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Mechanical properties of diamond lattice structures based on main

parameters and strain rate

The diamond triply periodic minimal surface structure has a high mechanical
property—weight ratio. They can be modified by changing their internal

parameters or the material. They are generated using the additive manufacturing
(AM) that possibilities the use of various materials for generating zones with
different mechanical properties or by modifying their internal parameters.
However, the effects of internal parameters in the mechanical properties have not
been defined in detail. Furthermore, the strain rate modifies these mechanical
properties. In this study, the effects of the internal parameters and strain rate were

evaluated and additionally, the failure mechanism of the structures.

Keywords: lattice; energy absorption; additive manufacturing; failure

mechanism; compression; diamond.

Introduction
Traditionally, polymeric foams such as the expanded polystyrene (EPS) have been used
to absorb energy in some applications, such as the automotive and packaging industries.
An example is helmets that protect the brain from impact, as they have a significant
ability to deform and absorb energy. Although these materials are petroleum based and
have a non-renewable origin, they possess excellent properties: high energy absorption,
low density, good economy, property modification during the manufacturing process,
and the capability to form complex shapes. Thus, they are used in diverse applications,
such as for producing seat cushions, bumper systems, and liners in helmets (for
motorcyclists, field workers, and sportspeople) and side-impact protection systems.
Polymeric foams are manufactured during a foaming process in which foam
expansion can be controlled to achieve the desired density. Studies [1, 2] have
established a clear relationship between the density and the mechanical properties of

different polymeric foams. Similarly, the foaming process generates closed cells inside



the material that traps the air; hence, the higher the density, the lower the trapped air

and distance between the cell walls.

Other researchers [3] found that these materials exhibited a characteristic stress—

strain relationship and developed a material behavior mode and also determined a

material model called the Ashby—Gibson model to determine the main mechanical

properties for main foams depending on the non-foamed original material and the

relationship between the density of the foamed and of the solid material. The Ashby—

Gibson observation divides the stress—strain curve into three well-defined parts: elastic,

plateau, and densification zones. In the elastic zone, the material exhibits an elastic

behavior and can recover its initial shape and size, and the stress—strain relationship is

linear. The slope of this curve is the elastic Young’s modulus of the material. In this
zone, the higher the density, the higher the elastic Young’s modulus because there is a
large material volume. Subsequently, some internal cells of the structure start to
collapse, and the plateau zone appears, which is defined by somewhat constant stress
levels that typically increase slowly. This defines the plateau Young’s modulus. In the
plateau zone, the higher density indicates a higher quantity of structural material,
implying higher stress levels. The plateau zone optimally absorbs adequate energy
without significantly increasing the stiffness.

Finally, the entire cells collapse, and no air remains trapped; thus, opposite cell
walls contact. The stress increases sharply, and the mechanical properties are similar to
those of the original nonfoamed material. This zone, called the densification zone,
should be avoided in these applications because a high rigidity indicates high

decelerations during an impact. In the case of a helmet, for instance, high decelerations



during an impact cause severe brain injuries [4]. This behavior mode and the relevant
parameters are explained in detail in Section 2.3. A higher quantity of material and less
air trapped inside suggest that opposite walls have contact with decreased material
deformation.

Conversely, some parameters such as the geometry of the element must be
considered when designing an effective energy absorber to protect and minimize the
damage of different zones of the element. It is well known that for helmets [5], the
stiffness of each part of the skull and the tolerance and functions controlled by each
brain zone are different. Thus, the probability of impact on an area of the head during an
accident varies [6]. Consequently, it is essential to adapt each zone of the energy
absorber element to produce effective protective devices [7]. A study [8] investigated
the effects of rotational decelerations and moments on brain damages caused by oblique
impact and concluded that the low weight of the helmet is essential to reduce these
moments. Although EPS has a low density, the manufacturing process limitations
prevent its generation of one-part EPS energy-absorber elements, which can have
different densities and mechanical properties. Therefore, it is necessary to search for
alternative materials.

Some researchers have examined natural materials [9], such as cork and cork
agglomerates [10], biocomposites [11], and mycelium basis materials [12]. Although
these materials have renewable origin and could be easily recycled and/or decompose,
they present the same limitation as the EPS: they cannot be tailored zone by zone to
modify their mechanical properties.

