
metals

Article

Compressive Behaviour of Additively Manufactured Periodical
Re-Entrant Tetrakaidecahedral Lattices at Low and High
Strain-Rates

Michaela Neuhäuserová 1,* , Tomáš Fíla 1 , Petr Koudelka 1 , Jan Falta 1 , Václav Rada 1,2 , Jan Šleichrt 1 ,
Petr Zlámal 1,2 and Ondřej Jiroušek 1
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Abstract: Compressive deformation behaviour of additively manufactured lattice structures based on
re-entrant tetrakaidecahedral unit-cell geometry were experimentally investigated under quasi-static
and dynamic loading conditions. Specimens of four different structures formed by three-dimensional
periodical assembly of selected unit-cells were produced by a laser powder bed fusion technique from
a powdered austenitic stainless steel SS316L. Quasi-static compression as well as dynamic tests using
split Hopkinson pressure bar (SHPB) apparatus at two strain-rates were conducted to evaluate the
expected strain-rate sensitivity of the fundamental mechanical response of the structures. To evaluate
the experiments, particularly the displacement fields of the deforming lattices, optical observation of
the specimens using a high-resolution camera (quasi-static loading) and two synchronised high-speed
cameras (SHPB experiments) was employed. An in-house digital image correlation algorithm was
used in order to evaluate the anticipated auxetic nature of the investigated lattices. It was found that
neither of the investigated structures exhibited auxetic behaviour although strain-rate sensitivity of
the stress–strain characteristics was clearly identified for the majority of structures.

Keywords: lattice structures; auxetic structures; re-entrant tetrakaidecahedron; compression; quasi-
static behaviour; dynamic behaviour

1. Introduction

In recent years, cellular materials and particularly lattice structures have been ex-
tensively studied mostly due to their potential in the weight optimisation of structural
components while maintaining the required stiffness and strength [1,2]. Amongst the
investigated structures, auxetic meta-materials have introduced a broad scale of unique
mechanical properties arising from the negativity of their Poisson’s ratios. These include,
e.g., improved capabilities in indentation resistance [3], shear resistance and fracture tough-
ness [4], vibration absorption [5], or deformation energy absorption [6] in comparison
to conventional porous solids. These properties arise from the deformation mechanisms
given by the geometry of their inner structure, leading to lateral extension when stretched
longitudinally and shrinking in the transverse direction when compressed [7].

The occurrence of natural auxetic materials is rather scarce as only a few examples
such as iron pyrite monocrystals, cancellous bone tissue, or cat skin have been listed
in the literature [8]. Thus, auxetics as we know them are mostly artificially fabricated
meta-materials typically based on a periodical or stochastic assembly of unit cells with
a specific geometry. Here, two-dimensional and three-dimensional structures may be
distinguished based on the spatial distribution of the unit cells [9]. Moreover, there is a
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further classification of the auxetic structures according to the geometry and interconnection
of the unit cells: (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 [10,11].

A broad range of applications has been suggested for auxetic structures including
smart sensors [12], filters [13], textile fibres [14], biomedical materials [15], or protective
devices with enhanced performance in terms of kinetic energy dissipation [16]. Regarding
the impact energy absorption capability of auxetic structures, resulting from a stress
enhancement occurring under dynamic loading conditions, a significant number of recent
studies have focused on investigation into this property [17–19]. While some of the authors
demonstrated the strain-rate sensitivity of auxetic structures [20–22], others indicated
rather non-strain-rate-dependent behaviour for specific structures [23]. Thus, further
investigation into the possible strain-rate sensitivity of auxetic lattices is still necessary.

To fully exploit the potential of auxetics, precise fabrication methods allowing for
the production of geometrically complex structures with high reliability need to be em-
ployed [24]. In past decades, additive manufacturing (AM) has progressively devel-
oped into a competitive manufacturing method for various kinds of materials and ap-
plications [25] to become a matured production technology fulfilling such requirements.
The main AM techniques may be classified into (a) fused deposition modelling (FDM),
(b) powder bed fusion (PBF), (c) inkjet printing and contour crafting, (d) stereolithogra-
phy (SLA), (e) direct energy deposition (DED), and (f) laminated object manufacturing
(LOM) [25]. It has been demonstrated that the auxetic lattices may be fabricated using all
listed techniques. However, recent studies on the dynamic behaviour and impact resistance
of auxetics are focused on the investigation of metal-based lattices and, thus, the DED or
PBF techniques are the most frequently used [20,26,27].

