression testing. Foil strain-
gauges were used instead of the semiconductor strain-gauges due to
their linearity, durability and longer service-life. The use of the semi-
conductor strain-gauges was rejected mainly because of their strongly
non-linear response above approximately 500u¢ (see the velocity pro-
files evaluated from the semiconductor and foil strain-gauges compared
with the DIC in Fig. 7(b)). Nevertheless, the semiconductor strain gauges
were used as the auxiliary sensors with limited service-life in the
selected experiments. The arrangement of the individual experimental
setups is presented in Fig. 8.

2.5.1. Linear guidance system

In all the variants of the presented OHPB setup, a low mass/low
friction linear guidance system was employed to guide the incident bar
during the acceleration over a relatively long travel distance. The linear
guidance system consisted of a linear motion guide with a high perfor-
mance polymeric slider bearing (drylinT, IGUS, USA) and a rail with a
length of 1200 mm. The incident bar was attached to the carriage via a
friction contact clamp. The tightening moment of the clamp had to be
kept constant for all the experiments and was re-adjusted after each
impact. During the calibration testing, it was found out that the friction
clamp did not bring any distortion to the incident wave if adjusted
properly. As the design parameters of the used bearing type were
partially outside the OHPB velocity envelope, the bearings had to be
replaced after a certain number of measurements (usually after a few
dozen impacts) due to wear and tear. The stiffness, performance and
durability of the system could be probably further improved with the use
of caged-ball linear motion guides optimized for high-speed
applications.

2.5.2. Gas-gun system

An in-house gas-gun system was used for the acceleration of the
incident bar. This system consists of a barrel with an inner diameter of
20 mm and a length of 2500 mm which is connected to a 20l air reservoir
with a maximum operating pressure of 1.6 MPa. The compressed air is
released by a solenoid valve (366531, Parker, USA).

1600 mm(Al) -1750 mm(PMMA)
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2.5.3. High-speed imaging and data acquisition system

All the experiments were observed with high-speed camera(s). In the
described experiments, two types of high-speed cameras were used: (i)
Fastcam SA-5 (Photron, Japan), (ii) Fastcam SA-Z (Photron, Japan). A
typical experiment was captured with the latter camera at 252kfps with
an image resolution of 256 x 168px. The illumination of the scene was
undertaken using a pair of high intensity LED lights systems: (i)
Constellation 60 (Veritas, USA) and (ii) Multiled QT (GS Vitec, Ger-
many). The strain-gauge signals were amplified by a pair of low-noise
differential amplifiers (EL-LNA-2, Elsys AG, Switzerland) with a gain
of 100 and recorded by high-speed digitizer cards (PCI-9826H, ADLINK
Technology, Inc., Taiwan) operating at 20 MHz. The digitizer cards were
synchronized with the high-speed camera(s) using a pair of short-
reaction-time through-beam photoelectric sensors (FS/FE 10-RL-24 PS-
E4, Sensopart, Germany) serving as a trigger and as a redundant
method (together with DIC) for the estimation of the initial impact ve-
locity. The data acquisition system was implemented in LabView soft-
ware (National Instruments, USA).

2.5.4. Aluminum alloy bars

A high-strength aluminum alloy (EN-AW-7075-T6) was used as the
material of the bars. Both bars had a length of 1600 mm. The bars were
instrumented by a pair of foil strain-gauges (3/120, LY61, HBM, Ger-
many) located at a distance of 200 mm from the impact faces arranged in
a half-bridge circuit. The transmission bar was supported by low friction
bearings (drylin TJUM series, IGUS, USA). Using this setup, the results
summarized in Section 3.1 and 3.3 were acquired. The experimental
setup with the aluminum alloy bars and the important parts of the OHPB
arrangement are shown in Fig. 9.

2.5.5. PMMA bars

For the testing of the low impedance materials, the setup was fitted
with PMMA bars with a diameter of 20 mm and a length of 1750 mm.
The basic characteristics of the setup remained unchanged with only a
few minor changes in the instrumentation. Semiconductor strain-gauges
(AFP-500-090, Kulite, USA) with an active length of 2.29mm were
mounted together with the foil strain-gauges as redundant strain sen-
sors. A single measurement point was mounted at the incident bar at a
distance of 200 mm from the impact face. Two measurement points were
mounted at the transmission bar at a distance of 200 mm and 400 mm
from the impact face. Using this setup, the results summarized in Sec-
tion 3.2 and 3.4 were measured. The OHPB setup with the PMMA bars
during the experimental campaign is shown in Fig. 10.

3. Applications and results

The applications of the OHPB experimental setup and the represen-
tative results exploiting the important features of the direct impact
Hopkinson bar with two-sided instrumentation are presented. The
applicability and performance of the setup is demonstrated with the
results of two different experimental campaigns: (i) the uni-axial high
strain-rate compression of the additively manufactured auxetic lattices
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Fig. 8. The arrangement of the OHPB experimental setup: uni-axial compression with the aluminum alloy/PMMA bars.
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Fig. 9. The experimental setup with the aluminum alloy bars and the important parts of the OHPB arrangement.
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Fig. 10. The experimental setup with the PMMA bars during the experimental campaign.

and conventional metal foams, (ii) the uni-axial high strain-rate
compression of the low impedance hybrid auxetic lattices. The range
of impact velocities for every type of material was selected by taking
multiple aspects into account. Besides the quasi-static response of the
specimens, indicating on the stiffness, plateau stress, and densification
strain, numerical simulations with the virtual OHPB apparatus devel-
oped in LS-DYNA were used to predict the deformation response of the
specimens together with the performance of the setup including effec-
tive DIC measurement windows. The following sections show the
representative results for different impact velocities selected according
to the deformation characteristics of the particular tested material.

3.1. Closed-cell aluminum foam

Cubic specimens of the closed-cell aluminum foam with commercial
name Alporas with a size of approximately 15 x 15 x 15mm, a density
of 0.25-0.3 g - cm™ and a porosity of 89% were tested with the
aluminum bars. The material had a low mechanical impedance and
exhibited localized strain bands in compression, where the majority of
deformation was observed. A slideshow showing a specimen of Alporas
foam during dynamic compression is presented in Fig. 11(a). The
Alporas foam has already been tested by a number of research teams
[68-71]. In this paper, we present the results showing the ability of the
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Fig. 11. Closed-cell Alporas foam, EN-AW-7075 bars. Slideshow showing a specimen of the Alporas foam in dynamic compression (a). Dynamic equilibrium and
stress-strain diagram (b). Velocity profiles on both bars compared with the velocities from the DIC (c).

OHPB method to reliably capture the dynamic behavior of the foam with
a very nice dynamic equilibrium. The dynamic equilibrium after wave
separation is shown in Fig. 11(b). The wave separation technique pro-
duced precise results verified by the DIC. The velocity profiles on the
both bars are compared with the DIC in Fig. 11(c). Impact into the
Alporas foam recorded by the high-speed camera with mapped DIC re-
sults of the longitudinal displacement and incremental strain is shown in
Videos S5 and S6.

3.2. Open-cell aluminum foam

Cubic specimens of an open-cell aluminum foam with a size of
approximately 15 x 15 x 15mm, a density of 0.18 — 0.25g-cm ™ and a
porosity of 93% were tested in dynamic compression using the OHPB
with PMMA bars. As this foam has significantly lower mechanical
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impedance than the Alporas foam, the testing of such a material using
the conventional setups is quite challenging. The force-displacement
diagram recorded during the impact with an initial impact velocity of
approximately 6.5m-s~! is shown in Fig. 12(a). Note that the stress level
at the initial part of the plateau region was approximately 0.2 MPa
(corresponding to a force of approximately 100N in this case), while the
dynamic behavior, oscillations of the incident stress, and its conver-
gence with the transmission stress were clearly recorded. The velocity
profiles on both bars compared with the DIC are shown in Fig. 12(b).

3.3. Additively manufactured auxetic lattices
Additively manufactured auxetic lattices (metamaterials with a

negative Poisson’s ratio) were manufactured using a selective laser
sintering (SLS) method from SS316L powdered austenitic steel. Different
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Fig. 12. Open-cell aluminum foam, PMMA bars. Stress-strain diagram recorded during the impact with an initial velocity of approximately 6.5m-s~! (a). Velocity

profiles on both bars compared with the DIC (b).
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sizes and types of the auxetic lattices were tested in the experimental
campaign. Both 2D and 3D auxetic structures were investigated: a 2D re-
entrant honeycomb, a 3D re-entrant honeycomb, and a 2D missing-rib
structure. Here, the representative results of the 2D re-entrant honey-
comb are presented as this structure is considered very versatile [7]. The
structure had nominal dimensions of 12.15 x 12.15 x 12.58 mm, a
density 3.32 g-cm~2 and a porosity of 59% with a nominal strut thickness
of 0.3 mm which was at the resolution limit of the used SLS device (AM
250, Renishaw, UK). The 2D re-entrant construct with a detailed view
from the scanning electron microscopy (SEM) of the printed strut is
shown in Fig. 13(a). The representative velocity histories evaluated
using the strain-gauges during the impact with an initial velocity of
approximately 20m-s~! are compared with the DIC in Fig. 13(b). Note
that the structure reached full densification and the final stage of the
experiment corresponded to the elastic collision, where the velocities of
the individual bars converged and the bars finally separated due to the
reflected elastic waves. The wave separation technique was able to
reliably separate the waves until the random speckle pattern mounted
on the transmission bar disappeared from the images and the DIC
tracking was no longer possible.

3.3.1. Dynamic crushing at different strain-rates

Special attention was paid to the analysis of the crushing behavior of
the 2D re-entrant auxetic constructs. The specimens were subjected to
impacts at two different velocities of 12m-s~! and 20 m-s~!. With the
increasing strain-rate, the auxetic lattice exhibited a different crushing
behavior. The stress value, at which the collapse of the first layer of the
auxetic structure occurred, increased with the strain-rate. Furthermore,
the collapse mechanism of the individual layers was different as, during
the impact at the lower velocity, significant lateral movements of the
layers were observed with the corresponding peaks in the loading dia-
gram. During the impact at the higher velocity, this effect was signifi-
cantly suppressed as the inertia effects and the impact velocity acted
against the lateral motion. The comparison of the deformation mecha-
nism of the 2D re-entrant honeycomb lattice at the two different impact
velocities is shown in Fig. 14(a,b). More importantly, the crushing
mechanism was analyzed at both faces of the specimen using the two-
sided instrumentation. As many stress oscillations occurred in the
post-peak plateau region, the two-sided analysis of the phenomena was
important. The stress-strain diagrams for both impact velocities and
both faces of the specimen are compared in Fig. 14(c). Note that the
velocity measured by the DIC closely followed the strain-gauge signals in
every oscillation. Furthermore, the initial collapse was observed at a
higher stress for the higher impact velocity and that the oscillations in
the post-peak plateau had higher amplitudes at the lower velocity.

(a)
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Moreover, at the lower velocity, the stress oscillations on both faces of
the specimen were approximately identical, whereas, at the higher ve-
locity, the oscillations were delayed and/or attenuated. Also, at the
lower velocity, the signals from both faces of the specimens intersected
earlier than at the higher velocity showing that the behavior is related to
initial wave propagation and convergence of the dynamic forces. The
same structure was tested in our previous study [11,12] using an SHPB
with copper pulse-shapers, a striker bar with a length of 500 mm and a
similar overall length of the setup. The SHPB was used for the
compression of the auxetic lattice at approximately the same impact
velocity of 20m-s~1. While it was possible to compress the construct up
to the full densification with the OHPB (nominal strain > 0.5), the
maximum engineering strain in the SHPB was around 0.25. Even at the
lower testing velocity of approximately 12m-s~!, the OHPB with the
wave separation technique was able to reach maximum strain of
0.35-0.4. Velocity histories measured by the strain-gauges at both faces
of the specimen are compared with the DIC for the impact with an initial
velocity of approximately 20 m-s~! in Fig. 14(d). Impact into the auxetic
re-entrant lattice foam recorded by the high-speed camera with mapped
DIC results of the longitudinal displacement and incremental strain is
shown in Videos S7 and S8.

