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Abstract—The results of a study of the mechanical properties of the honeycomb material made of polyamide-12,
which consists of structural elements that repeat in three directions and have Schwartz primitive geometry,
are presented. Samples in the form of a cube (size 30 X 30 X 30 mm) are obtained by layer-by-layer sintering
of powder material on a 3D printer of selective laser sintering (SLS) type. Compression tests of samples with
various geometry show that the strength of the samples increases with a decrease in the characteristic size of
the repeating structural element. According to the calculations performed by the finite element method, this
is caused by an increase in the dangerous sectional area. The possibility of a significant increase in the specific
strength of the material while maintaining its density is shown.

INTRODUCTION

In this study, the mechanical properties of the cel-
lular material made of polyamide-12, which consists
of structural elements that repeat in three directions
and has Schwartz primitive geometry, are studied. Cel-
lular structures make it possible to optimize the ratio
between the strength of a material and its weight. In
[1, 2], academician V.Ya. Shevchenko expressed the
idea of using similar objects with triple periodic mini-
mal surface (TPMS) geometry for extreme loading con-
ditions. The method of 3D printing is the most techno-
logically advanced method for producing objects with
such complex geometry [3, 4].

Objects that have the geometry of triply periodic
minimal surface consist of repeating elements with the
smallest possible area [5]. They combine surfaces with
positive and negative curvature. Schwartz’s primitive,
i.e., infinite triply periodic structures (with periodicity
along three axes), is an example of such surfaces (Fig. 1).
The produced surface is described by the following
rigorous mathematical equation, by means of which
one can vary the geometry and, consequently, the
properties of the obtained materials:

cos(x) + cos(y) + cos(z) = ¢. (D)

Due to the unique structure, materials that have
the TPMS geometry represent composite materials
composed of two mutually interpenetrating phases (in
this case, one of the phases is air). Such objects have a

number of interesting properties, including mechani-
cal ones [6]. For example, materials with the TPMS
geometry can efficiently dissipate the mechanical
energy [7]. Thus, these kinds of materials can be used
as components that absorb the energy of strikes and
explosions, as a part of armor protection, or as a basis
for energy-absorbing components of vehicles.

At present, there are practically no theoretical
approaches that can predict the mechanical properties
of such materials; therefore, the geometric parameters
of a cellular honeycomb material with a Schwartz
primitive structure have been experimentally opti-
mized in this study to achieve the maximum strength
and the ability to absorb shock energy.

The objective of this study was to produce materials
with the TPMS geometry and to study their physico-
mechanical properties.

EXPERIMENTAL

At the first stage, 3D models of samples with
Schwartz primitive topology with an various value of
parameter f were created (Fig. 1). An increase in 7 leads
to a decrease in the characteristic size of the repeating
structural element. The 3D models were created using
the Rhinoceros 6 software package for parametric
modeling with the Grasshopper plugin and saved in
the STL format used in 3D printing devices. The
Autodesk Netfabb software was used to fix errors in the



Fig. 1. Changes in the geometry of the samples as a function of parameter 7 in Eq. (1).

STL files. To prepare models for SLS printing, the
EOS Parameter Editor module was used.

Based on the created 3D models, samples were
prepared by selective laser sintering (SLS technology)
on a 3D printer from EOS (model FORMIGA P110).

Selective laser sintering is an additive manufactur-
ing method used to create functional prototypes and
small batches of finished products. The technology is
based on sequential sintering of layers of a powder
material by high-power lasers. The printing conditions
are as follows: the layer height is 100 um, the tempera-
ture of the stage is 169.5°C, and the temperature of the
chamber is 150°C. After printing, the samples were
cleaned of the remains of unsintered powder by pro-
cessing in a sandblasting apparatus.

Polyamide-12 (PA2200 brand) was used as a print-
ing material. Polyamide-12 is a product of polymer-
ization of dodecalactam, representing a structural
crystallizing material with increased elasticity. The
melting temperature of unfilled grades is 173—180°C.
The glass transition temperature is 35—37°C. The
degree of crystallinity is40—70%. It is characterized by
high resistance to cracking and high wear resistance
and has low moisture absorption, high dimensional
stability, and good dielectric properties [8].

The produced samples consist of 27 unit cells (Fig. 1).
The wall thickness of the samples is 0.8 mm. The sam-
ple dimensions are 30 X 30 X 30 mm. To study the

mechanical properties, the samples were tested for
compressive strength in accordance with International
Standart 1SO 604:2002 on an Walter + Bai electrome-
chanical testing machine with a maximum possible
load of up to 400 kN at an air temperature of 26°C with
a loading speed of 5 mm/min [9]. It is known, the
mechanical properties of products made by 3D printing
depend on the direction of loading [10]; therefore, the
strength tests of all samples were carried out in the direc-
tion of growing the samples (along the Z axis).
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Fig. 2. Stress—strain curves.
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Fig. 3. Analysis of a stress—strain curve.

The mechanical properties of the samples were
simulated using the finite element method in the
COMSOL Multiphysics software package. The finite
element method is a numerical method for solving dif-
ferential equations with partial derivatives, as well as
integral equations that arise when solving problems of
applied physics. The method is widely used to solve
problems of the mechanics of a deformable solid, as
well as heat-transfer, hydrodynamics, and electrody-
namics problems [11].