In this study, we investigate the auxetic structure based on a periodical assembly of a
re-entrant tetrakaidecahedral unit-cell first introduced by Choi and Lakes in [28]. However,
the available literature does not provide any further details regarding the properties
of such an auxetic unit-cell and the resulting lattice beyond the initial study of Choi
and Lakes comprising analytical and experimental analyses of a stochastic re-entrant
tetrakaidecahedral lattice. The potential of such a unit-cell and lattice in deformation energy
mitigation is thus unclear; such potential is also unclear when AM is used for its production
instead of thermo-mechanical modification of a non-auxetic foam as considered in the
original paper of Choi and Lakes. In our previous study, we performed a finite element
investigation into the anticipated auxetic character of such a structure subjected to uni-
axial quasi-static compression [29]. Based on our previous findings, we have exploited the
advantages of a high-resolution metal PBF AM method to produce four different variants of
periodic lattices based on the re-entrant tetrakaidecahedral unit-cell represented either by a
beam or a facet analogy. The samples were then subjected to a set of experiments comprising
quasi-static uni-axial compression and dynamic compression in a split Hopkinson pressure
bar (SHPB) apparatus at two distinct strain-rates to assess the strain-rate sensitivity of their
mechanical response. Furthermore, optical measurements involving high-resolution or
high-speed camera instrumentation together with an in-house developed digital image
correlation (DIC) procedure were employed to evaluate the displacement fields on the
deforming lattices to evaluate their strain.

2. Materials and Methods
2.1. Specimens

In this study, the lattice structures generated by a periodical assembly of re-entrant
tetrakaidecahedral unit-cells were investigated. The unit-cell geometry is based on a
conventional tetrakaidecahedron (also known as the Kelvin cell), where its square faces are
protruded into the inner space of the cell to form its re-entrant modification. To achieve the
auxetic design of the cell, the re-entrant angle as defined by Choi and Lakes [28] may vary
in the range 45–90◦. Based on a prior numerical analysis [29] two versions of the unit-cell
geometry, both with a re-entrant angle of 60◦, were considered in this study. The “beam”
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version is based on the original open-cell design and consists only of struts, while the
“facet” version is designed as an assumed stiffer modification of the original cell consisting
of both 1D (struts) and 2D (facets) elements. Schemes of the unit-cell geometries are shown
in Figure 1.

Figure 1. Visualisation of the re-entrant tetrakaidecahedral unit cells: (a) beam version and (b)
facet version.

Moreover, two different spatial configurations of the unit-cells were investigated.
Fundamentally, both configurations were based on a uniform periodical assembly of the
unit cells along three orthogonal axes. However, one version (denoted as the “direct”
version) consisted of the direct interconnection of the neighbouring cells in the vertices of
the triangular faces, while the second version (denoted as the “stem” version) was based
on the interconnection of the neighbouring cells in the vertices of the rectangular faces
via additional inserted beam element-stems. Thus, four different structures illustrated in
Figure 2 were analysed in this study.

Figure 2. Visualizations and images of actual AM specimens of the tested structures: (a) beam direct (BD) version, (b) beam
stem (BS) version with detailed pictures of designed (top) and real (bottom) geometry, (c) facet direct (FD) version, and
(d) facet stem (FD) version.

The 3D-printed specimens of the structures, each containing 27 unit-cells uniformly
distributed in 3 × 3 × 3 configuration, were additively manufactured with the utilisation
of the AM 250 printing device (Renishaw, UK). The LPBF technique was applied in the
manufacturing process, where 50 µm thick layers of powdered austenitic stainless steel
(SS316L-0407) with granularity in the range 15–45 µm were melted according to parametric
CAD models of the structures with a chessboard scanning strategy and 200 W maximum
power of the laser beam. The nominal density of the base additively manufactured material
ρ0 is 7.79 g/cm3 and the yield strength is 494 MPa.
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The average dimensions of the AM specimens together with values of relative density
ρr and porosity of the structures with respect to the density of the base material used for
the production of the specimens are listed in Table 1. The overall dimensions were given by
the requirements resulting from the geometry of the SHPB apparatus and the resolution of
the manufacturing method. However, the CAD models had overall dimensions on average
1.5% greater than the AM specimens and the designed nominal strut/plate thickness was on
average 53% lower than the thickness of the AM specimens. In the first case, the deviations
result foremost from the shrinkage of the structure due to temperature changes during
the fabrication process. The deviations in the nominal strut/plate thickness result mostly
from the limitations of the fabrication method such as the printing resolution, applied
scanning strategy, metal powder granularity, and layer thickness. Figure 2b shows the
difference between the intended and real geometry of the structure via a detailed picture of
the protruded beams in the CAD model (top) and the AM specimen (bottom). The detail
of the AM specimen was captured using the secondary electron (SE) imaging method of
scanning electron microscopy (SEM). The AM structure exhibited significant deviations
in the geometry, especially in the protruded beams where a relatively large amount of
material was concentrated compared to the designed parts. Thus, the auxetic behaviour of
the specimens could be limited since such behaviour is based on the protruded areas in
the re-entrant structures. Moreover, the surface roughness could also affect the crushing
behaviour of the structures due to present surface defects.