3.4. Hybrid auxetic lattices

Hybrid auxetic lattices represent a novel approach in the low-cost
manufacturing of an advanced light-weight materials. In this work,
the specimens were printed using a Pro Jet HD3000 3D printer (3D
Systems, Rock Hill, USA) from a UV-curable polymer VisiJet EX200 with
the highest resolution (656 x 656 x 800 dpi). The overall dimensions of
the specimens were approximately 14 x 14 x 20 x mm (width, depth,
height). The polymeric samples were electro-chemically coated with an
~ 60um and ~ 120 ym thick layer of nickel, respectively. The average
density of the samples was: (i) 0.27 g-cm~3 for the non-coated construct,
(ii) 0.469 g-cm~* for the 60um coating, and (iii) 0.537 g-cm~2 for the
120 ym coating. Further information on the coating process can be found
in [4]. After the coating, the polymer was taken out via pyrolysis at
approximately 1000°C. The printed polymeric constructs as well as the
final hybrid coated hollow-strut auxetic structures are shown in Fig. 15.

3.4.1. No coating

As the printed polymer was very brittle, the uncoated constructs
disintegrated instantly after the initial impact. The disintegration
captured by the high-speed camera is shown in Fig. 16(a). Nevertheless,
the force measurement during the disintegration was possible with the
OHPB method. The corresponding stress-strain diagrams showing the
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Fig. 13. The 2D re-entrant construct with an SEM detail of the printed strut (a). Velocity profiles on both bars compared with the DIC (b).
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Fig. 15. The printed and coated hybrid auxetic constructs.

behavior at both faces of the disintegrating specimen are shown in
Fig. 16(b). The velocity histories at both bars evaluated from the strain-
gauge signals are compared with the DIC results in Fig. 16(c). Note that
despite the very rapid disintegration, the short force peaks were recor-
ded reliably and were comparable with the values from the DIC. This
indicates that the wave dispersion in the PMMA bars over the short
travelled distance in the OHPB was minor and the resulting force peaks
were still relevant. The behavior after the disintegration when the bars
hit the residuals of the specimen and underwent an elastic collision were
also captured despite some discrepancy between the incident strain-
gauge and the DIC, which can be identified as the wave separation in
its simple form, as it cannot reliably account for the wave dispersion
over long travel distances.

3.4.2. Nickel coating - 60 ym

The hollow-strut hybrid auxetic lattice with a coating thickness of
60 um exhibited ductile behavior. The structure deforming during the
impact is shown in Fig. 17(a). Note a very profound auxetic behavior

12

with the struts rapidly closing into the core of the specimen. Stress-strain
diagrams are presented in Fig. 17(b). The velocities evaluated from the
strain-gauge signals are compared with the DIC in Fig. 17(c). Here, the
perfect match of the strain-gauge velocities and the DIC is very impor-
tant as the behavior of the specimen at the impacted face was different
than at the opposite face. Interestingly, the incident curve was lower
than the transmission curve up to the densification of the structure,
where both curves converged. All the tested specimens with a coating
thickness of 60 ym exhibited this behavior. As the incident curve did not
exhibit any stress oscillations, the phenomenon could not be simply
explained by the classical convergence of the dynamic forces. As the
coating process is not perfect, the coated layer had a lot of imperfections,
defects and cracks (see Fig. 15) affecting the response of the samples.
The distal face of the specimen was embedded in a resin for the better
contact with the transmission bar face, while the impacted face was
without any embedding. Also, by design, the auxetic cells were not
distributed symmetrically along the length of the specimen. These fac-
tors can possibly cause some distortion and/or internal reflections of the
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Fig. 17. The hybrid auxetic construct with a coating thickness of 60um deforming during the impact (a). The corresponding stress-strain diagrams (b). Velocities

evaluated from the strain-gauge signals compared with the DIC (c).

strain wave in the specimen or wave transfer problems that were rep-
resented by the asymmetrical response recorded by both the strain-
gauges and the DIC. Furthermore, this effect was not observed in the
case of the structures with a coating thickness of 120 um, where the
dynamic forces converged quickly (see Section 3.4.3).

3.4.3. Nickel coating - 120 ym

Hybrid auxetic lattices with a coating thickness of 120 um were
tested. In this case, the behavior was very different from the constructs
with a coating thickness of 60um. Stress-strain diagrams showing a
quick convergence of the dynamic forces at the respective faces of the
specimen are shown in Fig. 18(a). The velocities evaluated using the
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strain-gauges and the DIC are shown in Fig. 18(b). Note that the DIC was
able to track the image features and compute the velocity only for a short
period of time. As these constructs exhibited a stiffer response, the
speckle pattern mounted at the transmission bar quickly disappeared
from the image making further tracking impossible. Impact into the
hybrid auxetic lattices recorded by the high-speed camera with mapped
DIC results of the displacements and incremental strains is shown in
Videos S9 - S12.

4. Discussion

Several different types of cellular solids and lattices were tested using
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Fig. 18. The hybrid auxetic construct with a coating thickness of 120um: The corresponding stress-strain diagrams (a). Velocities evaluated from the strain-gauge
signals compared with the DIC (b).

the OHPB in dynamic compression. Based on the analysis of the acquired
results, the following comments, findings and remarks can be drawn:

Fig. 19. The hybrid auxetic construct with a coating thickness of 120um and rectangular struts tested at a maximum impact velocity of approximately 30m-s~':

The DIHB experimental setup instrumented with strain-gauges
mounted on both the incident and the transmission bar (the so
called OHPB [67]) with the linear motion guidance system sup-
porting the incident bar can be successfully employed for impacts
with an initial velocity of at least 30 m-s~! (see representative dia-
grams in Fig. 19). In comparison with the similar previously pub-
lished setups [62,67], the presented variant of the OHPB setup
significantly extended the application envelope in terms of the
maximum impact velocity (an impact velocity of 10m-s~! is
mentioned as a reasonable maximum in the arrangement published
in [67]). Moreover, the linear guidance system allowed for the easy
installation of the strain-gauges and wiring that is more complicated
in the variant with the incident bar and strain-gauge in the barrel of
the gas-gun.

The instrumentation with the conventional strain-gauges represents
a straightforward approach for the evaluation of the results which is
not different from the classical Kolsky bar measurements. This
approach is simple and does not require expensive instrumentation
such as the PDV. However, the PDV is simultaneously a type of
instrumentation suitable for the testing at higher impact velocities
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[63]. Application of two strain-gauges at a single measurement point
connected in a half Wheatstone bridge arrangement can compensate
for the minor bending of the bars and effects of the flexural waves
that can possibly occur during the testing of the specimens with a
complex internal structure.

No significant bar alignment problems were identified with the
applied linear guidance system. After the careful adjustment and
calibration of the experimental setup, no problems with the wave
reflections from the friction clamp that attaches the incident bar to
the linear guidance system occurred. The wear and tear of the
polymeric linear bearings were observed particularly during impacts
close to the maximum impact velocity. Thus, the bearings had to be
replaced after a certain number of experiments.

The wave separation technique based on the arrangement specific to
the OHPB, where both bars have free-ends, was employed to separate
the forward- and backward-propagating waves in the bars. This
approach allowed the duration of the experiment to be extended
several times.

The DIC was used as a technique for the measurements of the dis-
placements and the velocities in the vicinity of both faces of the
specimen. DIC was also employed as a tool for the verification of the
wave separation technique. It was shown that, under the conditions
valid for the testing of low impedance cellular materials, the wave
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Stress-strain diagram (a). Velocities evaluated from the strain-gauge signals compared with the DIC (b). Because of the high impact velocity, the DIC data are
available only in a relatively narrow time window before the specimen moved from the area inspected by the camera.
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separation technique can provide reliable decomposition of the
strain pulses during the whole impact. The comparison of the ve-
locities indicated by the DIC and strain-gauges is considered bene-
ficial (in comparison to the displacements) as various errors can be
better distinguished using the velocity measurements based on the
DIC. Therefore, if successful, a more precise comparison of the
measured quantities is possible.

The DIC optimized for the sub-pixel tracking of the random speckle
patterns mounted at the faces of the bars can be possibly employed as
a sole technique for lower precision measurements of the velocity of
the incident bar. With the known material properties of the incident
bar, it would be possible to reconstruct the force present at the
impact face using the wave separation approach inverse to the
technique shown in the paper. The bar would have to be relatively
long not to produce high frequency oscillations as, in such case, the
wave reflections would be hidden in the noise and the velocity signal
could not be used for the inverse separation method to calculate the
actual force. The double differentiation of the DIC displacements
cannot be used for the calculation of the actual acceleration (and
force) as the differentiated signals are unsuitable due to significant
noise. The DIC limits are particularly seen in the higher noise of the
velocity signals, the high-speed camera imaging frequency and lower
resolutions of the high-speed images. Nevertheless, the physical limit
of the DIC for the evaluation of the velocity profiles with the
employed state-of-the-art high-speed cameras lies significantly
higher and was not reached in the presented method.

The measurements with the visco-elastic bars can be significantly
simplified in the OHPB under certain strict conditions. As the travel
distance of the wave is short in the OHPB, the linear elastic model
can be adopted instead of the frequency domain time-shifting to
reconstruct the strain waves at the faces of the bars. Still, some
technique that can reliably determine the dynamic material prop-
erties of the visco-elastic bars (e.g., [46]) has to be used to acquire
the relevant parameters required for the linear elastic model. How-
ever, the straight-forward wave separation technique shown in the
paper cannot be used for the visco-elastic bars as the distance trav-
elled by the wave reflected from the free-end of the bar is too long
and the reflected wave arrives severely attenuated and distorted.
Both the aluminum alloy and PMMA bars were able to reliably record
fine details of the crushing behavior of the cellular solids. The signals
from the incident and transmission bar have comparable amplitudes
and travel distance from the specimen. Therefore, problems with
achieving the dynamic equilibrium typical for the SHPB are signifi-
cantly reduced in this method. This can be supported by conclusions
presented in [67], where, for the OHPB, the condition of the dynamic
equilibrium has been achieved in a shorter time than in the con-
ventional SHPB. In some of the presented experiments, force oscil-
lations with an amplitude as low as 50 — 100N were reliably
measured with the PMMA bars with a diameter of 20 mm.

The method was successfully employed for the testing of several
types of cellular solids, metamaterials and lattices in a high strain-
rate dynamic compression. It was demonstrated that the two-sided
instrumentation is a very important feature allowing for the anal-
ysis of the phenomena specific to the collapse of the individual lattice
layers and the wave propagation through the specimen.

Both closed-cell and open-cell metal foams were successfully tested
using the setup, while the results are in good agreement with other
papers [68,70].