Other researchers have investigated the additive manufacturing (AM) process
[13]. This technique enables the application of different materials, such as renewable

materials like acrylonitrile styrene acrylate (ASA), to produce multimaterial structures



[14]. It also possibilities the use different structures based on the zone with different
mechanical properties and stiffness [15], modified thickness of the structure based on
the zone [16], or the possibility to form gradient structures [17]. Consequently, different
methods are used to generate zones with different mechanical properties tailored and
optimized, for instance, in the case of helmets, to improve safety and reduce the weight
Different types of filling structures can be applied. Examples of such structures
include the bioinspired [18], auxetic lattice [19], trust [20], prismatic tetrahedral [13],
and triple periodic minimal surface (TPMS) structures. TPMS structures are widely
known lattice structures and are invariant under a rank-3 tensor. They are intricate
periodic scaffolds generated by repetitive basic cells defined using a mathematical
function to generate thick surfaces for the final structure that could be named thickened
triple periodic minimal surface (TTPMS). TTPMS structures have a relatively low
density and a significant energy absorption capacity under compressive loads [21].
Thus, they are suitable substitutes for EPS because they could have similar mechanical
properties per unit of weight or per unit of volume and similar behavior mode but
allowing them to generate products different zones, each with different optimized
stiffness that is impossible to generate with a foaming process. AM is suitable for
modifying the mechanical properties of several materials, such as thermoplastics [22],

stainless steel [23], titanium [24], and elastomers [25]. These structures exhibit similar

behavior mode that the one described by the Ashby—Gibson observations [26].

Several TTPMS structures exist, but the most promising types in terms of low
density and desirable mechanical properties are diamond, gyroid, Schwarz-P or
primitive, Neovious, Lidinoid, and split-P [27-29]. These structures are controlled by

two major parameters: basic cell length and wall thickness of the structures



Some researchers have compared different structures [30, 31]. A study [32]
concluded that split-P, diamond, and Neovious have better mechanical properties and
higher energy absorption per unit weight than other structures. Neovious structures have
significantly higher stress levels in the plateau zone, but the densification zone appears
with relatively low deformation [32]. For split-P and diamond structures, the stress

levels are high and similar, but the split-P structure is more unstable than that of the

diamond structure, and more oscillations appear on the stress—strain curve.

Additionally, the densification zone appears with a lower strain than in the case of the
diamond. Hence, diamond structures are the most suitable for energy absorption
applications. A study [33] on gyroid structures reveals that structures produced with
ASA or ABS have similar properties with EPS structures.

The mechanical properties of any material, including TTPMS [34], vary

depending on the velocity of the applied load. Hence, it is necessary to determine the

load variation during impacts. For materials and structures consistent with the Ashby—

Gibson observation, an increase in the strain rate, on the one hand, typically indicate
increased stress levels in the plateau zone and an increase in Young’s modulus; on the
other hand, the densification zone appears with a decreased strain [35].

In this study, the effects of the strain rate and internal parameters of ASA
diamond structures on their mechanical properties and energy absorption capacity were
investigated. This study gives a broad view of how these structures should be tailored to
obtain desired mechanical properties in static and dynamic applications in substituting
polymeric foams. In addition, diamond structures were compared with EPS foams used

in helmets.



Materials and methods

Materials

ASA with the commercial name, Z-ASA Pro, manufactured by Zortrax, was used as the
material in this study. It was used in a Zortrax M200 printer with a 0.4 mm nozzle to
print all the specimens using the fused filament fabrication procedure, with a layer
height of 0.19 mm.

The solid materials were subjected to compression according to the ASTM
D1621 test method using three strain rates (0.0016 or quasistatic according to the
standard, 0.0075, and 0.1 s™). The results, which were used for comparisons with the
diamond structures, were processed to obtain the material curves and the main
mechanical properties.

This study focused on a specific TTPMS structure, that is, the diamond, which

has a significant energy absorption per unit mass [32]. This structure is consistent with

the Ashby—Gibson observation [3]. N-Topology (version 3.21.2), a CAD and finite

elements method software developed by the company with the same name, was used to
generate the diamond structures, defined by Equation (1) [36]. N-Topology uses an

approximation of this equation to generate TPMS surface.