In total, thirteen specimens of each structure were used in the experimental study;
three specimens were tested under quasi-static loading conditions and ten specimens under
dynamic loading conditions.

Table 1. Parameters of the samples.

Structure Dimensions (mm) Nominal Strut/Plate
Thickness (mm) Relative Density ρr (-) Porosity p (-)

Beam Direct (BD) 13.59 × 13.75 × 14.67 0.53 0.22 0.78
Beam Stem (BS) 13.20 × 13.19 × 14.53 0.46 0.16 0.84

Facet Direct (FD) 13.61 × 13.81 × 14.36 0.52 0.19 0.81
Facet Stem (FS) 13.01 × 13.29 × 14.50 0.47 0.19 0.81

Each of the specimens was manufactured with additional thin plates at its top and
bottom faces to enable precise positioning between the loading faces of the testing devices
and to preserve boundary conditions in the SHPB apparatus. The outer surface of the plates
was treated by fine brushing using a bench-top polishing grinder with an automatic speci-
men mover (Forcipol 202 and Forcimat 52, Metkon Instruments Inc., Osmangazi/Bursa,
Turkey). Furthermore, a thin layer of paint with a speckle pattern was sprayed on the
surface of the specimens to achieve a better performance of the DIC tracking algorithm.

2.2. Quasi-Static Experiments

An Instron 3382 (Instron, Norwood, Massachusetts, USA) universal electro-mechanic
testing device with a maximum load capacity of 100 kN was used to perform the quasi-
static loading. The experiments were displacement driven with a constant loading rate set
to 2 mm/min up to a maximum displacement of 10 mm yielding a strain-rate of 0.0015 s−1.
The applied force and cross-head displacement were sampled at 10 Hz frequency. To evalu-
ate the displacement field on the surface of the structures, the experiments were observed
with a Manta G-504B (AVT, Nuremberg, Germany) high-resolution monochromatic camera
with a TCZR072 (Opto Engineering, Mantua, Italy) bi-telecentric zoom lens at 0.5 fps and
a resolution of 2452 × 2056 px. The observed scene was illuminated by a KL2500 (Schott,
Mainz, Germany) high-power cold-light LED source. Three specimens of each type were
tested under quasi-static loading conditions; thus, twelve quasi-static experiments were
performed in total.
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2.3. Dynamic Experiments

The dynamic mechanical response of the structures was tested at two different
strain-rates using an SHPB device instrumented with strain gauges and a pair of time-
synchronised high-speed cameras. A diagram and schematic overview of the loading
device are shown in Figure 3.

Figure 3. The arrangement of the SHPB experimental setup: uni-axial compression with aluminium alloy bars. SG1 to SG6
denote the strain gauge positions.

The dynamic loading device consisted of a striker bar located in the barrel of a gas-gun,
an incident bar, and a transmission bar. All the bars had the same diameter of 20 mm and
were made of high-strength aluminium alloy (EN-AW-7075-T6). The length of the incident
bar was 2500 mm while the length of the transmission bar was 2100 mm. Precise alignment
of the bars was achieved by adjustable stainless-steel housings fitted with polymeric slide
bearings (drylin TJUM, IGUS, Rumford, Rhode Island, USA) adjusted with a pair of laser
spirit levels. The striker bar was accelerated by a single-stage gas-gun with a maximum
pressure of 10 bar generating a strain pulse by an impact of the striker projectile onto the
front face of the incident bar. Strain pulse was shaped by a cylindrical copper pulse shaper
placed on the front face of the incident bar. To achieve at least 30% of overall deformation,
two different striker bar lengths were chosen: (i) 750 mm for an impact velocity of 20 ms−1

yielding an average strain-rate of approx. 1350 s−1 (referred to as a “low-rate” in further
text) and (ii) 500 mm for an impact velocity of 48 ms−1 yielding an average strain-rate of
approx. 3150 s−1 (referred to as a “high-rate” in further text). The residual energy after
the compression of the specimen was dissipated in a damping assembly consisting of a
momentum trap and a hydropneumatic damper.

