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Introduction limited, and the task of creating new TPS is an
UDC 620.173.22 urgent scientific task [12]. In this article, we test a
new method for obtaining porous materials based
Modern technologies widely use materials with on TPS, based on a topological network
porous structure of various types and dimensions [1]. representation of the crystal structures of chemical
An important group of such materials, which attracted compounds, in particular zeolites [13, 14]. The
attention in the last years, is based on smooth triply theoretical foundations of this method are described
periodic surfaces (TPS) with diverse topological and in detail in [15]. This approach makes it possible to
geometrical structure [2, 3]. The interest to these generate an unlimited number of TPSs and
materials is primarily caused by their thermal- corresponding porous materials using the ToposPro
conductive, electrical-conductive, acoustic, and software package [16]. After a certain thickness is
vibration-isolating properties [4, 5], as well as by their given to the surface, it can be printed as a part by
ability to adsorb strain energy [6-11]. Filling pores additive manufacturing, and its physical properties
with the materials to be different from the skeleton can be investigated using a computer-aided
base material enables one to fabricate new composite engineering (CAE) systems, such as the ANSYS
materials and metamaterials with wide range and software [17], and studied experimentally. As an
considerable anisotropy of physical properties. The example, we generated a model of a porous material
mentioned features together with the Additive from the crystal structure of a zeolite-type sodalite
Manufacturing (AM) technology make the TPS and produced 3D-printed samples of various shapes
materials an indispensable part of modern and sizes from a styrene butadiene copolymer
engineering solutions and thus are a subject of (SBS). We measured the mechanical characteristics
intense theoretical and experimental studies. of cylindrical porous SBS samples and found that
As is known, the number of TPS currently they perfectly match the parameters modeled using
used in the development of porous materials is very the ANSYS software.
[ ]
Philadelphia, USA 267 D Clarivate

Ana lytics indexed


http://s-o-i.org/1.1/tas
http://dx.doi.org/10.15863/TAS
http://t-science.org/
http://s-o-i.org/1.1/TAS-11-127-33
https://dx.doi.org/10.15863/TAS.2023.11.127.33

ISRA (India)  =6.317 SIS(USA)  =0912 ICV (Poland) = 6.630
. ISI (Dubai, UAE) = 1.582  PWHII (Russia) =3.939  PIF (India) = 1.940

Impact Factor: G\ (australia) =0564 ESJI(KZ)  =8771  IBI (India) = 4.260
JIF =1500  SJIF (Morocco) = 7.184  OAJI (USA) = 0.350

The structure of the article is as follows.
Section 2 describes experimental measurement of
mechanical properties of porous structure. In
Section 3 the numerical modeling of mechanical
properties and comparison of the results with
experimental data is produced. In conclusion, the
main results of the work done are summarized.

2. Experimental investigation of mechanical
properties of SOD-based TPS-based porous
structures

Mechanical properties of the samples
manufactured from SBS significantly depend on the
3D printing mode, in particular, on the fiber-laying
direction. In this regard, before studying porous
samples, it is necessary to experimentally measure the
mechanical characteristics of the SBS material after
passing through the 3D printer. For this purpose,
several solid cylinders of the above-mentioned
dimensions were manufactured on the same printer
using the same technology.

Measurement of the mechanical characteristics
of all samples was carried out on a SHIMADZU
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To study the mechanical properties of a SOD-
based material porous right circular cylinders with a
diameter of 30 mm and a height of 60 mm were
manufactured by SBS 3D printing. The cylinders
consisted of elementary SOD-based RVEs with wall
thickness of 0.2 mm, which can be inscribed in cubes
with edges of 8.89 mm. Each cylinder was based on a
layer of 36 RVEs joined in a horizontal plane, and
there were 12 such layers in the cylinder (Fig. 1).

tensile testing machine, which allows recording
measurement results in an automatic mode.
Compression of samples was performed at a rate of 1
mm/min. The error of all measurements did not
exceed 0.01%.