F(x,y,z) = sin (%) sin (Z%y) sin (%) + sin (?) cos (?) cos (Z%Z) +

cos (%) sin (2%) cos (%) + cos (%) cos (2%) sin (2%) —t (1)

where x, y, and z are the coordinates, a is the cell size, and ¢ is a constant adjusted for a
desired wall thickness/volume fraction.

N-Topology and similar software generate TPMS-only surfaces initially without
thickness, and the volume is subsequently generated using implicit functions to obtain a

TTPMS. This implicit method is defined by the volume fraction (p*) instead of the



thickness (), the most common parameter for defining lattice structures. The volume
fraction (p*) is the percentage of solid material inside the structure. A close relationship
exists between the parameter that defines the thickness, ¢, and the volume fraction [37].
Additionally, p* is related to the measured densities of the structure (psiuc:) and solid

material (psoria).

ot = (Volumestruct) _ (1 _ M) )

Volumesgiiq Psolid

The aim of this study is to analyze the effects of the strain rate and main internal
parameters on the mechanical properties of the diamond structure. Thus, the influence
of the volume fraction and cell size was investigated, varying the cell size (6.6, 10, and
20 mm) and volume fraction (20%, 30%, and 40%; Figure 1); this variation was made
adjusting # and analyzing the volume of the specimen until the desired final volume
fraction is obtained; whilst it could be generated a model that related directly # and the
volume fraction, in this case the used method was more cost-effectively. The cell sizes
and volume fractions were selected based on the manufacturing limitations and three-
dimensional printer resolution, with six, four, and two cells inside the specimen. Finally,
40 mm x 40 mm x 40 mm cubic specimens where used; next section explains the
reasons to use these dimensions. Although the specimen with two cells underwent
relative distortion because of the low number of cells and the boundary effects[38], it
was selected because of the limitations of the printing process and test machine and to

obtain more graphical points.

p*vs.t
20 mm




10 mm
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(kg/m?)

Figure 1. CAD model of the different diamond specimens in function of the volume
fraction and the period

The nomenclature used for each diamond specimen was “X_YY,” where X is
the number of cells, and YY is the volume fraction. For the EPS, the density was 120

kg/m?, and it was named “EPS.” For the solid ASA material, the name was “Solid.”

Methods

The materials were subjected to dynamic and quasistatic compressive loads using an
8032 Instron universal testing machine. Although a specific standard for testing such
TTPMS structures has not been developed, the standard for cellular foams was adopted

[33] because of the similarity in the mechanical behaviors of TTPMS structures and
cellular foams, such as polyurethane (PUR) and EPS. Consequently, ISO 844 — “Rigid
Cellular Plastics Compression Properties,” ASTM 3574 — “Standard Test Methods for

Flexible Cellular Materials: Slab, Bonded, and Molded Urethane Foams,” and ASTM

D1621 — “Standard Test Method for Compressive Properties of Rigid Cellular Plastics,”



can be used for quasistatic tests. The main difference between these standards is the
dimension of the specimen. The specimen recommended by ISO 844 is a 50 mm % 100
mm x 100 mm prism, and its minimum thickness is 50 mm. For the ASTM 3574
specimen, no minimum thickness is specified, and the size is 50 mm % 50 mm X 25 mm.
The minimum size of the ASTM D1621 specimen is 25.4 mm x 25.4 mm % 25.4 mm.
Because of the Inston maximum load capacity (100 kN), a 40 mm % 40 mm % 40 mm
prism specimen was used, and ASTM D1621 was adopted. Additionally, a solid 25.4
mm x 25.4 mm x 25.4 mm prism specimen was evaluated to characterize the original
material.

These codes specify the same movement condition for the strain rate: the
crosshead displacement rate must equal 10% of the sample thickness per minute. Thus,
the velocities for the TTPMS and solid prisms were 4 and 2.54 mm/min, respectively,
indicating a strain rate of 0.0016 s in both cases.

No universal code for the dynamic testing of this or other similar materials has
been developed. Therefore, ASTM D1621 was adopted, but with different velocities;
the maximum velocity was determined based on the maximum velocity of the Instron
machine (4 mm/s) applied to the TTPMS specimen, implying a strain rate of 0.1 s'. An
intermediate strain rate of 0.0075 s™! (a test velocity of 0.3 mm/s) was applied.
Therefore, 2.54 and 0.1905 mm/s test velocities were applied to obtain the same strain
rate for the solid materials.