Strain measurements were performed using foil strain gauges (3/120 LY61, HBM,
Mainz, Germany) connected in a Wheatstone half-bridge arrangement to compensate
for any small deflection of the bars. The signals from the strain gauges were amplified
with a gain of 100 (amplifier EL-LNA-2, Elsys AG, Niederrohrdorf, Switzerland) and then
recorded using a high-speed data acquisition system (TraNET EPC, Elsys AG, Nieder-
rohrdorf, Switzerland) at a sampling rate of 1 MHz. The experiments were also observed
with a pair of time-synchronised high-speed cameras (Fastcam SA-Z, Photron, Tokyo,
Japan). The first camera was aimed at the specimen area between the adjacent bar faces via
a mirror at an angle of 45 ° and the surface of the bars in the vicinity of the specimen was
equipped with a random speckle pattern for the DIC evaluation. The scene was illuminated
using a pair of high-power LED lights (Multiled QT, GS Vitec, Bad Soden-Salmünster, Ger-
many). The second camera was aimed at the interface of the incident bar and the striker bar
(also equipped with a random speckle pattern on both bars allowing for the DIC evaluation)
to capture the initial strain pulse. Illumination of this scene was performed by a single
high-power LED light (Veritas Constellation 60, Integrated Design Tools, Inc., Pasadena,
California, USA). Both cameras were set to a frame rate of 180 kfps and a resolution of 384 ×
200 px. Triggering of the data acquisition systems and cameras was performed using a pair
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of short-reaction-time through-beam photoelectric sensors (FS/FS 10-RL-PS-E4, Sensopart,
Wieden, Germany) allowing for the estimation of the impact velocity.

The number of strain-gauge measuring positions varied for low- and high-rate experi-
ments. For the low-rate tests, four measuring points on the incident bar and two points
on the transmission bar were distributed according to the diagram in Figure 3. For the
high-rate experiments, only two locations on the incident bar (SG1, SG2) and one location
on the transmission bar (SG6) combined with optical measurement using high-speed cam-
eras were used. The first set of experiments at the high rate was successfully measured
using strain gauges. However, further high-rate experiments were observed only optically
as the strain gauges were repeatedly unbonded due to their extreme loading during the
high-velocity impacts. As is demonstrated further in the text, all results of the strain gauges
were in full agreement with the DIC results. Thus, only the DIC was used to evaluate the
high-rate experiments when the strain gauges were no longer available.

To reveal a possible strain-rate sensitivity of the mechanical response of the struc-
tures, five specimens of each type were tested at two different strain-rates. In total, forty
experiments under dynamic loading conditions were conducted in this study.

2.4. Digital Image Correlation

The camera recordings from both the quasi-static and dynamic experiments were
exported to PNG format with lossless compression and subjected to a DIC analysis to
evaluate the captured displacements. DIC is an image processing method that uses tracking
and image registration techniques to measure changes in a sequence of images. It is based
on the tracking of chosen characteristic correlation points in the image sequence, which
captures the process of deformation of the specimen surface [30].

In this study, an in-house-developed DIC software tool compiled using Python pro-
gramming language and OpenCV library [31] was used for the evaluation of displacement,
strain, and velocity fields on the observed surface of the specimens and bars. The DIC tool
was implemented as a two-step procedure to achieve sub-pixel tracking precision. First,
the correlation was evaluated at the pixel level employing template matching with the
use of the sum of squared differences (SSD) method. Then, the pixel level correlation was
interpolated using a third-order bivariate spline over the pixel grid. The minimum value
of the interpolated bivariate spline indicated the best match (i.e., minimum difference)
and, for the minimization of the bivariate spline, the Broyden–Fletcher–Goldfarb–Shanno
(BFGS) [32] algorithm was used.

Additionally, the DIC algorithm was applied to evaluate the displacements of the
bars during the SHPB experiments due to the failure of the strain gauges in high-rate
experiments where the optical measurements remained the sole source of information for
reliable evaluation of the respective experiments.

