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Abstract: The work proposes the use of aluminum oxide-based ceramic objects with a TPMS-Q-
surface geometry as elements of armor structures. The samples were produced using the SLA-DLP
3D printing method. The main properties of the sample were determined using physical-chemical
analysis methods: apparent density ρap = 3.6 g/cm3, open porosity Popn = 8.5%, microhardness
Hµ = 15.3 GPa, water absorption W = 2.4%, elastic modulus E = 405 GPa. The Stiglich criterion
M = 1.72 EPa2·m3/kg, and the Shevchenko criterion K = 0.8.
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1. Introduction

Currently, requirements for strength and mass characteristics of modern protective
barrier constructions are continuously increasing, while the operating conditions of the
products are becoming more aggressive. In addition to dynamic loads, they are subjected
to various physical effects such as thermal, sound, and electromagnetic. Therefore, creating
a material that is sufficiently strong, rigid, and meets the requirements of resistance to
a complex of physical factors is a challenging task. However, this task can be solved by
giving the construction a special form.

One of the oldest principles of classical mechanics establishes the relationship between
the shape and structure/properties of a solid body: a change in shape leads to a change in
its qualities, and sometimes to the emergence of new properties. A special type of cellular
materials, namely triply periodic minimal surfaces [1], can be considered as a new form of
materials. Materials with such geometry possess unique physico-mechanical properties,
which allows them to be used as structural materials. In addition, they have a number of
other properties, such as high specific strength and large deformational compactness.

The first examples of TPMS were surfaces described by Schwarz in 1865, as well as by
his student E.R. Neovius in 1883. In nature, such surfaces are found in binary lipid layers,
block copolymers, the structure of butterfly wings, and beetle shells, which combine low
mass and in-creased strength [2]. These topologies are present in Fermi surfaces in solid
bodies. Despite the fact that TPMS have been widely known since the mid-19th century,
after the monumental work of Schwarz [3], practical interest from engineers and materials
scientists in such surfaces only appeared in the late 20th century, since the production of
objects and materials with TPMS geometry is only possible using additive technologies.

Before the intensive development of additive technologies, the use of cellular struc-
tures was quite limited, as classical subtractive production methods did not allow the
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production of structures with very complex topology. Achievements in additive manu-
facturing led to a paradigm shift in the design of functional components, allowing for the
creation of structures with complex topology in order to reduce weight and increase the
multifunctionality of end products. Therefore, these materials are now considered promis-
ing materials for various engineering applications. For example, they have the ability to
absorb mechanical energy [4], can be used in heat transfer tasks [5], in high-load-bearing
structures, biomedical implants [6] and other [7–14].

This study proposes to use the TPMS geometry for the manufacture of protective
barriers—armor made of ceramic materials. Based on the dissociative theory of destruction
developed by academician V. Ya. Shevchenko, it has been proven that under conditions
of extremely high loading velocities, ceramic materials are the most effective. Currently,
armor made precisely from ceramic materials such as aluminum oxide, silicon carbide,
boron carbide, etc., has gained widespread use for passive protection of personnel and
equipment in Russia and abroad [15–17]. Ceramic armor was first used by the US military
during the Vietnam War in the 1970s. In the USSR, ceramic armor was first used in the
military operation in Afghanistan in the 1980s. Since then, the use of ceramic armor by
armies of different countries in combination with other materials to protect ground combat
vehicles, ships, airplanes, and helicopters has been continuously growing.

Ceramics are generally considered to be materials obtained through thermal processing
(sintering, hot pressing) of the main component—powders of inorganic substances. Oxide,
carbide, boride, nitride and composite ceramics are used to make armor elements. High
hardness, modulus of elasticity, melting/destruction temperature (at 2–3 times lower
density), and preservation of strength during heating are important properties of ceramic
materials that have made their use as armor compared to metals possible. This set of
properties allows the use of ceramics for armor-piercing projectiles.

Structural ceramics consist of crystalline and amorphous phases, as well as free
space—pores. The properties of these phases and porosity determine the mechanical
properties of ceramic armor elements. It is known that with the decrease in the size of crys-
talline particles, the decrease in the amount of amorphous phase and porosity in ceramics,
its strength and hardness increase [18]. In turn, high hardness combined with low impact
viscosity determines the protective ability of ceramic armor. The typical technology for
producing ceramic products is sintering at temperatures close to the melting temperature
of the raw material, with pre-formed blanks. Sintered ceramics are characterized by the
presence of porosity that deteriorates its mechanical properties. Reducing the amount of
pores in ceramic products while maintaining high mechanical properties can be achieved
by hot pressing of raw powders at high temperature.