The uniaxial testing machine recorded the forces and displacements during the
tests. The values were used to plot the stress (6)—strain (&) curves based on the
dimensions of the specimen. The absorbed energy per unit volume (W)—strain curve was
plotted using Equation (3), and based on the density, the specific stress (os)—strain and

absorbed energy per unit volume (W;)—strain curves were plotted.



W= fog o(e)de (3)
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The absorbed energy can be divided into two energies: the absorbed elastic
energy that can be recovered (Equation (6)) and the plateau energy that cannot be

recovered (Equation (7)).
W, = f;“d o(e)de (6)

W, = fg"":fa(g) de (7)

Ashby-Gibson observation and its parameters

Ashby and Gibson [3] investigated the mechanical properties of polymeric foams under
compression. They observed that these materials exhibited a characteristic stress—strain
behavior, and a relationship existed between the density and the values of this curve.
Thus, they established a material behavior mode for these types of structures. These
mechanical properties can be modified by controlling the density during the foaming
process [1, 2]. Some researchers concluded that this behavior mode applies to corks and

cork products [10] and lattice structures [17].

The Ashby—Gibson observation defines three well-defined zones in the stress—

strain curve. In the first zone, called the linear zone, the material exhibits a linearly
elastic behavior, and the slope of the curve defines Young’s modulus of the material. In
the linear zone, the material or structure can recover its initial shape. After a certain
point, the cells start to collapse, and a deviation of the actual curve larger than 0.2% of
the elastic curve is observed; at this point, the plateau zone appears, and the material or

structure cannot recover its initial shape. In the plateau zone, different types of the



collapse of the structure and cell may occur, depending on several factors (such as the
material, type of TTPMS structure, and parameters of the structure) [32]. The structures
and cells collapse progressively; hence, this zone has somewhat constant or increasingly
mild stress levels. The average stress value in this zone defines the plateau modulus.
Subsequently, the opposite cell walls contact, and the densification zone
appears. The stress increases steeply, and for a TTPMS structure, it behaves like a solid

material (Figure 2).
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Figure 2. Ashby-Gibson behavior modes for bending (left) and for stretching-dominated
structures (right)

The Gibson—Ashby observations establish that foams exhibit either of two

behaviors after plasticity commences, depending on whether the cell collapse is
dominated by bending or stretching. Therefore, the deformation mechanisms are
different. In stretch-dominated structures, the initial collapse strength and elastic
modulus are high but decrease in the plateau zone because post yield softening occurs;
thus, this case is ideal for lightweight structures in the elastic zone. In bending-
dominated structures, there is no local peak when plasticity starts, and the stress in the
plateau zone is almost equal to the initial collapse strength. Hence, these structures are
suitable for applications that require the plateau zone to absorb energy. Alomar and

Concli [39] concluded that TTPMS structures exhibit similar behavior.



The main parameters determined from these curves are as follows: the maximum
tensile strength in the elastic zone (o), maximum tensile strength in the densification
point (o¢,4), maximum elastic elongation (e.p), elongation in the densification point
(&c.a), elastic Young’s modulus (£.), plateau Young’s modulus (E)), densification
Young’s modulus (£4). E. can be used to determine the maximum elastic elongation
(ecp) when a deviation higher than 0.2% of the elastic curve appears. This point defines
&cpand oce.

For .4 and 0.4, this point is determined from the intersection between the line
defined by the slope of the plateau zone (E,) and a tangent curve in the densification
zone. The tangent curve in the densification zone is plotted using the bulk modulus of
the solid material (K) for the TTPMS structure and, in the case of foams, the bulk
modulus of the nonfoaming material.

The density (p) can be used to determine specific properties; these properties are
the ratios of the previous parameters to the density. Nonspecific parameters are used to
compare different structures and/or structures with the same volume, whereas specific
parameters are used to compare structures and/or materials with the same weight. Thus,
the following parameters are determined: the maximum specific tensile strength in the
elastic zone (ocs,¢), maximum specific tensile strength in the densification point (oes,q),
specific elastic Young’s modulus (E), specific plateau Young’s modulus (E)s), specific
elastic absorbed energy (Wes), and specific energy absorbed in the plateau zone (Wps).