The DIC procedure was used to evaluate the displacements of selected nodes in the
lattice structures. To reveal the anticipated auxetic behaviour and its magnitude, the area
difference parameter DA was evaluated according to the definition presented in [33].
The value of DA corresponds to

DA = AE − AC, (1)

where AE represents the area of a polygon defined by the actual locations of the edging
points of the correlation grid placed in the nodes of the lattice structure and AC represents
the area of a trapezoid defined by the four corner points of the current correlation grid.
Corresponding pixel sizes for the given sequences of camera recordings from the quasi-
static and dynamic experiments were used to express the area difference in mm2. According
to the relation (1), auxetic behaviour of a structure yields a negative value of the area
difference. The principle of the calculation of DA is shown in Figure 4.
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Figure 4. Area difference evaluation principle.

3. Results
3.1. Fundamental Mechanical Behaviour

The mechanical response of the investigated structures to quasi-static uni-axial com-
pressive loading was expressed by the average engineering stress–strain diagram as il-
lustrated in Figure 5. It can be seen that the deformation behaviour differed significantly
depending on the type of lattice. Thus, it was possible to assume that the specific version of
the unit cell as well as the method of their interconnection affected the mechanical response
in a unique way.

Figure 5. Quasi-static engineering stress–strain diagrams showing average values and standard
deviations of stress for each investigated lattice.

3.1.1. Beam Direct Structure

The beam direct (noted as “BD”) structure exhibited the highest value of initial yield
stress among the tested structures corresponding to 18.9 MPa. The stress plateau region
between 2.1% and 56% of engineering strain includes a stress peak at 20% of engineering
strain where the maximum stress of 24.6 MPa was reached. This peak was followed by
a stress decrease occurring due to a loss of stability of the structure, which was revealed
by visual inspection (see Figure 6a). The unit cells in this configuration tended to rotate
around the relatively rigid interconnecting struts between the individual layers of cells,
which resulted in a buckling mode of deformation developing in the structure for strains
larger than 20%.

3.1.2. Beam Stem Structure

The beam stem (noted as “BS”) structure exhibited the lowest stiffness among the
tested structures with an initial yield stress of 6.2 MPa. Then, a plateau stress region in the
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range 1.7% to 58% of engineering strain followed by a transition to a densification region
was observed. The smooth stress–strain curve without stress oscillations as well as the
visual inspection of the specimen during the experiment (captured in Figure 6b) revealed
a uniform deformation mechanism without any abrupt collapses of the layers of cells or
crushing of struts in the structure leading to a compressive response similar to closed-cell
metal foams.

Figure 6. Quasi-static deformation mechanisms for the (a) BD structure, (b) BS structure, (c) FD structure, and (d) FS structure.

3.1.3. Facet Direct Structure

The mechanical response of the facet direct (noted as “FD”) structure differed from
the other structures to the greatest extent. After the initial yield point at 17.1 MPa, however,
the transition to plastic deformation was not followed by a typical plateau stress region,
but another increase in the value of stress up to 30 MPa at 9% strain occurred. The local
maximum of stress was then was followed by a stress release region between 9% and 30%
of the engineering strain where the value of stress decreased to approximately 10 MPa. This
was followed by a relatively short plateau stress region up to 46% of engineering strain
and then a transition to densification. A visual inspection of the deformation processes in
the structure revealed a significant buckling of the struts (see Figure 6c). This behaviour
results from a poor design of the interconnecting nodes between unit cells in the direct
version of the structure, which did not allow a uniform folding of the adjacent layers
of the structure, rather leading to a loss of stability during the compression. Overall,
the deformation response of this assembly shows similarity to the quasi-static behaviour of
two-dimensional and three-dimensional re-entrant honeycomb auxetic lattices [34].

3.1.4. Facet Stem Structure

The facet stem (noted as “FS”) structure exhibited deformation behaviour similar
to the BD assembly. After the initial yield stress of 11.6 MPa, the stress monotonically
increased to a stress peak where a local stress maximum of 24.6 MPa was reached at 31% of
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engineering strain. The start of a plateau stress region occurs at 12% of the engineering
strain and continues up to the end of the experiment at 56% of the strain. The deformation
response may be explained by a specific deformation process of the structure (see Figure 6d).
The compression of the structure initially caused bending of the interconnecting struts
resulting in rotation of the triangular facets in the unit cells. This resulted in the decrease
in slope after the initial yielding of the structure. Then, the neighbouring unit cells came
into contact via the rotated triangular facets contributing to a repeated increase in the slope
of the stress–strain curve. The development of the plateau stress region corresponds to
further bending of the interconnecting stem elements up to the final loss of stability of the
structure characterised by cyclic stress release due to buckling at strains higher than 31%.