A separate sector of promising armor elements can be identified as synthetic mineral
alloys—siminalls. These are inorganic non-metallic materials consisting of oxides and the
main component—silicon dioxide (SiO2). These materials are similar in composition to
ceramics, but differ in production. Siminalls are primarily obtained as a result of melting
natural stone raw materials or techno-waste with similar composition, rather than sintering.
Siminalls are unique materials that combine the hardness and durability of natural stone.
However, the material structure is aligned and interphase stresses in it are minimized. For
example, work [19] has shown that siminalls have a high ability to dissipate mechanical
energy upon collision with the striking element.

To evaluate the efficiency of ceramics as materials that resist mechanical dynamic
loading, there are several criteria, such as the M. Ashley criterion [20], the V.S. Neshpor, A.L.
Maistrenko, G.P. Zaitsev criterion [21], the J.J. Stiglitz criterion [17], the Sul-King Chang
criterion [17], the J. and G. Quinn criterion [22], etc.

One of the first requirements for the suitability of a material as armor was proposed
by J.J. Stiglitz, as a result of which his criterion became widely used [18]:

M =
EHK

ρ
(1)
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where Hk—is the hardness according to Knoop, E—is the modulus of elasticity, and ρ—is
the material density.

One of the modern armor-resistant criteria is the criterion proposed by V. Ya.
Shevchenko [23,24]—the coefficient of relative penetration of the striker, which is based on
the velocity of sound in the material:

K =
lp

lst
=

(
ρst·V2

st
ρcer·V2

cer

)1/3

(2)

where lst and lp are the length of the striker and the depth of penetration, ρsteel and ρcer are
the densities of the striker (in most cases steel) and barrier (ceramics), Vst and Vcer are the
longitudinal sound velocity in the striker and barrier.

Table 1 presents the properties of ceramic materials from [25] compared to those of
armor steel, and the criteria are calculated according to Equations (1) and (2).

Table 1. Properties of impact-resistant ceramic.

Material ρ, g/cm3 HK, GPa E, GPa M, EPa2·m3/kg (EN/s2) K

Boron carbide hot pressed
B4C 2.55 30.0 450 5.30 0.77

Titanate diboride hot pressed TiB2 4.50 33.0 570 4.18 0.72

Silicon carbide SiC 3.10 21.0 410 2.78 0.80

Aluminium oxide sintered Al2O3 3.99 18.0 404 1.82 0.83

Armor steel 7.81 3.5 210 0.094 1.00

From Table 1, it can be seen that materials based on boron carbide have the highest
protective properties. Their widespread use is limited by the high cost of the pressing
method. Therefore, boron carbide tiles are used when there is a significant reduction in
the weight of armor protection, for example, for protection of seats and automatic control
systems of helicopters, crew and landing. Titanate diboride, which has the highest hardness
and modulus of elasticity, is used to protect against heavy armor-piercing and armor-
penetrating tank projectiles. For mass production, relatively cheap aluminum oxide is most
promising. Ceramics based on it are used for the protection of human life, ground and
naval military equipment.

Currently, there are many constructions of ceramic armor elements. Each type under-
goes “field” tests before mass production in a series. Despite the diversity of types, one can
describe the general mechanism of impact of a projectile (striker, bullet) with armor and
the processes that occur during impact [24,26,27]: the projectile collides with the ceramic
surface and transfers its kinetic energy; in the ceramic, a wave of stresses arises: tensile,
compressive, and shear stresses, the magnitude of which depends on the characteristics of
the projectile; in the ceramic, a system of cracks forms; the ceramic transmits the stresses to
the projectile, the projectile deforms or is destroyed; the projectile or its fragments, as they
are embedded in the ceramic, reduce their speed through energy transfer mechanisms; the
energy is transferred to the body of a person or the body of the technology.

