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Preface

Innovative processing and synthesizing technologies, and a new class of materials developed

in recent decades, have aimed to meet some of the most relevant engineering challenges: the

problems of the surface quality of grown 3D objects and the development of new post-processing

approaches; the question of the reliable work of cutting tools in machining; the most advanced and

heat-resistant alloys with increased cutting speeds and depths; questions of cryogenic treatments for

the developed of nanocomposites and the functional ability of 2D objects in the presence of moisture

under the cooling conditions of liquid nitrogen; production methods for and the properties of

innovative low-dimensional structures (quantum dots, nano-objects, and layers) for the needs of

photoelectronics and sensory devices; the question of the serial and mass production of enriched

water for growing plants; water purification for the needs of humans; questions of medicament

delivery by porous polymer materials; machine learning systems for additive manufacturing; and

digital models for medicament delivery. Traditional scientific approaches to improving technologies

in order to switch them from the laboratory scale to the production of functional products using

the most advanced materials is steadily being replaced by more analytical research that needs to be

proved with a set of experiments with an error of 10–15%. The high efficiency of the developed

methods has been confirmed by the most advanced experimental demonstrations and investigation

of their functional properties, aiming to improve the current state of industries through newly

developed, simplified, and replaceable approaches with respect to nature.

Many years of experience with the scientific team of the Moscow State University of Technology

“Stankin” in the field of proposing the most advanced technologies and innovative solutions oriented

toward the quality and productivity of the final product of certain manufacturing methods have

made it possible to present the results of the latest scientific research in the form of a collection

of selected scientific articles, a communication, and a review. In addition, the presented achievements

contributes to the development of innovative 0D–2D objects. These are in demand by other

production branches and present the results of development in the form of patented methods and

techniques, developed setups, models, and databases, ready for installation in enterprises for the next

technology switch associated with a newly developed class of materials and relevant technologies.

This Special Issue is dedicated to the most recent achievements using the advanced processing

technologies of innovative materials, such as metals, ceramics, and polymers, as well as the associated

innovative manufacturing methods.

Sergey N. Grigoriev, Marina A. Volosova, and Anna A. Okunkova

Guest Editors
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Editorial

Advanced Processing Technologies for Innovative Materials
Sergey N. Grigoriev , Marina A. Volosova and Anna A. Okunkova *

Department of High-Efficiency Processing Technologies, Moscow State University of Technology STANKIN,
Vadkovskiy per., 3A, 127994 Moscow, Russia; s.grigoriev@stankin.ru (S.N.G.); m.volosova@stankin.ru (M.A.V.)
* Correspondence: a.okunkova@stankin.ru; Tel.: +7-499-972-94-29

1. Introduction and Scope

There is a need for further, in-depth research that explores the synthesis of newly
developed materials created using advanced technologies. Their potential uses in various
applications, as well as their ability to operate under increased thermal and mechanical
loads and in the presence of moisture or other contaminants, are of particular interest [1–3].
The latest progressive technology approaches to industrial realities must be adapted for
the sixth technological paradigm [4–6]. Many questions have arisen with regard to the
quality of products’ surfaces post-production [7–9] and repair, particularly with regard
to additive manufacturing, 3D printing, or synthesis [10–13], which lend such products
exceptional operational properties [14–16]. As such, it is necessary not only to conduct
research under various conditions but also to develop new functional coating, surface
cleaning, and processing methods [17–19]. Fundamental issues related to the synthesis
and processing of multicomponent objects, structures, and composites, the creation of
new classes of materials and nanocrystalline alloys, advanced surface treatments and
multilayer coatings, and the development of new approaches and technological solutions
using the latest achievements in the information sphere are of particular interest to the
industry [20–25]. In particular, process monitoring and productivity improvements in the
scale of real serial and mass production of newly developed methods and technologies
deserve special attention [26–30].

For the last few decades, cutting-edge advances in processing, synthesis, and research
methods and technologies relating to developed materials, objects, and coatings have
featured in outstanding scientific publications, attracting widespread attention from the
research community. In addition, progressive approaches have received multiple awards at
the most prestigious scientific conferences, industrial exhibitions, and other events around
the world.

This Special Issue is devoted to the latest achievements in the technologies of produc-
tion and synthesis of innovative 0D–2D, nano-, and functionally gradient objects, nanocom-
posites, nanoporous structures (aerogels) and coatings, and new processing methods and
technologies based on plasma and laser treatment, electrophysical and chemical processing
and synthesis, as well as research on their exploitation properties and the development of
digital models and machine learning approaches for the needs of the industry.

2. Contributions

Ten scientific articles, three communications, and a review were published in the
presented Special Issue, each addressing a critical topic relating to the processing and
synthesis of innovative materials. These topics include surface treatment, coating, and film
deposition technologies; the synthesis of multicomponent objects and their behavior under
various exploitation conditions (cooling, increased thermal and mechanical loads, etc.); and
their mechanical and physical properties, including optical and electrical properties, for
use in the aviation and tool industry and in different sensory and electronic devices [31–39].
These topics are described in greater detail below.

Technologies 2024, 12, 227. https://doi.org/10.3390/technologies12110227 https://www.mdpi.com/journal/technologies1
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• Technologies for improving the surface quality of metallic parts produced by laser
additive manufacturing and developing of the technology of ion polishing those parts
in gas-discharge plasma and subsequent coatings for use in the aviation industry
are reviewed. Other finishing techniques, such as mechanical machining, chemical
etching, surface plastic deformation, ultrasonic cavitation abrasive finishing, and laser
ablation, are also considered [31].

• Comparative research is conducted on the mechanical machining technologies that
are used to improve the surface layer condition of the ceramic tools, such as diamond
grinding and diamond grinding–lapping–polishing. The development of advanced
double-layer (CrAlSi)N/DLC coating deposition technology on SiAlON ceramics
used as cutting tools for turning nickel-based Inconel 718-type superalloys is also
explored [32].

• Research is conducted on the machinability of insulating material, such as Al2O3
oxide ceramics, using the developed mono- and multilayer assistive coatings based on
a Cu-tape and Cu-Ag “sandwich” for advanced electrical discharge machining in a
ZnO powder–water medium [33].

• One study explores the influence of shallow (at −20 ◦C) and deep (at −196 ◦C) cryo-
genic treatment of a magnesium nanocomposite Mg/2 wt.%CeO2 produced via the
disintegrated melt deposition method followed by hot extrusion, and then investigate
its influence on the porosity, grain size, dislocation density, ignition temperature,
microhardness, lattice strain, 0.2% compressive yield strength, ultimate strength, and
fracture strain of this material when it is operated in sub-zero conditions and strength-
based constructions [34].

• Two innovative nanocrystalline soft magnetic Fe-based nanoperm-type alloys are
created by mechanical alloying. Their alloys are initially composed of Fe85Zr6B8Cu1
(at.%) and Fe80Zr5B13Cu1 (at.%). Their operating temperature range (thermal stability
and Curie point) and magnetic properties depending on the Fe/B ratio were evaluated.
Additionally, high-saturation magnetic flux density is determined to be of interest for
the development of low-dimensional systems, such as 0D-2D objects [35].

• Metal–organic chemical vapor deposition selective area epitaxy of AlzGa1−zAs
(0 ≤ z ≤ 0.3) bulk layers is developed using a passivating mask with ultrawide
windows—in other words, a SiO2-mask/window of alternating stripes of 100 µm—on
a GaAs substrate to produce strained quantum wells of AlGaAs/GaAs solid solutions
(0D objects) in light-emitting structures for optoelectronic applications [36].

• Researchers explore the physical and optical properties of colloidal nanoparticles, par-
ticularly AgInS2 quantum dots (0D objects), produced by a newly developed scalable
manufacturing method of additive 3D-printing microfluidic chips for microfluidic
synthesis. An increased product yield of 60% is observed [37].

• Research is conducted to evaluate the frequency peaks of epitaxial 2D objects. Graphene
is chemically grown on 6H-SiC substrates using a Raman spectrometer and cooled in
a range from room temperature to −180 ◦C to ensure that the graphene is properly
insulated against moisture [38];

• Thermal synthesizing technology for carbide ceramic (β-SiC) film deposition on
a mono-silicon substrate is developed, in which porous silicon is used as an in-
termediate layer for adhesion in the double-layer structure of β-SiC/por-Si/mono-
Si composition. This allows the developed carbide ceramic film to meet the needs
of electronics and proto-electronics in light of the indicated quantum size effects
(0D–2D objects or, in other words, nano-objects) [39].

The process of purifying water using regenerating iron-based adsorptive media and
plasma-activated water generation as biocidal agents for growing plants, and the technology
of production and properties of porous polymer materials that are used in filters and drug-
loading tablets [40–42], are also discussed in depth, as follows:

• An innovative regenerating iron-based adsorptive media and a relevant device for
removing arsenic (As) from drinking water are developed [40].
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• Research is conducted to determine the effects of barrier and bubble-pulsed discharges
on the properties—particularly the ionic speciation and concentrations, pH index,
and electrical conductivity—of plasma-activated water produced from distilled and
groundwater [41].

• A carbon dioxide-assisted polymer compression method is developed for the creation
of porous polymer products with laminated fiber sheets. This method can be used to
design filters and drug-loading tablets [42].

Analytical models, software, and interactive databases of production technologies of
nanoporous aerogels and metallic parts are also developed [43,44].

• The researchers developed software for digital models of porous and nanoporous
structures such as aerogels to create new materials based on SiO2, silica–resorcinol–
formaldehyde, polyamides, carbon, polysaccharides, proteins, etc., to predict their
properties (thermal and electrical conductivity, mechanical properties, sorption, and
solubility) and pore size distribution using the lattice Boltzmann method and the
cellular automaton particle dissolution model [43].

• A machine-learning-based approach and the database of basic and critical geometrical
features for laser-based additive manufacturing from stainless steel for feature identifi-
cation and part segmentation are developed to improve manufacturability, which can
be extended to other technological processes and materials [44].

The authors of [31] identify the defects in additively manufactured machinery prod-
ucts made of stainless steel and various metallic alloys, such as cobalt, nickel, aluminum,
and titanium alloys, which are earmarked for application in the airspace industry [45,46].
Mechanical machining, chemical etching, surface plastic deformation, ultrasonic cavi-
tation abrasive finishing, laser ablation, and ion polishing in gas-discharge plasma are
observed [47]. The method of gas-discharge plasma processing for finishing laser additive
manufactured parts and subsequent wear-resistant coating is proposed for the first time.
All the existing technologies are classified into three groups based on the possibility of
volumetric processing and the nature of the exposure, which may be thermal, chemical,
mechanical, or combined. The observed post-processing methods possess several disad-
vantages related to the nature of surface destruction, which influences the intensity of the
wear on the working surfaces as a part of a unit or mechanism, along with the positive
effect of plastic deformation and recrystallization of near-surface layers, erosion processes
lead to stress states of the surfaces [48].

Innovative post-processing approaches, such as ion polishing in gas-discharge plasma,
have no analogs in modern industry and may accelerate the transition to the next technologi-
cal paradigm [49–51] by increasing the reliability and availability of additive manufacturing
parts. Such approaches encompass the following stages:

• Granules of 40–100 µm in size are removed from the product’s surface to achieve
a roughness parameter Ra (Arithmetic Mean Deviation) of 30 µm. Negative-voltage
microsecond pulses of up to 30 kV are applied to the product during its immersion
in the plasma.

• The product is polished with concentrated ions or fast argon atoms under an angle
greater than 60◦.

• A coating is deposited by evaporating liquid metal magnetron targets.

The condition of the surface layer and advanced double-layer (CrAlSi)N/DLC coating
deposition [32] significantly influence the operational life of SiAlON ceramic cutting tools in
machining Inconel 718-type chrome–nickel alloy. This type of alloy is often used to produce
sophisticated aircraft turbine engine parts [52] and is machined by the most wear- and heat-
resistant cutting tools that work under increased mechanical and thermal loads composed
of oxide, nitride, and oxide-nitride cutting ceramics [53]. SiAlON is known for its excellent
properties but is also very brittle, which can lead to machining difficulties. Industrially
produced inserts feature numerous defects on their working surfaces; these serve as stress
concentrators and provoke the destruction of the cutting edge by tearing the conglomerates
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of the material. This shortens the operational life of the cutting tool. Additional diamond
grinding, lapping, and polishing and complex double-layered coating (consisted of an
additional DLC coating and trinitride underlayer for better adhesion) deposition exhibit
improved the properties of the cutting insert surface, resulting in a microhardness of
28 ± 2 GPa and an increase in the average friction coefficient at 800 ◦C, which was ~0.4.
The average operational life of the insert under the increased loads improved, reaching
12.5 min, which was 1.8 and 1.25 times greater than that of the industrial cutting insert and
double layer-coated insert without additional diamond grinding, lapping, and polishing.

The authors of [33] aim to resolve the issues with the electrical properties of the insula-
tors that, under normal conditions, cannot be processed by electrophysical technologies [54].
This is especially relevant for insulating materials such as oxide and nitride ceramics [55],
which are needed to produce cutting tools for machining titanium and nickel-based alloys
used in the aircraft industry as was mentioned above, especially during the production
of gas turbine engines [52,53]. During the cutting process, these alloys create intensive
thermal and mechanical loads in the contact zone of the tools with a temperature up to
800–1200 ◦C and also tense state of up to 1.3 × 108–8.7 × 109 N/m2. The chips tend to
stick to the tool’s cutting edge due to high adhesion, increasing the loads and promoting
the snatching of conglomerates and faster tool wear. One of the most promising (though
difficult-to-machine) cutting ceramics is Al2O3 (melting point of 2045–2345 ◦C, coefficient
of linear thermal expansion of 7.0–8.0 × 106 K−1 (at 20–1000 ◦C), which possesses ther-
mal conductivity of 20–25 W/(m·K) (at 20–100 ◦C), Mohs hardness of 9) in addition to
its excellent mechanical and physical properties. The authors of this paper proposed an
advanced electrical discharge machining method using assistive means such as conductive
coatings and powder-mixed water-based medium. Hydrocarbon-based media, such as oils
and kerosene, should be avoided when machining Al-based materials due to the risk of
the formation of explosive Al3C4 products formed during its interactions with water, H2↑
and O2↑ gasses, which can be highly damaging to the machine and its filtration system.
ZnO powder was chosen since it is a direct-gap semiconductor with a wide band gap Eg of
3.30–3.36 eV. ZnO powder-mixed deionized water-based medium with a ZnO concentration
of 7–100 g/L and Cu-Ag and Cu mono- and multi-layer coatings, which were composed
of 40µm-thickness copper tape and Ag adhesive, were used as assistive means. The total
thickness of the assistive coatings was between 40 and 120 µm. A material removal rate
of 0.0032–0.0053 mm3/s was achieved at a concentration of 14 g/L, a discharge pulse
frequency of 2–7 kHz, and a pulse duration of 1 µs. The obtained data expand the scope of
use of this sought-after material in the tool industry by highlighting new possibilities for
its application.

The physical and mechanical properties of a Mg/2 wt.%CeO2 nanocomposite at
two cryogenic temperatures of −20 ◦C (253 K) and −196 ◦C (77 K) were researched to
investigate this material’s ability to operate in sub-zero conditions [34]. The nanocomposite
was produced by the disintegrated melt deposition method followed by hot extrusion [56].
The shallow cryogen treatment at−20 ◦C reduced the porosity by 10.4%, and the deep cryo-
gen treatment in liquid nitrogen (LN2) [57] at−196 ◦C (boiling point) by 43.3%. The ignition
temperature was reduced by 1 ◦C and amounted to 635 ◦C for the samples after the cold
treatment, whereas it increased by 38 ◦C and amounted to 674 ◦C for deep cryogen-treated
samples. The grain size of the treated samples was 2.9 ± 1.0 µm and 2.8 ± 0.6 µm, exceed-
ing the sizes of the initial samples (2 ± 0.6 µm). Both samples had superior microhardness
compared to the initial samples: 89 ± 5 HV and 92 ± 4 HV (correspondingly, 20% and 24%
more than the initial samples). This can be related to their ability to increase the dislocation
density, reduce porosity, and strain the lattice. The 0.2% compressive yield strength of the
treated samples (186 ± 17 MPa for shallow cryogenic treatment, 203 ± 5 MPa for deep
cryogenic treatment) was up to 14% greater than for untreated samples (178 ± 19 MPa),
indicating that the sub-zero treatments improved the Mg nanocomposites’ performance
in strength-based constructions. The 0.2% compressive yield strength of the samples after
deep cryogenic treatment was ~9% higher than that of the samples after the cold treat-
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ment. After shallow cryogenic treatment (−20 ◦C), the ultimate strength of the samples
(441 ± 12 MPa) was reduced by 2.5% compared to that of the samples after deep cryogenic
treatment (452 ± 15 MPa), and was 7% lower than for untreated samples (473 ± 16 MPa).
The fracture strain was 16.5 ± 0.7% for untreated samples, 29.1 ± 1.0% for the samples
after shallow cryogenic treatment, and 29.7 ± 1.2% for the samples after deep cryogenic
treatment. The fracture surfaces of the samples showed no visible difference (45 ◦ shear
fracture). Both types of treated samples demonstrated higher roughness than the initial
ones. Overall, after treatment at −196 ◦C, the samples demonstrated an increase in the
considered properties of the Mg nanocomposite, while the samples subjected to treatment
at −20 ◦C exhibited similar values at lower costs.

Two innovative nanocrystalline soft magnetic nanoperm-type Fe-based alloys of the
Fe-Zr-B-Cu system with the initial chemical composition of Fe85Zr6B8Cu1 (at.%) and
Fe80Zr5B13Cu1 (at.%) were obtained by mechanical alloying [35]. Those alloys are sought
after for applications such as magnetic sensors and actuators [58]. Those types of nanocrys-
talline soft magnetic alloys have recently been developed as a replacement for ferrites.
Their key properties include the thermal stability of the magnetic phase and soft–hard
behavior; they are also characterized by their low magnetic coercive force, high saturation
magnetic flux density, and high magnetic permeability (response to the magnetic field).
Reduced magnetic coercive force and increased magnetic permeability reduce core losses
in devices under alternate-current magnetic fields and controlling those characteristics
reduces energy consumption [59,60]. The high saturation magnetic flux density is favored
for developing low-dimensional systems [61] such as those described below.

• For 0D systems, particles are confined to a single point (e.g., quantum dots) [36,37].
• For 1D systems, particles are confined to a line (e.g., carbon nanotubes).
• For 2D systems, interactions are confined to a plane (e.g., graphene) [38,39].

In other words, magnetic flux density is used to create consolidated systems composed
of many particles. One of the critical characteristics of these alloys is the Curie point—
the temperature above which alloys lose their permanent magnetic properties, which
determines their range of operating temperatures. The magnetic properties also change
depending on the alloy’s phase (amorphous, crystalline), which is determined by powder
production technology. Two main technologies are used to produce alloy powders: gas
atomization and mechanical alloying. Both methods are implemented during powder
metallurgy as the step before powder sintering and consolidation. Gas atomization allows
us to obtain soft magnetic spherical particles of the mainly amorphous phase with a superior
magnetic response, while mechanical alloying primarily produces smooth particles that
are more specific and irregular. In gas atomization, with a high dispersion of particle
sizes and a particle size growth, the particle’s phase can also be both amorphous and
nanocrystalline. Such powder production technology also prevents contamination of the
cutting tools that happened during mechanical alloying. Mechanical alloying is mostly
used to produce Fe-based nanocrystalline alloy powders. It should be noted that as the
crystalline size increases, the alloy loses its soft behavior. The thermal stability of these
alloys is also determined by crystalline growth, which depends on the apparent activation
energy of crystallization. In this context, mechanical alloying is preferable for creating
metastable alloys of nanocrystalline (supersaturated solid solutions or high-entropy alloys)
and amorphous phases. The soft magnetic response can be improved by optimizing the
milling modes in mechanical alloying and adding other elements. The main difference
between the two developed alloys is in the Fe/B elements ratio of 85/8 and 80/13, where Fe
determines the amount of magnetism. Correspondingly, the magnetization of Fe85Zr6B8Cu1
alloy is expected to exceed that of Fe80Zr5B13Cu1. At the same time, B is responsible for
reducing the crystalline size, which increases the magnetic response by decreasing the
coercive force. In such alloys, B usually determines the formation of the amorphous phase
or more refined nanocrystalline phase, often leading to a loss of saturation magnetization.
Zr and Cu were chosen equally in both alloys. Zr hinders crystalline growth due to the
relatively large atom size, whereas Cu provokes a high density of nanocrystallization

5



Technologies 2024, 12, 227

and hinders the growth of larger crystals. Heating these alloys can also influence the
crystalline growth and reduce soft magnetic behavior. The thermal stability of the alloys
was researched via thermal analysis of the apparent activation energy of the crystalline
growth and the Curie point. Exothermic processes occurred in the 450–650 K temperature
range and were associated with tension relaxation. The apparent activation energy of the
main crystallization process was determined by Kissinger and isoconversion methods
(differential calorimetry) and was compared with the previously obtained data. The lowest
value of apparent activation energy (288 kJ/mol) was obtained for the Fe85Zr6B8Cu1
alloy. The transition temperatures, such as the peak crystallization and Curie points, were
higher in the Fe80Zr5B13Cu1 alloy. The magnetic response was similar when the saturation
magnetization was 5% higher in the Fe85Zr6B8Cu1 alloy than in the Fe80Zr5B13Cu1 alloy.
The high-saturation magnetization and low coercive force are necessary for the feasibility
of the applications in devices based on a soft magnetic behavior. Although the saturation
magnetization is slightly lower in the Fe80Zr5B13Cu1 alloy, the decrease in the coercive force
of Fe80Zr5B13Cu1 alloy is relatively significant due to the smaller size of the nanocrystals.
The magnetic behavior, combined with a high thermal stability front crystalline growth
associated with loss of soft magnetic behavior in Fe80Zr5B13Cu1 alloy, indicates that the
reduction in Fe content does not significantly decrease its operating ability under the
same conditions.