RESULTS AND DISCUSSION

The behavior of polymer materials subjected to
forced elastic deformations is usually analyzed by
means of compression curves (stress—strain curves).
The stress—strain curves obtained in sample tests have
their own specificity determined by complex geome-
try. Mechanical tests of the samples eventually give the
dependences of the applied load on the degree of
deformation (Fig. 2). In accordance with Standart ISO
604:2002, the first peak on the stress—strain curve,
which corresponds to the transition of the sample to
the region of plastic deformation, was taken as the
sample strength. The curves have three pronounced
extrema (peaks), each of which corresponds to the
destruction of a cell layer that lies in a plane perpen-
dicular to the axis of loading.

To analyze the stress—strain curve, it is convenient
to divide it into typical sections. We divided the stress—
strain curves into five sections (Fig. 3).

Section I is characterized by the fact that the stress
sharply increases with deformation of the sample. The
law of proportionality (Hooke’s law) is satisfied in this
section. This is a section of elastic deformation; at the
end of section I, Hooke’s law is no longer valid. Next,
three elastoplastic deformation sections are observed,
which are mutually similar to each other. There is a
maximum in section II; at the extremum point, the
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Fig. 4. Strength of the samples as a function of their geom-
etry.

first layer of cells begins to rapidly deform. Further,
the stress drops with a rapid increase in the strain.
At the end of section II and the beginning of section III,
the first layer of cells completely collapses. Sec-
tions III and IV essentially repeat section II, but one
can note that the lengths of sections L;;, L, and Ly
(degree of deformation) are successively decreasing in
the order of L;; > Ly > Ly At the end of IV and the
beginning of section V, the third layer of cells completely
collapses. In section V, an exponential increase in the
load begins; this is a section of plastic deformation.

The position of the maximum points on the curve
depends on a number of factors, such as the structure
of the polymer, its molecular weight, temperature,
compression rate, load conditions, etc. The number of
peaks (maxima) on the stress—strain curve corre-
sponds to the number of cell layers aligned perpendic-
ular to the axis of loading.

As follows from the analysis of the stress—strain
curves, the sample strength increases almost linearly
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Fig. 5. Volume of the samples as a function of the param-
eter t.
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Fig. 6. Stress distribution in unit cells of the samples.

with an increase in parameter 7 (Fig. 4). Moreover, the
sample volume nonlinearly depends on ¢ (Fig. 5).
Therefore, the dependence of the specific strength on
parameter ¢ is somewhat different from the corre-
sponding dependence for the strength, namely: a lin-
ear increase of the specific strength is observed with an
increase in ¢ (Fig. 4).

According to the results of computer simulation by
the COMSOL Multiphysics software, mechanical
stresses are unevenly distributed throughout the sam-
ple when a compressive load is applied (Fig. 6). The
magnitude of mechanical stresses reaches the highest
values in the central sections of the cells. In these areas
the structures have the lowest strength. These calcula-
tions are confirmed by experimental data. A visual
inspection of the samples after testing revealed cracks
(Fig. 7) precisely in the regions corresponding to the
maximum load found from the calculation data (Fig. 6).

With an increase in parameter 7, the area of the
unsafe section increases (Fig. 8). On account of this,

t=-0.6

t=-03

the stresses in the unsafe section are reduced and the
sample strength increases.

It should be noted that the density of the studied
samples is 5—6 times lower than that of monolithic
samples of the same material.

According to [12], the cellular elements have a low
density and a high strain under a load, matching the
properties of a plastic material [8]:

(1) pl =0.38 g/cm3, 01 = 6 MPa, 81im1 = 55%5 Gspecl =
15.8 MPacm’g!;

(i) p, = 0.73 g/cm?, 6, = 6 MPa, €., = 28%, Gpecs =
17.8 MPacm? g~

Thus, the optimization of the geometry of the
material with the TPMS structure made it possible to
achieve a specific strength of 20 MPa cm? g~! with a
density of 0.16 g/cm?; this is superior to both classical
honeycomb structures [12] and the results shown in
the publication [7].

r=0.3

Fig. 7. Samples after testing. Circles show the sites with emerging cracks.
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Fig. 8. Change in the area of the unsafe section as a function of parameter .

CONCLUSIONS

1. Using the SLS method of 3D printing, samples
with Schwartz’s primitive topology of a triple periodic
minimum surface with different values of parameter ¢
are obtained.

2. It is found that the specific strength of the samples
increases by a factor of 2 from 10 to 20 MPa cm? g~! with
an increase in 7. This is due to the fact that the area of
the unsafe section increases with an increase in
parameter ¢ (Fig. 8), a consequence of which is the
stresses in the unsafe section decrease and the sample
strength increases.

3. The optimization of the geometry of the material
with the TPMS structure makes it possible to achieve
a specific strength of 20 MPa cm? g~! with a density of
0.16 g/cm?, which is superior to classical honeycomb
structures.

4. The density of TPMS samples of Schwartz primi-
tive type is 5—6 times lower than that of solid cast sam-
ples of the same material, which means that the weight
of such products will be lower with the same size and
shape, allowing one to use the developed materials with
a periodic structure as energy-absorbing structural
components of sea and river vessels, spaceships, and
aircrafts, and in the automotive industry.
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