Modern systems for protection against small-caliber weapons typically consist of
layers of ceramics and a metallic or composite base [28]. A typical armor system for
individual protection includes an outer layer of fiber-reinforced composite (FRC) with a
polymer matrix, ceramic plates, and an FRC backing [29]. Aluminum is commonly used as
a base for protection of vehicles [30]. Most ceramic armor technologies still focus on designs
that are assemblies of flat, secured tiles or a single composite polygonal tile on different
backings or casings. In the 1990s, a variety of ceramic armor based on discrete, individual
ceramic elements embedded in a flexible matrix appeared. The mechanism of reflection
here is complemented by the non-homogeneity of the cross-section, where a multitude of
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ceramic elements of different shapes and designs not only shatter the projectile, but also
bring an additional rotational effect that enhances the armor characteristics [29]. One of
the armor component designs containing ceramics is described in patent [31], where the
ceramic armor component is made in the form of a regular hexagonal prism with its lateral
faces having a curved shape relative to the vertical axis.

The works of Academician V. Ya. Shevchenko and colleagues [32–34] demonstrate high
effectiveness of TPMS geometry samples as energy-absorbing materials for passive protec-
tion. Samples with such geometry efficiently dissipate impact energy. For instance, [35]
shows that multiphase materials based on TPMS with a cellular structure have increased
crack resistance and can absorb mechanical energy at much higher deformation values
compared to traditional materials. Additionally, the use of TPMS allows for reducing
surface energy and surface tension, and therefore residual stresses. As a result, in recent
decades, there has been a significant increase in interest in such structures, both from
mathematicians and materials scientists.

In this work, a model sample with Q-surface geometry—TPMS (Figure 1) is proposed
as a protective element. To obtain a 3D model of TPMS with the specified geometry, an
implicit modeling approach was used in the “Rhinoceros” software together with the
“Grasshopper” plugin in accordance with equation [36]:

(cosx − 2cosy)·cosz −
√

3•sinz·(cos(x − y) − cosx) + cos(x − y)·cosz = 0. (3)
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Figure 1. General view of the fabricated sample with Q-surface geometry.

The sample was fabricated suspension from photopolymer resin and aluminum oxide
(Al2O3) by 3D printing. The manufactured sample has a cube shape with an edge size
of approximately 30 mm and a mass of 34.2 g. As shown in Figure 1, the sample has
numerous interpenetrating openings that are distributed throughout the volume, which
significantly increases the free surface energy and reduces the mass-dimensional properties
of the product.

2. Production Technology

The manufacturing technology of the TPMS element and production organization is
based on a variant of the stereolithography method—DLP, the principle of which consists
in the layer-by-layer formation of the part through the interaction of UV radiation and
photopolymer resin with a filler. A serial 3D printer “Admaflex 130” was used in the
work [37]. The choice of the printer is determined by the unique design system of the
details, which occurs not in a resin bath, but in a thin layer applied to the polymer film.
On the platform, which is sequentially raised to the height of the layer in the range of
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15–100 microns, the detail is constructed. The delivery of new material is achieved by
moving the polymer film along the work table. After illuminating a certain surface of
the print material, excess material is removed from the film and transferred to the printer
piping system to the beginning of the cycle for applying a new layer of material to the film.
This cycle is repeated until the full product is constructed according to the digital model.
The schematic principle of the printer’s operation is shown in Figure 2 (arrows indicate the
movement of raw material).
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Figure 2. Diagram of 3D printer. (Reprinted/adapted with from Ref. [37]. Copyright 2013,
copyright Admatec).

The samples were printed with a layer height of 30 µm. After printing, the parts were
subjected to a two-stage thermal treatment: annealing to remove the organic binder (up
to 1300 ◦C), and sintering (≤1700 ◦C). The shrinkage, claimed by the manufacturer, varies
from 25 to 35% in both directions.

3. Research Method

The structure and morphology of the surface, as well as the elemental composition of
the printed product, were studied using the Tescan Vega 3 scanning electron microscope
with the «AZtec X-act». The accelerating voltage was 20 kV, and the probe current was
8·10−10 A.

The phase composition was determined on the X-ray diffractometer «Rigaku Smart-
LAB 3». X-ray diffraction shots were taken with Mo-Kα radiation with a high-speed energy
dispersion position-sensitive detector «Dtex Ultra 250» in the 2θ angle range 5–45◦ with
a focus on Bragg-Brentano with an angular velocity of 2◦/min. Decryption of diffraction
patterns was carried out in the software environment «Crystallographica Search-Match»
using the “ICCD PDF2” database.