The primary use of TTPMS structures is the kinetic energy dissipation of a
shock through energy absorption. Nevertheless, it is essential to maintain the maximum
force, deceleration, or both below a limit, depending on the application. Thus, these

materials should be modified to achieve an optimal behavior. For foams [40], the



control of the density during foaming influences the mechanical properties; in the case
of TTPMS structures, volume fraction control is critical.

At this point, it is essential to explain the influence of the stress—strain curve on
the deceleration process and maximum force. If the structure is insufficiently stiff across
the curve, particularly in the plateau zone (low W, and low o..), the densification point,
&cd, 18 exceeded on impact, and the densification zone appears. Consequently, the
stiffness increases sharply, implying high decelerations and forces. Therefore, severe
brain injuries (in the case of helmets) and breakage of packaged goods may occur.
However, excessively stiff (high o) structures may generate high decelerations and
forces initially with the same final results but with a lower final strain, indicating that
the material is only partially crushed. For the optimal use of the structure, the objective
is to utilize the entire plateau zone without reaching the densification point.

Mechanical tests were repeated 3 times for all volume fractions cell sizes and
strain rates. Only small deviation of the results were observed in the stress strain curves
as confirmed by the groups previous studies [10, 17, 32, 33] (a selection of some of the
results of the study of the variability are shown in Table 1). The low deviation could be
due to aspects such as the control of the temperature of the room and of the printing
space, the use of the same roll of material for the identical specimens, the use of the
same printing machine and that the specimens have been printed and tested
consecutively. Furthermore, the same printing parameters, nozzle, etc. were used that
probably reduces the influence of the manufacturing process and of the environment in
the variability of the results. Finally, due to the low observed deviation, it has been used

in this work the first specimen tested.

Table 1. Analysis of the deviation of the results for some specimens

p* | Strain rate Specimen E |oc,e
(%) (s P MPa %

Ocp | Ocd Ece Ecp

Cells




1 268 | 1.4 |1.1| 09 | 52 |63.4

2 20 0.0016 2 281 |15 (12|09 | 51 |645
3 264 |13 |11] 1.0 | 5.4 |66.5

Deviation (%) | 6.0 |13.3|8.3]10.0| 56 | 4.7

1 72.0 | 41 (38|52 | 57 |51.2

4 30 0.075 2 69.0 | 42 [3.9] 55 | 5.8 |506
3 733 | 40 (38|53 | 57 |52.7

Deviation (%) | 59 |48 |26|55 | 1.8 | 40

1 122.0| 7.8 |7.0|10.0| 6.4 |56.0

6 40 0.1 2 131.0| 83 73] 9.3 | 6.7 |56.5
3 119.0| 7.6 |6.9] 9.6 | 6.3 |53.2

Deviation (%)| 9.2 | 84 |55| 7.0 | 6.0 | 5.8

Other variables of interest

Miltz [41] proposed another method for obtaining results using the efficiency parameter
(W). This additional indicator, typically plotted against the strain, is defined as the ratio
of the absorbed energy to the stress.

f;a(s)de

g

W = (8)
Some previous studies on foams [42] and cork products [10] have revealed that a
typical efficiency—stress diagram always has a maximum because, after a certain point,

the rate of increase in the absorbed energy is lower than the rate of increase in the stress.

Although efficiency is a valuable parameter for materials characterized by a

monotonically increasing stress—strain curve, some researchers [43, 44] have revealed

that its need in other cases is questionable. In these cases, if a sufficiently high

maximum stress peak is attained in the early stage, the material reaches a stress level
that must be considered instead of the stress for each strain. Here, the total efficiency
(W) is a more appropriate indicator, and it is the ratio of the energy to the maximum
stress. For monotonically increasing materials, the efficiency and total efficiency are

identical.



fja(s)ds
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The ideality (/) is another indicator defined by Miltz [41].
[ = fo o(e)de (10)

g&

Ideality reflects the stress and strain at each point in analyzing how close a
structure is to an ideal absorber (an absorber with constant stress along with the strain).

However, Miltz [41] observed that in most cases, ideality yields a nonoptimal solution,

owing to the typical shapes of stress—strain curves. Hence, the maximum ideality

typically appears at the end of the elastic zone. The material exhibits small deformation,
indicating that the energy-absorbing ability of the plateau zone is unused. Hence, this
indicator was discarded.