AlzGa1−zAs epitaxial layers (0 ≤ z ≤ 0.3) were produced by metal–organic chemical
vapor deposition on a n-GaAs (100) substrate 2 inches in diameter with a SiO2 mask of
stripes of 100 µm in wide (100 µm wide SiO2 mask/100 µm wide window) [36]. The mono-
lithic integration of electro-optical elements is one of the issues of modern photonics that can
be resolved by selective area epitaxy [62]. This technology facilitates the implementation of
control and generation of optical radiation and electrical signals for the needs of optoelec-
tronic devices, and other relevant operations in the production of single-mode lasers with
mono-integrated modulators and couplers, multiwavelength single-mode laser systems,
monolithic semiconductor sources of femtosecond laser pulses, and tunable semiconductor
lasers with ultra-wide tuning ranges. The growth of nano-objects such as quantum dots [37]
and nanowires is also induced by metal–organic chemical vapor deposition and molecular
or chemical beam epitaxy. Epitaxial growth is produced using a passivating mask, which
forms areas that suppress growth deposited on the substrate. Then, the epitaxial growth is
produced in mask windows. The geometric dimensions of the mask and windows depend
on the composition and properties of the grown epitaxial layers due to mass conservation
during the growth process. For the first time, experimental and theoretical studies have
been carried to evaluate the growth of layers of AlGaAs/GaAs solid solutions obtained
using selective area epitaxy in ultrawide windows. The operating pressure in the reactor
of the setup for epitaxial growth was 77 Torr. The samples were grown for 10 min on an
n-GaAs (100) of 2 inches in diameter at a temperature of 750 ◦C and a rotation speed of
1000 rpm in hydrogen (H2) (carrier gas). Trimethylgallium and trimethylaluminum were
the atoms sources. Two sample types were grown epitaxially.

• One was grown without a mask (standard epitaxial growth).
• The second was grown with a mask of SiO2 stripes of 1000 Å in thickness and 100 µm

in width (selective area epitaxial growth).

Four Alz0Ga1−z0As samples of each type were produced, with the following composi-
tions (z0) and growth rates:

• z0 = 0, growth rate of 200 Å/min.
• z0 = 0.11, growth rate of 225 Å/min.
• z0 = 0.19, growth rate of 247 Å/min.
• z0 = 0.3, growth rate of 286 Å/min.

During the initial production stage of the second type of samples, alternating stripes
of the mask were produced by ion-plasma sputtering. The pattern was oriented in a [011]
direction and produced by lithography and etching in a buffered oxide solution (buffered
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oxide etch 5:1). The patterned substrate was annealed at 750 ◦C for 20 min in the arsine
flow (AsH3) prior to the AlGaAs layer growth. The deposition of polycrystals with linear
dimensions that did not exceed 100 nm was observed. The density of polycrystals slightly
decreased towards the mask/window interface. A negligible number of polycrystals were
detected in the mask area within 1 µm of the mask/window interface. A certain threshold
concentration on the mask face, above which heterogeneous nucleation occurred, was
observed for each reactant species. The threshold was higher for mask areas with im-
proved roughness than those with high roughness. Polycrystals precipitate when one of
the threshold concentrations is exceeded. The areas of the mask/window interface where
nucleation did not occur were observed. The absence of polycrystals was observed on the
surface of one of the samples. The microphotoluminescence spectra for samples of the
second type were studied with a spatial resolution in the window region. The experimental
data were compared with the simulation results obtained by the developed vapor-phase
diffusion model. The mass diffusion constant and a surface reaction rate constant ratios
were 85 µm for Ga and 50 µm for Al, which suggested that the proposed model could be
used to predict the properties of the layers, such as the growth rate, layer thickness, and the
layer composition distribution in the development of heterogeneous multilayer structures
and optoelectronic devices.

Colloidal nanoparticles, such as AgInS2 quantum dots [37], are a new material that
improves the functionality of many sensory and electronic devices. The most relevant
issue associated with the development of colloidal nanoparticle synthesis is adapting the
developed technology to real manufacturing conditions. The new method proposed in
this study is an additive printing of chips for microfluidic synthesis [63,64]. This method
reduces costs, and it can be scaled and automated to increase productivity by up to 60%
and improve optical properties, such as the position, shape, and width of the photolumi-
nescent band and the photoluminescent quantum yield of quantum dots. An increase in
the synthesis temperature of the AgInS2 quantum dots led to a linear increase in photolu-
minescent quantum yield. The photoluminescent quantum yields of samples synthesized
in the microfluidic chip at 40, 60, and 90 ◦C were 0.9, 1.8, and 3.6%. Since the samples
produced by microfluidic synthesis of the AgInS2 quantum dots at 90 ◦C exhibited the most
significant photoluminescent quantum yield, they were synthesized at this temperature
for 18 and 180 s to evaluate their optical properties and yield. The new method of flow
hydrothermal synthesis for three-component AgInS2 quantum dots by additive manufac-
turing, resulting in the formation of microfluidic chips, demonstrated the applicability
of photopolymer resin-based chips without noticeable defects of the crystalline lattice
and the degradation of mechanical properties that can negatively influence microfluidic
chip channels. The microfluidic chip had a significantly greater mass and heat transfer
coefficient than the conventional flask reactor. The photoluminescence quantum yield of
samples synthesized by the developed technological method for 18 and 180 s was about
2.5 times higher than that of samples synthesized in laboratory conditions (in a flask).

Two-dimensional materials, particularly graphene [38], have recently become rele-
vant in light of their specific carrier mobility in electronic device applications. Graphene
layers are produced physically [65] and chemically (CVD and epitaxial) [66] on a metal,
semiconducting, and insulating material basis. The chemical-based growing methods
are considered to be the most promising for providing high-quality graphene to meet
the high demands of the market. The most technologically promising graphene-growth
method for a SiC substrate was achieved on Si- and C-faces. The type of face influences
the properties of the graphene. The growth of the graphene on the Si-face leads to the
formation of a C buffer underlayer between the graphene and Si-face. Charge transfer
and substrate interaction of graphene grown on the Si-face affect its electronic properties
compared to the C-face, which usually exhibits increased carrier mobility that depends on
the layer’s quantity. The most critical issue associated with graphene growth on the C-face
is the thick layers and the inability to accurately monitor their number. Changes in the
surrounding temperature can influence the properties of atomically thin graphene, making
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it more attractive for the sensory industry. A change in wetting properties is noted during
surface functionalization, but the results of many studies on this topic are controversial.
The primary sources of inconsistent graphene properties are surface charge, defects, and ab-
sorption of species (adsorbates). The adsorption of ambient molecular species on graphene
surfaces leads to doping and changes in graphene’s electrical and optical characteristics.
However, when this process not properly controlled, it can lead to degradation, affecting
the stability and reliability of the graphene-based device. The single-atom-thick graphene
surface can absorb bulk aerosol and moisture contamination in the air. When exposed
to moisture, graphene adsorbs contaminants on open surfaces at a temperature below
the room’s ambient temperature. It is important to keep such surfaces clear in order to
maintain the properties of highly sensitive graphene. A change in the Raman spectrum of
epitaxial graphene upon cooling due to moisture condensation can influence the evaluation
of the material’s quality. Raman spectroscopy is one of the most accurate research methods
for detecting grown graphene contamination. A semi-insulating 6H-SiC substrate doped
with vanadium (V) with a thickness of 369 µm was studied. The substrates were polished
on both Si and C faces. The experimental graphene was produced using a furnace at a
temperature of 1550 ◦C on the atomically flat 6H-SiC substrate for 25 min in a <10−10 Torr
vacuum. Si evaporates from the substrate at a high temperature when carbon atoms form
graphene. Optical images of the graphene surface grown on the carbon face of the 6H-SiC
substrate were obtained via an optical microscope fixed to a Raman spectrometer ranging
from room temperature to −180 ◦C. A Raman spectrometer featuring a 532 nm excita-
tion laser with a spot of 2 µm was utilized for the temperature-dependent spectra of the
graphene. The moisture on the epitaxial graphene on the 6H-SiC substrate was evaluated
by comparing Raman peaks with ice. Peaks in the 500–750 cm−1 frequency range and at
~1327 cm−1 were considered to be indicators of airborne contaminants. At the same time,
a wide peak at ~1327 cm−1 was observed at room temperature due to water spots on the
sample. This peak is of key importance, since it can be mistakenly considered as a D band
of graphene when it is observed at lower than room temperature and is associated with
graphene defects. The study emphasizes the importance of using Raman spectrometer to
investigate graphene below room temperature and its moisture insulation.

The authors of [39] focus on the innovative technology of β-SiC film synthesis on a
mono-silicon substrate by integrating porous silicon (por-Si) as an intermediate layer that
increases adhesion between the film and substrate (β-SiC/por-Si/mono-Si nano-objects).
SiC films deposited on the insulating ceramic substrate can also be used in graphene syn-
thesis [67]. The results are relevant to the development of the semiconductor industry. The
morphology showed that the produced SiC film possessed agglomerates of 2–6 µm, with
70–80 nm pores observed on those agglomerates. The synthesized β-SiC/por-Si/mono-Si
heterostructure had crystallographic orientations (hkl) of (111) and (220) for Si and SiC
corresponding to crystalline structures. X-ray diffraction analysis showed a shift toward
lower angles (the peak at 2θ = 35.6 ◦), indicating quantum size effects corresponding to
the nano-objects. The peak at an angular position of 2θ = 35.6 ◦ corresponds to β-SiC in
a zinc-blend-type lattice, confirming the structural integrity and crystallinity of the SiC
layer. A synthesized heterostructure is required for photodetectors, light-emitting diodes,
and sensing technologies. The thermal conductivity of SiC and the insulating properties
of por-Si can be used in advanced electronics. Due to the effects of quantum size, the
proposed film-synthesizing approach can also be used in quantum computing. The pro-
posed methodology substantially improves the lattice mismatch and adhesion that hinders
conventional synthesis on the Si-substrates. Future development of the approach lies in the
field of optimal porosity of the intermediate layer, mechanical properties in thermal and
electrical conditions, and application of heterostructure in electronics and optoelectronics.

Another study included in this Special Issue proposes a new setup that can be used to
remove toxic elements, such as arsenic (As), from water [40]. Many technologies have been
developed to remove arsenic from drinking water [68,69], including oxidation (photochemi-
cal, photocatalytic, biological etc.) techniques, membrane-based technologies (micro-, ultra-
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and nanofiltration, or reverse osmosis), coagulation/flocculation, ion exchange, adsorption
onto solid media (activated Al2O3, Fe-based sorbents, zerovalent iron (Fe0)), indigenous
filters, miscellaneous sorbents, and metal–organic frameworks. One technique involves
adsorption onto iron media, with regular replacement of the adsorbents. The formation of
iron oxide/hydroxide (FeO(OH)) consists of a chemical reaction, a dehydration phase, and
a grinding/granulating phase. Iron oxide/hydroxide can be obtained by combining a Fe+3

ion with an OH– ion. The necessary amount of time is allotted for the Fe(OH)2 to flocculate
based on the reaction of FeCl3 or Fe2(SO4)3 reagents, and then it is passed through a filter
press. The resulting sludge is dehydrated according to the following techniques: freezing
and non-mechanical separation with translucent and granular sludge comprising 50%
water, followed by thermal drying in a rotary drum or belt dryer until only 20% of the
water remains. The next phase involves grinding/granulating the sludge, such as Fe(OH)2.
The resulting media is used to remove arsenic from water. The principle of adsorption
on Fe(OH)2 involves a reversible chemical exchange, which proves its effectiveness in
removing arsenic and other substances from water; this is supported by many studies and
has been accepted on an international basis. However, this method of replacement is quite
costly. Adsorptive media technology requires replaceable Fe-based media that can only be
used once. The replacement cost comprises approximately 80% of the overall service cost.
Thus, a new portable setup based on the principles of iron media regenerating was devel-
oped and tested in Central Italy. In 2019–2023, the proposed system was used to regenerate
iron media to restore the system’s ability to adsorb arsenic in water. The legal threshold of
As-content in water is 10 µg/L. When the level of arsenic concentration in water exceeds
this threshold, iron media regeneration occurs, and the arsenic concentration in water is
minimized. A system that can regenerate the media to make it more economically profitable
is highly sought after by the industry. The advantages of this newly developed approach
are the renewing of the filter bed with the restoration of its adsorption capacity, the absence
of solid waste, the absence of disposal costs, the positive impact on the environment, the
reduced service time, the fact that no equipment needs to be replaced, elimination of media
production, and related material and transport costs.

Distilled water and groundwater were subjected to low-temperature plasma produced
by barrier and bubble discharges [41]. Research on the effect of non-equilibrium low-
temperature plasma of electric discharges in the air on water and aqueous solutions is of
interest to the industry, particularly with regard to the development of installations for
plasma-activated water (PAW) production [70,71]. PAW results from plasma action in water
or aqueous solutions (e.g., phosphate-buffered saline, etc.) in the presence of oxygen O2
or a mixture of O2+N2 at atmospheric pressure. PAW is used in biofilm removal, wound
healing, bacterial inactivation, and to increase seed germination rates and subsequently
accelerate plants’ growth, inactivate pathogens, rescue fungus infections, and preserve
crops due to the reactive oxygen and nitrogen species (RONS), relatively short-lived radi-
cals (•OH, NO•), superoxide (O−2 ), peroxynitrate (ONOO−2 ), and peroxynitrite (ONOO−).
The stated effects on plant growth are attributed to the activity of water nitrates, nitrites,
ammonium ions (NH+

4 ) or [NH4]+), and hydrogen peroxide (H2O2). PAW is considered
to be a sustainable and promising solution for biotechnological applications due to the
transient nature of its biochemical activity and the potential economic and environmental
benefits of using ambient air rather than rare or expensive chemicals. This approach can
potentially reduce the technological costs of growing plants when used in tandem with
other biotechnologies to improve germination and further plant growth [72,73]. There are
many methods of discharge treatment of water solutions to obtain plasma-activated water.
The spread approach in which the barrier discharge is used consists of the pulsed arc and
corona discharge that occurs directly in a water solution when the high-voltage electrode is
covered with a polyethylene or ceramic dielectric (barrier) layer (the heterophase method).
The overloading leads to the decay of the useful chemicals in water solution when the
formation of active oxygen and nitrogen species is limited by the low concentration of
N2 and O2 dissolved in water. Thus, water should be constantly saturated with the indi-
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cated gasses or air to produce plasma-activated water in hydrodynamic setups. Another
promising production method is based on the discharge that occurs directly in the volume
and on the surface of air bubbles. Bubble discharges make initiating a discharge easier
than electrohydraulic setups of heterophase methods. The pulse voltage is applied, and
the type of plasma-forming gas determines the type of particles and their concentration.
Devices that discharge treatment of water droplets or a thin water film to produce PAW
have low productivity (measured in liters/hour). The types of electric discharges (barrier
and in bubbles) considered in the study were chosen due to their prevalence in applied
research. The discharges are constructively implemented and facilitate the development
and production of technological installations. During the study, the ionic composition of
two types (distilled and ground) of water treated with a low-temperature plasma formed
by two pulsed discharges was revealed in atmospheric pressure air. After the exposure,
the properties of both types of water, such as their magnesium and calcium ion concen-
trations, pH index, and electrical conductivity, were compared. The bubble discharge in
groundwater showed maximum productivity for the NO−3 anions. The barrier discharge in
air, followed by water saturation with plasma products, is the most suitable for distilled
water. The maximum energy input (thermalizing) into the stock solution is ensured in
both treatments. From the point of view of energy consumption, both types of discharge
treatment are suitable for obtaining approximately equal amounts of NO−3 anions. This is a
reasonably simple way to convert calcium carbonates (CaCO3) from insoluble to soluble
calcium nitrates (Ca(NO3)2(H2O)x). Insoluble carbonates pass into soluble nitrates when
interacting with NO−3 anions. Treatment with discharges did not significantly affect their
concentration of potassium and sodium cations (K+, Na+) in water; the content of potassium
and sodium cations did not change during 10 min of exposure and amounted to 1.065 and
9.395 mg/L. Carbonates K2CO3 and Na2CO3 are soluble salts with electrical conductivity
of 280 µS/cm in water. As a result of the action of the discharge, additional NO−3 and
NO−2 anions appear, leading to the formation of potassium and sodium nitrates (KNO3,
NaNO3), which are also soluble salts. The complex compounds that affect the hardness
of water, particularly Ca++ ions, are released into the solution. These features of the water
treatment process using pulsed discharges should be considered when designing setups
for industrial plasma-activated water production of groundwater for hydroponic plant
growing technologies, in which a water solution enriched with NO−3 anions is required.

The carbon dioxide-assisted polymer compression method is one of the methods used
to produce porous polymer products with laminated sheets made of poly(ethylene tereph-
thalate) fiber with a diameter of 8 µm [42]. Polymer fibers are placed in a specific direction
along the sheet, and the intersections of the fibers are crimped in the presence of CO2,
forming a porous structure [74]. This orientation in a porous material is anisotropic [75].
The anisotropy of the permeation behavior in carbon dioxide-assisted polymer compres-
sion porous materials is of interest to the production of the drug-loaded tablet [76] and
was assessed based on the aspect ratio of the dye solution permeation of the fiber-spread
direction via the fabric-lamination direction. Quantitative evaluation of the anisotropy
of permeation was performed, and the phenomenon was understood by linking it to the
structure of the sample. Experiments were conducted using limited conditions of dye
solution permeation with a slow injection rate to emphasize and examine the anisotropy
of the structure. For the actual design of the component, the permeation rate and the
amount of permeation are essential considerations. A dye solution was syringed into the
80-ply and 160-ply laminated porous polymer products. The aspect ratio decreased steadily
with a decrease in porosity (0.63 for the 80-ply laminated product and 0.25 for the 160-ply
laminated product) and was evaluated as 2.73 and 2.33, respectively. A 3D structural
analysis showed that as the compression ratio increases, the fiber-to-fiber connection also
increases due to an increased quantity of adhesion points, resulting in a decrease in the
anisotropy of permeation. The hypothesis that an increase in the number of oriented
fibers per unit volume could increase the anisotropy was disproved. Cross-sections of the
obtained porous polymer with high porosity, which were subjected to X-ray computed
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tomography, showed less fiber-to-fiber bonding, and the number of fiber bonding points
increased as the porosity decreased. Since permeation of the dye solution occurs along
the fiber surface, more bonded fibers promote permeation between the upper and lower
fiber surfaces, resulting in less anisotropy of permeation. Functional components, such as
filters and tablets, are important industrial components. Therefore, structural anisotropy is
essential when designing filters and drug-loading tablets using carbon dioxide-assisted
polymer compression porous materials.