The apparent density was determined in accordance with GOST 2409-2014, and sam-
ples were saturated with water at near boiling temperature.

The modulus of elasticity (Young’s modulus) of the samples was determined by the
resonant method of acoustic frequency control on the instrument «Zvuk-130».

Microhardness (Hµ) was measured on the microhardness tester «PMT-3» with a
Vickers diamond pyramid under a load of 1.962 N in accordance with GOST 9450-76.

Roughness parameters were determined in accordance with GOST 2789-73 on the
profilometer «MarSurf PS1».
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4. Discussion of Results

According to the data from scanning electron microscopy (Figure 3a,b), the structure
of the sample was analyzed at various levels. In particular, the size of the layer that
was sintered at once when building the 3D printer blank was determined, which after
sintering amounted to l ≈ 20 µm, indicating a 33% material shrinkage. The microstructure
of the layers is characterized by sintered grains (with an estimated size of about 5 µm)
with low inter-granular porosity. The grains tend to be isotropic, although in some cases,
there is a large spread of grain sizes from 2 µm to 12 µm. This can be explained by the
absence of sintering additives or a low content of sintering additives that do not affect
the rate of grain growth. From the analysis of microphotographs, it can be concluded
that the sample does not have macroscopic building defects and has layers of uniform
thickness, minor defects—cracks, colorings, sintering defects were not detected, which in
total indirectly indicates high mechanical properties of the printed product. Based on the
micro X-ray spectroscopic analysis (the highlighted area in Figure 3a), it can be concluded
that it is practically pure aluminum oxide, the detected Fe and Si impurities indicate surface
contamination, the presence of Na is a characteristic feature of aluminum oxide obtained
by the Bayer method (Table 2). According to XRD data, the sample consists of corundum
(PDF № 10-173), and no other impurities have been identified.
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Table 2. Results of chemical analysis.

Element Al O Fe Si Na

Content, % w. 57.7 38.8 2.2 0.8 0.5

The apparent density, open porosity, and water absorption were determined by the
hydrostatic weighing method. The results are shown in Table 3. It also indicates the density
of corundum and the total porosity.

Table 3. Sample Properties.

TPMS ρap, g/cm3 * ρ, g/cm3 Popn, % Pt, % W, %

Q—surface 3.60 3.99 8.53 9.77 2.37
* density of pure aluminium oxide [38].

The modulus of elasticity and sound velocity were measured using the resonant
method of acoustic frequency control of natural vibrations on the « Zvuk-130» device
and were 405 GPa and 10,600 m/s, respectively. The microhardness (Hµ) of the sample
according to Vickers was 15.3 GPa. The surface roughness parameter Ra on various
sections without mechanical processing was—upper surface: 0.5 . . . 1.5 µm, side surface:
0.9 . . . 2.0 µm.

When comparing TPMS manufactured by DLP method from different manufacturers
and solid ceramic made of corundum, some features of the sample can be identified.
From Table 4, it is evident that the “Admatec” sample has relatively high micro-hardness,
sound propagation speed, and elastic modulus, with lower values of density and layer
thickness. The hardness of ceramics mainly depends on the quality, particle size of the
original powder, and sintering conditions, so to improve this parameter, optimal particle
size and sintering conditions should be selected in the future. The studied sample has high
mechanical properties, but also has a maximum total porosity, which has both a positive
impact, by reducing the mass characteristics of the final product, and also a negative impact,
by reducing its strength properties.

Table 4. Comparison of properties of TPMS different production.

Fabricator ρap, g/cm3 l, µm Pt, % Hµ, GPa Vs, m/s E, GPa M, EPa2·m3/kg (EN/s2) K

Prodways 3.76 83 5.76 12.2 9500 339 1.10 0.85

3D CERAM 3.79 83 5.12 8.8 9950 375 1.42 0.82

Lithoz 3.90 40 2.26 17.7 10,450 425 1.84 0.80

Admatec 3.60 20 9.77 15.3 10,600 405 1.72 0.80

Corundum [38] 3.99 - - ≥20 - 404 2.03 0.83

Probably, significant mechanical properties are ensured by low porosity in the volume
of the material, as 87% of pores are on the surface of the ceramic sample based on the
results of porosity determination. Based on available data, calculations of armor resistance
criteria (M, K) were made for the entire TPMS sample and corundum material using
Equations (1) and (2).