3.2. Strain-Rate Sensitivity

To reveal a possible strain-rate sensitivity of the deformation response, dynamic
compression tests using SHPB apparatus were conducted at two different strain-rates.
The dynamic experiments were designed and performed to achieve the same strain-rates
for all the structures to obtain comparable results. The nominal selected strain-rates
were approximately 1350 s−1 (noted as “low-rate”) and approximately 3150 s−1 (noted as
“high-rate”). The average stress–strain and strain-rate–strain diagrams obtained from the
dynamic experiments compared to the quasi-static results for the particular structures are
shown in Figure 7. A representative series of images showing the crushing behaviour of
the structures under impact loading is captured in Figure 8.

Figure 7. Average stress–strain diagrams at various strain-rates for (a) BD structure, (b) BS structure, (c) FD structure,
and (d) FS structure.
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Figure 8. Deformation behaviour of the (a) BD structure, (b) BS structure, (c) FD structure, and (d) FS structure under
dynamic loading conditions.

3.2.1. Beam Direct Structure

The dynamic mechanical response of the BD structure is captured in Figure 7a. For the
low-rate experiment, the maximum deformation measured during the first deformation
pulse was 37%. The recorded initial yield stress value was 24.8 MPa, which corresponds
to an increase by 33.3% in comparison with the quasi-static result. The initial yielding
was followed by a plateau stress up to the maximum of the measured strain. The average
value of plateau stress was 36% greater than the value acquired from the quasi-static
experiments. For the high-rate experiments, the maximum deformation reached during
the initial deformation pulse was 58% and the yield stress corresponded to the value of
26.3 MPa, which is 41.2% higher than the quasi-static response. The average plateau stress
increased by approximately 47.4% in comparison with the quasi-static results. Moreover,
the high-rate deformation curve differed notably from the quasi-static response in terms of
the slope of the plateau stress region, which in the high-rate case remained approximately
constant up to the densification region without any distinguishable stress releases. This
indicates that the buckling mechanism notably affecting the quasi-static response was
less significant during the high-rate experiments, which was also confirmed by the visual
inspection (see Figure 8a).

3.2.2. Beam Stem Structure

Figure 7b shows the average stress–strain diagrams obtained for the BS structure.
The low-rate experiment was in this case evaluated up to the maximum value of deforma-
tion equal to 38.5%. The initial yield stress of 9.9 MPa was recorded during the low-rate
experiment, which is 59.7% higher than the value acquired from the quasi-static response.
Moreover, in comparison to the quasi-static results, the plateau stress is on average 38.2%
higher for the low-rate response. During the high-rate experiments evaluated up to 58.3%
of deformation, a stress decrease in comparison to the low-rate experiments occurred.
The initial yield stress was 9.2 MPa, which is still 48% higher than the quasi-static response.
In addition, the plateau stress was on average 29.8% higher in comparison to quasi-static
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deformation. The decrease in the values of stress between the low-rate and high-rate
experiments was caused by wave propagation through the structure. Impact velocity was,
in this case, close to a point where the shock effects and damage localization caused by the
strain wave propagation would become very profound (see Figure 8b). As demonstrated
further in the text (see Section 3.3), the low mechanical impedance of the cell together with
the high impact velocity caused the average stress–strain diagram for the BS structure not
to be valid until a strain of approximately 0.3 due to the non-equilibrium state of the SHPB
experiment. Therefore, the stress decrease in the initial phase of the stress–strain diagram
did not represent the overall mechanical response of the structure.

3.2.3. Facet Direct Structure

The dynamic behaviour of the FD structure is expressed by the stress–strain diagrams
captured in Figure 7c. The low-rate experiments were evaluated up to 36.4% of deformation
and the initial yield stress recorded at this strain-rate was 19.8 MPa, which corresponds to
an increase of 15.8% in comparison to the quasi-static response. The stress peak occurred
at 11.6% of the engineering strain and its value was 36.4 MPa, which corresponds to an
increase of 21.3% in contrast to the quasi-static loading. The high-rate experiments were
evaluated up to 59% of deformation. The yield stress recorded at the high-rate was 24.1 MPa,
which is 40.9% higher than the quasi-static value and the stress peak of 41.83 MPa, which is
36.3% higher than the quasi-static results. The global maximum of stress also occurred at
the highest engineering strain of 13.6%. The shape of the dynamic diagrams for both the
investigated strain-rates corresponds to the one obtained during the quasi-static loading.
Visual inspection of the deformation mechanism arising from the dynamic compression
revealed a persisting tendency of buckling for this structure (see Figure 8c). However,
the dynamic buckling results rather from a rotation of individual unit-cells around the
interconnection nodes corresponding to the quasi-static behaviour of the BD structure—see
Figure 6a.