Another approach for analyzing the TTPMS of different materials is the
normalized form [30, 45]. Here, a double-logarithmic diagram is plotted to present the
absorbed energy divided by the elastic modulus of the original solid under elastic
compression vs the stress divided by the elastic modulus of the solid material. In this
case, only a solid material with the same elastic modulus is used. Thus, the shape of the

plotted diagram would be identical to the absorbed energy vs stress diagram.

Rush [46] established a material model different from the Gibson—Ashby model

for foams and similar materials that use other indicators, such as the cushion and Jansen
factors. However, the complexities involved in the mechanical characterization of the

Rush model limits its application.

Results and discussion

Analysis of effect of volume fraction



Figure 3 shows the stress—strain curves of all the specimens, and Table 2 lists the main

mechanical properties. An increase in the volume fraction increased the stress level in
the plateau zone, maximum stress in the elastic zone, and maximum specific tensile
strength at the densification point. However, the densification zone appeared earlier

with a decrease in strain. This behavior was observed for all the evaluated strain rates.
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Figure 3. Stress-strain curve for the different specimens and strain rates

Table 2. Main mechanical properties of the studied specimens under different strain

rates.

0.0016 s
Gcp €0 We W, Wi max
MPa % J/mm3 %
20%| 26.8 {1.4|1.1| 09 |5.2(63.4| 3.7E-06 | 6.7E-04 | 35.9
2 30% | 59.4 |3.7|26| 5.1 |6.2|59.3| 1.2E-05 | 2.2E-03 | 37.1
40% | 126.8 (6.2 | 5.6 | 9.0 |4.9|51.1| 1.5E-05 | 3.2E-03 | 32.6
20% | 25.1 |14|11| 1.4 |56|61.7| 3.9E-06 | 7.2E-04 | 39.8
4 30% | 72.8 |3.8|3.3| 48 |5.2|53.2| 9.9E-06 | 1.8E-03 | 39.5
40%|132.0({6.5|7.0| 9.0 |4.9|51.3| 1.6E-05 | 3.6E-03 | 37.0
20% | 36.8 |1.6|1.2| 1.5 |43 |58.4| 3.1E-06 | 6.7E-03 | 41.2
6 30% | 72.2 |3.8|3.4| 50 |53|57.8| 1.0e-05 | 2.0E-03 | 39.9
40% | 134.2|7.2 6.6 | 9.0 |5.4|52.2| 1.9E-05 | 3.6E-03 | 36.2

0.0075 st

Ocd | Ece

E. ‘ Oce

Cells | p*




€p W, Wp | Wemax
MPa % J/mm3 %
20% | 345 |16|1.0| 2.0 {4.6|67.3| 3.7E-06 | 6.5E-04 | 33.3
2 30% | 91.0 |4.0|3.0| 5.2 |4.4|58.4| 8.8E-06 | 2.2E-03 | 37.1
40% | 141.0 (6.8 |6.0|11.0|4.8|47.2| 1.6E-05 | 3.5E-03 | 30.8
20% | 27.6 15|10 1.8 |5.4({63.4| 4.1E-06 | 4.7E-04 | 34.6
4 30% | 72.0 |4.1|3.8| 5.2 |5.7|51.2| 1.2E-05 | 1.8E-03 | 38.4
40% | 121.0(6.8|7.2 |10.0|5.6|49.9| 1.9e-05 | 3.3E-03 | 35.7
20% | 246 |1.2]|09| 1.8 {49|66.7 | 2.9E-06 | 6.7E-04 | 374
6 30%| 705 (4.2 36| 4.8 |6.0|55.3| 1.3E-05 | 2.0E-03 | 39.0
40% | 119.0(6.8|7.0|10.0|5.7|52.3 | 1.9E-05 | 3.4E-03 | 36.5
0.1s*
Ocp| Oca |€ce| €co | We | Wi | Wema
MPa % J/mm3 %
20% | 235 |1.7|1.0| 1.7 |7.2|62.6 | 6.1E-06 | 6.9E-04 | 36.9
2 30%| 69.0 (4.2 (3.0 4.0 |6.1]|60.2| 1.3E-05 | 1.5E-03 | 35.5
40% | 140.0(69[6.0| 9.0 |4.9|53.3| 1.7E-05 | 2.0E-03 | 32.2
20%| 233 |19|11| 15 |(8.2|61.3| 7.7E-06 | 5.3E-04 | 31.9
4 30%| 66.1 |46 |3.6| 54 |7.0|50.2| 1.6E-05 | 1.9E-03 | 39.6
40% | 112.0(8.0(7.2|10.2|7.1|57.8| 2.9E-05 | 3.9E-03 | 38.7
20% | 22.7 |1.8|1.0| 19 [{7.9|63.3| 7.1E-06 | 8.5E-04 | 42.5
6 30% | 633 |46|3.6| 50 |73|57.2| 1.7E-05 | 2.3E-03 | 40.9
40% | 122.0(7.8|7.0|10.0|6.4|56.0| 2.5E-05 | 3.9E-03 | 38.8