Additively manufactured auxetic lattices were tested using this
method. The application of the OHPB arrangement allowed for the
precise two-sided analysis of the collapse of the individual cell layers.
As compared with our previous study regarding the same type of
lattice tested in SHPB, the OHPB was able to compress the specimens
to significantly larger strains than the SHPB with a comparable
overall length at a similar strain-rate. Here, the OHPB represents an
important alternative to the SHPB for testing materials at lower
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strain-rates, where the SHPB would require very long striker and
both bars.
Hybrid auxetic lattices manufactured by nanocrystalline coating
process of the polymeric constructs printed using a 3D printer were
tested using the method. As demonstrated, it was possible to measure
the uncoated polymeric constructs that underwent instant disinte-
gration as well as the hollow strut lattices. The auxetic constructs
with a coating thickness of 60um exhibited an unusual behavior
when the incident signal was, after the settling period, in all cases
lower than the transmission signal until the densification of the
structure, where both signals converged. The possible causes of this
phenomenon including defects in the specimens and poor or asym-
metric transfer of the strain-wave from the specimen to the bar were
proposed. Interestingly, this behavior was not observed in the case of
the constructs with a coating thickness of 120 um. Here, the equi-
librium of the dynamic forces was achieved quickly. The DIC indi-
cated the same trend as the strain-gauges. Furthermore, the
specimens of the different materials with even lower forces at the
plateau region were measured with the same setup with a symmet-
rical response. Thus, it is considered that the phenomenon has to be
caused by the specimen or the wave transfer at the interface between
the specimen and the bar. Nevertheless, the material represents a
light-weight and cost-effective alternative to the still expensive
additively manufactured auxetic metamaterials. It was revealed that
its auxetic behavior is much more profound than in the case of the
previously tested structures [11] and has the potential for further
development.

e The OHPB method in the presented form has a broad potential for
further improvements and development. The method is particularly
beneficial for a low to medium velocity impact and penetration
testing (see Video S13) of large specimens and/or specimens that are
difficult to produce in large numbers, where the analysis of the wave
propagation effects is important and the specimen cannot be easily
launched against a well-instrumented transmission bar or anvil. The
presented arrangement also allows for designs with large diameter
tubular bars or with large diameter inserts.

5. Conclusions

The DIHB method with the two-sided instrumentation using con-
ventional strain-gauges was developed and tested with different types of
cellular solids, metamaterials and auxetic lattice constructs subjected to
uni-axial high strain-rate compression. The method is based on the
previously proposed design of the OHPB, while it significantly increases
its application envelope in terms of the impact velocity as well as the
experiment duration. The wave separation technique based on boundary
condition at the free-end of the bar was employed to reconstruct the
velocity and force histories at the faces of the specimen. DIC was used as
a tool for the measurement of the particle velocities at the bars in the
vicinity of the specimen. It was shown that the comparison of the ve-
locity indicated by the DIC with the strain-gauge signals can be used for
the verification of the wave separation technique. This approach is
considered superior to the possible comparison of the indicated dis-
placements as the DIC velocity is more useful to analyze sources of errors
and can reveal eventual problems with the experimental setup. The
method was tested at impact velocities of up to 30 m-s~! with both linear
elastic aluminum alloy bars and visco-elastic PMMA bars. The maximum
velocity was constrained by the performance of the used gas-gun. It is
believed that the maximum impact velocity can be further increased as
no significant problems with the strain-gauges, wiring, linear guidance
system or geometrical alignment of the bars during the impact at the
maximum impact velocity were observed. Under certain circumstances,
a simple approach using a linear elastic model can be employed for the
evaluation of the experiments measured with the visco-elastic bars in the
OHPB. The performance of the setup was evaluated in a series of ex-
periments with different types of closed- and open-cell aluminum foams,
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additively manufactured auxetic lattices, and hybrid nickel coated
auxetic constructs subjected to dynamic uni-axial compression. The
comprehensive direct impact testing methodology utilizing OHPB with
two-sided instrumentation based on conventional strain-gauges and DIC
was successfully employed for the high strain-rate loading of the cellular
solids. The method represents an interesting, advanced, and straight-
forward alternative to the existing setups and is especially promising for
the instrumented dynamic impact/penetration testing of large and/or
expensive specimens, sandwiches or structural panels at low to medium
impact velocities.
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ARTICLE INFO ABSTRACT

Keywords: Light-weight cellular solids, such as aluminium foams, are promising materials for use in ballistic impact
Cellular materials mitigation applications for their high specific deformation energy absorption capabilities. In this study, three
Dyn]a(mlc Pegle"ranon different types of aluminium alloy based in-house fabricated cellular materials were subjected to dynamic
Hopkinson bar

penetration testing using an in-house experimental setup to evaluate their deformation and microstructural
response. A two-sided direct impact Hopkinson bar apparatus instrumented with two high-speed cameras
observing the impact area and the penetrated surface of the specimens was used. An advanced wave separation
technique was employed to process the strain-gauge signals recorded during the penetration. The images
captured by one of the cameras were processed using an in-house Digital Image Correlation method with
sub-pixel precision, that enabled the validation of the wave separation results of the strain-gauge signals. The
second camera was used to observe the penetration into the tested specimens for the correct interpretation of
the measured signals with respect to the derived mechanical and the microstructural properties at the different
impact velocities. A differential X-ray computed tomography of the selected specimens was performed, which
allowed for an advanced pre- and post-impact volumetric analysis. The results of the performed experiments
and elaborate analysis of the measured experimental data are shown in this study.

Digital image correlation
X-ray computed micro-tomography

1. Introduction characteristics and deformation behaviour with numerical simulations

is used [3-5]. In general, the mechanical properties and deforma-

Metal foams and other porous solids with a similar microstructure
are materials suitable for deformation energy mitigation applications
due to their low specific density and specific compressive response
represented by a typical plateau of constant stress up to very high
overall strains yielding their very high specific energy absorption ca-
pability [1]. Moreover, cellular materials can be beneficially used as
constituents in sandwich structures and composite panels, where the
cellular layers are used for the dissipation of the kinetic energy of the
impacting object, while the other layers maintain the integrity of the
panel [2]. However, as cellular materials often have a rather complex
internal structure, with a significant amount of inhomogeneities, and
their deformation mechanisms are complex, the design of the protective
structures is not a straightforward task. Here, an advanced approach
combining an extensive experimental investigation of the mechanical
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https://doi.org/10.1016/j.msea.2020.140096

tion behaviour of cellular materials are not constant and consistent
throughout the whole spectrum of the possible loading conditions
and scenarios [6]. Energy absorption applications depend on dynamic
loading and include dynamic impacts, dynamic indentations, penetra-
tions, shocks or even blasts. The effects of the strain-rate sensitivity
related to the inertia effects, layer collapse, strain wave propagation,
shock front formation and friction have a fundamental influence on
the deformation response of a material [7,8]. These effects have to be
well described, understood, and taken into account during the design
and optimisation phase of the protective device. As the aforementioned
effects are very complex and strongly related to the specific material, it
is not possible to reproduce them easily in numerical simulations using
standard material models [9].
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In recent years, metal foams and other cellular materials have been
investigated in a number of research studies covering the experimental,
numerical and analytical characterisation of the material. Under dy-
namic loading conditions, various types of cellular materials have been
tested experimentally using several methods. Drop-weight tests have
been used for the characterisation during low velocity impacts [10].
Hopkinson bar based tests (particularly tests with the Split Hopkin-
son Pressure Bar - SHPB) [11-14] and Direct impact Hopkinson bar
(DIHB) tests [15,16] have been carried out to investigate the material
behaviour at middle to high strain-rates. Taylor anvil tests or gas-
and powder-gun experiments have been performed to investigate the
behaviour during high velocity impacts [17,18]. A variety of entirely
numerical [19] or mixed experimental-numerical studies [20] cover-
ing the aforementioned topics have been published. The strain-rate
sensitivity [21-23] and other effects related to the dynamic loading
such as inertia effects [13,24], fracture and fatigue behaviour [25-27],
compaction shock [28-30], wave propagation [31], and cell dam-
age [32] have been investigated in detail. Currently, cellular materials
based on artificially manufactured lattice structures [33] and meta-
materials [34,35] are being extensively studied. Such studies cover
topics including research of non-conventional materials like auxetics
(materials with a negative Poisson’s ratio) [36-38], inter-penetrating
phase composites [39-42], materials based on an aluminium foam
skeleton [43,44] or their constituents [45].

One of the important dynamic loading modes is penetration or dy-
namic indentation, where a specimen is impacted with a projectile with
a cross-section smaller than the cross-section of the specimen. During
the test, the projectile penetrates the specimen, while its kinetic energy
is dissipated in the material. This mode of loading is fundamental for
the description of crushing under the impacting object as it reliably
simulates the conditions during a localised impact and can characterise
the real projectile stopping capabilities of the investigated material.
However, the number of published studies is lower than for other
loading modes. One of the limiting factors is the complexity of the
experimental procedures and particularly the instrumentation of the
test. Nevertheless, studies analysing the localised impact on cellular
foams [46], drop-weight based penetration testing of the aluminium
foams [47-49], composite structures, sandwich panels and honeycomb
panels [47,48] are available. The effects of the impactor shape and the
localised effects [25,49-52] and blasts [53,54] have been investigated
by several research teams. Moreover, advanced experimental tech-
niques for penetration measurements, such as an in-situ deceleration
analysis have been developed [55]. In general, the description of the
deformation behaviour of metal foams under impact loading is based on
elementary mechanisms such as the bending, buckling, and shearing of
the cells-walls. While the cells located directly under the projectile are
deformed due to the bending and buckling, the cells situated alongside
the impactor are mainly deformed due to the shearing [56]. Based on
the observations of the deformed specimens of the aluminium foam
presented in [57], a hemispherical deformation zone caused by a flat-
end impactor at velocities in the range of 3-30 ms~! is localised directly
underneath the impactor. An apparent tear cracking line spreads ahead
of the impactor as the deformation zone is pushed further into the
foam [57].

From the published experimental results it is obvious that advanced
imaging methods have to be applied for the detailed description of the
deformation behaviour during penetration. Digital image correlation
(DIC) has proved to be particularly suitable for the full-field analysis
of the displacement and strain fields in quasi-statics [58] and even in
dynamic testing [59-61]. Application of the state-of-the-art high-speed
cameras with DIC has allowed for the complex analysis of the deforma-
tion behaviour of cellular [13,62], lattice structures, auxetics [63], as
well as other materials [64] during medium to high-velocity loading.

Based on our experience from previous studies investigating the
strain-rate sensitivity of cellular materials using the Hopkinson bar with
DIC [63,65-67], a direct impact Hopkinson bar (DIHB) experimental
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setup with advanced instrumentation for the low to medium velocity
penetration of cellular materials has been developed. The setup was
designed to overcome problems related to the penetration testing. In
conventional setups, several limitations negatively affect the quality
and precision of the experimental data or significantly constrain the
performance reducing the application envelope of the method. Con-
ventional drop-towers can be relatively easily applied for penetration
testing [51] and instrumented with sensors such as piezo-electric load-
cells. However, the range of the available impact velocities is limited by
the height of the drop-weight tower. Although methods for increasing
the maximum impact velocity are available (e.g., spring boosters) the
drop-weight method is, in general, limited to testing with rather low
impact velocities. Moreover, the common instrumentation of a drop-
weight tower using a dynamic load-cell and/or accelerometer does not
allow for the high precision analysis of the dynamic effects in the
specimen and often produces noisy signals.