For the convenience of calculating the M criterion, a replacement of characteristics
has been made from existing data (it is noted in work [39] that instead of the hardness
according to Knoop in (1), it is possible to use the more common hardness according to
Vickers). If the dimensionality of this criterion is transformed, it is possible to obtain a value
measured in [GPa]. Based on this dimensionality, it can be characterized as the acceleration
of effort (the speed of change in the force velocity during the interaction of the striker
with the obstacle). In other words, the higher this indicator is for a material, the larger
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changing loads it can prevent, and thus perform energy dissipation during high-speed
loading. As can be seen, the value of the criterion is high for the sample being studied in
the series of manufacturers and may tend to the value for solid corundum when selecting
the corresponding 3D printing mode.

Based on Equation (2), the calculation of the K criterion for the materials presented
allows them to be compared by the magnitude of sound velocity and material density in
terms of resistance to dynamic loading when ceramics interact with a striker, in this case
made of steel. Since all the mechanical energy of the striker is expended on the destruction
(dissociation) of the material, the smaller the value of K, the higher the energy dissipation
of the load at high-speed deformation and the smaller the depth of the cavity formed in
the protective barrier. It is obvious that if the barrier is made of steel, then K = 1. Table 4
shows that for the sample under investigation, the K criterion is the smallest of those
presented and tends in value to materials such as SiC and B4C, which are respectively more
reliable than solid corundum, not due to the nature of the material, but primarily to the
macrostructure—the geometry of the TPMS.

5. Scope of Application

From the processes of interaction between the striker and the armor element, it is
possible to identify the obvious main task of armor elements—reducing the amount of
energy transmitted to the protected subject. This task can be solved by increasing the
energy dissipation during bullet contact with the armor element, the structure of which
can act as a damper that absorbs the forced vibrations of the system by combining hard
(brittle) materials with plastic ones. Usually, composite armor is a multilayered system
consisting of a breaking-deflecting layer—discrete ceramic elements, for example, in the
form of hexagonal solid prisms [31], linked together by a matrix based on polymer material;
a retarding layer made of strong and plastic material, such as aluminum alloy, and an
outer layer of fiber-reinforced composite. Each layer performs a specific task. For exam-
ple, the polymer-based bonding fills the cavities between adjacent elements of ceramic
material, and in the event of an impact, it prevents the spread of cracks and also ensures a
guaranteed gap between the crushing-deflecting and retaining layers, thus allowing for
an increase in bullet energy dissipation. Additionally, the polymer-based bonding may
include nanoscale particles with special physical properties, such as reflective, scattering,
or absorbing electromagnetic radiations.

Using the presented ceramic TPMS as an element of the crushing and deflecting layer,
it is necessary to assemble a barrier matrix from similar elements. To do this, it is necessary
to treat the surface (closing external pores) and fill all the free space of the openings with
a polymer composition to increase protective properties, reduce fragility, and prevent
destruction with fatal consequences. As such a polymer binder, a rubber-like polyurethane
can be used, or, for example, a super-strong material—polydicyclopentadiene, which
was developed by the United Scientific Research and Development Center, a subsidiary
of Rosneft [40]. The domestically developed polymer is resistant to deformation and is
characterized by increased resistance to mechanical stress and aggressive environments in
the temperature range of−60 . . . +185 ◦C. Initially, this material is used for the manufacture
of casing pipes in well construction. However, it is also known that the material has high
impact resistance, so a small object with an initial velocity of approximately 300 m/s and
an energy of ≥300 J leaves a depression in the polydicyclopentadiene element with a
depth no more than 3 mm. The polymer itself providing protective properties, combined
with a ceramic product made with TPMS geometry, for example, in the form of indented
hexagonal prisms, can significantly increase energy dissipation and make a breakthrough
in the technology of armor production.

6. Conclusions

Based on the results of the study and taking into account the advantages of similar
ceramic products with TPMS geometry, such as low mass and high mechanical properties
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compared to solid ceramic elements, it can be concluded that this type of ceramic element
has high potential and suitability for use in armor and production. The Q-surface geometry
element is competitive among other TPMS geometries and can be used as passive armor
for military and law enforcement personnel. Using traditional ceramic manufacturing tech-
nology and protective barrier design skills, this work can be directed towards finding the
optimal TPMS geometry and material selection for improved performance characteristics.
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