The experimental stress-strain curve averaged
for all solid examples (Fig. 2) revealed linear increase
of strain at low stress and plastic strain area up to the
stress of 17,4 MPa. This behavior is typical for such
materials [18].

o 5

10

15 20

Engineering strain_ %

Figure 2. Averaged experimental stress-strain curve during compression of solid cylinders manufactured
from SBS by the FDM technology.
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Further the so-called cold flow was observed, i.e.
the growth of strain occured at a slightly increasing
stress up to 26 MPa. This region is characterized by
the absence of a yield point, which apparently
indicates a change in the supramolecular structure of
the polymer. Using the experimental data presented in
Fig. 11 we estimated the mean value of the elastic
compression modulus as E = 625.6 MPa in the range
&=1—3%. The obtained value is within the allowable
range of this modulus for the SBS polymer at room
temperature.

Porous samples (Fig. 1) were studied using the
same experimental technique as solid samples. The
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averaged experimental loading curve (Fig. 3a)
revealed three stages that the porous samples passed
through before being compressed into a solid disk.
The first area (¢=0-1%) is linear with a gradual
predominance of plastic strain over elastic strain,
while slip planes are gradually formed on the sample
(Fig. 3b). This behavior of the sample is preserved up
to e~3%. The second part of the curve (e=1-2%)
contains a maximum, which is apparently caused by
the strain of the RVESs along the slip planes (Fig. 3c)).

10

15 20 25

Engineering strain, %

2)

n )

d)

Figure 3. a) is averaged loading curve of the porous samples; b) is the first (elastic) stage of strain (¢=0-19%b),
c) is the second stage of strain (diagonal slip area, £=1-2%), d) is the third stage of strain (second yield area,
&=2%—failure). The arrows indicate the emerging slip planes.

In the third part (Fig. 3d) longitudinal cracks
were formed in the volume of the samples under
tensile stresses perpendicular to the compress
direction. All three stages of the sample compression
are characterized by the lack of symmetry in the
formation of slip planes and their further propagation,
in crack formation, as well as in compression of
RVEs. Apparently, these features are the
consequences of the anisotropy that is caused by the

selected 3D printing mode, as well as by the printing
quality. Note that the resulting loading curve (Fig. 3a)
is quite typical for porous materials based on three-
periodic surfaces [,

The elastic compression modulus E, was
determined by averaging the values of the curve slope
within e=1-2% (Fig. 3a):

E, = (22.41+2.23) MPa 1)
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3. Theoretical investigation of mechanical
properties of SOD-based TPS-based porous
structures

The finite element method implemented in the
ANSY'S was used for the computer modelling of the
experimental on measurement of the elastic properties
of porous samples, as well as for predicting their
mechanical properties when changing their size, shape
and the RVE thickness. At the first step, we selected
the most suitable model for describing the nonlinear

mechanical properties of the material. According to its
mechanical properties, the SBS polymer belongs to
the class of hard rubbers, i.e., the Poisson ratio of this
material is close to 0.5. Such rubber-like materials are
generally considered to be hyperelastic and can
experience large elastic and viscoplastic strains. To
simulate the mechanical properties of samples made
from such materials Green's model of hyperelastic
material is used as a rule [19].

Figure 4. Objects with 1 a), 8 b) and 27 ¢) SOD-based unit cells, for which the calculations of the modulus of
elastic compression and the shear modulus were performed.

Calculations of the mechanical properties of
porous samples in this model require analytical fitting
of the experimental loading curve for solid cylinders
(Fig. 2). We performed such fitting in ANSYS using
the Yeoh model [20]. In these frameworks the

mechanical properties of simple objects with the
number of RVEs 1, 8 and 27 (Fig. 4) were first
modeled. The values of corresponding elastic
constants for a given RVEs are presented Table 1.