3.2.4. Facet Stem Structure

The results of the dynamic experiments for the FS structure are captured in Figure 7d.
The low-rate experiments were, in this case, evaluated up to 38.7%. The initial yield stress
was 15.7 MPa, which is 35.3% higher than the value recorded under quasi-static loading
conditions. The average stress–strain curve obtained from the low-rate experiments exhibits
a similar trend to the quasi-static curve, although a stress increase from 25% of deformation
can be observed, indicating that the plateau stress region is significantly shorter in the
range 12% to 25% of the engineering strain. The elevated strain rate in this case accelerated
the loss of stability of the stem elements between the layers of the unit-cells in the structure,
resulting in this shift of the mechanical response in comparison to the quasi-static behaviour.
The high-rate experiments were evaluated up to 59.4% of the engineering strain. The initial
yield stress was 15.8 MPa, which is 36.2% higher than the quasi-static value. The high-rate
dynamic response is typical with a significant stress peak recorded on average at 17.4% of
deformation reaching the value of 32.36 MPa followed by a region of rapid stress release.
Visual inspection of the camera recordings from the experiments revealed that the stress
release region results from a failure of the interconnecting strut elements crushed due to
the rapid load increase and localization leading to the collapse of individual layers in the
lattice (see Figure 8d).

3.3. Validation of Dynamic Experiments

Validation of SHPB experiments is necessary because the data mistreatment can cause
significant errors leading to erroneous conclusions. In this context, the velocities calculated
from the strain gauge signals and DIC at the interfaces between the bars and the specimen
were compared to cross-check the relevance of the measured signals. The Hopkinson bar
method is based on elastic wave propagation through slender bars. Therefore, the actual
particle velocity at a given cross-section of the bar can be calculated from strain gauge
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signals by multiplication of the measured strain with elastic wave propagation velocity (in a
simple case without superposition of the waves propagating in the bar). Velocities from DIC
displacements were calculated by time differentiation. As can be seen in Figure 9, showing
a representative plot of the bar’s cross-section velocities at the specimen interfaces, a perfect
match for both measurement methods was observed. As the cross-section velocities can
be used to calculate all quantities necessary to evaluate an SHPB experiment, the DIC
velocities were used for the evaluation of high-strain-rate experiments with an impact
velocity of 48 ms−1 where strain gauges could no longer be used because of their extreme
fail-rate related to high amplitudes of the strain signals. Here, the DIC method yielded
results fully comparable to the strain gauges. Typical stress–strain diagrams evaluated
using strain gauges and DIC are compared in Figure 10. The equilibrium of dynamic forces
was analysed in all experiments to reveal any tendency to non-uniform deformation caused
by strain wave propagation through the specimen or by possible shock effects related to
impact velocity (in an ideal case, forces at the incident bar interface quickly converge with
the forces at the transmission bar interface). The equilibrium of dynamic forces for the
beam stem version is shown in Figure 11. Note that the forces converged quickly at the
low rate while their convergence at the high rate was much slower and was not similar
until the densification phase. This effect is related to the wave propagation through the
specimen when the structure remained in the non-uniform phase to higher strain due to
higher impact velocity. The low mechanical impedance of the cell together with the high
impact velocity caused the average stress–strain diagram with stress evaluated from the
transmission bar not to correspond to the diagram with stress evaluated from the incident
bar. Thus, the average stress–strain diagram for the BS structure was not valid until a strain
of approximately 0.3.

Figure 9. Velocities evaluated using strain gauges compared with DIC: BD version, low-rate.
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Figure 10. Dynamic stress–strain diagrams evaluated using strain gauge signals and DIC, (a) BD structure/low-rate, (b) FS
structure/high-rate.

Figure 11. Equilibrium of dynamic forces, (a) BS structure/low-rate, (b) BS structure/high-rate.