Information-analytical software has been developed in C# on the .NET framework by
Mendeleev University of Chemical Technology of Russia (version 2.0) and is aimed to create
digital models of structures of porous materials such as aerogels and new nanoporous mate-
rials to predict a set of properties (thermal and electrical conductivity, mechanical properties,
sorption, and solubility) and pore size distribution [43]. Models facilitate the description
of hydrodynamics of multicomponent systems, heat and mass transfer processes, dissolu-
tion, sorption, and desorption in processes in porous and nanoporous structures [77,78].
Digital models for different types of aerogels can be created. The pore size distribution
was chosen as a criterion to compare the results obtained for each model with the exper-
imental findings. The deviation of the resulting curves did not exceed 15%, showing a
correlation between the digital and experimental results. The software includes both the
existing and newly developed models. The existing models were used to model porous
structures when the original models were developed for aerogels of silicon dioxide SiO2,
silica–resorcinol–formaldehyde, polyamide, carbon, polysaccharides (chitosan, cellulose),
and protein and related processes (the dissolution of active pharmaceutical ingredients
and mass transportation in porous media). The developed models have a wide range of
input parameters for each type of aerogel, considering the features of the current sample.
The software allows for modeling processes such as hydrodynamics inside digital porous
structures using the lattice Boltzmann method and the cellular automaton particle dis-
solution model. The lattice Boltzmann method can be combined with cellular automata
models, which calculate sorption, mass transfer, and dissolution inside porous structures.
Software modules can be expanded with new cellular automata and other discrete models.
Aerogels of silicon dioxide, silica–resorcinol–formaldehyde, polyamide, carbon, chitosan,
cellulose, and protein were developed with the suggested original information-analytical
software. Their thermal and electrical conductivity, mechanical properties, sorption, and
solubility were predicted. These models establish a connection between structure geometry
and properties, allowing for the development of materials with the required properties,
such as new nanoporous materials. They also facilitate cellular automata models (original
developments and independent implementation of existing models) with wide possibilities
for varying their parameters and adding new modules. The software can potentially reduce
the required number of full-scale experiments and, consequently, the costs of developing
new porous materials.

Additive manufacturing technologies allow the production of products of complex
shapes made from various types of materials [44]. Many of those technologies based on
using laser source, namely laser powder bed fusion, are limited by the physical properties
of the used materials, such as the thermal conductivity of the surrounding medium, the
internal stresses, and the warpage or product weight [79]. One study aimed to solve the
problem of creating machine learning algorithms for the needs of additive manufactur-
ing [80] to identify the product’s hard-to-manufacture geometrical features. Four features
were considered:

• An overhanging surface with an angle in the range of 10–70◦ and a length of the
overhanging plane in the range of 10–25 mm (critical of over 45◦).

• Fine walls and slits with a thickness of 0.1–15 mm (critical of 0.1–5 mm).
• Horizontal and vertical holes with a diameter of 2–15 mm (critical of 6–15 mm).
• Helix tube (critical in the whole range of sizes and shapes).

The segmentation of these features permits the application of different manufacturing
strategies to improve production ability. The algorithm is trained based on laser bed fusion
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of stainless steel. It identifies simple geometrical features which are hard to produce.
The developed approach allows the treatment for the new product to be manufactured
by laser powder bed fission with 88% efficiency. A database containing basic and hard-
to-manufacture geometrical features was generated during the study. Every identified
feature received its production limitations. Convolutional neural network architecture was
trained to identify critical geometrical features and was introduced into the developed
database. During testing, the developed algorithm produced segmentation of the feature
and recognized untrained complex shapes, such as helix tubes. The approach confirmed
its efficiency in complex geometry segmentation. This approach can be improved by the
topology indexation and the definition of the algorithm input space. The output data of
the developed classification are a collection of 3D geometries representing the uncritical
basic volume part and the critical additive manufacturing features. The databases can
be expanded and retrained for other technological processes and materials by defining
of a new set of features. The study proposes the use of a new file format for additive
manufacturing technologies that can be enriched with the necessary 3D feature data, such
as .3mf. The open-source XML-based file format can include the features in a file which will
be automatically processed by a build processor. Further development of build processors
is necessary to adapt to the newly proposed 3D part processing.

3. Conclusions and Outlook

This Special Issue investigates various types of technologies, devices, and approaches
used in the creation and manufacturing of innovative and progressive materials (includ-
ing low-dimensional systems such as 0D–2D objects—quantum dots, quantum wells,
graphene, etc.). The following critical aspects of the development of the new and improved
industrial productions are also addressed.

• The surface quality of additive manufacturing parts of stainless steels and a wide range
of alloys, their explosive ablation, ion polishing in gas-discharge plasma, and coating
deposition [31].

• The surface quality of SiAlON after diamond grinding and diamond grinding–lapping–
polishing and prior to double-layer trinitride and DLC coating deposition, and their
effects on the durability of the cutting insert in tuning nickel superalloy [32].

• Advanced electrical discharge machining of alumina, which is achieved using assistive
coating and powder suspension [33],

• Shallow (at −20 ◦C) and deep (at −196 ◦C) cryogenic treatment of magnesium
nanocomposite produced through disintegrated melt deposition followed by hot
extrusion [34].

• Mechanical alloying of two nanocrystalline soft magnetic Fe-based nanoperm-type
alloys using Fe-Zr-B-Cu composition to produce low-dimensional systems (0D–2D
objects) [35].

• The use of metal–organic chemical vapor deposition selective area epitaxy using an
SiO2 mask with ultrawide () windows (100 µm) on a GaAs substrate to produce
strained quantum wells (0D objects) [36].

• A new manufacturing method for synthesizing AgInS2 quantum dots (0D objects) in a
3D-printed microfluidic chip [37].

• Insulation of 2D material (a 2D object), such as epitaxial graphene chemically grown on
6H-SiC substrates, from moisture that adsorbs contaminants under cooling conditions
(from 20 ◦C to −180 ◦C) and the influence of the moisture on its properties [38].

• Thermal synthesis of carbide ceramic (β-SiC) film on a silicon substrate using porous
silicon as an intermediate layer for creating nano-objects [39].

• Water purification technology which removes arsenic via regenerating iron-based
adsorptive media [40].

• Plasma-activated water generation of distilled water and groundwater by barrier and
bubble-pulsed discharges for growing plants [41].
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• Anisotropy of the permeation behavior in carbon dioxide-assisted polymer compres-
sive porous materials [42].

• Analytical software for digital models of porous and nanoporous structures such as
aerogels to create new materials based on SiO2 [43].

• Machine learning algorithms that are used to identify the critical geometrical features
produced by laser powder bed fusion of stainless steel [44].

Most of the proposals related to the creation of innovative materials and technologies
for processing and production have huge industrial potential and are scalable or, in some
cases, are already suitable for serial implementation. This was one of the key considerations
of the Guest Editors when selecting articles for publication in this Special Issue. The devel-
oped technologies and approaches are expected to be introduced into modern production
to accelerate the transition to the sixth technological paradigm.
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Abstract: SiAlON is one of the problematic and least previously studied but prospective cutting
ceramics suitable for most responsible machining tasks, such as cutting sophisticated shapes of aircraft
gas turbine engine parts made of chrome–nickel alloys (Inconel 718 type) with increased mechanical
and thermal loads (semi-finishing). Industrially produced SiAlON cutting inserts are replete with
numerous defects (stress concentrators). When external loads are applied, the wear pattern is difficult
to predict. The destruction of the cutting edge, such as the tearing out of entire conglomerates, can
occur at any time. The complex approach of additional diamond grinding, lapping, and polishing
combined with an advanced double-layer (CrAlSi)N/DLC coating was proposed here for the first
time to minimize it. The criterion of failure was chosen to be 0.4 mm. The developed tri-nitride
coating sub-layer plays a role of improving the main DLC coating adhesion. The microhardness of the
DLC coating was 28 ± 2 GPa, and the average coefficient of friction during high-temperature heating
(up to 800 ◦C) was ~0.4. The average durability of the insert after additional diamond grinding,
lapping, polishing, and coating was 12.5 min. That is superior to industrial cutting inserts and those
subjected to (CrAlSi)N/DLC coating by 1.8 and 1.25 times, respectively.

Keywords: ceramic inserts; diamond grinding defects; DLC-coating; nickel-based superalloy; polishing;
SiAlON; surface layer; tool durability; turning

1. Introduction

Sintered tool ceramic based on α/β modifications of SiAlON is a more efficient solution
for high-performance machining of high-temperature nickel superalloys such as Inconel
718 type alloys compared to hard alloys widely used for cutting inserts [1–4]. Nickel
superalloy is one of the primary structural materials for manufacturing components of
power equipment, aircraft engines, and spacecraft due to improved mechanical, anti-
corrosion properties and structural stability at elevated operating temperatures. The
improved mechanical properties of nickel alloys predetermine the increased heat and
power loads on the tools that accompany machining and contribute to the intensification
of the physicochemical interaction in the contact zones of the flank surface of the cutting
inserts with the workpiece and the face surface with descending chips and high-intensity
tool wear [5–9].

As production experience shows, nickel alloys begin to soften at temperatures cor-
responding to cutting speeds of 280–300 m/min and above, after which their mechani-
cal processing is accompanied by significantly lower heat and power loads on the tool.
In the specified high-speed range, the carbide tool instantly loses its cutting properties,
while SiAlON ceramics are effectively used in turning operations due to higher heat
resistance [10–13]. However, even the most modern brands of tool ceramics tend to cause
brittle fracture of the cutting part during the nickel alloy turning at cutting speeds of more
than 250 m/min with an increase in the cross-section of the cut layer (feeds of more than
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0.15 mm/rev) with all the apparent advantages and, as a result, simultaneous exposure
to significant thermal and mechanical loads on the tool [14–16]. High wear rates of the
cutting part are observed under these conditions, which is associated with intensive friction
and adhesion on the flank surface of the insert in contact with the workpiece and on the
face surface in contact with the descending chips, even when choosing ceramic cutting
inserts (CCI) with reinforced geometry and increased cutting-edge strength. At the same
time, the worn section of the flank surface of the insert is characterized by the presence
of craters with traces of adhesion, while relatively large recesses in the shape of holes are
formed on the face surface, which often leads to micro-splitting and chipping of the cutting
edge [17–21]. Therefore, with all the apparent advantages of CCI and the great potential of
its use for critical product mechanical engineering, the actual share of its industrial use in
the total global market volume of cutting tools is at a low level of about 11–12% [21,22].

Various researchers associate the low efficiency of CCI operation with the structural
feature of tool ceramics, as well as the different volume and surface defects that form at
the stages of the tool life cycle [23–25]. Among various defects, the critical role is played
by defects of the surface layer since this layer primarily perceives operational loads, and
the CCI efficiency depends on its condition [26–28]. The authors of this work propose
the SiAlON CCI microstructural model presented in Figure 1. It explains the possible
mechanisms of ceramic destruction under the influence of mechanical (P) and thermal (T)
loads during cutting. The development of destruction of the surface layer is possible by
one of three mechanisms:

1. intragranular destruction with gradual separation (abrasion) of microparticles of the
surface layer;

2. grain-boundary destruction with separation of individual elements of the microstructure;
3. mixed destruction, in which there is a separation of grain conglomerates occurring

inside the elements of the microstructure.
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The presence of numerous defects has a highly unfavorable effect on the resistance
to the destruction of the surface layer under intense thermal and mechanical loads. De-

18



Technologies 2023, 11, 11

fects being stress concentrators contribute to the accelerated destruction of CCI contact
surfaces and largely affect the stability of tool performance indicators. In particular, many
authors have noted enormous variations in the durability (low operational stability) of
cutting tools equipped with ceramic inserts, which hinders the industrial use of CCI in
mechanical engineering.

The deposition of standard wear-resistant tool coatings cannot solve these problems
since the increased defectiveness of the substrate significantly reduces the quality of the
formed coatings and limits their functionality [29–33].

The authors of this work comprehensively investigated the influence of the condition
of the surface layer of ceramic inserts made of Al2O3 + TiC, including the role of the
formed wear-resistant coatings, on the performance of the tool when turning hardened
bearing steels [28]. It was experimentally proven that the defects formed during diamond
sharpening (grinding) of the ceramic inserts reduce the efficiency of the tool operation and
contribute to premature destruction of the cutting part, which can occur at various stages of
tool operation, in particular during the run-in period and at the stage of regular wear. It is
possible to significantly minimize surface layer defects, the presence of which significantly
affects the tool performance, by acting on the surface layer using various diamond abrasive
machining methods [28,34–37].

The issues of the influence of the use of various diamond abrasive machining methods
on the condition of the surface layer of SiAlON cutting tools and on the functioning of
subsequently formed wear-resistant coatings on the performance of the tool when turning
heat-resistant nickel alloys have so far remained out of the focus of attention of research
groups. At the same time, these issues are highly significant from the point of view of
a deeper understanding of the wear characteristics of SiAlON CCI and the scientifically
justified use of various technological approaches to increase their performance, as well as
more comprehensive industrial applications for machining heat-resistant nickel superalloys
of the Inconel 718 type.

The purpose of the presented work was to study the influence of the surface layer
condition of SiAlON ceramic cutting inserts processed by diamond grinding and polishing
and subsequent (CrAlSi)N/DLC coating deposition on the tool operability in the high-
speed turning of a heat-resistant nickel alloy with increased cross-sections of the cut layer.

The object of the research was the least previously studied SiAlON cutting insert. The
focus of researchers until now has been mainly on square and rhombic plates made of
Al2O3 + TiC ceramics [9,13,26,28], and less often Si3N4 [30,31]. At the same time, ceramic
round plates made of SiAlON are designed for processing parts of gas turbine engines from
heat-resistant chromium-nickel alloys. Along with titanium alloys, they are the primary
structural materials for manufacturing responsible parts of aircraft gas turbine engines.

The novelty of this work lies in evaluating the surface layer condition influence
on the operational ability of the ceramic cutting insert made of SiAlON cutting ceramic
with the deposed double-layer coating of (CrAlSi)N/DLC structure, where the tri-nitride
(CrAlSi)N sub-layer of the coating is responsible for better DLC coating adhesion knowing
the problematic behavior of SiAlON to coatings, in conditions of extreme mechanical and
thermal loads.

The practical significance of the work lies in evaluating the effect of diamond grinding
and polishing in combination with the advanced double-layer (CrAlSi)N/DLC coating
effect on the performance of industrially produced SiAlON ceramic cutting inserts in
chrome–nickel alloy (Inconel 718 type) turning with increased cross-sections of the cut layer.

2. Materials and Methods
2.1. Cutting Tools, Material to Be Processed, and Laboratory Testing Methods

CRSNR 3232P 19 turning holders (Sandvik AB, Sandviken, Sweden) for external
machining on universal lathes and CNC machines were used as a cutting tool for the
research, in which RNGN-190800 round ceramic inserts of the AS500 brand manufactured
by TaeguTec (Daegu, Republic of Korea) with a diameter of 19.05 mm and a thickness of
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7.9 mm were mechanically fastened (Figure 2). When the insert is placed in the holder, the
clearance angle is 5◦, the rake angle is −5◦, and the lead angle is 46◦. It should be noted that
the geometry of the cutting inserts was chosen from the tasks of providing curved surfaces
for manufacturing gas turbine engine parts. SiAlON can be considered one of the most
inconvenient materials for coating and machining that exhibits superior wear resistance
compared to carbide tools, especially under extreme load conditions (semi-finishing in the
temperature range up to 800 ◦C with increased depth of cut and feed). The tool material
was SiAlON ceramic of the following composition: 79 vol% Si5AlON7, 17 vol% Si3N4,
4 vol% Yb2O3. The content of the main phases was revealed by X-ray diffraction analysis
and processing of the results using the PANalytical HighScore Plus software by PANalytical
B.V. (version 3.0) and the ICCD PDF-2 database (version 2023).
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Figure 2. Design of a prefabricated turning cutter with mechanically fastened round ceramic inserts
used in experiments.

XH45MBTJuBP nickel-based heat-resistant alloy, according to the national standard
of the Russian Federation 5632-2014 (the closest analog of Inconel 718), was used as the
material to be processed. Table 1 shows the composition of the XH45MBTJuBP alloy. The
basis of this alloy is an austenitic solid solution of the nickel–chromium–iron system. This
alloy is used for highly loaded elements of load-bearing structures and other parts of gas
turbine engines operating in various climatic conditions at temperatures up to 800 ◦C. A
hot-rolled bar with a diameter of 100 mm was used as a workpiece for the study. The nickel
alloy had a hardness of 322 (HB) and a strength of 1130 MPa.

Table 1. Chemical composition of XH45MBTJuBP alloy used in the research.

Element Ni Fe Cr Mo Nb W Ti Al C, Si, Mn, S, P

Content (%) 45.3 27.9 15.0 4.0 1.3 2.5 2.0 1.0 1.0

Workpieces were processed on a ZMM CU500MRD lathe (ZMM, Nova Zagora, Bul-
garia) under cutting conditions providing intense heat–power loads on CCI: cutting speed
V = 300 m/min, feed S = 0.2 mm/rev, and cutting depth t = 0.8 mm. Increased values were
selected from the practice of semi-finishing difficult-to-machine alloys based on nickel and
titanium. Increased feed at a simultaneously high cutting speed provides more intense heat
and power loads on the tool when the probability of premature failure of the ceramic insert
increases sharply. It is under these conditions that the role of the surface layer increases. It
should be noted, within this study, that one value of the cutting speed was chosen so as not
to overload the article with data and to conduct scientific groundwork for further research.
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Ten CCI faces were tested to identify the nature of wear development over the cutting time.
In order to minimize the error of experiments, all experiments were duplicated 10 times.
The size of the wear area along the flank surface was measured every 2 min of turning on
a Stereo Discovery V12 Zeiss optical microscope (Carl Zeiss AG, Oberkochen, Germany).
The wear chamfer value of 400 µm was taken as the failure criterion.

When choosing the criterion of the flank wear, it should be noted that finishing of
0.3 mm is an optimum value, but only for tools that are subjected to regrinding. The cutting
ceramic insert is not related to this group of cutting tools. They are much more expensive
than hard alloy tools and cannot be reused after achieving the criterion. In most cases, this
type of cutting tool is used carefully with a relatively small depth of cut. In this study, we
used a relatively large depth of cut and feed to achieve the forementioned purposes to
maximize tool life that is not subject to regrinding. Thus, the chosen cutting modes are
not suitable for finishing but for semi-finishing, after which finishing is foreseen. In this
condition, the tool is expected to develop its resource to the maximum. Therefore, flank
wear of 400 µm is chosen.

2.2. Preparation of Cutting Ceramic Inserts with Different Condition of the Surface Layer

Industrially produced round-shaped SiAlON inserts were subjected to additional
diamond abrasive machining operations such as lapping and polishing to form the ex-
perimental groups of ceramic inserts with different surface layer conditions. Additional
processing of ceramic inserts was carried out on the Lapmaster Wolters lapping and pol-
ishing machine (Mt Prospect, IL, USA) with unique lapping and polishing wheels using
various diamond suspensions (with a grain size of 50/40, 40/28 during lapping, and 10/7,
5/3 during polishing) with a cutting speed of 3 m/s. Finishing took 28 min, and polishing
16 min. Grinding and finishing modes were chosen based on literature data [35,37] and
the authors’ experience [9,16]. There were two groups of ceramic inserts made of SiAlON:
industrial samples subjected to diamond grinding at production (I), experimental samples
prepared in laboratory conditions of MSUT “STANKIN”, subjected to additional lapping
and polishing (II). Lapping and polishing as additional operations of abrasive machining of
ceramic inserts were chosen because these processes can significantly minimize the degree
of imperfection of the surface layer formed during diamond grinding, as noted by various
researchers [34–37].

2.3. Coating of Ceramic Inserts

The choice was made in favor of a diamond-like (DLC) coating, which is deposited
on a pre-formed nitride (CrAlSi)N sublayer based on the experimental data previously
obtained by the authors of this study, when coating cutting tools designed for processing
heat-resistant nickel alloys [38–43]. DLC coatings demonstrate the lowest coefficient of
friction and depth of worn track when contacting the ball under high-temperature heat-
ing conditions during tribological tests and reduce the intensity of friction and adhesive
interaction of the contact pads of the cutting tool when cutting nickel alloys [44,45].

DLC coatings, along with the described advantages, have specific features that should
be taken into account when choosing the method of their deposition. First, there is a
limitation of the maximum thickness of no more than 2.0 µm. Exceeding it leads to
an increase in the level of internal stresses and an increase in the probability of their
delamination when exposed to external loads [46,47]. Therefore, DLC coatings should
be deposited on a preformed sublayer to increase the thickness of the formed coating on
the cutting tool. In addition, the use of DLC coatings for high-speed cutting conditions
of heat-resistant alloys is limited by their relatively low thermal stability. Formation of a
thermally stable sublayer, for example, (CrAlSi)N, as well as doping of the DLC coating
with various elements, for example, Si, allows the noted disadvantage to be minimized and
ensures high efficiency of the DLC coatings [48–50].