DIHB is a technique for the penetration testing of materials at
medium to high strain-rates, where a rigid mass projectile directly
impacts a specimen mounted on an instrumented transmission bar (or
an anvil). This method is called forward direct impact Hopkinson bar
(FDIHB) [68]. For velocities at which the wave propagation effects
significantly influence the results, a specimen is mounted on a rigid
mass projectile and launched towards a stationary instrumented trans-
mission bar. This method is called reverse direct impact Hopkinson
bar (RDIHB) [68]. Since both methods are based on the Hopkinson
bar techniques and their principle relies on strain wave propagation
in elastic slender bars, they produce clean and well-defined signals.
However, when the penetration testing is performed on panels or larger
specimens, where the wave propagation effects cannot be neglected, the
RDIHB is seriously limited since the launching of a large specimen or
panel against an instrumented transmission bar is challenging or even
impossible. Also, the testing is single-sided in principle and a complex
analysis of the panel behaviour is therefore not possible. To overcome
such a problem, a method introducing the in-situ deceleration using
a stand-alone accelerometer embedded in the impacting projectile [55]
has been developed. This very advanced method is based on the DIHB
technique and allows for a complex analysis of the behaviour during the
penetration. However, the accelerometer usually produces noisy signals
that have to be extensively filtered [55]. Application of a Laser Doppler
Velocimetry (LDV) to produce high-quality velocity output [69] is also
challenging as the sensing pattern has to be located in a relatively large
distance from the front face of the projectile that is penetrating the
specimen. Incorporation of the wave propagation phenomena into the
evaluation procedures is thus not a trivial task.

The mechanical testing can be complemented by radiographic imag-
ing to obtain insight into the deformation mechanism within the
microstructure of the investigated specimens. Several advanced ex-
perimental methodologies for the characterisation of the mechanical
response of porous solids to the loading have been developed re-
cently [70]. Time-resolved XCT (4D XCT) experiments enable one to
capture the deforming microstructure during the in-situ experiment
performed in the CT scanner, either in discrete load steps [71] or
continuously throughout the loading procedure (so-called on-the-fly
CT [72]). The radiographical procedure can be coupled with various
processing methods, where attention is focused on the digital volume
correlation [73] and differential XCT [74]. Using the differential XCT,
it is possible to compare the intact specimen before the start of the
loading procedure (the reference state) with specimen state at arbitrary
load states. This is undertaken by performing various mathematical
operations on the reconstructed 3D tomographical images to suppress
the common microstructural features and highlight the differences in
the morphology and topology of the microstructural elements. Such
a procedure has already been applied, e.g., in biomechanics to study
a microcrack formation in human bones [71] and rock mechanics [75].
Although such methods are usually performed on objects subjected to
loading in the quasi-static regime, it is possible to perform the XCT of
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Fig. 1. The investigated specimens: (a) closed-cell aluminium foam, (b) APM, (c) hAPM.

a dynamically loaded sample by its scanning prior to the loading and
after the experiment using an external scanner [76].

In this paper, we introduce a complex experimental setup for the
penetration testing of cellular materials based on the Open Hopkinson
Pressure Bar (OHPB) [68] method that is instrumented with strain
gauges on both sides of the specimen. A wave separation technique
is employed to reconstruct the strain-wave histories on the specimen
boundaries. The high precision force, displacement, and velocity pro-
files at both sides of the specimen are calculated and analysed together
with the wave propagation phenomena and dynamic forces equilib-
rium. The experiments are recorded using a pair of high-speed cameras
to enable the DIC-based displacement and particle velocity evaluation
on both sides of the specimen for verification of the strain-gauge
signals together with an optical inspection of the specimen during the
penetration. To correctly interpret the results derived from the optical
and strain-gauge measurements, differential X-ray computed micro-
tomography (XCT) is performed to characterise the internal structure
of the samples. As a part of the high-resolution XCT procedure, the
imaging of the intact specimens is used for the inspection of the internal
structure of all the investigated cellular solids with respect to the
representative volume element (RVE) under the impactor.

The experimental setup is used for the penetration testing of three
different groups of cellular materials: (i) a closed-cell aluminium alloy
foam, (ii) an Advanced Pore Morphology (APM) foam, and (iii) a hy-
brid APM foam (hAPM). As these cellular materials exhibit different
deformation behaviours and damage mechanisms during dynamic the
indentation testing, the analysis of the characteristic behaviour during
low to medium velocity penetration at three different impact velocities
in the range of 8-18 ms~!' was performed. The penetrated closed-cell
metal foam and composite with medium strength matrix specimens
are scanned after the impact experiments to obtain the 3D images of
the loaded state for the differential analysis. The differential XCT is
then employed to reveal the response of the specimens to the medium-
rate impact including the localisation of the deformation around or
under the impactor. Based on the complex analysis combining the
mechanical, optical, and XCT data, the changes in the behaviour during
the penetration together with the wave propagation characteristics and
damage mechanisms were investigated and the specific trends for each
type of the material were formulated.

2. Materials and methods
2.1. Tested materials

Three types of cellular metals were tested: (i) a closed-cell alu-
minium alloy foam, (ii) an APM foam, where aluminium spheres are
coated by polyamide, and (iii) an hAPM foam, where aluminium
spheres are embedded in an epoxy. A closed-cell aluminium foam
with integral metal-skin over the foam core is a typical cellular ma-
terial for energy absorption applications. The strain-rate sensitivity
related to the closed pores and inertia has been described in several
publications [12-14,21,77]. The wave propagation and shock effects
in the pore cells of the metal foam have a crucial influence on the
mechanical behaviour [78]. The deformation behaviour of the APM

foam, i.e., a hollow aluminium sphere composite with non-stiffening
matrix, is related mainly to the response of the individual sphere
particles and their connectivity, while the binding material maintains
the integrity of such a multiphase material. In contrast, the influence of
the matrix on the resulting deformation behaviour is significant in the
hAPM composite, where the hollow spheres are embedded in a medium
strength matrix. The specimens of the closed-cell aluminium foam, APM
foam and hAPM foam are shown in Fig. 1.

For the production of closed-cell metal foam, a powder-compact
foaming technique and a melt route process are mostly used. By the
melt route process, a foaming agent or an inert gas are directly injected
into a melted metal [79,80]. For the production of the samples tested in
this work, the powder-compact foaming technique was implemented,
where the foaming agent was mixed with a metal powder and then
compacted to form a foamable precursor material [81-83]. The pre-
cursor was placed into an oven and heated to a temperature close to
the melting temperature of its metallic matrix, which allows for the
initiation of the foaming process and the consequent expansion of the
material.

The closed-cell aluminium alloy (AlSi;) foam samples (diameter
of 60 mm; height of 30 mm) were fabricated by applying the powder-
compact foaming technique [81-84]. Fig. 2(a,b) show the reconstructed
3D images of the intact closed-cell alloy foam specimen with the
isosurface fitted to the cell-struts and the identified individual pores
are colour-coded using their volume. The medial slice captured on the
axis of symmetry shows the pore shape variation along with the height
of the sample and particularly the morphology of the metal skin. It
can be seen that a relatively homogeneous pore size distribution was
achieved in the central part of the specimen up to approximately half
of the specimen height. The pore size then increases with the distance
from the axis of symmetry and towards the region near the circular
face of the cylinder. The variations in the external aluminium alloy
skin thickness are also apparent. On one face, the thickness of the skin
is approximately 0.2 mm, however, on the other face, such a thickness
can be observed only in the region near the axis of symmetry up to the
radius of approximately 10 mm. In the remaining parts of the section,
particularly near the vertices, very low-porosity regions were produced
during the production process. By inspecting the transversal slices,
similar porosity variations have also been found in the circumferential
direction.

The fabrication process of the APM aluminium foam (AlSi;,) sam-
ples comprised a foaming and shaping step [81,85]. The fabrication
and coating of the basic APM spheres were performed by Fraunhofer
IFAM Bremen (Germany). In the second step, the APM specimens were
manufactured within the Teflon (PTFE) moulds with a diameter of
60 mm and thickness of 30 mm. The moulds were filled with polyamide
coated APM elements and placed into a 190 °C heated furnace for two
hours to melt the adhesive and to bond the neighbouring APM elements
together after cooling. The same manufacturing process was employed
for the fabrication of the hAPM foam, which was subjected to heating
at 160 °C for three hours. Fig. 2(c,d) and (e,f) shows the reconstructed
3D images of the intact APM and hAPM foam specimens. The average
densities and weights of the samples are summarised in Table 1.
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(e)

Fig. 2. XCT visualisations of the investigated materials: closed-cell foam specimen - slice in the medial plane (a), and two slices in the transversal plane (b), APM and hAPM foam
specimens - perspective 3D visualisation using full intensity range (c,e), and segmentation showing only the aluminium spheres (d,f).

Table 1
The morphological properties of the specimens.

Closed-cell
aluminium foam

APM foam hAPM foam

Density average [kgm—]
Weight average [g]

742.41 £47.53
61.73 £4.94

597.03 +18.28
51.81+1.66

525.43 +£15.40
44.29 + 1.35

The segmentation of the reconstructed 3D images was used to
visualise the aluminium spheres and for a general inspection of the
sphere morphology as the other structural features were not appar-
ent in the XCT. The visualisation based on the full intensity range
coupled with the sectioning of the volume shows the influence of
sphere coating on the resulting internal structure within the cylindrical
samples (Fig. 2(d,f)). It can be seen that the APM foam exhibits a point-
connectivity of spheres yielding approximately 7 spheres along with
the height of the sample and 14 spheres in the radial direction. The
analogous section in the 3D image of the hAPM specimen shows
a significantly different microstructure, where the spheres are predom-
inantly distributed in the region of one circular face and along the
circumferential direction near the surface of the specimen. The volume
around the axis of symmetry is then composed of approximately 50 %

of the epoxy matrix and 50 % of the aluminium spheres, which is an im-
portant finding influencing the interpretation of the penetration results
with regard to the conclusions on the material properties. Overall, it can
be observed that the requirements on the RVE dimensions, as defined
by Gibson and Ashby for porous solids in [1], are fulfilled for all the
samples when considering the flat-face impactor, with a diameter of
20mm used in the experimental investigation.

2.2. Mechanical testing

The open Hopkinson Pressure Bar (OHPB) is a novel DIHB intro-
duced in 2016 by Govender et al. [68]. The method combines the ar-
rangements of the forward and reverse DIHB (FDIHB, RDIHB). Because
the FDIHB cannot capture the phenomena related to the wave propa-
gation and shock front at the front face of the specimen, the RDIHB
has to be employed for such measurements. Using this method, the
specimen is launched together with a striker towards the transmission
bar, where its response is recorded. Since the method is instrumented
on a single side only, additional instrumentation is required for the
measurement of the displacements during the experiment (e.g., DIC or
LDV) to evaluate the displacement, velocity, and force histories at both
sides of the specimen.
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Fig. 4. The OHPB experimental setup: The high-speed cameras, their field of view and an example of the grid of correlation points established in the incident and transmission

bar.

In our case, the OHPB experimental setup was modified for the
penetration testing. The experiments were observed with a pair of high-
speed cameras to enable the optical inspection of the experiments and
the subsequent processing using DIC. As the standard experiment dura-
tion is limited to a relatively short time window (like other variants of
Hopkinson bar methods) before the forward and backward propagating
strain waves produce superposition at the strain-gauge, the experiment
duration was prolonged by applying the wave separation technique
verified using information from the DIC.

The samples were penetrated by an aluminium alloy bar at three dif-
ferent impact velocities to evaluate the response of the tested materials
to the dynamic loading and to reveal the possible strain-rate sensitivity
or inertia effects, wave propagation, and shock related changes in the
deformation behaviour. The incident bar was accelerated using a single-
stage gas-gun with a maximum operating pressure of 1 MPa and used
as a striker that directly penetrated the samples. The tested specimens
were placed on a support plate with dimensions corresponding to the
sample which was firmly mounted at the end of the transmission bar,
see Fig. 3.