Ocp | Ocd | Ece

E. ‘ Oce

Cells | p*

Ec ‘ Oce

Cells | p*

Similarly, an increase in the volume fraction indicated an increased elastic Young’s
modulus. The absorbed energy analysis (Figure 4) revealed that the higher the volume
fractions, the higher the energy absorption capacity at the same strain. This trend was

observed for the elastic absorbed energy and the energy absorbed before densification.
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Figure 4. Energy absorption per unit of volume diagrams for the different specimens
and strain rates

The lower volume fraction could, in some cases, imply a higher compression of
the material. In the case of a helmet, this causes lower decelerations on the head,
minimizing brain damage.

The analysis of properties per unit weight instead of per unit volume (Figures 5
and 6; Table 2) showed similar behavior. Although the difference in the stress
magnitude decreased, an increase in the volume fraction resulted in increased specific

elastic modulus and specific stress level.
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In terms of total effectivity (Figure 7), an increased volume fraction indicated
increased stress at the maximum effectivity point. However, the relationship between

the volume fraction and maximum total effectivity is unclear.
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Analysis of effect of period

The analysis of the variable period (Figure 3 and Table 2) revealed a slight influence of
this variable on mechanical behavior. The stress levels (cce , Gcp, 0c,d) and densification

point were similar for all specimens, but the trend is unclear. The number of cells

somewhat influenced the shape of the stress—strain curve but there is not a direct

relationship between the length of the unit cell and the mechanical properties. For the
specimen with two cells, a decrease in values was observed for all cases corresponding
to the cell collapse but this could be due to the boundary effects because two cell
specimen is especially sensible to this aspect. In the case of four cells with a relative
density of 20%, four waves in the curve matched with the number of cells; a similar
observation was made for the specimen with six cells. This behavior occurred because
the structure failed layer-by-layer diagonally. For the high relative densities (30% and

40%), these waves were not significant and disappeared because of the more abrupt



collapse in the lowest relative density specimen (attributed to the increased quantity of
air inside).

The energy absorption analysis (Figure 4) reveals a similar energy absorption
capacity. However, in the four-cell specimens, the densification appeared at lower
strains, inducing earlier energy absorption.

For high strain rates, significant differences in the stress levels (Gce, Oc,p, Gc.d)
and energy absorption capacity were observed in function of the length of the cell size,
particularly for the two-cell specimens but this could be due to the boundary effect.
However, it has been observed that the lower the cell size, the higher the stress levels. It
has been observed also that in some cases, for this strain ratio, specimens with lower
volume fraction have the same capability to absorb energy than others with higher so,
for high strain rates both parameters, cell size and volume fraction have influence in the
capability to absorb energy. The analysis of the effectivity (Figure 7) indicated that a

higher number of cells increased the total efficiency for all the strain rates.

Analysis of effect of strain rate

The analysis of the strain rate effect (Fig. 8) shows that an increase in the strain rate
worsens the unstable behavior of the material, particularly at a 30% and 40% volume
fraction reflected in more peaks and valleys in the curve. For 20% volume fraction at all
strain rates, the number of peaks is independent of the strain rate; however, the 0.1 s™!
strain rate yielded slightly higher peaks and amplitudes of the curve oscillation

associated with the collapse of each layer.



20% 30% 40%

cells

0.8

cells

0.8

cells

0.8
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In most cases, the higher the strain rate, the higher the maximum peaks and the
oscillation amplitude. However, for the highest volume fraction and specimens with
four or six cells, the behavior for the quasistatic condition and 0.0075 s™! strain rate test
were hardly equal. In the other cases, the 0.0075 s! strain rate showed slightly higher
maximum values and amplitude ranges than the other strain rates. For the maximum
strain rate, significant differences with the other strain rates were observed; however,
the higher the volume fraction, the more similar the curves were with the other strain
rates.