21



Technologies 2023, 11, 11

The total thickness of the (CrAlSi)N/DLC coating that was formed on SiAlON CCI
in the present study was 3.9 µm, including a 1.9 µm (CrAlSi)N sublayer and a 2.0 µm
DLC coating.

It should be noted that the role of the (CrAlSi)N sublayer in cutting is in providing
more favorable conditions for the functioning of the external DLC, increasing its adhesive
bond strength to the substrate [10,41].

The technological process of (CrAlSi)N/DLC coating deposition was implemented
on a multifunctional STANKIN unit (MSUT Stankin, Moscow, Russia), equipped with
a set of systems and devices that provides purification of the processed samples and
coating deposition by vacuum-arc evaporation of cathodes as well as chemical vapor
deposition [51–55]. A schematic diagram and a general view of the unit are shown in
Figure 3. The inner (CrAlSi)N layer was deposited by vacuum-arc evaporation of cathode
materials, and the outer DLC layer was formed by the PACVD method by decomposition
of hydrocarbon-containing gases in a gas discharge plasma. The DLC coating technology
was optimized for ceramic tools, and the approaches developed by Platit AG (Selzach,
Switzerland) were used as the scientific basis.
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Figure 3. (a) Schematic diagram of the STANKIN technological unit for coating ceramic inserts,
where 1 is vacuum chamber; 2,3 are cathodes (Cr and AlSi); 4,5 are cathode coils; 6,7 are power
sources of cathode coils; 8,9 are cathode shutters; 10 is switchboard; 11,12 are cathode current sources;
13 is equipment for placing samples with planetary rotation; 14 is ceramic inserts; 15 is reference
voltage power supply; 16 is gas supply systems; 17 is vacuum gauges; 18 is ions; 19 is ion movement
directions; 20 is plasma; (b) a general view.

The complete technological cycle of coating deposition included six stages: sample
heating, gas discharge purification, ion purification, a (CrAlSi)N sublayer deposition, a
gradient DLC-Si layer deposition, and an external DLC layer deposition. Table 2 shows
data on the modes that were assigned at each of the stages of coating formation. The
modes mentioned were worked out in previous years and were chosen to ensure maximum
adhesion of coatings [10,38,41].

2.4. Investigation of the Properties of the Surface Layer of Ceramic Inserts

A scanning electron microscopy method was used on Tescan VEGA3 LMH equipment
(Brno, Czech Republic) for microstructural analysis of the surface of ceramic inserts with
different surface layer conditions.
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Table 2. Range of factors of technological cycle of coating deposition.

Stage of the Process Technological Modes Measuring Units Values

Sample heating

Chamber pressure Pa 0.03
Rotation speed of the tooling with

samples (constant at all stages) rpm 5

Heating temperature ◦C 500
Heating time min 60

Purification in a
gas discharge

Composition of the working gas - Ar
Chamber pressure Pa 1.2

Bias voltage V −650
Chamber temperature ◦C 500

Current at the cathode AlSi
(open shutter) A 90

Current at the cathode Cr
(closed shutter) A 105

Purification time min 20

Ion purification

Composition of the working gas - Ar
Chamber pressure Pa 2.2

Bias voltage V −800
Chamber temperature ◦C 500

Current at the cathode Cr A 90
Purification time min 20

(CrAlSi)N sublayer
deposition

Composition of the working gas - 95% N2/5%
Ar

Chamber pressure Pa 0.9
Bias voltage V −40

Chamber temperature ◦C 500
Current at the cathode AlSi A 100
Current at the cathode Cr A 100

Deposition time min 90

Gradient DLC-Si
layer deposition

Composition of the working gas -
72% N2/20%

Ar/8%
C4H12Si

Chamber pressure Pa 1.5
Bias voltage V −500

Chamber temperature ◦C 180
Deposition time min 20

External DLC-layer
deposition

Composition of the working gas - 55% Ar/45%
C2H2

Chamber pressure Pa 0.8
Bias voltage V −500

Chamber temperature ◦C 180
Deposition time min 100

A Dektak XT stylus profilometer (Bruker AXS GmbH, Karlsruhe, Germany) was used
to construct profilograms of the ceramic insert surface layer conditions. The specified
device performs electromechanical measurements by contact scanning of the required
surface area with a highly sensitive diamond tip at a given speed. Specialized software
based on the analysis of measurement results processes information and visualizes the
results in the form of 3D profilograms. Two parameters of the condition of the surface
layer were evaluated, provided by the ISO 4287-2014 standard: Rt is the sum of the most
significant height of the profile peak and the most significant depth of the profile cavity (the
total height of the profile by which the depth of the defective layer can be judged); Ra is the
arithmetic mean of the absolute values of the profile. According to the manufacturer’s data,
the measurement error is ±10% of the measured value when measuring from 100 µm up to
500 Å.
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Crack resistance and microhardness of ceramic inserts with different surface layer con-
ditions were determined on a universal QnessQ10A microhardness tester (Qness GmbH,
Mammelzen, Germany) by the Vickers pyramid indentation method. The load on the
indenter was 2 kg when assessing microhardness and 5 kg when assessing crack resis-
tance. The indentation diagonals and the length of cracks propagating from the corners
of the indentations were measured. Crack resistance (Kc) and microhardness (HV) were
determined according to the known dependencies based on it [56].

An original method proposed by the authors of this study was used to assess the effect
of surface defects on the ability of ceramic cutting edges to resist chipping when exposed
to an external load. The approach described in [57,58] was taken as a basis. The possibility
of obtaining new information about the mechanical behavior of ceramics when their edges
are chipped by an indenter was substantiated by Griffiths’ theory of brittle fracture. The
authors of this study developed an improved method, the schematic diagram shown in
Figure 4, taking into account the operational loads acting on ceramic inserts. The tests were
performed on a Revetest scratch tester (Anton Paar, Corcelles-Cormondrèche, Switzerland)
equipped with an acoustic emission (AE) signal registration sensor when exposed to a
surface layer with a diamond indenter with a smoothly increasing load on the indenter (P)
from 20 to 40 N. The diamond pyramid as an indenter was chosen purposefully to create
the maximum stress concentration near the cutting edge. The identity of the location of
the indenter application point relative to the cutting edge was strictly controlled. The chip
had a shape close to a tetrahedron as a result of the force acting directly near the cutting
edge. The experiments showed that the chip’s length B and width L are not informative
parameters for assessing the ability of the cutting edges to resist chipping (the chip size in
all samples had similar values). The force at which the chip occurred turned out to be an
indicator sensitive to changes in the condition of the surface layer of the ceramic samples.
The moment of chipping and corresponding load were identified by the spectrum of the
AE signal, which sharply increased at the moment of destruction. The high information
content of the AE signal in the destruction of various materials has been noted in several
works [59–63].
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Figure 4. Schematic diagram of the method used to evaluate the resistance of the CCI cutting edges
to chipping: (a) the impact of the destructive load created by the diamond indenter near the cutting
edge; (b) SEM-image of the chipping area of the cutting edge.

Tests were carried out on a Calowear CSM Instruments device (Peseux, Switzerland)
under pressure on samples with a force of 0.2 N to study the ability of the surface layer
of ceramic inserts to resist abrasion under abrasive conditions. The samples were affected
by a rotating sphere of hardened steel when an abrasive suspension was supplied into
the contact zone. Optical analysis of the wear holes’ geometric dimensions and their
measurement on a stylus profiler made it possible to quantify and qualitatively assess
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the volume wear of samples [64]. The optical measurement error was calculated by the
formula [65]:

δl = ±3 +
L
30

+
g·L

4000
, (1)

δt = ±3 +
∆
50

+
g·∆

2500
, (2)

where δl is the longitudinal measurement error, µm; δt is the transversal measurement
error, µm; ∆ is the measured length, mm; g is the product height above microscope table
glass (taken equal to zero), mm. The evaluation of the change in the coefficient of friction of
ceramic inserts with different surface layer conditions was performed on a TNT-S-AH0000
tribometer (Anton Paar, Corcelles-Cormondrèche, Switzerland) when the ceramic insert
rotates relative to a fixed ceramic ball with a diameter of 6 mm at a load of 1 N, a sliding
speed of 10 cm/s and a test temperature of 800 ◦C [66].

The adhesion strength of the formed coatings with ceramic substrates by scratch testing
with fixation of the spectrum of acoustic emission signals was evaluated on the NANOVEA
M1 device (Irvine, CA, USA). The tests were performed with a linearly increasing load up
to 50 N and a loading speed of 5 N/min. The acoustic emission spectra and corresponding
forces were recorded during the test. The results of three measurements identified the
normal load, which corresponded to the coating delamination moment, by [67–69].

3. Results and Discussion
3.1. Influence of Various Diamond Abrasive Machining Methods on the Condition and
Characteristics of the Surface Layer of SiAlON Ceramic Inserts

The results of microstructural SEM-analysis of the surface layer of industrially manu-
factured CCI from SiAlON, subjected to diamond grinding at the finishing, show that the
samples contain numerous surface defects (Figure 5), and the surface has a sophisticated
morphological pattern. The surface layer of SiAlON tool ceramics has a specific relief,
including a set of defects as a result of the impact of the diamond grains and the friction
of the wheel binder on the surface of the high-density ceramics as well as local plastic
deformation occurring during high-speed heating of the surface areas of the ceramics
together with their rapid cooling. The observed defects (Figure 5) can be classified into the
following types: (1) micro ridges, which are the result of plastic deformation, (2) ripped-out
single grains and (3) ripped-out conglomerate grains, under force loads, (4) deep grooves,
shaped by diamond grains of the grinding wheel, (5) micro-cracks, arising as a result of the
intense thermomechanical impact, and (6) grooves, formed because of slipping of “passive”
diamond grains over the ceramic surface.
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Figure 5. SEM-images of the general view of the cutting part of a round SiAlON ceramic insert
(a) and the microstructure of the fracture boundary of sintered ceramics and the surface layer after
diamond grinding (b): 1, micro ridges; 2, ripped-out single grains; 3, ripped-out conglomerate grains;
4, deep grooves; 5, micro cracks; 6, grooves.
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The obtained 3D profilograms and SEM images of the microstructure of the surface
layer of SiAlON ceramic inserts of the two studied groups are shown in Figure 6. The
characteristic defects of the surface layer of industrially produced inserts (group I) with the
typical topography [70] are noted in Figure 5 and visible on the profilograms (Figure 6a).
The experimental data shown in Figure 6b demonstrate the pronounced positive changes
occurring in the surface layer of industrially produced CCI due to additional diamond
lapping and polishing (group II). Their use minimizes the defects formed during diamond
grinding of the ceramic inserts (the maximum Rt value was 0.37 µm compared to 3.6 µm
for group I inserts) and improves the surface quality (the Ra value was 0.014–0.026 µm
compared to 0.28–0.3 µm for group I inserts).
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Figure 6. 3D profilograms (left) and SEM images (right) of the microstructure of the surface layer
of SiAlON ceramic inserts after diamond grinding (a), and after diamond grinding, lapping, and
polishing (b).

Table 3 summarizes data on the average values of the SiAlON CCI surface layer
characteristics after various diamond abrasive machining methods. It can be seen that the
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average value of Rt after diamond grinding, lapping, and polishing was reduced many
times—from 3.1 to 0.29 µm—while the parameter Ra was reduced from 0.29 to 0.019 µm.

Table 3. Characteristics of the SiAlON ceramic inserts’ surface layer after various diamond abrasive
machining methods.

No. Diamond Abrasive Machining

Average Values of the Surface Layer Characteristics
(According to the Measurement Result of 10 Samples)

Crack Resistance
Kc, MPa·m1/2

Microhardness
HV, GPa

Roughness
Ra, µm

Defect Layer
Depth Rt, µm

1 Diamond grinding (group I) 4.91 ± 0.35 15.99 ± 0.05 0.29 ± 0.025 3.1 ± 0.031

2 Diamond grinding, lapping, and
polishing (group II) 5.26 ± 0.27 16.09 ± 0.05 0.019 ± 0.002 0.29 ± 0.032

The measurement results obtained by indentation crack resistance (Kc) of the SiAlON
ceramic inserts’ surface layer after various diamond abrasive machining methods (Table 3)
revealed that the estimated indicator demonstrates a certain dependence on the defec-
tiveness of the surface layer. The average Kc value was increased by 7%—from 4.91 to
5.26 MPa·m1/2—due to additional diamond lapping and polishing of the inserts (group II)
compared to industrially produced CCI (group I). There was no noticeable effect on the
microhardness of the condition of the CCI surface layer (Table 3).

Table 4 shows the experimentally obtained data of measured loads on the indenter
corresponding to the chipping of the SiAlON ceramic inserts’ cutting edges after various
diamond abrasive machining methods (chipping and corresponding load were estimated
based on the AE signal spectra). It has been found that additional lapping operations
combined with polishing have a significant effect on the average value of the destructive
load and the value of the spread of this indicator. For SiAlON CCI, an increase in the
destructive load by ~30% was recorded.

Table 4. Loads on the indenter corresponding to the chipping of the SiAlON ceramic inserts’ cutting
edges after various diamond abrasive machining methods (measuring error of ±1.5 N).

No. Destructive Load, N
Diamond Abrasive Machining Methods

Diamond Grinding
(Group I)

Diamond Grinding, Lapping, and Polishing
(Group II)

1 Average value 28.9 37.6
2 Max value 33 40
3 Min value 26 36

Figure 7 shows the results of a study of the abrasion resistance of a SiAlON CCI
surface layer formed by various diamond machining methods under the abrasive action
of a rotating sphere. The presented dependences of the volume of worn material on the
test time show that the presence of diamond grinding defects in the SiAlON ceramic
inserts’ surface layer (I group) significantly reduces the ability of the ceramics to resist
abrasive wear. The ceramic inserts’ lapping and polishing (group II) provide the lowest
defectiveness of the surface layer and a decrease in the volume wear of the ceramic samples
by ~1.8 times. It can be assumed that the so-called “edge effect” contributes to the decrease
in the intensity of abrasion [71], considering that the microhardness of the SiAlON CCI
surface layer of the two studied groups differs insignificantly (Table 3). The contact pads of
the samples with a minimum number of defects restrain the development of a wear hole
formed from the mechanical and abrasive effects of a rotating sphere. The boundaries of
the surface layer containing multiple defects, shown in Figure 5, have a reduced ability
to resist microfracture when exposed to an external load, and, as a result, the wear hole
grows faster.

27



Technologies 2023, 11, 11

Technologies 2023, 11, x FOR PEER REVIEW 12 of 23 
 

 

Table 4. Loads on the indenter corresponding to the chipping of the SiAlON ceramic inserts’ cutting 

edges after various diamond abrasive machining methods (measuring error of ±1.5 N). 

No. 
Destructive 

Load, N 

Diamond Abrasive Machining Methods 

Diamond Grinding 

(Group I) 

Diamond Grinding, Lapping, and Polishing 

(Group II) 

1 Average value 28.9 37.6 

2 Max value 33 40 

3 Min value 26 36 

Figure 7 shows the results of a study of the abrasion resistance of a SiAlON CCI 

surface layer formed by various diamond machining methods under the abrasive action 

of a rotating sphere. The presented dependences of the volume of worn material on the 

test time show that the presence of diamond grinding defects in the SiAlON ceramic 

inserts’ surface layer (I group) significantly reduces the ability of the ceramics to resist 

abrasive wear. The ceramic inserts’ lapping and polishing (group II) provide the lowest 

defectiveness of the surface layer and a decrease in the volume wear of the ceramic 

samples by ~1.8 times. It can be assumed that the so-called “edge effect” contributes to the 

decrease in the intensity of abrasion [71], considering that the microhardness of the 

SiAlON CCI surface layer of the two studied groups differs insignificantly (Table 3). The 

contact pads of the samples with a minimum number of defects restrain the development 

of a wear hole formed from the mechanical and abrasive effects of a rotating sphere. The 

boundaries of the surface layer containing multiple defects, shown in Figure 5, have a 

reduced ability to resist microfracture when exposed to an external load, and, as a result, 

the wear hole grows faster. 

 

Figure 7. Dependences of the volume wear of SiAlON ceramic inserts with the different conditions 

of the surface layer after various diamond abrasive machining methods on the time of exposure to 

a rotating sphere and abrasive particles during testing, where (I) is diamond grinding, (II) is 

diamond grinding, lapping, and polishing. 

Figure 8 shows the dependences of the coefficient of friction (COF) during high-

temperature heating of SiAlON CCI after various abrasive machining methods such as 

diamond grinding (I) and additional lapping and polishing (II). The characteristic curves 

of the coefficient of friction changing over time demonstrate that minimizing the level of 

defects in the surface layer of samples (group II) provides an average of ~20% reduction 
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Figure 7. Dependences of the volume wear of SiAlON ceramic inserts with the different conditions
of the surface layer after various diamond abrasive machining methods on the time of exposure to a
rotating sphere and abrasive particles during testing, where (I) is diamond grinding, (II) is diamond
grinding, lapping, and polishing.

Figure 8 shows the dependences of the coefficient of friction (COF) during high-
temperature heating of SiAlON CCI after various abrasive machining methods such as
diamond grinding (I) and additional lapping and polishing (II). The characteristic curves
of the coefficient of friction changing over time demonstrate that minimizing the level of
defects in the surface layer of samples (group II) provides an average of ~20% reduction
in COF relative to samples with numerous defects (group I). Another feature that attracts
attention is that at the stage of the run-in of contact surfaces in group I samples with high
defectiveness, COF changes nonmonotonically, which may indicate the intensive adhesive
setting of the SiAlON CCI surface layer with a counter body. For the group II samples,
the change in COF is uniform throughout the entire test distance, which indicates more
favorable conditions for frictional interaction. The observed patterns can be explained by
a significant difference in the surface layer roughness achieved by the selected diamond
abrasive machining methods.
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3.2. The Influence of Various Diamond Abrasive Machining Methods on the Durability of SiAlON
Ceramic Inserts in Nickel-Based Superalloy Turning

Figure 9a,b shows groups of “backface wear–cutting time” curves, constructed ac-
cording to the results of laboratory tests of 10 faces of industrially produced round cutting
inserts made of SiAlON when turning XH45MBTJuBP alloy at the cutting mode mentioned
above. Experimental data illustrate (Figure 9a) the disadvantages associated with the CCI
abovementioned low operational stability, which limits their industrial use. It can be seen
that the curves of wear development over the cutting time for cutting inserts after diamond
grinding (with the maximum number of surface defects) have a pronounced fan-shaped
character with different wear rates of the cutting faces at the stage of run-in and regular
wear. As a result, there is a considerable variation in the resistance until the failure criterion
is reached. The authors of this work observed a similar pattern of wear development
of ceramic inserts after diamond grinding when studying the turning of hardened steel
100CrMn6 using CCI made of Al2O3 + TiC ceramics [28].
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XH45MBTJuBP heat-resistant nickel alloy (V = 300 m/min, S = 0.2 mm/rev, t = 0.8 mm).
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It should be noted once again that the surface layer of industrially produced inserts
is replete with numerous defects that are stress concentrators, and when external loads
are applied, the wear pattern is difficult to predict. Thus, the destruction of the cutting
part can occur at any time (Figure 9a), while it can resemble the tearing out of entire
conglomerates (Figure 1, option 3) When minimizing defects, i.e., repeated reduction of
stress concentrators, the probability of destruction of the cutting part occurs mainly as a
result of the gradual abrasion of the grains of the ceramic (Figure 1, option 1).

The additional lapping and polishing (with a minimum number of surface defects)
have a significant impact on the nature of the development of cutting-edge wear over time
(Figure 9b): the “backface wear–cutting time” curves have the form of an intertwining
bunch of curves with significantly less variation in resistance values, while the ceramic
inserts show higher operational stability.

It should be noted that the proposed research approach is unique (there are no other
works related to the improving surface layer of SiAlON inserts for deposition of the unique
coating structure for turning nickel-based alloys). The standard operating characteristic of
a tool, the average tool life used by researchers, is an uninformative indicator for cutting
ceramics. It can be seen (Figure 9a) that for ceramic inserts with a defective surface layer,
the curves of development of wear over time along the back surface have a pronounced fan-
shaped nature of the realizations of a random variable. Such a pattern of wear development
over time is difficult to predict, and the operating time, until the accepted failure criterion
is reached (in our case, 400 µm), has a large spread of values, which does not provide
high operational reliability. Moreover, the approach proposed by the authors to reduce the
defectiveness of the surface layer demonstrates a favorable effect on tool reliability, which
is a key problem that hinders the use of ceramics in industry.