The device consisted of aluminium bars made of a high-strength
aluminium alloy (EN-AW-7075-T6) with a diameter of 20mm. The
incident bar had a length of 1600 mm. The bar was in its front part
guided by a linear guideway (drylinT, Igus, USA). A maximum impact
velocity of approximately 20 ms~! corresponding to the impact energy
of approximately 300J could be achieved. The transmission bar had

a length of 1600 mm. The specimen’s supporting plate with a diameter
of 60mm and thickness of 40 mm was connected to the transmission
bar using a bolted joint. An additional bar with a length of 1600 mm,
serving as a momentum and strain-wave trap, was mounted behind the
transmission bar. The residual energy of the experiment was dissipated
in the momentum trap and a hydro-pneumatic damper. To measure the
strain waves propagating in the setup, the incident and transmission
bars were instrumented with foil strain-gauges (3/120 LY61, HBM,
Germany). A pair of strain-gauges were placed at a distance of 200 mm
from the specimen on both adjacent bars and connected in a Wheat-
stone half-bridge arrangement, so that any possible minor bending
of the bars during the experiment was compensated. Moreover, the
signal amplification was doubled in comparison with a single strain-
gauge connected in a quarter-bridge arrangement. The strain-gauge
signals were amplified using a pair of differential low-noise amplifiers
(EL-LNA-2, Elsys AG, Switzerland). The signals were recorded with
a high-speed digitising card (PCI-9826H, ADLINK Tech., Taiwan) at
a sampling rate of 20 MHz. Photoelectric sensors (FS/FE 10-RL-PS-E4,
Sensopart, Germany), serving as an optical gate, were placed in front
of the tested sample perpendicularly to the incident bar trajectory
and were used for the triggering and time synchronisation of the
experiment. A pair of high-speed cameras (Fastcam SA-Z, Photron,
Japan) were used for the optical inspection of the experiment. The first
camera (further called an overview camera) served for an inspection of
the specimen’s front face during the impact. It was set to a recording



J. Sleichrt et al.

(a)

incident bar specimen _transmission bar
L (=D
2ol E N ; il
22 = strain-gauge! I strain-gauge
= b '
< L
© 1
e 1
T‘: 2 ! X Ate
5 ® 0 : ,
@ 1 Atg
Atg
. g
——————— | Atg
Ate |
1 x," tws
Atg L
distance

Materials Science & Engineering A 800 (2021) 140096

(b)

time © EF.(t) time ®
-Ats ! +Ate ex(t)
i

Forward propagating F=0
wave

QO

> strain-gauge  Backward propagating
specimen

Fig. 5. The Lagrange wave propagation diagram in the OHPB experiment.

speed of 20kfps and a resolution of 1024 x 1024 pixels. The second
camera (further called a DIC camera) was oriented perpendicularly
to the setup’s longitudinal axis and observed the ends of both bars,
where random speckle patterns were mounted. It was operated at
a frame rate of 180 kfps and a resolution of 768 x 112 pixels. The images
from this camera were subsequently processed using the in-house DIC
tool [86] for: (i) the identification of the displacements of the individual
bars, (ii) the precise calculation of the initial impact velocity, and
(iii) the identification of the longitudinal strain on the surface of the
penetrated specimens, when possible. Illumination of the scene was
performed using a high-performance LED illumination system (Multiled
QT, GS Vitec, Germany). Both cameras were synchronised with the
aforementioned photoelectric sensors and with high-speed digitisers.
The data acquisition and control during the experiment were performed
using a custom LabView (National Instruments, USA) interface. The
experimental setup is shown in Fig. 4.

2.3. Wave separation and data processing

Strain-gauge signals can be used for the evaluation of the particle
velocity, the displacement and force at the boundaries of the specimen.
In the standard OHPB experiment, the calculation of these quantities is
based on the one-dimensional strain-wave propagation theory in elastic
slender bars [68,87]. This theory is valid only over a relatively short
period of time, when the recorded strain-gauge signals are not affected
by the backwards-propagating strain-wave that is reflected from the
free end of the bar. When the reflected strain-wave arrives at the strain-
gauge location, the superposed signal is measured and it cannot be
directly used for the evaluation of the mechanical results. The Lagrange
diagram of wave propagation in the OHPB experiment is shown in
Fig. 5. It can be seen that the strain-wave travels from the specimen’s
boundary through the free end, when it is reflected. The wave travel
time required for the distance from the bar face to the location of
the strain-gauge is denoted Ar,. The wave travel time required for the
distance from the strain-gauge location to the free end of the bar is
denoted 4r,. The wave superposition occurs when the reflected wave
arrives at the location of the strain-gauge. In our case, this occurs after
the time period of 24¢, after the wave is detected by the strain-gauge
for the first time.

As the initial strain-wave always propagates from the specimen in
case of OHPB, a wave separation technique can be employed to prolong
the experimental time window. Methods for the wave separation in
Hopkinson bar experiments have been established and can be used for
elastic as well as visco-elastic bars [88-90]. The main assumption of all
the methods is that the measured signal e(z), the particle velocity v(r),
and the actual force at a certain cross-section F(¢) of the bar are given
by [89]

e(t) = ep(t) — eg(?), (€9)]

I
1 wave EB(t)
time ® l time ©
+Ats  gg(t) -Ate
v(t) = ¢ [ep(t) — eg(@)] @
F(t) = EA[ep(®) + e3(1)] , 3)

where ep(r) is the forward-propagating strain-wave, eg(f) is the
backward-propagating strain-wave and ¢, is the wave propagation
velocity in the bars. Normally, at least two strain-gauge locations
are required on a single bar to reconstruct the forward and back-
ward propagating waves from the measured signals using the different
techniques [89]. The wave dispersion effects and attenuation have
to be taken into account [88-92]. However, in case of the OHPB
testing of cellular materials, some simplifications can be adopted that
significantly reduce the complexity of the wave separation procedure.
Here, the following conditions are met:

» The waves travel from the specimen’s boundary to the free end
of the bar.

The waves are generated directly by the bar-specimen contact
and the specimen has the lowest mechanical impedance in the
experimental setup.

The wavelength of the strain pulses is very long, while high
frequencies are not present in the pulse as they are filtered by
the plastic deformation of the specimen. Therefore, the wave
attenuation and dispersion effects can be considered negligible.

By applying the time-shifting procedure shown in Fig. 5b, the for-
ward and backward propagating waves and other respected quantities
at the specimen’s location can be calculated using the equations

eps(t — Aty) = e(t) + ep(t — 24t,), 4
eps(t — Aty) = —ep(t — 241, + Aty), %)
vt — At) = ¢y [eps(t — Aty) — eps(t — A1), (6)
F(t — At) = EA [eps(t — At) + epg(t — A1) . )

Since the wave dispersion effects are considered negligible in the
case of the cellular materials penetration, the separated signals can be
calculated using a simple time-shifting procedure that does not change
the shape nor amplitude of the wave over the travelled distance. Note
that at the beginning of the experiment, the strain-gauge signal e(?) is
never superposed. Therefore, it is possible to separate the waves using
the information from the initial time window without superposition.

The wave separation technique allows for the evaluation of the
experiment in a longer time window when the superposed signal is
measured by the strain-gauges. The comparison of the force calculated
directly from the superposed strain-gauge signal at the incident bar and
the force calculated using the wave separation technique is shown in
Fig. 6a. The sudden drops in the superposed signal are caused by the
backwards-propagating wave. A similar comparison of the velocity cal-
culated directly from the superposed signal and the velocity calculated
using the wave separation procedure is shown in Fig. 6b.
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Fig. 6. (a) Incident bar force indicated by the strain-gauge calculated without the wave separation (red) and with the wave separation (blue), (b) Incident bar velocity indicated
by the strain-gauge calculated without the wave separation (blue), with the wave separation (red) and compared with the velocities calculated using the DIC (green). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Displacement calculated from the strain-gauge can be time-shifted
to the location of the random speckle pattern and compared with
the DIC displacement. If a sufficient number of images with reliable
tracking by DIC is available, the particle velocity can be calculated by
differentiation of the DIC displacement and compared with the value
evaluated based on the strain-gauge measurement.

2.4. Differential CT procedure

Using the reconstructed 3D images of the intact and impacted sam-
ples, differential tomography procedure was performed to emphasise
variations within the sample microstructure and to suppress common
features in the microstructure with the concentration on the region in
the vicinity of the impacting bar. Due to the nature of the dynamic
loading and the used experimental setup, it was not possible to per-
form the tomographic scanning using the in-situ methodology. Thus,
the careful separation of the reconstructed volumes from the scanned
stack of samples and their precise subsequent alignment was required
to obtain the relevant data for the morphological analysis. For the
alignment of the volumes, a 3D image registration algorithm based
on a rigid transformation (i.e., the transformation considering only the
translations and rotations of the sample yielding 6 degrees of freedom
for the registered 3D image) with single-voxel precision was carried out
in the VGStudio MAX 3.3 (Volume Graphics, Germany).

After the alignment of the volumes, two approaches for the differ-
ential tomography were used in the processing and visualization of the
data. The reference 3D image of the intact specimen was subtracted
from the 3D image of the impacted sample. Additionally, blended
volumes were created. The blending procedure consists of the multipli-
cation of the volume in the impacted state by a given constant followed
by a sum of such a volume with the volume of the reference state. This
procedure is common for 4D XCT, where such an approach can be used
for, e.g., investigation of fatigue microcracks in bones (see [71]). The
value of the constant for the multiplication can be obtained from an
iterative procedure, where the resulting blended volume is qualitatively
inspected for noise and contrast on the boundary of the region influ-
enced by the impact to identify the optimum value. The value of the
multiplier was sought in the range of m € (2;20),m € Z, yielding the
optimal value of m = 5 for the closed-cell foam sample and m = 10
for the hAPM foam sample used in the volumetric blending of the
reconstructed 3D images. After the differential tomography procedure,
the generated volumes were subjected to a defect (both the closed-cell
foam and the hAPM foam samples) and foam structure analysis (only

the closed-cell foam sample). Using the foam structure analysis, the
pore morphology in terms of the pore-size distribution and strut-/wall-
thickness analysis was extracted from the 3D images using the Foam
analysis module of the VGStudio MAX 3.3 software together with the
visualisation of the individual pores and the strut thicknesses. The foam
structure analysis module was then used to identify the individual cells
including their morphological properties for further analysis.

2.5. Experiments

The OHPB experimental setup was used to penetrate the speci-
mens during a low and medium velocity impact. The specimens were
mounted on a supporting plate attached to a transmission bar. During
the mounting, a small amount of grease was applied on the rear face of
the specimen to hold the specimen on the plate by friction. The spec-
imens were penetrated using the flat-face incident bar projectile with
a total mass of approximately 1.5kg. A gas-gun air reservoir pressure
of 200 kPa, 500kPa, and 800 kPa was used to accelerate the incident bar
to the impact velocities of approximately 8 ms~!, 14 ms~! and 18 ms~!
. The momentum trap system was not in initial contact with the bars
of the experimental setup. This configuration was employed to prevent
the subsequent hard impacts on the specimen after the first impact. It
also prevented the unknown reflection of the wave on the rear face of
the transmission bar, and, therefore, it was used for the conservation of
the waves in the experimental setup and for the reconstruction of the
wave propagation in the system. In our case, employing a very long
transmission bar preventing the arrival of the reflected wave prior to
the end of the experiment was not possible due to space limitations.
When the accelerated incident bar interrupted the first optical gate in
front of the specimen, the data acquisition system and both high-speed
cameras were triggered. All the data were automatically uploaded to
the control PC after the experiment.