Table 1. Modulus of elastic compression Ec and shear modulus G for porous objects with different

number of RVE and thickness of walls (Fig. 4).
Number of Thickness of walls, mm
RVEs in 0.06 0.08 0.20
layers length E., MPa E,, MPa E., MPa
1 1.13 1.51 2.01
2 2.26 3.02 3.78
3 3.39 4.53 4.38

The finite element model was constructed using
the patch-controlled method, with additive mesh for
in-depth detailing of stresses at the places of
application of the load and sealing of a geometric
object. All finite elements were linear tetrahedral

a)

elements with reduced integration; type SOLID 185,
according to the ANSYS labeling scheme (Fig. 5a).
Quality of mesh confirmed by Jacobian of constructed
finite element model (Fig. 5b).
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Figure 5. Finite element model of SOD-based material. a) show the details of the place of application of the
load, b) is the Jacobi matrix of the resulting finite element model.
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Constructed finite element model was solved where ¢ is the unknown function, u;is the
using Dirichlet boundary conditions: independent  displacement  (e.g. the spatial
Ap(uy) =0, Yu, € Q, 2) coordinates), Q is the function domain, 0Qis the
o) = f(uy), VYu€aQ, 3) boundary of the domain, and f is a given scalar

function defined on 0Q (Fig. 6).

Figure 6. RVE-scheme of boundary condition of SOD-based surface.

The values of the compression module were
obtained using well-known dependencies:
o

E. = ot 4)

Q)

F
o=-
A

Unit: Pa

4,23e8 Max
3,76e8
3,29e8
2,83e8
2,36€8
1,89e8
142e8
9,56e7
4,88e7
2,00e6 Min

£ = =—<100% (6)
where E. is compression modulus, ¢ is compression
stress, €. is compression strain, F is force acting on
surface, A is area of surface, a is initial length, a, is
compressed length.

Figure 7. VVon Mises stress distribution under compression in a SOD-based RVE sample.

The von Mises stress distribution (Fig. 7) is quite
uniform and slightly varies close to 142 MPa. Such a
uniform distribution is typical for triply periodic
minimal surfaces [21], which equivalent to our SOD-
based surface. The high uniformity of stress
distribution in our porous sample confirms that the
smoothing procedure described in Section 2 includes
the condition and, hence, results in a minimal mean
curvature of the surface, or in the limit to zero mean
curvature, i.e. to a minimal surface. However, in the
sample in Fig. 7 there are small border areas where the
stress differs significantly from the average value and
reaches 423 MPa.

Note that the direct calculation of the mechanical
properties of samples with a large number of RBEs

and, in particular, the experimentally studied 3D
printed cylinder (Fig. 3) is resource-consuming due to
the topological and geometric complexity of the
object. In this regard, we say that the dependence of
the compression modulus in Table 2 on the number of
horizontal layers in the sample is close to linear. We
performed a rough linear extrapolation over three
points and calculated a confidence interval with a
confidence probability of 0.7 for the compression
modulus at the number of layers equal to 12, i.e. at the
number of layers in the cylinder. The experimental
value of the compression modulus (4) for the cylinder
is within the obtained confidence interval.

Our calculations are compared with calculations
of the mechanical characteristics of porous structures
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performed in other works. For this purpose, the results
for the elastic modulus presented in Table 2 were
converted in a function of the average density of the
porous structure. The thus obtained function was

placed on the Ashby diagram (Fig. 8). The diagram
shows for comparison the results for other porous
structures from Ref. [21].

Technical ceramics ‘
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Figure 8. Ashby diagram with porous materials [21]. Black solid, yellow dashed and green dashed-dotted
lines correspond to Neovius, IWP and P surfaces; dashed red line is the results of our study for the SOD-
based surface.

The dependence of E. on the average density of
our porous structures (Fig. 8) is linear as for porous
materials studied by other authors [21] including the
ideal P surface, and follows these dependencies. An
insignificant difference in the dependencies is
apparently caused by the difference in the materials,
from which the porous structures were fabricated, as
well as in the selected 3D printing mode.

Conclusion

A porous structure was generated from sodalite
crystal by new method on the basis of a topological
network representation of the crystal structures of
chemical compounds. Samples of this material were
manufactured by 3D printing from SBS filament, and
investigation of their thermal and mechanical
properties was conducted. Experimental studies of
samples obtained by 3D printing were carried out in
the work in order to verify theoretical models. A very
good agreement between theoretical calculations and
experiment was obtained.

Experimental measurements of mechanical
properties for porous samples in the form of right
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