At the same time, if we compare the average values of wear on the flank surface
of SiAlON CCI after diamond grinding (group I) and diamond grinding, lapping, and
polishing (group II) on the turning time of the XH45MBTJuBP heat-resistant nickel alloy
(Figure 10), the final difference in the average resistance of inserts with minimum and
maximum defectiveness indices (according to the results of tests of 10 faces) is no more than
30% (9 min and 7 min, respectively). Therefore, the main effect of minimizing surface layer
defects should be considered to be the reduction in the resistance spread, which provides
more stable (predictable) operating conditions.
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Figure 10. Dependences of the average backface wear value of SiAlON ceramic inserts after diamond
grinding (red curve) and diamond grinding, lapping, and polishing (blue curve) on the cutting time
when turning XH45MBTJuBP heat-resistant nickel alloy (V = 300 m/min, S = 0.2 mm/rev, t = 0.8 mm).
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3.3. Influence of the Condition of the Surface Layer of SiAlON Ceramic Inserts on the Quality of
Formed (CrAlSi)N/DLC Coatings and Their Wear Resistance in Nickel-Based Superalloy Turning

Figure 11 shows an image of the microstructure of a two-layer (CrAlSi)N/DLC coating
formed on a SiAlON ceramic sample, the sublayer of which (CrAlSi)N has a columnar
structure traditional for vacuum-arc nitride coatings. The outer DLC layer is characterized
by an amorphous structure. The measurements showed that the microhardness of the
formed outer DLC layer is 28 ± 2 GPa, and the average coefficient of friction during
high-temperature heating (up to 800 ◦C) is ~0.4.
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Figure 11. Microstructure of (CrAlSi)N/DLC coating formed on SiAlON ceramic inserts: (a) general
view; (b) layer and sublayer.

Figure 12 shows images of the surface microstructure and profilograms of surface
samples with (CrAlSi)N/DLC coatings deposited on SiAlON ceramic inserts with different
states of the surface layer (groups I and II). It can be seen that the morphology of the
deposited coatings significantly depends on the degree of defectiveness of the SiAlON
CCI surface layer [72]. A thin-film coating cannot “heal” numerous defects that abound in
industrially produced SiAlON inserts subjected to diamond grinding (the defects are listed
in Figure 5) [73,74]. The coating only partly fills in rough surface defects—an experimental
assessment of the surface layer of the samples by the Rt parameter made it possible to
establish that (CrAlSi)N/DLC coatings can reduce the depth of the defect layer by no
more than 35–40%. Comparison of the data in Figure 12b allows us to conclude that the
presence of various defects on the ceramic substrate during the deposition of thin-film
coatings contributes to the formation of defects in their growth in the form of porosity,
discontinuities, and deformation of crystallites (Figure 12a). With a minimum number of
defects in the surface layer of ceramic samples, the deposited coatings are characterized
only by morphological features characteristic of the PACVD process of DLC layer deposi-
tion (Figure 12b). The coatings do not contain visible pores and discontinuities, and the
microstructure is represented by rounded crystallites [75,76].

The studies also found significant differences in the strength of the adhesive bond of
(CrAlSi)N/DLC coatings depending on the condition (defectiveness) of CCI from SiAlON.
It was found that coatings formed on defective substrates subjected to diamond grinding
began to peel off at loads of ~33 N, and coatings deposited on samples after lapping and
polishing began to peel off at loads of 42–44 N. This can be explained by the high density of
micro defects in the SiAlON CCI surface layer leading to the formation of a large amount
of porosity near the “coating-substrate” interface and an increase in internal stresses in the
coatings [28].
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Figure 12. SEM images of the microstructure (top) and 3D profilograms (bottom) of (CrAlSi)N/DLC
coatings deposited on SiAlON ceramic inserts with different surface layer conditions: (a) after
diamond grinding; (b) after diamond grinding, lapping, and polishing.

The dependences of the volume of worn material on the test time presented in
Figure 13, when compared with the data in Figure 7, allow us to conclude that the
(CrAlSi)N/DLC coatings formed on ceramic inserts with different surface layer condi-
tions are highly resistant to abrasion [77]. Compared with industrially produced SiAlON
CCI, the formation of (CrAlSi)N/DLC coatings significantly reduces the volume wear of
SiAlON ceramics when the surface layer is exposed to a rotating sphere and abrasive parti-
cles. A significant effect was found in the case of deposition of (CrAlSi)N/DLC coatings on
samples of group I with a large number of defects (reduction of abrasive wear by 2.1 times)
and their formation on samples of group II with a minimum number of defects (reduction
of abrasive wear by 4.7 times). It can be assumed that the effective resistance to abrasive
wear is provided by the high microhardness and low coefficient of friction of the SiAlON
CCI contact surfaces achieved after (CrAlSi)N/DLC coating. The maximum effect found for
SiAlON samples after diamond grinding, lapping, polishing, and (CrAlSi)N/DLC coating
is achieved through a combination of high microhardness, low coefficient of friction, and
high adhesion strength of the coatings.

It is necessary to perform cutting resistance tests for a more profound and comprehen-
sive assessment of the influence of the surface layer condition of SiAlON CCI with deposed
(CrAlSi)N/DLC coatings on the wear resistance of tool contact pads when interacting
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with high-temperature nickel superalloys under conditions of increased mechanical and
thermal loads.
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Figure 13. Dependences of the volume wear of SiAlON ceramic inserts with (CrAlSi)N/DLC coat-
ings deposited on samples after various diamond abrasive machining methods on the abrasive
exposure time.

Figure 14 shows experimentally obtained dependences of wear on the back surface of
SiAlON ceramic inserts during turning of XH45MBTJuBP high-temperature nickel alloy,
according to the test results of round CCI of three types:

• SiAlON after diamond grinding (industrially produced CCI), red curve;
• SiAlON after diamond grinding and (CrAlSi)N/DLC coating, brown curve;
• SiAlON after diamond grinding, lapping, polishing, and (CrAlSi)N/DLC coating,

green curve.
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grinding, lapping, polishing, and (CrAlSi)N/DLC coating (green curve) on the cutting time when
turning XH45MBTJuBP heat-resistant nickel alloy (V = 300 m/min, S = 0.2 mm/rpm, t = 0.8 mm).
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The experimental results showed that the samples of SiAlON after diamond grinding,
lapping, and polishing with (CrAlSi)N/DLC coating demonstrated the highest resistance
to the accepted failure criterion (400 µm). The average durability was 12.5 min. At the same
time, it was 9.9 min for the samples with (CrAlSi)N/DLC coatings formed on defective
ceramic inserts and only 7 min for uncoated samples.

4. Conclusions

The study aimed to solve the actual scientific and technical problem of high accident
brittleness and relatively short operational life of SiAlON cutting ceramics by changing
the surface layer condition and double-layer coating of the (CrAlSi)N/DLC structure in
the condition of extreme mechanical and thermal loads. The unique complex approach
includes improving the surface of the ceramic inserts by additional diamond riding, lapping,
and polishing when the tri-nitride sublayer improves the DLC coating adhesion in the
conditions of chrome–nickel (Inconel 718 type) alloy machining.

The practical effect of diamond grinding and polishing in combination with the
advanced double-layer (CrAlSi)N/DLC coating effect on the performance of industrially
produced SiAlON ceramic cutting inserts in a chrome–nickel alloy (Inconel 718 type)
turning was proven, and can be recommended for industrial application in production of
responsible aircraft gas turbine engine parts.

The following conclusions were drawn:

1. The surface layer of industrially produced SiAlON ceramic inserts after diamond
grinding combines numerous defects such as deep grooves, micro-cracks, ripped-out
single grains, and conglomerates of grains of the sintered ceramic. The presence of
a defective layer significantly reduces the resistance of the ceramic inserts’ edges to
chipping under external mechanical loads and also reduces the contact pads’ ability
to resist abrasive wear.

2. The conducted studies allowed us to obtain data proving the strong influence of
the condition of the surface layer (presence of defects) of SiAlON ceramic inserts
on their operational stability (resistance spread) when turning heat-resistant nickel
superalloy under conditions of increased cutting speeds and cross-section of the cut
layer. At the same time, using various diamond abrasive machining methods, in
particular, additional lapping and polishing, allows for minimization of the defective
layer formed during diamond grinding and reduction of the resistance spread.

3. Deposition of thin-film two-layer (CrAlSi)N/DLC coatings on the surface of indus-
trially produced SiAlON ceramic inserts significantly improves the characteristics
of tool ceramics, such as the microhardness of the surface layer increasing, and the
coefficient of friction decreasing during high-temperature heating while the abrasion
resistance also increases. However, (CrAlSi)N/DLC coatings are not able to “heal”
numerous defects of the surface layer but can only reduce the depth of the defective
layer. The defects in the surface layer of SiAlON ceramic inserts contribute to forming
porous and discontinuous coatings with low adhesive bond strength.

4. The maximum effect when turning heat-resistant nickel superalloys under increased
cutting speed and cross-section of the cut layer is achieved by using a combined sur-
face treatment method, where lapping and polishing minimize the diamond grinding
defects and the subsequent (CrAlSi)N/DLC coating provides an increase in the micro-
hardness of the surface layer and a decrease in the coefficient of friction on the contact
surfaces. The developed approach makes it possible to increase the resistance of
SiAlON ceramic inserts by a factor of 1.78 compared to industrially produced inserts.
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Abstract: Magnesium and its composites have been used in various applications owing to their high
specific strength properties and low density. However, the application is limited to room-temperature
conditions owing to the lack of research available on the ability of magnesium alloys to perform in
sub-zero conditions. The present study attempted, for the first time, the effects of two cryogenic
temperatures (−20 ◦C/253 K and −196 ◦C/77 K) on the physical, thermal, and mechanical properties
of a Mg/2wt.%CeO2 nanocomposite. The materials were synthesized using the disintegrated melt
deposition method followed by hot extrusion. The results revealed that the shallow cryogenically
treated (refrigerated at −20 ◦C) samples display a reduction in porosity, lower ignition resistance,
similar microhardness, compressive yield, and ultimate strength and failure strain when compared
to deep cryogenically treated samples in liquid nitrogen at −196 ◦C. Although deep cryogenically
treated samples showed an overall edge, the extent of the increase in properties may not be justified,
as samples exposed at −20 ◦C display very similar mechanical properties, thus reducing the overall
cost of the cryogenic process. The results were compared with the data available in the open literature,
and the mechanisms behind the improvement of the properties were evaluated.

Keywords: magnesium; nanocomposite; cryogenic treatment; mechanical properties; grain size

1. Introduction

Cryogenic treatment for metals has been established for almost 300 years primarily
for enhancing the resistance to wear and localized indentation in steels [1–5]. In most of
the studies, liquid nitrogen is used as a cryogenic medium corresponding to a temperature
of −196 ◦C. Another commonly used medium is dry ice (−84 ◦C/189 K) [5]. There has
been no systematic research attempt made, and there is no such attempt available in the
open literature that uses comparatively higher temperatures in the cryogenic domain to
investigate the properties of materials.

In the context of the cryogenic treatment of metallic materials, researchers have inves-
tigated materials based on iron, aluminum, and magnesium [1–3]. Among these materials,
magnesium-based materials are gaining prominence due to their lightweight (~33% lighter
than aluminum-based materials) and nontoxic and nutritional characteristics [6–10]. These
properties are currently sought after to mitigate global warming and the toxification of land
and water bodies. Among magnesium-based materials, magnesium nanocomposites have
emerged as highly promising materials. Numerous studies have demonstrated that incor-
porating nanoparticles into magnesium and its alloys can significantly enhance its thermal
properties, static and dynamic responses, and machining and wear properties [2,8,11–18].
The literature review indicates that no prior work has so far been conducted to explore the
effects of cryogenic treatment on the response of magnesium nanocomposites. Further-
more, no work has been completed to compare the effects of a shallow cryogenic treatment
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(−20 ◦C in freezer) and a deep cryogenic treatment (−196 ◦C in liquid nitrogen) on the
physical, thermal, and mechanical responses of magnesium nanocomposites.

Accordingly, the present study aims to address these research gaps by investigating
the above for an Mg/2wt.%CeO2 nanocomposite, highlighting the capability of shallow
cryogenic treatment (−20 ◦C) as a cost-effective way to improve multiple properties of the
magnesium nanocomposite.

2. Materials and Methods
2.1. Materials Processing

Raw materials such as monolithic magnesium turnings (99.9% purity; supplier: ACROS
Organics, Waltham, MA, USA) and cerium oxide (CeO2) nanoparticles (size 15–30 nm;
supplier: Alfa Aesar, Ward Hill, MA, USA) were utilized to produce the composite through
the disintegrated melt deposition (DMD) method [19]. The raw materials were arranged
in a multilayer arrangement and heated to a superheating temperature of 750 ◦C. The
materials were arranged in a graphite crucible, and argon was used as the protective gas.
To ensure the homogenization of the temperature and a uniform distribution, the molten
magnesium composite melt was stirred for 150 s using a mild steel impeller. Post stirring,
the melt was bottom poured into a steel mold to obtain a solid ingot. The ingots were
machined, soaked at 400 ◦C for 1 h, and hot extruded at 350 ◦C using an extrusion ratio
of 20.25:1 to obtain cylindrical rods of 8 mm diameter. The sub-zero immersion time was
chosen based on the recommendations made in the open literature [1,3]. The temperature
used for the shallow cryogenic treatment (RF) was −20 ◦C, and the temperature for the
deep cryogenic treatment (LN) was −196 ◦C on the extruded samples for 24 h, respectively.

2.2. Characterization
2.2.1. Density and Porosity

The experimental densities were calculated using Archimedes’ principle. Five samples
were measured using an A&D GH-252 electronic balance with a standard deviation of
±1 mg. The theoretical densities of Mg (1.738 g·cm−3) and CeO2 (7.132 g·cm−3), respec-
tively, were used for the theoretical density calculation of the nanocomposite using the
rule of mixtures. Porosity values were computed by comparing the experimental and
theoretical densities.

2.2.2. Microstructure

The grain size of the samples was analyzed using a JEOL JSM-6010 Scanning Electron
Microscope (SEM) as per ASTM E112-13. The samples were prepared by grinding, polishing,
and etching before SEM observation. Oxalic acid was used as the etchant.

X-ray diffraction (XRD) studies along the longitudinal direction were performed using
the Shimadzu LAB-XRD-6000 automated spectrometer with Cu Kα radiation of 1.54 Å
wavelength and a scan speed of 2 ◦min−1.

2.2.3. Thermal Properties

A Shimadzu DSC-60 differential scanning calorimeter (DSC) was used to analyze the
effect of the cryogenic treatments on the thermal response of the samples. An argon gas
flow rate of 25 mL·min−1 with a heating rate of 5 ◦C min−1 and a temperature range of
30–600 ◦C was used.

Thermogravimetric analysis (TGA) was performed to ascertain the ignition temper-
atures of the samples. Purified air with a flow rate of 50 mL·min−1 and a heating rate of
10 ◦C min−1 within a temperature range of 30–1000 ◦C were used.

2.2.4. Mechanical Properties

The microhardness was measured on the cryogenically treated samples using a
Shimadzu-HMV automatic digital microhardness tester with a Vickers indenter as per
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ASTM standard E384-08. An indentation load of 245.2 mN with a dwell time of 15 s was
used, and a minimum of 20 readings per sample were taken.

Quasi-static room-temperature compression testing was carried out using an MTS
E44 fully automated servohydraulic mechanical testing machine at a strain rate set at
5 × 10−3 min−1. A minimum of three samples with a length-to-diameter (L/D) ratio of
1 were tested.

A JEOL JSM-6010 Scanning Electron Microscope was used to analyze the post-
fracture behavior.

3. Results and Discussion
3.1. Density and Porosity Measurements

The results of the density measurements and porosity are summarized in Table 1. The
density increased and porosity reduced after both cryogenic treatments. The percentage
reduction was ~10.4% after the cold treatment (RF samples) and ~44% in the case of the
deep cryogenic treatment (LN samples).

Table 1. The density and porosity measurements of Mg/2wt.%CeO2 nanocomposite before and after
cryogenic treatments.

Material
Theoretical

Density
(g·cm−3)

Before CT After CT

Experimental
Density
(g·cm−3)

Porosity
(%)

Experimental
Density
(g·cm−3)

Porosity
(%)

Change in
Porosity

(%)

Pure Mg a 1.7380 1.732 ± 0.0005 0.3190 – –

Mg-2CeO2
(AE) 1.7648 1.745 ± 0.002 1.099 – –

Mg-2CeO2
(RF) 1.7648 1.7454 ± 0.008 1.102 1.7474 ± 0.001 0.9875 ↓10.4

Mg-2CeO2
(LN) 1.7648 1.7476 ± 0.0009 0.9764 1.755 ± 0.002 0.5445 ↓43.3

a Values generated in the laboratory using similar raw materials and processing methods [13]. Note: AE—As
Extruded; AE + RF—As Extruded + Shallow Cryogenic Treatment; AE + LN—As Extruded + Liquid Nitrogen
Treatment. Note: ‘↓’ represents the decrease in porosity before and after cryogenic treatment.

The reduction in porosity can be attributed to the compressive stresses generated
during the cryogenic treatments with lower temperatures, yielding more remarkable ef-
fects [1–3]. The reduction in porosity in both cases also suggests that, under both cryogenic
treatments, the material is capable of deforming inward into free space provided by pores.
Furthermore, the reduction in porosity can also be attributed to the ability of the pores to
serve as sinks for the dislocations generated during the cryogenic treatments [1,20].

3.2. Microstructure

Two aspects of the microstructure were characterized: the grain size and texture. The
results of the grain size measurements are shown in Table 2. The grain size analysis of the
samples is shown in Figure 1. The average grain size increased (up to 45%) for both types
of cryogenic treatments. The increase in grain size, while unexpected, can be attributed
to the simultaneous effects of (a) the capabilities of grains to orient themselves during
cryogenic treatments [21], (b) the influence of compressive stresses to create order at the
grain boundary region, leading to the merger of small grains with big grains (Figure 2),
and (c) the capability of the defects to migrate to the grain boundaries [1]. The results
also revealed that the average aspect ratio decreased with a decrease in the cryogenic
temperature from −20 ◦C to −196 ◦C.
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Table 2. The grain size measurements of the samples.

Composition Grain Size
(µm) Aspect Ratio

Pure Mg 21 ± 0.8 1.4 ± 0.2

Mg-2CeO2 (AE) 2 ± 0.6 1.4 ± 0.3

Mg-2CeO2 (RF) 2.9 ± 1.0 1.3 ± 0.2

Mg-2CeO2 (LN) 2.8 ± 0.6 1.2 ± 0.3

Technologies 2024, 12, x FOR PEER REVIEW 4 of 14 
 

 

the simultaneous effects of (a) the capabilities of grains to orient themselves during cryo-
genic treatments [21], (b) the influence of compressive stresses to create order at the grain 
boundary region, leading to the merger of small grains with big grains (Figure 2), and (c) 
the capability of the defects to migrate to the grain boundaries [1]. The results also re-
vealed that the average aspect ratio decreased with a decrease in the cryogenic tempera-
ture from −20 °C to −196 °C. 

Table 2. The grain size measurements of the samples. 

Composition 
Grain Size 

(µm) Aspect Ratio 

Pure Mg 21 ± 0.8 1.4 ± 0.2 
Mg-2CeO2 (AE) 2 ± 0.6 1.4 ± 0.3 
Mg-2CeO2 (RF) 2.9 ± 1.0 1.3 ± 0.2 
Mg-2CeO2 (LN) 2.8 ± 0.6 1.2 ± 0.3 

 
Figure 1. Microstructural characterization of the samples. Figure 1. Microstructural characterization of the samples.

The results of the XRD studies indicated the dominance of the basal texture in the
as-extruded (AE), cold-treated (RF), and DCT (LN) samples (Figure 3). However, the
relative intensities (I/Imax) of the LN samples were higher compared to the RF samples,
indicating that the RF samples have a stronger fiber texture when compared to the LN
samples. The results thus suggest that variation in the cryogenic temperature leads to a
variation in the degree of the microstructural evolution, which will have varying effects on
the properties, provided that such a difference is substantial.
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Figure 2. (a–c) Histograms of the frequency distributions of the various grain sizes within the
Mg/2%wt. CeO2 samples. It can be observed that the cryogenic treatment results in the frequency
of grains smaller than 2 µm being significantly decreased along with an increase in the frequency
of larger grains, indicating the merger of smaller grains and larger grains during the cryogenic
treatments. (d) The proposed mechanism of the grain merger is shown.
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3.3. Thermal Response

The thermal response of the samples was evaluated in terms of the DSC studies
(Figure 4) and the determination of the ignition temperature (Table 3). Visible peaks were
observed at a temperature of ~470 ◦C and ~450 ◦C for the LN and RF samples, respectively.
This observation was made in the author’s past work on LN samples [22]. These findings
suggest the release of stresses accumulated during the CT treatment in the case of the LN
and RF samples. Further work is required in this area to understand this mechanism. It
is worth noting that as the matrix is pure Mg, peaks due to dissolution or precipitation of
other elements can be ruled out.
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Figure 4. The results of the thermal analysis studies; (a) the DSC and (b) the ignition temperature of
the samples.