3. Results

The experimental data were processed using the data processing
methods described in Section 2. It was possible to evaluate the force,
displacement, and velocity-time histories that were synchronised with
the DIC results and with the images captured by the overview camera.
The processed strain-gauge data were compared with the DIC data in
terms of the indicated displacements and velocities and the output of
the wave separation procedure was verified. Thus, it was possible to
evaluate all the penetrations until the end of the experiment, i.e., when
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Fig. 7. The average force-displacement diagrams for the quasi-static and dynamic indentation at three impact velocities: (a) the hAPM foam, (b) the APM foam, (c) the closed-cell

aluminium foam.

the impact velocity decreased to zero. As the experiments were carried
out without any initial contact between the transmission bar and the
momentum trap, not all the initial kinetic energy was dissipated in
the specimen. A part of the initial energy of the incident bar was
dissipated in the specimen, while the rest was transformed to the
post-impact movement of the bars or dissipated as friction and other
losses in the system. This arrangement allowed for the analysis of
the effects related to the wave propagation in the specimen. In this
section, the results evaluated from the strain-gauges including the force,
displacement, velocity, or energy during the impact are presented and
compared with the optical and DIC data. The results regarding the pre-
impact as well as the post-impact analysis of the specimen’s internal
structure are also provided and discussed. At least three specimens
were tested in quasi-static compression and dynamic penetration at
each impact velocity. However, it has to be mentioned that in some
experiments the measured values deviated from the average values
of the set. Therefore, the exact values of the material properties had
to be interpreted with caution. Still, the trends in the deformation
behaviour could be observed, evaluated and discussed. From each type
of tested materials, only one specimen could be processed using the
XCT analysis because of its complexity, time-consuming measurements
and data processing.

3.1. Force—displacement

The dependency of the piercing force on the penetration depth
was evaluated. Quasi-static penetration experiments with the identical
configuration of the specimen, supports, and indenter were also carried
out (see Section A.1).

The corresponding average force-displacement diagrams of the
hAPM foam are shown in Fig. 7a, where the monotonous hardening
with the penetration depth at all the tested impact velocities can be
observed. While the specimens remained compact for the low and
medium impact velocity, the disintegration of the specimens occurred
in the experiments with the high impact velocity. It can be seen that
the piercing force decreased with the increasing impact velocity, but,
in contrast to other tested materials, the standard-deviations for the
individual impact velocities partially overlap.

The average force-displacement diagrams of the APM foam are
shown in Fig. 7b. The APM foam exhibited a similar behaviour to the
hAPM foam as a monotonous hardening with a penetration depth at
all the tested impact velocities was observed. The specimens of this
material always disintegrated at the medium and high impact velocity.
At a low impact velocity, most of the specimens remained compact.
In one case, the disintegration occurred at approximately an identical
force and depth as in the quasi-static penetration tests. As in the case of
the hAPM foam, the piercing force decreased with the increasing impact
velocity. For this material, the effect is even less profound than in the
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previous case and, again, the standard deviations for the individual
impact velocities partially overlap.

Force—displacement diagrams of the closed-cell aluminium foam for
the quasi-static and dynamic indentation at all the impact velocities
are shown in Fig. 7c. The closed-cell aluminium foam penetrated at
the low impact velocity exhibited a behaviour that is not typical for
such a material as long as the piercing force increased abruptly and
no plateau region was observed. Simultaneously, the penetration depth
was very low and, in most of the cases, the metal skin over the
porous core was not fully penetrated. During the impact at the medium
velocity, the behaviour of the specimen was different. In this case, the
initial increase of the piercing force is not as significant as in the low-
velocity case and, after the initial penetration phase, the plateau region
typical for the foam material was observed. During the high-velocity
impact, the behaviour of the specimen was similar to its response on the
quasi-static indentation, while the average values of the piercing force
at the plateau were higher. Similarly to the hAPM foam, the piercing
force decreased with the increasing impact velocity, while exhibiting
stronger strain-rate dependence apparent from the standard deviations
of the force-displacement diagrams.

3.2. Velocity-time

The diagrams showing the change of the actual impact velocity
over time were evaluated to investigate the stopping capabilities of the
individual materials are shown in Fig. 8. The average time—velocity his-
tories for each type of material at every impact velocity are presented.
The velocities were evaluated from the strain-gauges as well as from the
DIC. In all the experiments, a very good agreement of the DIC indicated
displacements (or velocities) with the strain-gauges data was observed.

The time-velocity histories of the hAPM foam for every impact
velocity are shown in Fig. 8a, where a different velocity—time re-
lationship can be observed. The velocity change was rather smooth
and continuous. Even though the disintegration of the specimens was
observed at the high impact velocity, all the specimens were able to
reach zero impact velocity. The disintegration always occurred at the
very end of the experiment.

The time-velocity histories of the APM foam for the impact veloc-
ities are shown in Fig. 8b. The APM foam exhibited a very different
behaviour to the other materials. The stopping capability of this mate-
rial was very low as the specimens disintegrated at both the medium
and the high-velocity impacts and allowed the projectile to penetrate
through. The decelerated velocity, prior to the disintegration, was in
the order of a few metres per second (lower than 4 ms™').

The time-velocity histories of the closed-cell aluminium foam for
every impact velocity are shown in Fig. 8c. The closed-cell aluminium
foam was able to stop the projectile without any disintegration in all the
conducted experiments. For this type of material, significant step-wise
changes in the impact velocity were observed. This phenomenon was
caused by the nature of the testing based on the wave propagation as
a relatively long bar was used for the penetration of the specimen. The
step-wise change occurred every time when the reflected wave from
the free end of the bar arrived at the specimen and caused a sudden
change in the velocity. This behaviour was most profound for the case
of the closed-cell aluminium foam as the wave generated at the plateau
region was approximately constant. Then, the backwards-propagating
reflected wave had a similar amplitude with the forward-propagating
wave still being generated at the plateau. At the high impact velocity,
the rapid deceleration of the projectile was observed as the penetrated
region was compressed to full densification. Here, the projectile was
stopped even sooner than at the medium velocity.
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3.3. Energy absorption

The energy absorption properties were evaluated to further inves-
tigate the stopping capabilities of the individual materials. Also, the
specific energy absorption ratio defined as the energy dissipated per
the unit of nominal penetrated volume was calculated. The diagram
showing the energy dissipated per penetration volume for all three
materials is shown in Fig. 9a.

The closed-cell foam exhibited the highest value from all the ma-
terials at the low impact velocity. For the medium velocity, its energy
absorption per volume dropped by approximately 30% and again in-
creased at the high impact velocity. This behaviour was in agreement
with the presented average force-displacement diagrams. The very
high energy absorption at the low velocity is related to the crushing
behaviour, where the metal skin over the porous core had a significant
effect on the wave propagation characteristics and resulted in the
corresponding hardening. The effect is discussed in detail in the section
related to the specific results of the closed-cell aluminium foam (see
Section 3.5.1). The hAPM foam exhibited a monotonous increase in the
energy dissipated per volume through all the impact velocities, whereas
the APM foam exhibited an inverse trend. In the case of the hAPM foam,
the energy dissipated per volume monotonically decreased with the
impact velocity. The decrease of energy absorption of the APM foam
was related to its disintegration at higher velocities. Conversely, the
increase in the energy absorption of the hAPM foam was related to its
monotonically increasing force-displacement response.

At a penetration depth of 3.5mm, Fig. 9b shows a stable decrease
in the energy absorption for all the materials in the initial phase of the
impact. Furthermore, similar effects in the wave propagation through
the specimen related to the impact velocity are visible.

A ratio between the energy dissipated in the specimen and the
initial impact energy was calculated to compare the amount of energy
dissipated in the material. At the low impact velocity, the ratio was
almost identical for all the materials. This behaviour was related to
the fact that all three materials were able to withstand the impact at
such a low velocity and the residual energy was transferred into the
transmission bar through the specimen. With the increasing velocity,
the ratio for the APM foam rapidly decreased as it was not able to
withstand the impact and disintegrated. On the other hand, the closed-
cell foam, as well as the hAPM foam, exhibited similar increased values
for the impact at the medium velocity since both materials were able to
withstand the impact. At the high impact velocity, the hAPM material
lost its ability to withstand the impact (disintegration occurred in the
later phase of the impact) and exhibited lower values than the closed-
cell foam that remained compact in all the experiments. The ratio of
the energy dissipated in the specimen and the impact energy is shown
in Fig. 9c.

Because it was not possible to perform the differential CT procedure
for the APM foam as the penetration of all the specimens in this group
disintegrated at the medium and high-velocity impact. The dependency
of the penetration depth, where the disintegration occurred, plotted
against the initial impact velocity is shown in Fig. 10a. The time, when
the disintegration of the specimen started, plotted against the initial
impact velocity is shown in Fig. 10b. Note that the penetration depth
of the disintegration increased with the impact velocity, whereas the
time of the disintegration remained approximately constant. Therefore,
the inertia effects delayed the disintegration of the specimen with the
increasing impact velocity and this type of material could not even
withstand the lower impact energy corresponding with the medium
impact velocity. The observed increase in the penetration depth did not
represent an increase in the energy absorption, but it is only related to
the time that is necessary to overcome the inertia and to disintegrate
the specimen.
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Fig. 8. The average velocity-time diagrams for the three initial impact velocities showing the velocity indicated by the strain-gauges and by the DIC: (a) the hAPM foam, (b) the
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3.4. Wave propagation velocity and dynamic forces equilibrium

The wave propagation velocity and convergence of the dynamic
forces at both faces of the specimen were analysed to investigate the
possible differences that could be attributed to the wave propagation
and mechanical impedance of the material. Two parameters were eval-
uated: (i) the wave propagation time through the specimen, (ii) the time
of the specific convergence of the dynamic forces. The wave propa-
gation time was calculated as the delay between the detection of the
incident and the transmission force. This parameter represented the
wave propagation time (speed of sound) in the material. The specific
convergence of the dynamic forces was evaluated at the earliest time,
when the transmission force was equal to the incident force. For all the
materials, the wave propagation time remained similar at all the impact
velocities, whereas the specific convergence of the dynamic forces
occurred earlier at the medium and the high impact velocity. Thus,
the equilibrium of the dynamic forces was achieved in a shorter time
than in the case of the low impact velocity. As the wave propagation
time remained approximately constant for all the impact velocities
and was much lower than the specific convergence, the stress wave
in the specimen had to be dispersed more through the volume of the
specimen at the low impact velocity and more localised at the two
higher velocities. The specific convergence of the dynamic forces for
the closed-cell aluminium foam is shown in Fig. 11a, in Fig. 11b (for
the hAPM foam), and in Fig. 11c (for the APM foam).