3.4. Auxeticity

Auxetic behaviour of lattice structures is typically assessed by the evaluation of
Poisson’s ratio, which is supposed to gain negative values for auxetic materials [21,22].
However, this property was not evaluated in this study due to the geometry of the investi-
gated specimens. Firstly, due to the restrictions resulting from the geometry of the dynamic
experimental setup and the limited precision of the manufacturing method, the number
of unit cells did not fulfil the requirements on the representative volume element (RVE)
of the structure [29]. Thus, the deformation localisation exerted a strong effect on the
overall response of the specimens. The values of transverse strain calculated from the
displacements of the edging nodes tracked by the DIC differed along the longitudinal
axis significantly due to buckling, bending, or shearing mechanisms occurring during the
compression of the structures. Thus, finding a representative field on the observed surface
of the specimens for a reliable and comparable evaluation of Poisson’s ratio would not be a
straightforward task in this case.

Instead, to evaluate whether the assessed structures exhibited an auxetic behaviour,
the area difference DA parameter was calculated for each of the investigated samples.
The average values of the area difference for the quasi-static response as well as for each
dynamic strain-rate are captured in Figure 12a. The values of the area difference were
positive and directly proportional to the increase in engineering strain for all investigated
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structures under all investigated loading conditions. Thus, the anticipated auxetic character
of the structures was not rejected.

A representative example showing the edges used for the calculation of DA in the
case of the BD structure is shown in Figure 12b, where the current edges of the area AE are
highlighted with a green colour and the red coloured edges belong to the area AC. In this
case, AE was calculated to be greater than AC, which corresponds to the positive value
of DA. Similar trends could be observed for all structures, whereas the largest values of
DA were indicated for the FS version and the least area difference was recognized for the
FD structure.

Figure 12. (a) Average area difference diagrams at various strain-rates for each structure and (b) a rep-
resentative example of the edges used for the area difference calculation.

Hence, the auxeticity of the structures was not confirmed in the selected spatial
configurations and the investigated geometries of re-entrant tetrakaidecahedral lattices,
powdered stainless steel material, and manufacturing technology. This might result from
a relatively small re-entrant area (protruded beams forming the “corners” of the cell) in
comparison to the overall size of the unit cell and a limited precision of the fabrication
process causing significant differences between the real and intended geometry of the
structure particularly in the re-entrant area of the cell.

4. Conclusions

Four different additively manufactured lattice structures formed by a periodical assem-
bly of re-entrant tetrakaidecahedral unit-cells were investigated in this study. A description
of the fundamental mechanical behaviour of the selected structures was determined from
quasi-static uni-axial compression tests. To assess the strain-rate sensitivity of the mechani-
cal response, dynamic compression experiments at two different strain-rates using SHPB
apparatus were conducted. Optical measurement methods employing a high-resolution
CCD camera and high-speed cameras were applied. An in-house-developed DIC algorithm
was used to evaluate the displacements from the camera recordings. Auxeticity of the
structure was assessed by evaluation of the area difference parameter. Based on the results
obtained from the experimental investigations, it is possible to conclude the following:

• A strain-rate sensitivity of the deformation behaviour of the investigated structures
was evaluated. The increase in recorded values of stress occurred for all structures at
both investigated dynamic strain-rates in comparison to the quasi-static response.

• Strain-rate sensitivity of the tested structures was primarily dependent on the geome-
try of the unit cell and the inertia effects during the collapse of the individual layers.
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• The structures with the direct interconnection of the unit cells (BD, FD) were more
prone to buckling due to the rigidity of the interconnecting nodes causing rotation of
the unit cells around these nodes during loading.

• The structures with interconnecting stem elements between the layers of the unit cells
(BS, FS) exhibited a decrease in stiffness under the high-rate loading compared to
the low-rate impacts, which resulted in a rapid loss of stability of the stem elements
causing a rapid collapse of the structure.

• Structures that did not exhibit collapse peaks and significant buckling effects showed
less significant strain-rate sensitivity between low-rate and high-rate dynamic exper-
iments, while the structures more prone to buckling effects exhibited a significant
increase in measured stresses and changes in the mechanical response (inertia-related
peaks in stress–strain diagrams, changes in plateau phase).

• While the lower stresses of the FS version at the high-rate were related to inertia effects
(collapse mechanisms of the layers and cells), the lower stresses of the BS version (the
weakest structure) were caused by wave propagation through the structure.

• All structures were less prone to buckling during dynamic loading as the inertia effects
and high impact velocity effectively prevented the lateral movement of the layers.
The effect was the most profound for the FD version where a significant stress increase
between the individual strain rates was observed. This behaviour has been reported
for similar cellular structures manufactured from the same material [30,33].

• The possible auxeticity of the structures resulting from the geometry of the unit cell,
which was assumed to be auxetic, was not confirmed for the investigated spatial
configurations of the cells, used material, and built technology.
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