The analysis of the different parameters (Table 2) indicates an unclear
relationship between the strain rate and the analyzed parameters. For the analysis of the
energy absorption capacity before densification (Figure 9 and Table 2), the strain rate
did not influence the higher volume fractions (30% and 40%) and the high number of
cells (four and six). In the other case, although a medium strain rate (0.0075 s™!)

indicated a low number of cells and the highest capability to absorb energy, the highest



strain rate (0.1 s™) indicated the lowest. In the case of the lowest volume fraction, is the

trend is unclear.
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Figure 9. Energy absorption diagrams for different specimens [Energy (MJ/mm? vs.
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Analysis of effect of failure mode

A digital camera with an intervalometer was used to capture photographs at every 3%

strain during the quasistatic test. A video camera was used in the dynamic load case to

analyze the failure modes and their relationships with the stress—strain curve.

Cracks appeared in the cells at the center of the specimen and in the zone with

less material (Figures 10 and 11). Subsequently, cracks appeared and propagated

diagonally (red lines in Figure 12). Finally, the structure collapsed in this diagonal

direction. This collapse slightly decreased the stress level with a decreased or increased

strain, depending on the number of cells: the higher the number of cells, the lower the

strain.
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Figure 12. Different specimen’s failure modes.

Next, the stress level recovered and increased progressively, and diagonal
collapse occurred in the other cells outside. In some cases, this induced a new collapse
in other diagonal directions but parallel to the initial collapsed cells (green and yellow
lines in Figure 12). A collapse also occurred in the other diagonal (blue lines in Figure
12), called failure in “X.” Finally, a material collapse occurred through a combination

of layer-by-layer horizontally, layer-by-layer diagonally, and X-collapse.

Conclusions

This paper is a valuable reference for diamond TTPMS structures. The effects of the
strain rate and internal parameters on the mechanical behavior and energy absorption
capacity were investigated.

The results show that the volume fraction significantly influences both
properties per unit weight and per unit volume. However, an increased volume fraction

decreases the air quantity inside the structure, crushing the different cell walls together



earlier, and hence, the densification zone appears earlier. These findings are consistent
with those reported by other authors [33, 47].

No clear relationship exists between effectivity and maximum effectivity.
However, a decrease in the volume fraction decreases the stress levels, and the
maximum effectivity appears at a decreased stress because the maximum total
effectivity point typically appears near the densification point, consistent with a study
[41].

The number of cells or the period did not significantly influence the properties.
However, an increase in the period was caused by a decrease in the number of cells,
indicating a significant decrease in the stress level for failure inside the cells.
Additionally, these reductions increased with increasing strain because some cells
collapsed earlier with an increasing number of cells.

The strain rate modifies the mechanical properties but does not modify the
energy absorption capacity in most cases. The highest strain rates indicate high peaks

and drops in the curve; consequently, the energy absorption trend is similar.

Nevertheless, high strain rates indicate unstable stress—strain curves with significant

oscillations, such as in gyroid structures [48].
The analysis results of the failure mechanism showed that in all cases, initial
failure occurred in one of the main diagonals of the structure, consistent with [49]; after

this diagonal collapses, the adjacent diagonals usually collapse. The collapse of the first
diagonal is typically reflected in the stress—strain curve with a decrease in the stress
level. However, the collapse of subsequent diagonals was not reflected in the curve.

Finally, different failure mechanisms were observed, such as the X- and layer-by-layer

failures, depending on the structure.



The properties of diamond structures can be modified based on the volume
fraction. A sufficiently high number of cells in the structure is desirable to minimize the
fluctuating stress levels. However, this is impossible in some cases because of the AM
process resolution. Although the strain rate does not influence the energy absorption

capacity, a high strain rate indicates high peak stress levels. Significant undulations of

the stress—strain curve indicate high decelerations. In the case of a helmet, for instance,

significant head damages may occur, but this should be investigated via tests on full-
model helmets.

Finally, it must also be highlighted that this study has been made with loads
applied in the printing direction. However, due to the influence of this parameter and
the influence of the crystallographic orientation of the final structures, results could vary

in function of this aspect that should be also studied in the future.
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