The ignition temperature studies (Figure 4) indicated that the RF samples exhibited a
similar ignition temperature, while the LN samples displayed a 38 ◦C increase compared
to the as-extruded samples (Table 3). These results suggest that an increase in the ignition
temperature in the LN samples can be attributed to an increase in the dislocation density
during the LN treatment [22,23]. In contrast, the RF samples did not generate sufficient
dislocations, thereby displaying no change in ignition characteristics.

It is noteworthy that the ignition temperatures of all the nanocomposite samples (AE,
RF, and LN) remained superior to those of the commonly used commercial magnesium
alloys (AZ and ZK series and WE 43 alloy), with the LN samples delivering the most
favorable results.
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Table 3. The ignition temperature measurements of the samples.

Composition Ignition Temperature
(◦C)

Pure Mg 580

Mg-2CeO2 (AE) 636

Mg-2CeO2 (RF) 635 (↓1)

Mg-2CeO2 (LN) 674 (↑38)

AZ31 a 628

AZ61 a 559

WE43 a 644

AZ91 a 600

ZK40A a 500

ZK60A a 499

AM50 a 585

AZ81A a 543
a—[24]. Note: (↑↓) changes are with respect to Mg-2CeO2 (AE).

3.4. Mechanical Response

The mechanical response of the samples (AE, RF, and LN) was assessed in terms of
the hardness (Table 4) and bulk compressive properties (Table 5).

Table 4. The microhardness measurements of the samples.

Composition/Treatment Microhardness (HV)

Pure Mg 55 ± 3

Mg-2CeO2 (AE) 74 ± 3

Mg-2CeO2 (RF) 89 ± 5 (↑20%)

Mg-2CeO2 (LN) 92 ± 4 (↑24%)
Note: (↑%) changes are with respect to Mg-2CeO2 (AE).

Both the RF and LN samples exhibited superior hardness when compared to the AE
samples. This can be attributed to the capability of the sub-zero temperature exposure’s
ability to (a) increase the dislocation density [1,20–22], (b) reduce porosity (Table 1), and
(c) strain the lattice due to the induced compressive stresses [1,20,21]. All these factors
increase the resistance to local deformation as experienced by the samples during hardness
testing. Note that while the average microhardness of the RF samples remained marginally
lower when compared to the LN samples, the difference is statistically insignificant, as
their standard deviations overlap with each other.

The bulk compressive response of the AE, RF, and LN samples is interpreted each
for 0.2 CYS, UCS, and failure strain. The 0.2 CYS of the RF and LN samples remained
notably higher (up to 14% for LN samples) compared to the AE samples, indicating the
capability of the sub-zero treatments to enhance the applicability of Mg nanocomposites for
strength-based designs, which are typically based on yield strength. Between the RF and
LN samples, the 0.2 CYS of the LN samples remained ~9% higher when compared to the
RF samples. This increase in 0.2 CYS for the RF and LN samples indicates an increase in the
stress required to initiate the motion of the unlocked dislocations [25]. This can primarily
be attributed to the increase in the compressive stresses in the matrix rather than the grain
size, as the grain size of both the RF and LN samples remained higher than the AE samples
(Table 2). The results underscore the dominant role played by the induced compressive

45



Technologies 2024, 12, 14

stresses due to sub-zero treatments, mitigating the Hall–Petch softening in the case of the
RF and LN samples.

The ultimate compressive strength (UCS) of both the RF and LN samples remained
lower than the AE samples by a maximum of ~7% (RF samples). Between the RF and LN
samples, the difference in the UCS can be considered insignificant given the overlap in
standard deviations. The average UCS, however, remains higher for the LN samples by
~2.5% over the RF samples. These findings suggest the reduced work-hardening capability
of the RF and LN samples. When computing Ds (difference in UCS and 0.2 CYS), the values
were 299 MPa for AE, 255 MPa for RF, and 249 MPa for the LN samples. Both the RF and
LN samples clearly exhibited lower work-hardening capabilities when compared to the AE
samples, while the difference in work-hardening capabilities remained negligible and in
favor of the RF samples.

Table 5. The compressive property measurements of the samples.

Composition/
Treatment

0.2 CYS
(MPa)

UCS
(MPa)

Fracture Strain
(%)

Energy
Absorbed
(MJ/mm3)

Pure Mg 63 ± 4 278 ± 5 24 ± 1 45

Mg-2CeO2 (AE) 178 ± 19 473 ± 16 16.5 ± 0.7 44 ± 2

Mg-2CeO2 (RF) 186 ± 17(↑5%) 441 ± 12(↓7%) 29.1 ± 1.0
(↑76%)

73 ± 4
(↑65%)

Mg-2CeO2 (LN) 203 ± 5
(↑14%)

452 ± 15
(↓4%)

29.7 ± 1.2
(↑80%)

76 ± 6
(↑72%)

Mg-2Nd-4Zn a 242 502 8

NA

AM50 110 312 11.5

AZ91D 130 300 12.4

AZ31 NR 250 28

Mg-5Zn/5BG NR 112.8 NR

WE43 261 ± 16 420 ± 13 16.3 ± 1.0

WE43 + Apatite 229 ± 6 380.1 ± 9.0 11.7 ± 0.5

ME21 87 260 25

WE54 210 325 27

ZK60 159 472 12.4

Mg4Zn3Gd1Ca 260 ± 3 585 ± 18 12.6 ± 0.3

Mg4Zn3Gd1Ca-ZnO 355 ± 5 703 ± 40 10.6 ± 0.3
a—Cryogenic treatment in liquid nitrogen (−196 ◦C) for 1 day [26]. Note: (↑↓%) changes are with respect to
Mg-2CeO2 (AE).

The fracture strain of both the RF and LN samples showed a remarkable improvement
by a maximum of ~80% (LN samples). Between the RF and LN samples, the difference in
the fracture strain remained negligible (29.1 and 29.7, respectively). The results underscore
the unique capability of sub-zero treatments in enhancing the fracture strain, demonstrating
that exposure to −20 ◦C provides similar benefits as exposure to liquid nitrogen (−196 ◦C).
The increase in the fracture strain of the sub-zero-treated samples (RF and LN samples)
can be attributed to (a) the reduction in porosity (reduced crack initiation sites), (b) the
enhanced matrix-reinforcement bonding (reduced crack initiation sites) [22], and (c) the
reduced work hardening, leading to an increase in the uniform plastic deformation zone
before the cracks initiated and catastrophically propagated (Figure 5). These results indicate
that, following cryogenic treatment, dislocations can move easily and over long distances
when compared to the non-treated samples.

46



Technologies 2024, 12, 14
Technologies 2024, 12, x FOR PEER REVIEW 11 of 14 
 

 

 
Figure 5. The compressive stress–strain diagrams for the AE, RF, and LN samples. 

Fractographic studies conducted on the AE, RF, and LN samples are presented in 
Figures 6 and 7. Macrographs of all three samples show an approximately 45° fracture in 
relation to the compression axis. There was no remarkable difference between them visu-
ally. 

 
Figure 6. The macroscopic images of the compressively fractured samples. 

Figure 7 presents the SEM micrographs of the fractured samples. A notable distinc-
tion is observed: the AE samples exhibit a relatively higher degree of flatness, indicative 
of a relatively brittle fracture, in contrast to the RF and LN samples, which exhibit a higher 
degree of roughness, signifying comparatively more plastic deformation. 

The influence of deep cryogenic treatment on the elastic properties of magnesium 
materials depends on a complex interplay between dislocations and grain structure 
[27,28]. Dislocation pinning is promoted during cryogenic treatment, leading to an im-
provement in the elastic modulus. Furthermore, cryogenic treatment promotes the devel-
opment of a preferred grain orientation (texture), resulting in the elastic properties be-
coming directionally dependent. Hence, specific textures might increase the elastic mod-
ulus in one direction but decrease it in another. Hence, while the overall trend often points 
toward an increased elastic modulus due to the grain refinement and dislocation pinning, 
the specific effects can vary greatly depending on the magnesium’s material composition, 
microstructure, and treatment parameters. It is noteworthy that these effects will be dif-
ferent for nanocomposites, that no information in the open literature is available at this 
stage, and that systematic studies are required to isolate these effects for nanocomposites. 

Figure 5. The compressive stress–strain diagrams for the AE, RF, and LN samples.

Fractographic studies conducted on the AE, RF, and LN samples are presented in
Figures 6 and 7. Macrographs of all three samples show an approximately 45◦ fracture in re-
lation to the compression axis. There was no remarkable difference between them visually.
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Figure 7 presents the SEM micrographs of the fractured samples. A notable distinction
is observed: the AE samples exhibit a relatively higher degree of flatness, indicative of a
relatively brittle fracture, in contrast to the RF and LN samples, which exhibit a higher
degree of roughness, signifying comparatively more plastic deformation.

The influence of deep cryogenic treatment on the elastic properties of magnesium
materials depends on a complex interplay between dislocations and grain structure [27,28].
Dislocation pinning is promoted during cryogenic treatment, leading to an improvement
in the elastic modulus. Furthermore, cryogenic treatment promotes the development
of a preferred grain orientation (texture), resulting in the elastic properties becoming
directionally dependent. Hence, specific textures might increase the elastic modulus in one
direction but decrease it in another. Hence, while the overall trend often points toward
an increased elastic modulus due to the grain refinement and dislocation pinning, the
specific effects can vary greatly depending on the magnesium’s material composition,
microstructure, and treatment parameters. It is noteworthy that these effects will be
different for nanocomposites, that no information in the open literature is available at this
stage, and that systematic studies are required to isolate these effects for nanocomposites.

47



Technologies 2024, 12, 14Technologies 2024, 12, x FOR PEER REVIEW 12 of 14 
 

 

 
Figure 7. SEM images of the compressively fractured samples. 

4. Conclusions 
a. The porosity reduction of ~10.4% and ~43.3% was observed when compared with the 

AE samples when the samples were exposed to −20 °C (RF) and −196 °C (LN), respec-
tively. 

b. The DSC studies revealed the release of residual stresses in the case of the LN samples 
but not for the AE and RF samples. 

c. The ignition temperature of the LN samples improved by 38 °C but decreased by 
only 1 °C for the RF samples when compared to the AE samples. 

d. When exposed to shallow cryogenic treatment (−20 °C), the Mg-2CeO2 nanocompo-
site showed a ~5%, ~76%, and ~65% increment in the 0.2 CYS, fracture strain, and 
energy absorption values, respectively, as compared to the untreated samples. By 
comparison, when exposed to deep cryogenic treatment (−196 °C), the Mg-2CeO2 

nanocomposite showed a ~14%, ~80%, and ~72% increment in the 0.2 CYS, fracture 
strain, and energy absorption values, respectively, as compared to the untreated sam-
ples. Overall, the UCS values for both conditions were slightly lower than the un-
treated conditions. 

e. The fracture surfaces of the AE, RF, and LN samples did not reveal any noticeable 
difference at the visual level (45 ° shear fracture). The RF and LN samples showed a 
higher degree of surface roughness, indicating a higher fracture strain when com-
pared to the AE samples. 

f. The future outlook for the expansion of this field of research will be to focus in depth 
on the mechanism behind the improvement of the properties in a cryogenic setting 
and to identify suitable lightweight magnesium materials that can be suitable for 
such applications and to engineer them for high cryogenic performance. 

Author Contributions: S.G.: Conceptualization, Methodology, Software, Formal analysis, Investi-
gation, Data Curation, Writing—Original Draft, Writing Review and Editing, Visualization. G.P.: 
Formal analysis, Investigation, Data Curation, Writing—Review and Editing. M.G.: Conceptualiza-
tion, Methodology, Writing—Review and Editing, Supervision, Project administration, Funding ac-
quisition. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Figure 7. SEM images of the compressively fractured samples.

4. Conclusions

a. The porosity reduction of ~10.4% and ~43.3% was observed when compared with the AE
samples when the samples were exposed to−20 ◦C (RF) and−196 ◦C (LN), respectively.

b. The DSC studies revealed the release of residual stresses in the case of the LN samples
but not for the AE and RF samples.

c. The ignition temperature of the LN samples improved by 38 ◦C but decreased by
only 1 ◦C for the RF samples when compared to the AE samples.

d. When exposed to shallow cryogenic treatment (−20 ◦C), the Mg-2CeO2 nanocom-
posite showed a ~5%, ~76%, and ~65% increment in the 0.2 CYS, fracture strain, and
energy absorption values, respectively, as compared to the untreated samples. By
comparison, when exposed to deep cryogenic treatment (−196 ◦C), the Mg-2CeO2
nanocomposite showed a ~14%, ~80%, and ~72% increment in the 0.2 CYS, fracture
strain, and energy absorption values, respectively, as compared to the untreated
samples. Overall, the UCS values for both conditions were slightly lower than the
untreated conditions.

e. The fracture surfaces of the AE, RF, and LN samples did not reveal any noticeable
difference at the visual level (45 ◦ shear fracture). The RF and LN samples showed a
higher degree of surface roughness, indicating a higher fracture strain when com-
pared to the AE samples.

f. The future outlook for the expansion of this field of research will be to focus in depth
on the mechanism behind the improvement of the properties in a cryogenic setting
and to identify suitable lightweight magnesium materials that can be suitable for
such applications and to engineer them for high cryogenic performance.
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Abstract: Fe-rich soft magnetic alloys are candidates for applications as magnetic sensors and
actuators. Spring magnets can be obtained when these alloys are added to hard magnetic compounds.
In this work, two nanocrystalline Fe-Zr-B-Cu alloys are produced by mechanical alloying, MA.
The increase in boron content favours the reduction of the crystalline size. Thermal analysis (by
differential scanning calorimetry) shows that, in the temperature range compressed between 450
and 650 K, wide exothermic processes take place, which are associated with the relaxation of the
tensions of the alloys produced by MA. At high temperatures, a main crystallisation peak is found.
A Kissinger and an isoconversional method were used to determine the apparent activation of the
exothermic processes. The values are compared with those found in the scientific literature. Likewise,
adapted thermogravimetry allowed for the determination of the Curie temperature. The functional
response has been analysed by hysteresis loop cycles. According to the composition, the decrease of
the Fe/B ratio diminishes the soft magnetic behaviour.

Keywords: mechanical alloying; thermal analysis; soft magnetic; Fe based

1. Introduction

In magnetic alloys, it is important to check the thermal stability of the magnetic phase
and their soft-hard behaviour. It is also known that magnetic properties change if the alloy
is amorphous or crystalline. Mechanical alloying is a production technique that is applied
in the development and manufacturing of powdered Fe-rich nanocrystalline alloys [1,2].
Mechanical alloying is a powder metallurgy technology applied before sintering or consoli-
dation [3,4]. The thermal stability of these alloys’ front crystalline growth is determinant,
due to the loss of soft behaviour as the crystalline size increases. A key parameter to deter-
mine this thermal stability is the apparent activation energy of crystallisation [5,6]. The MA
method is one of the most preferred because of its high potential to produce metastable
alloys, such as nanocrystalline and amorphous alloys.

Soft ferromagnetic alloys are characterised by low coercive field, Hc, high saturation
magnetic flux density, BS, and high permeability, µ [7]. Low coercivity and high permeabil-
ity favour low core losses in applications under alternate current magnetic fields. Thus,
the control of these parameters is associated with the optimisation of energy savings [8].
Regarding the saturation magnetic flux density, higher values favour application in low
dimensional systems as the consequent miniaturisation [9]. Likewise, the thermal be-
haviour of these alloys allows for the establishment of working temperature limits; the
Curie temperature marks the transition from ferromagnetic to paramagnetic and the loss of
soft magnetism. Magnetic thermogravimetry has been applied to determine this limiting
temperature [10]. Regarding MA, this technique favours the formation of nanocrystalline
(including super saturated solid solutions or high entropy alloys) and amorphous soft
magnetic alloys. The optimised selection of the milling parameters of MA improve the
soft magnetic response [11]. One of the pathways to modifying the soft response is the
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controlled addition of a small percentage of other elements. It has been found that the
addition of non-magnetic elements, such as Cr and Nb, reduces both the magnetisation of
saturation and the coercivity [12].

There are other powder techniques, such as atomisation [13]. Atomisation is also used
to obtain soft magnetic particles with superior magnetic response [14–16]. In addition,
studies analyse the influence of the atomisation production parameters (pressure, gas tem-
perature and thermal conductivity, cooling rate) in the final product [17]. The atomisation
process facilitates the formation of spherical particles, whereas MA particles are usually
smoothed (but are not spherical). Thus, MA powders have more specific surfaces and
irregular shaped particles than atomised particles of a similar radius. Gas atomisation
favours the formation of the amorphous phase, however, if a high dispersion of particle
sizes is produced, depending on the particle size, the structure can be amorphous or a
mixture of amorphous and nanocrystalline [18]. With this technique, contamination from
the MA milling tools is avoided.

In recent decades, several families of nanocrystalline soft magnetic alloys have been
developed as alternatives to traditional ferrites such as Finemet [19], Nanoperm [20], Hit-
perm [21], or Nanomet [22]. Figure 1 shows the typical values of these nanocrystalline
alloys, representing the initial permeability as a function of the saturation of the magnetic
flux density. For comparison, information about traditional ferrites, sendust, permalloy, Si
steels, Fe-based amorphous, and Co-based amorphous is also provided in this graph. High
values of saturation flux density favour the use of these materials in technological applica-
tions in which miniaturisation is desirable. Contrastingly, a high magnetic permeability
usually favours energy savings.
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Figure 1. Permeability versus magnetic flux density of several families of soft magnetic alloys.

In this work, two nanocrystalline Fe-Zr-B-Cu Nanoperm-type alloys have been pro-
duced by mechanical alloying. The thermal stability has been determined through thermal
analysis by checking the apparent activation energy of the main crystalline growth process
and the Curie temperature.

The main difference between the two Fe-Zr-B-Cu alloys produced is the relative
content of Fe and B. In one the ratio is 85/8 and in the other it is 80/13. As iron is the
element that contributes magnetism to the alloy, it is expected that the magnetisation of the
sample with a ratio of 85/8 is greater than that of the ratio of 80/13. However, it is known
that the reduction of the nanocrystalline size favours the magnetic response (usually by
decreasing coercivity) and that the addition of boron in the Fe base alloys favours either the
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formation of an amorphous phase or the formation of a nanocrystalline phase with smaller
nanocrystals. Likewise, the amorphous induced phase formation is usually associated with
a loss of the magnetisation of saturation [23], which is an undesired effect for soft magnetic
behaviour. It is therefore a question of ascertaining in two specific compositions whether
one effect can counteract, at least partially, the other or not. Furthermore, it is a question
of verifying the thermal stability of both alloys, since the crystalline growth (provoked on
heating the samples) usually entails the loss of soft magnetic behaviour. The percentage of
copper and zirconium is the same in both alloys, therefore its effect on the different thermal
and thermomagnetic responses, or on the microstructure, can be considered lesser due to
the relative content of Fe and Nb. Looking at its role, the Nb being an element of high
atomic size, it will normally be located on the neighbouring crystalline grains, hindering
the crystalline growth, whereas the well-dispersed copper atoms favour the formation
of multiple nanocrystals and a higher density of nanocrystals, making the formation of
large-sized crystals difficult.

2. Materials and Methods

In this work, two Fe-rich soft magnetic alloys were produced by mechanical alloying
(MA). The initial compositions were Fe85Zr6B8Cu1 (at.%) and Fe80Zr5B13Cu1 (at.%); both
Nanoperm-type. These alloys are labelled as A and B, respectively. The precursors were
elemental Fe (6–8 µm, 99.9% purity), Zr (5 µm, 98% purity), B (20 µm, 99.7% purity), and
Cu (45 µm, 99% purity) powders. The MA was performed in a planetary ball mill device
(Fritsch P7 model). The MA process was achieved up to 50 h, under argon atmosphere, with
hardened steel vials and balls as MA media, a ball-to-powder weight ratio (BPR) of about
10:1, and a rotation speed of 700 r.p.m. The Ar atmosphere was undertaken in a cycling
process (first vacuum near 10−5 atm., second Ar addition to 1.1 atm.) performed three times.
To prevent an excess in the internal vial temperature, the MA was performed in cycles
(10 min on followed by 5 min off). Thus, a period of 75 h corresponds to 50 h of MA. The
extractions were performed after waiting for the vials to cool down to prevent high surface
oxidation of the metallic particles when vials were opened. The experimental conditions
were chosen to optimise the alloys’ production by the mechanical alloying technique. In
the preparation of soft magnetic samples, a key parameter is to prevent excessive oxidation
of the metallic particles because the formation of oxides usually reduces the magnetic
response, and the oxide layer hinders the interaction between the magnetic domains and
the associated exchange coupling when a bulk specimen is built.