3.5. XCT results

3.5.1. Closed-cell foam

The differential XCT analysis of the closed-cell foam sample was
performed on the basis of both the subtraction of the volumes and using
the blending of the volumes due to the different characteristics of the
closed-cell foam internal structure. Here, the subtraction of the loaded
volume from the 3D image of the intact state can be used to isolate the
porous microstructure under the final position of the impactor, as the
unloaded volume subtracted from the 3D image of the impacted state
allows one to evaluate the differences along the path of the impactor.
Still, particularly the damaged parts of microstructure in the vicinity
of the penetrating bar and around the compacted region shown in the
following paragraphs remained hidden. This was caused partially due
to the different intensity range of both volumes caused by the stacked
imaging of the multiple samples at a time leading to a considerably
low signal-to-noise ratio in the 3D images after subtraction. Fig. 12
depicts the 3D visualization of the impacted specimen, which is simply
combined with the aligned volume of the intact specimen.
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In Fig. 12, the penetrated volume is light-grey, the material of the
intact foam prior to the mechanical testing is dark-red and the graphical
elements are included for better orientation. The figure on the left
shows half of the foam specimen obtained by performing a sectioning
in the medial plane with the viewpoint set to capture the path of
the impactor and the figure on the right is the direct view on the
medial-plane section. The amber graphics represens the geometry of the
penetrating bar and the cyan ellipses highlight the visible interesting
features in the microstructure of the penetrated volume. Because of the
microstructure constituted by the thin cell-struts from a homogeneous
metal alloy, the formation of a damaged envelope caused by the
deformation energy concentrated directly under the impacting bar can
hardly be identified. Hence, the 2D visualizations of the slices through
the reconstructed volume in the medial and transversal plane were
studied, see Fig. 13(a—c) and (d,e).

Fig. 13(a—c) shows the slices in the medial plane in the intact and
loaded specimen together with the slice in the blended volume. The
amber graphics depicts the projection of the impacting cylinder in
the medial plane, i.e., the vertical lines correspond to the edge on
the circular face of the impactor, while the horizontal lines depict
the diameter of the bar. No deflection of the opposite, non-impacted,
circular face of the specimen was observed in the image of the impacted
specimen indicating that the concurrence of the closed-cell metal foam
microstructure and the integral metal skin resulted in the strain-wave
propagation into the transmission bar without plastic damage to the
surrounding parts of the microstructure. The image of the impacted
specimen also shows how the penetrating bar damaged the porous
microstructure around the circumference of the bar that led to the
failure of the cell-struts and the opening of the pores in the vicinity of
the bar. However, more details are revealed by analysing the blended
volume (Fig. 13), where the white colour represents the air contained
in the pores. The microstructure of the impacted specimen is shown in
black, and the microstructure within the intact specimen is depicted
in grey. The cyan line highlights the void regions formed as a result
of the bar penetration into the specimen showing the extent of the
open volume significantly exceeding the bar dimensions. It can be
seen that the dimensions of the damaged region gradually increase
with the penetration depth and continue up to 4 mm below the final
penetration depth achieved in the experiment. The shape of the re-
sulting cavity shows significant localised shear-stress induced damage
leading to approximately an 11 ° deviation of the failed cell-struts
region from the axis of penetration. The region of densified foam
structure composed in the majority of collapsed cells then forms the
deformed envelope of the microstructure having a cylindrical geometry
in this case. Its boundaries can be clearly seen in the blended volume
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Fig. 11. Specific convergence time of the dynamic forces: (a) the closed-cell aluminium foam, (b) the hAPM foam, (c) the APM foam.

Fig. 12. Perspective 3D visualisation of penetrated closed-cell foam sample showing overlapping penetrated sample (light-grey) and the influenced volume (dark-red) - view along
the penetrating bar (a) and visualization in the medial plane (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

as the region with the smallest cell-volume under the impactor. The
cyan graphics around the bar projection near the impacted face of the
specimen show the plastic deformation of integral metal skin developed
during the bar penetration resulting in a 28.4mm outer diameter of
the opening. However, the conclusions made only from the analysis
of the visualisation in the medial plane may be misleading due to
the stochastic nature of the material microstructure. Thus, the blended
volume was additionally investigated in the transversal plane as shown
in Fig. 13(d,e). The left slice is located 1.3mm above and the right
slice is located 0.3 mm under the final position of the bar. The amber
graphics depict the circumference of the impacting bar and the cyan
curves highlight the void space around the impactor in the left slice
and around the deformed envelope in the right slice. It can be seen
that both the geometry of the void space created by the impacting
bar is relatively uniform with the diameter of the circle approximating
the void space boundaries of 24 mm. Except for the 90 ° sector in the
top-left direction, the dimensions of the impacting bar in the region
of the accumulated material near the final penetration depth are not

12

exceeded by the homogeneous material and only local protrusions can
be observed.

3.5.2. hAPM foam

The differential XCT analysis of the hAPM foam sample and the
visualisation of the results was performed from the blended volume,
because the subtraction of the reference and deformed volume resulted
in a very low signal-to-noise ratio in the 3D image due to the presence
of epoxy matrix in the microstructure. Unlike the closed-cell metal foam
sample, where the complex microstructure composed of a high number
of cells makes the interpretation difficult, the effects induced by the
medium-rate dynamic impact into the hAPM foam can also be studied
from the sections in the 3D reconstructed image of the loaded state as
depicted in Fig. 14.

In Fig. 14, the approximate dimensions of the impacting bar in
its final position after penetration are provided graphically using the
amber contours. Since the visualisation is derived from the full intensity
range, it is interesting to study also the possible changes in the epoxy
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(d)

20 mm

Fig. 13. 2D visualisation of the closed-cell foam sample: medial plane of the intact specimen (a), impacted specimen (b), and blended volume (c), blended volume in the transversal

plane in the penetrated region (d) and under the final position of the impactor (e).

matrix. By comparing the appearance of the region directly under the
impactor and in the volume around its outer edges, it can be seen that
the region under the impactor exhibits a higher material density, where
the extent of the region of the compacted matrix is depicted by the
cyan colour. The highlighted geometry of the compacted region can be
assumed to the approximately spheroid in the whole volume with the
circle representing the intersection of the cylindrical impactor with the
compacted region forming a spherical dome geometry. However, due
to the homogeneity of the epoxy matrix, the microstructural changes in
the vicinity of the impactor cannot be studied using the 3D visualisation
of the reconstructed 3D images. For this reason, 2D visualisations of the
slices through the reconstructed volume in the medial and transversal
plane were studied, see Fig. 15(a—c) and (d,e).

The Fig. 15(a—c) shows the slices in the medial plane in the intact
and loaded specimen together with the slice in the blended volume. The
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amber graphics depict the projection of the impacting cylinder in the
medial plane. In the visualisation of the intact specimen, an apparent
2.5mm deflection of the right impacted face of the sample influencing
the evaluation of the mechanical results is apparent aside from the
aluminium sphere distribution and the voids in the epoxy matrix. In
the image of the impacted specimen, the cyan graphical elements depict
the identified 0.75 mm deflection of the opposite, non-impacted, circular
face of the specimen. The same material density (image intensity)
variations in the epoxy matrix under the final position of the impactor
observed in the 3D visualisation are also apparent, although the pro-
jected geometry is closer to a wedge rather than an elliptical or circular
section. Further details are revealed though when the blended volume
is analysed. The blue line precisely depicts the compacted region under
the impactor, which exhibits a circular shape except for the lobes near
the positions corresponding to the radius of the bar. However, the shape
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(d) 20 mm (e)

Fig. 15. 2D visualisation of the hAPM foam sample: the medial plane of the intact specimen (a), impacted specimen (b), and blended volume (c), the blended volume in the
transversal plane in the penetrated region (d) and under the final position of impactor (e). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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of the compacted region is, in this case, apparently influenced by the
displaced and deformed aluminium spheres causing a more complex
material response to the impact. The cyan graphics highlight, in this
figure, the void regions formed as a result of the bar penetration into
the specimen. The total diameter of the open volume after loading not
only significantly exceeds the bar dimensions, but the shape of the
cavity also shows a significant localised shear-stress induced damage
of the epoxy matrix geometrically similar to the shock-wave propaga-
tion characteristics. The damage evolution is concentrated along with
two apparent directions and the cavity formation, in either case, is
stopped by the presence of the aluminium spheres. The two vertices
of the void closer to the impacting bar reaching the depth under
the final position of the impactor then undergo a smooth transition
into the deformed envelope of the matrix circumventing the displaced
aluminium spheres similarly to the deformed envelope region itself.
Furthermore, the cyan graphics around the bar projection near the
impacted face of the specimen show plastic deformation of the matrix
developed during the bar penetration resulting in a plasticised area
with a diameter of 25.9 mm. However, the conclusions made only from
the analysis of the visualisation in the medial plane may be misleading
due to the stochastic nature of the material microstructure. Thus, the
blended volume was investigated in the transversal plane as shown in
Fig. 15(d,e). The left slice is located 1.8 mm above and the right slice is
located 2.0 mm under the final position of the bar. The amber graphics
depict the circumference of the impacting bar and the cyan curves
highlight the void space around the impactor in the left slice together
with the extent of the deformed envelope in the right slice. It can be
seen that the geometry of both the void space created by the impacting
bar and the deformed envelope under its face strongly depends on the
angular position of the section used to visualise the internal structure
in a perpendicular direction.

4. Discussion and conclusion

The results of the OHPB based dynamic penetration tests lead to the
following findings and remarks:

» A straightforward wave separation technique was employed to
evaluate the forward and backward propagating waves in the
setup and allowed for the investigation of the deformation be-
haviour over a longer time window. In all the conducted experi-
ments, the wave separation technique provided valid and precise
results for a number of wave reflections. The separation was
always successful, at least, until the end of the experiment, i.e., to
the point when the impact velocity decreased to zero. Using the
utilised instrumentation, the wave propagation analysis during
the penetration process was possible even at impact velocities
close to 20 ms™!. If the distance between the impact face and the
strain-gauge is sufficient to form a homogeneous strain-wave, the
method can be used for the instrumented testing with different
types of impactors. For the incident bar used in the experiments,
the inverse of the introduced wave separation method could be
used to process the DIC data and roughly estimate the actual
force by reconstructing the wave propagation behaviour in the
bar. However, this was not possible for shorter striker bars as the
individual waves in the bar could not be identified.

The wave propagation through the specimens played a crucial
role in the deformation mode of the tested cellular materials
and had a significant influence on the corresponding force—
displacement diagrams as well as on the energy absorption char-
acteristics. Based on the acquired results, the wave propagation
and dispersion effects are considered more important at low
impact velocities. All the tested materials exhibited the longest
time to specific force convergence (equal incident and transmis-
sion force) at the lowest impact velocity where the effects of
wave dispersion are more pronounced, while the strain wave
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propagates approximately homogeneously throughout the volume
of the sample without localisation under the impactor. Some
specimens of the APM foam and the hAPM foam did not reach
the specific force convergence during the whole impact. The time
of the specific convergence decreased for all the materials at
higher impact velocities and the highest values of the specific
time convergence were observed for the APM foam. The APM
foam exhibited the lowest mechanical impedance related to its
structure with hollow spheres embedded in the weak matrix. The
significant increase in the wave convergence time was observed
between the medium and high impact speed scenario, which can
be attributed to the dynamic nature of the loading, where the
time-to-convergence is typically proportional to the impact speed.
All the materials exhibited a certain level of decrease in the pen-
etration force in the initial penetration phase with an increasing
impact velocity, which is a disadvantageous property in terms
of the impact protection capabilities. This effect was the most
pronounced in the case of the closed-cell foam and it had a crucial
influence on its deformation behaviour particularly at low impact
velocities. On the other hand, the effect was marginal for the
APM foam and the hAPM foam as the standard deviations of the
piercing force partially overlap. In general, the closed-cell metal
foam exhibited deformation behaviour common to standard metal
foams showing a significant plateau region (after the initial phase
of the penetration), whereas the other two composite materials
exhibited approximately a linear dependency of the penetration
force with the penetration depth. Although the hAPM foam did
not exhibit a plateau region, its energy absorption capability
was comparable with the closed-cell foam despite its lower mass
density, while the penetration force was only slightly higher.
The effect of wave propagation was the most significant for the
closed-cell aluminium foam, where the penetration force in the
initial phase was the highest for the lowest impact velocity. This
finding, not observed in the dynamic compression of the mate-
rial [12,16] and even in the dynamic penetration of the similar
materials without an integral skin over the foam core [46,55], was
found to be connected with the damage mechanisms on the sur-
face of the specimen and wave propagation through its volume.
During the penetration at low velocity, the integral skin over the
core of the specimen was penetrated smoothly (or the skin was
not perforated at all), the deformation was not localised to the
close vicinity of the projectile but rather spread out through the
front face of the specimen and the stress wave was more dispersed
through the volume of the specimen. With the increasing impact
velocity, this effect was suppressed and the force-displacement
relationship was closer to the standard behaviour of the closed-
cell aluminium foam. The surface skin was penetrated abruptly
and the wave propagation was very localised. A similar behaviour
was described for the penetration of the compact as well as the
sandwich panels [93]. In such a case, the transition velocity
defining the change in the deformation behaviour from transient
to more localized can be identified. The transition velocities for
standard materials are much higher than those observed in our
case. However, the values identified in the experiments were in
good agreement with the energy-related change in the behaviour
described in the literature [57] and with studies analysing shock
and wave propagation localised behaviour [13,29]. The findings
are not contrary to the studies characterising the closed-cell foams
during dynamic penetration [46,55] as well as in dynamic com-
pression [13,29,55]. After the initial penetration phase, similar
effects were observed.