The particles’ powder morphology and distribution size were checked by scanning
electron microscopy (SEM) in a DSM960A Zeiss apparatus (Zeiss, Jena, Germany). The final
composition of the alloys was checked by inductive coupled plasma (ICP) in a Liberty-RL
ICP Varian equipment. The nanocrystalline state (bcc Fe-rich phase) was confirmed by X-
Ray diffraction (XRD) patterns, collected using D-500 Siemens (Bruker, Billerica, MA, USA)
equipment with CuKα radiation (λ = 0.15406 nm). The thermal stability of the mechanically
alloyed powders was studied by differential scanning calorimetry (DSC) using a LabSys
Evo 1600 ◦C apparatus (Setaram, Caliure-et-Cuire, France). The DSC curves were measured
in the temperature range of 350−950 K at different heating rates: 5, 10, 20, 30, and 40 K/min
under argon flow (20 mL/min). The thermogravimetry measurements were performed
in a TGA Stare Mettler Toledo model under Ar atmosphere at a heating rate of 10 K/min.
The magnetic parameters, such as intrinsic coercivity, Hc, saturation magnetisation, Ms,
and saturation to remanence ratio, Mr/Ms, were determined by analysing the magnetic
hysteresis loops collected in a Lakeshore 7404 vibrating sample magnetometer (VSM) at
room temperature, under an applied magnetic field of 15 kOe.

3. Results
3.1. Morphology and Structure

The alloys were produced in powder form. Figure 2 shows two micrographs of alloys
A and B milled for 50 h. The rounded shape of the particles, with smooth contours and
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a micrometric size is verified. Moreover, a relatively wide distribution in particle sizes
was found. In order to check the particles’ size and distribution, the particle size of five
micrographs of each sample were measured. The results are shown in Figure 3. The
distribution does not correspond to a typical distribution function, either symmetric or
asymmetric. Therefore, to compare both distributions, it was decided that the calculation
of the median particle size would be performed, as well as calculating the values of the
particle size of the first and last 10%. The calculated values were as follows: the first 10%
of particles’ sizes were 8.1 µm and 4.8 µm, the median particle sizes were 16.9 µm and
21.6 µm, and the last 10% of particles’ sizes were 30.7 µm and 40.6 µm, respectively. As
is observable, the corresponding values for the distribution of sample B were higher than
those for sample A.
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Alternative methods for determining particle size distribution are sieve screening or
laser diffraction. In this study, measurements made by sieving (three sieves and therefore
four values) are consistent with those determined from microscopic observation.
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The contamination was measured by ICP. The mechanical alloying process favours
contamination from the MA tools. Likewise, the high surface/volume ratio of the particles
induces surface oxidation. Nevertheless, the results show only slight contamination from
the MA tools (Fe from the container and walls) and oxygen in both alloys after 50 h of
MA. Similar results were previously reported [24]. ICP results show that the Fe content
increased over the nominal composition and was 1.7 ± 0.3, and 1.6 ± 0.4 at.% for alloys A
and B, respectively. Similarly, the oxygen content was 2.1 ± 0.6 and 1.9 ± 0.5 at.% for alloys
A and B, respectively; it is probable that a decrease in the iron percentage is associated with
a reduction in the oxygen level.

Regarding microstructural analysis, XRD patterns (Figure 4) confirm the formation of
the cubic bcc structure with nanocrystalline size. The analysis applying the Williamson–
Hall method allows for the determination of both the crystalline size and the microstrain.
For alloy A, the crystalline size is 26 ± 2 nm and the microstrain 0.58 ± 0.06%; whereas, for
alloy B, the values are 15 ± 2 nm (crystalline size) and 0.61 ± 0.08% (microstrain). Thus,
the increase in boron content favours, as expected, the reduction of the crystalline size,
whereas the microstrain (associated with the crystallography defects) is very similar for
both samples.
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3.2. Thermal Analysis

Figure 5 shows the DSC curves of the two alloys milled for 50 h (heating rate:
10 K/min). The general shape of the curves is similar in both alloys. Around 400 K,
a large exothermic process begins. This process is typically found in samples produced by
mechanical alloying [25]. Its origin is the microstructural relaxation of the high density of
crystallographic defects induced during MA grinding. The existence of small exothermic
processes of the same character at higher temperatures could be an indicator of a non-
completely homogeneous sample. The weak exothermic process around 750 or 780 K in
both samples is typical of a partial recrystallisation of the material. The main exother-
mic process (in the form of a peak, with temperatures around 850 and 880 K in each
sample) is due to the crystalline growth of the Fe-rich bcc phase. The development of high-
performance soft magnetic alloys is associated with amorphous and low-crystalline-size
nanocrystalline alloys. It is necessary that the crystalline size remains smaller than 10 nm.
In this case, by applying the random anisotropy model, Hc depends on D6 because the
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domain wall effect diminishes, and each grain behaves as a single domain. Thus, crystalline
growth should be avoided, and the crystallisation temperature is a limiting temperature
for the application of these alloys [26]. It should be remarked that as the Fe/B ratio lowers,
the main crystallisation peak is shifted to higher temperatures (about 20 K). Thus, partial
substitution of Fe by B increases the thermal stability of the original nanocrystalline phase
produced in the mechanical alloying process.
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One of the most characteristic parameters for the characterisation of crystallisation
process is its activation energy. The apparent activation energy of the main crystallisation
process was calculated by applying the Kissinger method [27], the typical representation
of which (for both analysed alloys) is shown in Figure 6. This method is based on the
determination of the peak temperature of the crystallisation process in the experiments
carried out at different heating rates. The values are 282 ± 26 and 299 ± 25 kJ/mol for
alloys A and B, respectively. These values are consistent with those of the crystallisation of
the bcc Fe-rich phase.

The calculated energies of this work are compared with some of those found in the
scientific literature (applying Kissinger method) in Table 1.

Table 1. Apparent activation energy of the crystallisation processes (Fe-rich bcc phase).

Composition
at.%

Activation Energy
kJ mol−1 Initial Structure Reference

Fe83P16Cu1 238 Amorphous [28]
Fe68Nb6B23Mo3 310 Amorphous [29]

Fe80Si20 245 Amorphous [30]
Fe83P16Cu1 219 Nanocrystalline [31]

Fe83P14.5Cu1Al1.5 238 Nanocrystalline [31]
Fe78Si11B9 370 Amorphous [32]

Fe73.5Cu1B7Si15.5Nb3 295 Nanocrystalline [32]
Fe (99.9% purity) 224 Nanocrystalline [33]

Fe71Si16B9Cu1Nb3 341 Amorphous [34]
Fe85Zr6B8Cu1 282 Nanocrystalline This Work
Fe80Zr5B13Cu1 299 Nanocrystalline This Work
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This work’s values are in the same relatively wide range [28–34]. The shift in the
activation energies can be related to different composition and microstructure (including
crystallographic defects). This dispersion is also found in research on alloys of similar
composition. Liu et al. [35] found values ranged between 138 and 356 kJ/mol in Fe-Ni-Zr-B
alloys produced by mechanical alloying. The addition of Cu facilitates the reduction of
(a) the crystallisation temperature and (b) the activation energy [36]. In Fe-based alloys,
with a minor addition of Cu, values ranging from 177 to 233 kJ/mol were calculated [37].
Thus, the identification of the process of crystallisation or as crystalline growth is usually
performed while taking into account the room temperature nanocrystalline state [26,34].
Likewise, the formation of borides is found at higher temperatures when compared with
those of bcc Fe-rich crystallisation [38,39].

Likewise, there are other linear methods (normally based on the determination of
the peak temperature). However, the activation energy was similar to those calculated
by Kissinger, and the differences are based more on the linear relationships established
between the parameters than on real differences in the crystallisation process [29]. For
example, representing ln (β/Tp

2) is not the same as representing ln (β/Tp) (in both cases
as a function of the inverse of the peak temperature).

The scientific literature on the activation energy of crystallisation processes shows
methods in which two energies are determined: that of crystal nucleation and growth [40],
the second having a higher value. This approximation is not applicable when there is
only crystal growth (for example, in initially nanocrystalline alloys). In recent decades,
a set of methods based on the calculation of the apparent activation energy has been
extended to different transformation/crystallisation fractions. These methods are defined
as isoconversional [41,42]. Figure 7 shows the calculated values (for the main exothermic
process) at fractions transformed from 0.1 to 0.9 [42]. A fairly stable value is found, except
for high fractions where a slight decrease in activation energy is detected. In the zone of low-
medium transformed fraction, the set of calculated values is similar to that determined by
applying the Kissinger method, around 288 and 298 kJ/mol for alloys A and B, respectively.
For nanocrystalline alloys it is normal for this value to be stable, since the crystal nucleation
process is negligible [43]. Thus, the activation energy corresponds to the crystal growth
mechanism. In nanocrystalline alloys with similar composition, the same phenomenon
was detected [25–34]. At high transformed fractions, the degree of transformation slows
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down and the local activation energy decreases [44], probably due to the higher influence
of the diffusion as main mechanism. There is probably an impingement between the
crystal grains. One of the aspects to highlight is that the isoconversional method applied
here is not associated with any kinetic model. Therefore, it allows us to parameterise the
evolution of the activation energy as a function of the transformed fraction, neglecting the
effects of a complex and variable kinetics during the transformation (nucleation, growth,
impingement). On the other hand, linear methods are based on concrete hypotheses.
For example, the Kissinger equation (used in the analysis of the Figure 6) was obtained
assuming: (a) that the fraction transformed at the peak temperature is the same in all
experiments, regardless of the heating rate, and (b) the transformation rate (crystal growth
in our case) is maximum at the peak temperature.
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Figure 7. The activation energy as a function of the transformed fraction of the milled alloys A (black)
and B (red).

With respect to the thermal stability of both samples after 50 h of grinding, sample
B (which has a higher boron content and therefore a lower Fe/B ratio) is the one with
the best thermal stability against the main crystallisation process. In general, greater
thermal stability is associated with two aspects: (a) a higher transformation temperature
and (b) a higher activation energy. In this study, both parameters are better in alloy B.
From a technological point of view, what is desirable is a greater thermal stability of
the nanocrystalline phase, since crystal growth causes an increase in coercivity and the
magnetically soft response.

3.3. Thermomagnetic Analysis

Regarding the magnetic behaviour, one of the most characteristic and fundamental
thermomagnetic parameters of magnetically soft alloys is the Curie temperature. This
is the temperature that marks the maximum value of applicability (magnetic) of the al-
loy, since it defines the change from a ferromagnetic to a paramagnetic behaviour. The
Curie temperature can be determined from the DSC curves [45]. However, in the case of
overlapping processes (as is often the case with alloys produced by mechanical alloying)
their determination can be complex [46]. Therefore, on many occasions this temperature is
determined directly by magnetic measurements (of variation of magnetisation as a function
of temperature). Another alternative, based on thermal analysis techniques, is magnetic
thermogravimetry. By adding a small external magnet near the sample zone and perform-
ing the thermogravimetry experiment, an apparent variation of the sample mass during
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the transition from ferromagnetism to paramagnetism is detected. This method, previously
applied [47], was used in the present study. Figure 8 shows the thermogravimetric curves
recorded. A variation of the apparent mass of the samples around 937 ± 1 K and 971 ± 1 K
for alloys A and B, respectively, was found. These temperatures are typical of ferromagnetic
alloys with a high iron content.
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The modification made to the thermogravimeter would also allow us to determine
the magnetisation of the sample, although for this it would be necessary to always fix the
external magnet in the same position and perform a calibration with several magnetic
standards (previously analysed with another magnetic measurement technique, such as
vibrating sample magnetometry). Consequently, it is better to determine the magnetisation
of saturation in magnetic devices (such as a vibrating sample magnetometer). However,
in consecutive measurements it is always possible to detect in which samples the change
in magnetisation is greater after the transformation associated to the Curie temperature.
To make the comparison, it is necessary to normalise taking into account the mass of each
sample used in the experiment. In our case, it is detected that the jump is slightly lower
in sample A, indicating a somewhat higher initial magnetisation. This result must be
confirmed with a magnetic measurement (e.g., by magnetic hysteresis cycles).

As the interest of these alloys is based on their magnetic response, the hysteresis
cycles of both alloys (after 50 h of MA) at room temperature were obtained. Figure 9
shows both magnetic cycles (magnetisation M as a function of external magnetic field H).
Its analysis allows us to determine the parameters that define its soft magnetic response.
The determined values are shown in Table 2. This shows magnetisation of saturation
Ms 146 and 139 A·m2·kg−1, coercivity HC 12.4·10−4 T and 10.6 10−4 T, and remanence
0.60 and 0.71 A·m2·kg−1 for alloys A and B, respectively. Thus, the sample with lower
nanocrystalline size has lower coercivity.
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Table 2. Magnetic parameters derived from hysteresis cycles at room temperature.

Alloy Hc
10−4 T

Ms
A·m2·kg−1

Mr
A·m2·kg−1

Mr/Ms
10−3

Fe85Zr6B8Cu1 12.4 146 0.60 4
Fe80Zr6B13Cu1 10.6 139 0.71 5

It was found that the magnetisation of saturation has a slightly higher value in sample
A. This result is consistent with that detected by magnetic thermogravimetry (Figure 8),
where sample A shows a slightly higher variation than that of sample B at the Curie
temperature (transition from ferromagnetism to paramagnetism).

The main influence will be related to the Fe atoms’ local environment and to Fe-Fe
interatomic distance due to the magnetic behaviour of iron. We expected to detect a diminu-
tion in the magnetisation of saturation as the Fe/B ratio decreased. Likewise, it is known
that the magnetic properties depend strongly on the microstructure evolution, crystalline
size, internal stress, particle shape anisotropy, magnetic anisotropy, and magnetostriction
of the materials [48]. In our work, higher B content decreases crystalline size and this effect
counteracts, partially (favouring soft behaviour), the effect of the reduction of the magnetic
element, Fe. However, it is a minor effect on the content of the magnetic element, iron. In
both alloys, when changing the percentage of iron from 85 (sample A) to 80 (sample B),
a decrease in the magnetic response (saturation magnetisation) of around 6% would be
expected. The decrease detected is somewhat smaller, but it is 5%. In relation to this, it
should be determined that, from a magnetic point of view, in the two alloys studied the
reduction of nanocrystalline size does not counteract the effect of the iron reduction. This
phenomenon was to be expected, as the effect on crystal size is considered more important
in coercivity. Regarding ulterior compacting to produce bulk samples, the Fe-B bonds
dominated the structural compression [23].

The other values of magnetic properties are similar in both samples. The relatively low
value of the squareness ratio is typical of alloys obtained in powder form by mechanical
alloying [6].
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Thus, we can conclude that the alloys produced are magnetically soft at room temper-
ature and that thermal analysis is useful to determine the thermal stability (front crystalli-
sation and front magnetic transition) of this magnetic behaviour.

4. Conclusions

Two ferromagnetic nanocrystalline alloys of the Fe-Zr-B system were produced by
mechanical alloying (powder shape). Thermal analysis measurements allowed for the
analysis of the thermal stability of the samples. High apparent activation energy, as
well as high transition temperatures (crystallisation, Curie), are needed to prevent the
loss of the soft behaviour caused by the increase of the crystalline size or the ferro- to
paramagnetic transition. The differential calorimetry allowed us to determine (using
Kissinger and isoconversional methods) the apparent energy of activation of the main
process of crystallisation. The lowest value, 288 kJ/mol, corresponded to the alloy with
higher iron content. Regarding the transition temperatures, both the peak crystallisation
temperature and the Curie temperature are higher in the alloy with lower Fe/B ratio.

Regarding the magnetic response, the characteristic parameters are similar in both
alloys, the magnetisation of saturation being only slightly higher (about 5%) in the alloy
with more iron content due to the Fe-Fe magnetic moment atomic interactions.

From a technological point of view, high saturation magnetisation and low coercivity
are necessary for the feasibility of the applications of these alloys in devices and systems
that must present a soft magnetic behaviour. It is reported that although the saturation
magnetisation is slightly lower in the alloy with a lower Fe/B ratio, the decrease in coercivity
with increasing boron content (lower Fe/B ratio, alloy labelled as B) is relatively significant
due to the smaller size of the nanocrystals of the low Fe/B ratio alloy. This magnetic
behaviour, combined with a high thermal stability front crystalline growth (and with the
associated loss of the soft magnetic behaviour), of alloy B indicates that the reduction
in Fe content does not always provoke a significant decrease in the applicability of this
family of alloys. With respect to future outlook and the industrial application of these
types of alloys, it is necessary to thoroughly study new compositions and to analyse the
consolidation process of these powders and its influence on the final microstructure and
magnetic response.
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Features of Metalorganic Chemical Vapor Deposition Selective
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Abstract: AlzGa1−zAs layers of various compositions were grown using metalorganic chemical vapor
deposition on a GaAs substrate with a pattern of alternating SiO2 mask/window stripes, each 100 µm
wide. Microphotoluminescence maps and thickness profiles of AlzGa1−zAs layers that demonstrated
the distribution of the growth rate and z in the window were experimentally studied. It was shown
that the layer growth rate and the AlAs mole fraction increased continuously from the center to
the edge of the window. It was experimentally shown that for a fixed growth time of 10 min, as z
increased from 0 to 0.3, the layer thickness difference between the center of the window and the edge
increased from 700 Å to 1100 Å, and the maximum change in z between the center of the window and
the edge reached ∆z 0.016, respectively. Within the framework of the vapor -phase diffusion model,
simulations of the spatial distribution of the layer thickness and z across the window were carried
out. It was shown that the simulation results were in good agreement with the experimental results
for the effective diffusion length D/k: Ga—85 µm, Al—50 µm.

Keywords: selective area epitaxy; mocvd; AlGaAs; photoluminescence; profilometry

1. Introduction

To date, one of the topical tasks in the field of photonic integrated circuits technology is
the monolithic integration of electro-optical elements [1–6] that perform various functions,
including the control and generation of both optical radiation (multiwave laser sources,
modulators, low-loss waveguides, splitters, combiners, etc.) and electrical signals. One
of the ways to effectively address this challenge is the selective area epitaxy (SAE) tech-
nique [7–10]. The main feature of this growth method is that epitaxial growth occurs on a
pre-prepared substrate with a passivating mask deposited on the surface. This mask forms
regions which suppress growth, while epitaxial growth occurs in unprotected regions (win-
dows). At present, single-mode lasers with monolithically integrated modulators [11] and
couplers [12], multiwavelength single-mode laser systems [13], monolithic semiconductor
sources of femtosecond laser pulses [14], and tunable semiconductor lasers with ultra-wide
tuning ranges [15] are fabricated using SAE. The state-of-the-art formation of nano-objects
such as quantum dots [16] and nanowires [17] is also implemented using SAE. To date,
the main SAE techniques are metalorganic chemical vapor deposition (MOCVD) [10,12],
molecular beam epitaxy (MBE) [18], and chemical beam epitaxy (CBE) [19].

One of the characteristic features of SAE is associated with the influence of the geo-
metric dimensions of the mask and windows on the composition and properties of the
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grown epitaxial layers [20,21]. The fundamental reason for this behavior is related to mass
conservation during the growth process. As a result, the reduction in the growth area
associated with growth inhibition in the mask region leads to an increase in the growth rate
in the window. In the SAE process, precursors can reach either the mask or the window [9]
through migration inside the boundary layer of the gas phase. Precursors that reach the
window region undergo a pyrolysis reaction and participate in the growth of the epitaxial
layer. Precursors reaching the mask can either be adsorbed onto the mask surface and
migrate to the window area through surface diffusion, or they can be desorbed from the
mask surface within a short time. The desorbed precursors then return to the gas phase
and diffuse towards the window due to the resulting concentration gradient between the
mask and the window. The growth process is determined by the total contribution of
these two diffusion processes. In addition, the diffusion in the gas phase is the dominant
process in MOCVD according to references [22,23]. This is due to the fact that the diffusion
length in the gas phase is much larger than the surface diffusion length. According to
references [24,25], the diffusion length in the gas phase can reach up to 100 µm, while the
surface diffusion length remains below 1 µm. As a result, the growth rate of the epitaxial
layer increases, and its distribution becomes inhomogeneous within the window region.