Therefore, in our opinion, the behaviour observed in the first part
of the penetration is related to the presence of the skin over the
foam. We used the data from the overview high-speed camera
to investigate the surface area affected during the impact. The
representative case of the specimen penetrated at the low impact
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velocity is compared with the specimen penetrated at the high
impact velocity in Fig. 16. The affected area was determined as
the area with the visibly changing front face of the specimen
during the impact. An in-house script was developed to identify
the changes on the front face of the specimen. As can be seen
in Fig. 17a, the identified affected area is significantly larger for
the lower impact velocity than for the other two velocities. The
increased affected area at the low-velocity impact supports the
conclusion that the higher strength of the closed-cell aluminium
foam at the low impact velocity is related to the wave propagation
and dispersion through the specimen volume while, at the higher
velocities, the wave propagation is more localised under the
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Fig. 16. The representative case of the closed-cell aluminium foam specimen penetrated at: (a) the low impact velocity compared with (b) the specimen penetrated at the high
impact velocity. Note the affected area during the impact at low velocity.
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Fig. 17. (a) Size of the area at the front face of the specimen affected by the impact. (b) Longitudinal strain evaluated using the DIC on the surface of the closed-cell aluminium
foam specimen at two different impact velocities.

penetrating projectile. During most of the impacts at low velocity,
the front face was not penetrated, but rather bent inwards.

Furthermore, DIC was used to identify the longitudinal strain
on the specimen’s surface. A grid of correlation points was es-
tablished on the surface of the specimen and the incremental
longitudinal strain was evaluated using the calculated displace-
ments. As can be seen in Fig. 17b, the longitudinal strain is
non-zero in the case of the penetration at the low impact velocity,
whereas no longitudinal strain was identified in the specimen
penetrated at the high impact velocity. This finding supports
the conclusion that with the increasing velocity, the penetra-
tion is more localised and concentrated under the impacting
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object, whereas at the low impact velocity, the whole specimen
is deformed to some extent.

In terms of the ability of the investigated materials to perform as
a protection against an object penetrating their microstructure,
the closed-cell aluminium foam remained compact and was able
to effectively absorb the impact energy at all the tested impact
velocities. The APM foam was found to be unsuitable for pen-
etration protection as the material exhibited a strong tendency
to disintegrate at medium and high velocities. The weak matrix
cannot withstand the loads and the material was predominantly
damaged by the separation at the boundaries. Inertia effects also
played a crucial role during the penetration of the specimens. The
penetration depth at the disintegration of the APM foam increased
with the impact velocity. However, the time to disintegration
was approximately constant for both the medium and the high
impact velocity. Therefore, the higher penetration depth at the
disintegration was related to the inertia effects as a given period
of time was necessary to disintegrate the specimen. The increase
in load capacity of the APM foam with the impact velocity was
related only to the dynamic nature of the testing as the inertia
prevented its immediate disintegration, when the maximum load
capacity was exceeded.

The closed-cell foam sample and the hAPM sample were success-
fully subjected to the differential CT procedure for a detailed
analysis of the microstructural variations resulting from the bar
dynamically penetrating through the internal structure of the
materials. It was possible to quantify the shape and dimensions
of the cavity created by the impacting bar and the related effects
resulting from strain-wave propagation through the specimen
and also the characteristics of the deformed envelopes formed
under the final position of the penetrator. However, it is evident
that a complex XCT imaging campaign should be performed to
preferably include the intact-impacted specimen pairs from all the
performed penetration experiments, i.e., the quasi-static and all
the dynamic impacts, to obtain thorough information on the de-
formation processes present during the loading procedures. Here,
our initial assumption that the differential CT of the specimens
subjected to the intermediate impact speed would be capable of
revealing the relevant deformation mechanisms in the penetrated
materials was not confirmed and particularly the tomographi-
cal analysis of low-velocity penetration would bring important
advantage in the interpretation of mechanical and DIC results.
In the closed-cell foam sample, the uniform homogeneous pore-
size distribution was observed only in the core region of the
samples, while the integral metal skin not only caused a signif-
icant increase in the complexity of the deformation process by
introducing different mechanisms of load transfer in dependence
to the impact speed, but also the porosity in the majority of the
sample volume was affected. The blending procedure of the intact
and impacted volume provided hard evidence on the difference
between the truly displaced or damaged cell-struts and the pores
that were only opened by the penetrating bar. It can be also
noticed that the two vertices of the void at the maximum depth
of the opened cavity smoothly circumvent the densified envelope
providing information about the strain wave path during the
loading. The inspection of either the impacted or the blended
volume shows that material is accumulated along the circular face
of the impactor and around its edges, which is a combination
of the metal skin itself separated from the face during the bar
contact with the specimen and the cell-wall material gathered
during the penetration of the bar. It can be reasonably assumed
that this material accumulation is a mechanism supporting the
shear failure of the individual cell-struts as the effective diameter
of the impactor (i.e., the diameter of the bar is enlarged gradually
by the gathered material) increases along its path.
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» The deformation response of the hAPM foam sample was in-
fluenced by the non-uniform distribution of aluminium sphere
particle reinforcement in the epoxy matrix, where a higher sphere
density was observed near the outer edges of the specimen,
outside of the penetrated region. However, the differential CT
showed that the presence of the aluminium spheres in the matrix
acted as a barrier shaping the propagation of the strain-wave
through the specimen and that it was a factor, which can be
successfully utilised to control the deformation response of such
a material. In the tomographical images of the impacted vol-
ume, the observed intensity variation in the matrix under in
the impactor is also independent to the displaced aluminium
spheres originally distributed in the penetrated volume as only
a negligible low-energy photon scatter was present in the acquired
projections. Thus, it can be assumed that such a region represents
the result of the kinetic energy dissipation into the impacted
material resulting in the compaction of the matrix. Furthermore,
it can be inferred from these results that the aluminium spheres
effectively shape and resist the wave propagation in the material,
while mitigating the energy by their plastic deformation in the
region under the impacting bar. The boundaries of the deformed
envelope under the impactor are largely hidden by the presence
of plastically deformed aluminium spheres and only a rough
estimation is possible from the 2D visualisations. In contrast,
a 2D transverse visualisation is a useful tool for the evaluation
of the void space geometry as shown by its boundaries depicted
by the cyan curve in the Fig. 15d. In this visualisation orien-
tation, the apparently larger amount of the aluminium spheres
is concentrated right from the vertical axis of symmetry. The
presence of the aluminium spheres and their influence on the
formation of the void region can be successfully studied. When
the comparing cyan highlighted regions left and right from the
vertical axis of symmetry, only one continuous void was created
in the region containing only the epoxy matrix without the sphere
reinforcement. On the other side, three isolated regions were
created and in every case, the extent of the void space was limited
by the presence of the reinforcement. This supports the previous
finding that the aluminium sphere reinforcement in the hAPM
foam and its distribution can be used to control the transmission
of the strain wave through the microstructure and influences the
foam’s deformation energy absorption capacity.

Using the combination of mechanical testing, the optical inspec-
tion of the specimens, the DIC evaluation of the optical data, and
the XCT analysis, it has been demonstrated that the investigated
materials are more susceptible to penetration with an increase in
the impact speed, which is related to the shorter wave propaga-
tion times due to the deformation and damage localised in the
vicinity of the impacting object. The impactor then penetrates the
microstructure to a higher depth, while the surrounding material
remains intact and has no influence on the mechanical response
of the samples. Owing to the epoxy matrix and the distribution
of the aluminium spheres, only the hAPM foam showed an in-
crease in the dissipated deformation energy with the high impact
velocity despite the inversely proportional dependency of the
absorbed energy at the depth of 3.5 mm on the impact velocity.
The APM foam, composed of aluminium spheres with point-like
connectivity given by the polyamide matrix, was observed to be
prone to disintegration resulting from the shear stress and inertia
effects induced damage to the matrix disqualifying the material
in the current state from its use in the deformation energy mit-
igation measures. However, the confinement of the APM foam
in an appropriate encasement would change the deformation
characteristics considerably. In the same sense, the closed-cell
foam exhibited a measurable dependence on the results of the
impact velocity as a result of the influence of the metal skin.
Similarly, the modification of the metal skin properties making
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it functional in the stress distribution also in the higher impact
velocities would significantly improve the overall performance of
the closed-cell foam in the considered loading scenarios. Never-
theless, based on the high-resolution XCT and the differential CT
procedures, it has been shown that the results can be used, in
the case of both the closed-cell foam and hAPM foam, for the
improvement of the production processes as the radiographical
inspection of the internal structure pointed out problems arising
from the limited control of the production process. In the case of
the APM foam modified with the outer confining layer, the XCT
evaluation would also be an essential tool for the inspection of its
microstructure both before and after the impact loading.

Conclusion

The modified OHPB with the full two-sided instrumentation was
used to penetrate the specimens at three different impact velocities
ranging from 8 ms~! to 18 ms~!. The wave separation technique was
employed to process the strain-gauge signals and to extend the useable
time window of the Hopkinson bar experiment to cover the entire du-
ration of the impact. The wave propagation phenomena, inertia effects,
energy absorption and localisation of the damage were investigated in
detail for all the types of the tested materials. It was found out that the
time required for the convergence of the dynamic forces at both faces of
the specimen was the highest for the lowest impact velocity. This effect
was related to the wave propagation in the specimen as, at low impact
velocities, the stress-wave was more dispersed through the volume of
the specimens. With an increasing impact velocity, the damage was
more localised underneath the projectile. This effect was the most
profound for the closed-cell aluminium foam with an integral skin cov-
ering the foam core. During the initial phase of the penetration at low
velocities, the wave propagation related effects were considered more
important than the other effects such as possible strain-rate sensitivity
of the material. Inertia effects also play an important role as, e.g., the
APM foam disintegrated with an increasing impact velocity at higher
penetration depths. However, it was identified that this behaviour was
related to the inertia effects preventing the immediate disintegration of
the specimen, when its loading capacity was exceeded. A differential
XCT was successfully employed for a pre- and post-impact volumetric
analysis of the specimens and supported the conclusions evaluated
using the strain-gauge and DIC data. Altogether, the discussed effects
can significantly affect the strength and deformation behaviour of
the cellular materials during dynamic indentation, where the complex
loading of the structure is different than during the dynamic uni-axial
loading.
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