It follows from the above discussion that the ability to predict the properties of de-
posited materials is important for SAE. To date, the most widely used model for MOCVD is
the vapor-phase diffusion model [9,10,20,25,26]. In this model, the mask surface diffusion is
neglected. Surface migration plays an important role only when the mask geometry is close
to the surface diffusion length. This model has demonstrated its effectiveness, as it gives
good agreement between the simulated and experimental results for binary layers [27].

However, there are no data in the literature on how the simulation results agree if
several different values are taken for z. There are also almost no data for periodic structures
in which neighboring elements are located (close enough) such that they can influence
each other. An element refers to two stripes of the mask and the window between them.
Isolated elements are typically studied, i.e., the neighboring element is most often located
at a distance of more than 300 µm from the studied element.

The novelty of the results is in the fact that, for the first time, experimental and
theoretical studies have been carried out on the growth of layers of AlGaAs/GaAs solid
solutions obtained using the selective area epitaxy technique in ultrawide windows. The
results are important to the development of selective area epitaxy techniques for the
multilayer heterostructure growth used in many optoelectronic devices. Section 1 of this
paper describes the features of the technology used for obtaining bulk layers of solid
solutions of various compositions (composition of AlzGa1−zAs (0 ≤ z ≤ 0.3)) grown using
selective area epitaxy on a GaAs substrate with a periodic structure consisting of alternating
100 µm wide stripes with and without SiO2. In Section 2, the vapor-phase diffusion model
is considered, which describes the selective area epitaxy of AlzGa1−zAs layers in ultrawide
windows. Section 3 presents the results of experimental studies on the spatial distribution
of the thickness and composition of the selective area epitaxy-grown AlzGa1−zAs layers,
as well as the simulation results. Within the framework of the vapor-phase diffusion
model, the effective diffusion lengths for Ga and Al were chosen to ensure good agreement
between the simulation and experiment on thickness and composition variation across
the window.

2. Materials and Methods
2.1. Fabrication of Experimental Samples

An EMCORE GS3100 (EMCORE Corp., Somerset, NJ, USA) setup with a vertical
reactor and resistive heating of the substrate holder was used for epitaxial growth. The
work pressure in the reactor was maintained about 77 Torr. The substrate temperature
and rotation speed were 750 ◦C and 1000 rpm, respectively. Trimethylgallium (TMGa)
and trimethylaluminum (TMAl) (Elma-Chem, Zelenograd, Russia) were used as sources
of group 3 atoms, and arsine (AsH3) (Salyut, Nizhny Novgorod, Russia) was used as the
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source of group 5 atoms. The carrier gas was hydrogen (H2). In this study, the growth
time was fixed at 10 min for all samples. Two types of samples were fabricated. Both
types of samples were grown on a precisely oriented n-GaAs (100) substrate 2 inches
in diameter (Wafer Technology Ltd., Milton Keynes, UK). For the first type of samples
(SE—standard epitaxy), standard epitaxial growth was carried out on a substrate without a
mask. Four Alz0Ga1-z0As samples were grown with the following compositions (z0) and
growth rates (Vplanar): sample SE1—z0 = 0, Vplanar = 200 Å/min; sample SE2—z0 = 0.11,
Vplanar = 225 Å/min; sample SE3—z0 = 0.19, Vplanar = 247 Å/min; sample SE4—z0 = 0.3,
Vplanar = 286 Å/min. Samples of the second type were SAE-grown. To do this, at the
initial stage, a pattern of alternating stripes (100 µm wide dielectric mask/100 µm wide
window without a dielectric) oriented in the direction [011] was made on the substrate. The
1000 Å thick SiO2 mask was deposited by ion-plasma sputtering. The pattern was formed
using lithography and an etching process in a buffered oxide solution (BOE 5:1). Before the
AlGaAs layer growth, the substrate with a pattern was annealed at a temperature of 750 ◦C
for 20 min in the arsine flow, followed by the SAE process. As a result, four samples of the
second type were grown with different z0 at the same fluxes as for standard epitaxy: z0 = 0
for SAE1; z0 = 0.11 for SAE2; z0 = 0.19 for SAE3; z0 = 0.3 for SAE4. The actual compositions
of the layers and their distribution in the window for all samples of the second type will be
discussed below. It should be noted that the deposition of polycrystals on the mask was
observed for the SAE4 sample under the given growth conditions (Figure 1a), but their
density was not high, so the sample was not excluded from the studies. Figure 1a shows
a segment located in the center of the mask. As can be seen from Figure 1a, for this area
(12 × 9 µm), the number of polycrystals is about 400 pieces, which is an average density
of about 3.7 pcs/µm2. In this case, the linear dimensions of polycrystals do not exceed
100 nm. It should be noted that the density of polycrystals slightly decreases towards
the mask/window interface. Also, one can observe a negligible number of polycrystals
in the mask region within 1 µm from the mask/window interface. This behavior can be
explained based on the study in [28]. For each type of reactant species, there is a certain
threshold concentration on the mask surface, above which a heterogeneous nucleation
occurs. This threshold is higher for ideal than for non-ideal areas of the mask surface (for
example, roughness or defects on the mask surface). Polycrystals precipitate when one of
the threshold concentrations is exceeded. Moreover, there is a region at the mask/window
interface where nucleation does not occur. For comparison, Figure 1b shows an image of
the mask surface for the SAE3 sample on which there are no polycrystals.
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Figure 1. Scanning electron microscope (SEM) JOEL JSM-7001F (JOEL Ltd., Tokyo, Japan) image of
the surface in the center of the mask for SAE4 (a) and SAE3 (b) samples.

Further, the microphotoluminescence (µPL) spectra for samples of the second type
(SAE2–SAE4) were studied with a spatial resolution in the window region. The µPL mea-
surements were performed at room temperature (300 K) using a Horiba LabRAM HR
Evolution UV-VIS-NIR (Horiba Jobin Yvon, Longjumeau, France) spectrometer equipped
with a confocal microscope. The spectra were measured using the continuous-wave (cw) ex-
citation at 532 nm (2.33 eV) of a Nd:YAG laser (Torus, Laser Quantum, Stockport, UK) with
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a power on the samples as low as ~40 µW. The spectra were recorded using a 600 lines/mm
grating and Peltier-cooled electron-multiplying charge-coupled device (EMCCD) detector,
while a Leica PL FLUOTAR 50 × NIR (NA = 0.55) long working-distance objective lens
was used to focus the incident beam onto a spot of ~2 µm diameter. The measurements
were carried out with point-to-point scanning with a step of 1 µm. The z-distribution
was determined for the selectively grown epitaxial layer from the obtained data. As an
alternative to the proposed technique for determining the composition, energy-dispersive
X-ray spectroscopy (EDS) can be used [29,30]. However, we consider it more labor-intensive
and less accurate in resolution for spatial scanning.

Then, the mask was removed from the samples (SAE1–SAE4) using a buffer etchant.
After that, the thickness distribution of the selectively grown epitaxial layer was measured
across the window stripe for each sample. An AmBios XP-1 (Ambios Technology Inc.,
Santa Cruz, CA, USA) surface profilometer was used for the study.

2.2. SAE Simulation Model

The selective epitaxy process was quantitatively described using the vapor-phase
diffusion model [9,10,20,25,26]. The simulation model is based on the calculation of the
concentration profile of precursors in the gas phase above the substrate surface. The profile
was determined by solving the Laplace equation in the boundary layer window of width F
and height M. Figure 2 shows a schematic explaining the boundary conditions for the
selective epitaxy process simulation within the vapor-phase diffusion model. In our case,
we used a 2D model, because the length of the mask stripes was much greater than its
width, which allowed us to neglect diffusion along the mask stripes. Then, the Laplace
equation took the form:

∂2N
∂x2 +

∂2N
∂y2 = 0, (1)

where N is the precursor concentration, x is the coordinate in the direction across the
window, and y is the coordinate in the direction perpendicular to the growth plane.
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The boundary conditions at the edges of the window and the boundary layer can be
written as follows:
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1—the upper part of the boundary layer is at a sufficiently large distance from the
substrate to avoid perturbations introduced by the mask.

N|y=M = N0, (2)

where N0 is the precursor concentration at the upper boundary of the boundary layer,
which is constant.

2—precursor concentration does not change in lateral directions within the boundary layer.

∂N
∂x
|x=x1,x2 = 0 (3)

3—precursors are not deposited on the surface of the mask.

∂N
∂y
|y=0 = 0, (4)

4—precursors are deposited on the surface of the semiconductor.

D·∂N
∂y
|y=0 = kN, (5)

where k is a surface reaction rate constant; D is a mass diffusion constant.
The precursor concentration profile was determined by the D/k ratio, which can be

considered as the effective diffusion length. D/k can be estimated either by theoretical
calculation [9,26] or by fitting to experimental data.

To estimate the layer thickness distribution across the window, the concept of growth-
rate enhancement (GRE) was used. GRE characterizes the layer growth-rate change during
selective epitaxy relative to the growth rate during standard epitaxy, i.e., deposition on a
substrate without a mask. GRE is calculated by:

GRE =
H

Hplanar
=

V
Vplanar

=
N
N0
·
(

1 +
M
D
k

)
, (6)

where H and Hplanar are the thicknesses of the selectively grown layer and the standard-
grown layer, respectively; V and Vplanar are the growth rates of the selectively grown layer
and the standard-grown layer, respectively. It is worth noting here that the values of Hplanar
and Vplanar are constant in the growth plane for standard epitaxy with the selected regimes,
while there is a dependence on the x coordinate characterizing the lateral position in the
window in the case of selective epitaxy.

These calculations are applicable for binary compounds. For ternary solid solutions of
the AzB1-zC type (where A and B are elements of the 3rd group), GRE is determined using
a linear relationship between the binary compounds AC and BC forming a ternary solid
solution [10]:

GREABC = z0·GREAC + (1− z0)·GREBC, (7)

where GREABC, GREAC, and GREBC are GREs for the ABC solid solution and the binary
compounds that form it, respectively; z0 is the AC mole fraction under the same growth
conditions at standard epitaxy.

According to [10], the z distribution of the AzB1-zC solid solution across the window
at SAE is determined by the GREABC distribution and the composition z0 of the Az0B1−z0C
solid solution at standard epitaxy according to the relation:

z =
z0·GREAC
GREABC

, (8)

68



Technologies 2023, 11, 89

3. Results and Discussion
3.1. Studies of the SAE-Grown AlGaAs Layers’ Thickness Profiles across the Window

We examined the SE samples to control the layer composition and the deposition rate
prior to studying the SAE samples. To test the growth rate, SE1–SE4 samples were diced
at their centers to obtain chips for scanning electron microscope (SEM) studies. Then, the
thicknesses of the deposited layers were determined using SEM images. From the data
obtained, the growth rate was determined, which coincided with the preset one with good
accuracy. The PL spectra were also measured for these samples, from which the z0 was
determined, which corresponded to the specified composition with a high accuracy.

In the first part of the analysis of experimental results, let us consider the thickness
profiles and determine the change in the thickness of the AlGaAs epitaxial layers across
the window for samples SAE1–SAE4. For each sample, four neighboring windows were
scanned. Figure 3 shows the measurement results (solid lines), and it is clear that with an
increase in the AlAs mole fraction in the deposited AlGaAs layer (from SAE1 to SAE4),
its thickness increases. It can be seen there is a fairly good reproducibility of the layer
thicknesses in the windows for each sample. For the SAE1 sample, the thickness in
the window center has values in the range of 3730–3860 Å, and at the window edge,
4430–4600 Å; for the SAE2 sample, it is of 4030–4080 Å in the center and 4820–4900 Å at the
edge; for the SAE3 sample: 4270–4390 Å in the center and 5150–5400 Å at the edge; for the
SAE4 sample: 4980–5150 Å in the center and 6090–6250 Å at the edge. It can be seen that
the difference in the thickness of the selectively grown layer in the window center with
respect to the edge increases with an increase in the AlAs mole fraction.
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Figure 3. Profiles of the layer thickness across the window for SAE1–SAE4 samples. Solid lines are
experimental data; dotted lines are simulation results.

Next, in order to compare the simulation model with the experimental results, the
change in the layer thickness across the window during SAE for different z0 corresponding
to the SAE1–SAE4 samples was calculated. First, we chose the D/k for Ga, which provides
the best agreement between the calculated thickness and the experimentally measured
thickness for the SAE1 sample (GaAs layer) in the window center. GRE values were
calculated for D/k ranging from 70 to 150 µm. In the simulation, the boundary layer
height M was 1500 µm. Figure 4a shows the calculated GREs; it is clear that the GRE
increases as D/k increases to 85 µm at the window center. A further increase in D/k leads
to a decrease in GRE in the window center. For different values of D/k (µm), the GRE
values (center/window edge) are as follows: 70 µm—1.775/2.219; 85 µm—1.776/2.146;
95 µm—1.775/2.107; 100 µm—1.774/2.09; 110 µm—1.771/2.058; 150 µm—1.752/1.963.
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Also for the SAE1 sample, which has an experimental difference in layer thickness between
the center and edge of the window of 700–740 A, the theoretical differences for various
D/k values are as follows: 70 µm—888 Å; 85 µm—740 Å; 95 µm—664 Å; 100 µm—632 Å;
110 µm—574 Å; 150 µm—422 Å. The cumulative evidence is that the results closest to
the experiment were obtained at D/k for Ga equal to 85 µm. For Al, we could not choose
the D/k based on experimental data because of the active growth of the AlAs layer on the
surface of the mask at SAE. In [21], the value of D/k for Ga coincides with the value chosen
in the present study (85 µm); therefore, the D/k for Al of 50 µm also indicated in [21] was
used in the simulation of SAE2–SAE4 samples. Figure 4b shows the GRE change over
the window width for GaAs and AlAs binary compounds, as well as the AlGaAs GRE
calculated using Equation (7) for the compositions z0 corresponding to the SAE2–SAE4
samples. The resulting GRE values for the center/edge of the window are 1.776/2.146,
1.775/2.17, 1.774/2.188, and 1.772/2.212 for SAE1, SAE2, SAE3, and SAE4, respectively.
It can be seen that the GRE difference between the center and the edge increases with
increasing AlAs mole fraction.
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Figure 4. Simulated GRE distribution across the window: (a) for D/k ranging from 70 to 150 µm;
(b) for AlAs and GaAs binary compounds, as well as for Alz0Ga1-z0As solid solutions with z0

(at standard epitaxy) of 0.11, 0.19, and 0.3, obtained at D/k ratios of 85 µm and 50 µm for Ga and Al,
respectively.

Figure 4b shows that a decrease in the D/k ratio leads to an increase in the GRE
difference between the edge and the center of the window. A lower D/k ratio indicates that
the precursors are adsorbed onto the substrate at a higher rate. Consequently, most of the
precursors were deposited in the window near the window/mask interface, and the GRE
decreased more rapidly with distance from the window/mask interface. As a result, the
AlGaAs solid solutions turned out to be enriched in Al near the window/mask interface.

The layer thickness distribution across the window was calculated for samples
SAE1–SAE4 using the obtained GRE profiles (Figure 4b). The layer thickness was cal-
culated based on Equation (6):

H = GRE·Hplanar = GRE·Vplanar·t, (9)

where t is the layer growth time.
Figure 3 (dashed curves) shows the calculated layer thickness distribution across the

window for SAE1–SAE4 samples and it is seen that the calculated curves are in good
agreement with the experimental data. The change in the layer thickness in the center
and at the edge of the window (experiment/simulation) was also compared, which was:
700–740/740 Å, 790–820/890 Å, 880–1010/1020 Å, and 1100–1110/1250 Å for SAE1, SAE2,
SAE3, and SAE4 samples, respectively. It can be seen that the experimental difference in the
layer thickness between the center and the edge of the window is in good agreement with
that of the simulation. From the obtained results, we can conclude that the simulation is
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in good agreement with the experimental results for the composition range 0≤ z0 ≤ 0.3 of
Alz0Ga1-z0As solid solutions at D/k ratios of 85 µm and 50 µm for Ga and Al, respectively.

3.2. Studies of the SAE-Grown AlGaAs Layers’ Composition Profiles across the Window

In the second part of the experimental results analysis, let us compare the simulated
and experimental profiles across the window of SAE-grown AlGaAs layers with different
values of z. To this end, the µPL spectra were measured for SAE2–SAE4 samples at 300 K
with a scanning step of 1 µm across the window. Figure 5 shows µPL spectra maps for
SAE2–SAE4 samples. For all samples, a blue shift is observed when moving from the center
to the edge of the window. For SAE2 (Figure 5a), a local peak of low intensity is observed
in the 820–880 nm wavelength range, which was caused by the emission of the n-GaAs
substrate. It can also be noted that the intensity of the PL spectrum increases towards the
edge of the window relative to the center in the SAE2 and SAE3 samples, which coincides
with the behavior of the PL spectrum measured by our group for AlGaAs at a temperature
of 80 K in [26]. The SAE4 sample shows the opposite behavior compared with the SAE2
and SAE3 samples, i.e., the intensity of the PL spectrum at the edge of the window is lower
than that at the center of the window. However, the reason for this behavior is not yet clear.
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From the µPL spectra obtained, z profiles across the window were plotted for the
SAE2–SAE4 samples. To calculate z of the AlzGa1−zAs solid solution, the following relation
between the band gap E and z was used [31]:

E = 1.424 + 1.247·z (z ≤ 0.45) (10)

Figure 6 (solid curves) shows z profiles across the window calculated using µPL
spectra and Equation (10) for SAE2–SAE4 samples. Figure 6 (dashed lines) shows z profiles
calculated using Equation (8) based on the vapor-phase diffusion model. Figure 6 shows
that the simulation and experiment are in good agreement in the middle of the window
for the SAE2 and SAE3 samples, and as the distance from the center to the edge of the
window increases, the experimental values of z become slightly higher than the calculated
ones. The experimental curve for the SAE4 sample is below the calculated one, which may
be due to the formation of a small amount of polycrystals on the mask. Polycrystals can
contain Al mainly, which leads to a decrease in the amount of Al diffusing towards the
window in the gas phase. The change in z between the center and edge of the window for
SAE-grown AlzGa1−zAs layers (experiment/simulation) was: 0.111/0.109 and 0.124/0.12,
0.191/0.189 and 0.205/0.206, and 0.293/0.298 and 0.309/0.321 in the center and at the edge
of the window for the SAE2, SAE3, and SAE4 samples, respectively. We can conclude
that the simulation model allows us to estimate the change in z across the window for
AlzGa1−zAs solid solutions up to z = 0.3 with good accuracy. It should be noted that the
experimental z variation between the center and edge of the window ranges from 0.013 to
0.016 as z0 increases from 0.11 to 0.3, and the simulation gives an increase in this variation
from 0.011 to 0.023.
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4. Conclusions

The behavior of the spatial variation of the main characteristics of AlzGa1−zAs epitax-
ial layers (0 ≤ z ≤ 0.3) grown via selective area epitaxy in arrays of ultra-wide windows
(the growth rate, the layer thickness, and the layer composition distribution) have been
determined on the basis of experimental studies of their properties. Comparison of ex-
perimental results with simulation in the framework of the vapor-phase diffusion model
demonstrates a satisfactory agreement at D/k ratios of 85 µm and 50 µm for Ga and Al,
respectively, which implies that the proposed simulation model is suitable for predicting
the properties of layers in the development of multilayer structures and devices based on
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them. In the future, the results obtained will be used in the study of strained quantum
wells, which is crucial in the field of light-emitting structures.
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Abstract: Colloidal nanoparticles, and quantum dots in particular, are a new class of materials that
can significantly improve the functionality of photonics, electronics, sensor devices, etc. The main
challenge addressed in the article is modification of the syntheses of colloidal NP to launch them into
mass production. It is proposed to use an additive printing method of chips for microfluidic synthesis,
and it is shown that our approach allows to offer a cheap, easily scalable and automated synthesis
method which allows to increase the product yield up to 60% with improved optical properties of
AgInS2 quantum dots.

Keywords: microfluidic synthesis; 3D printing; colloidal luminescent quantum dots; optical properties

1. Introduction

Quantum dots (QD) are a striking representative of a new class of luminophores and
colloidal nanoparticles simultaneously. The challenge today is to develop new synthesis
methods that are easily scalable and automated. The temperature and mixing rate of
precursors during the formation of structures have a huge impact on their optical properties
such as the position, shape and width of the photoluminescent (PL) band and the PL
quantum yield (PLQY) of quantum dots [1,2]. It is well known that reproducing the
synthesis of nanoparticles using the same technique with classical hydrothermal synthesis
might cause unstable results due to human factors, limiting the nanostructures production
on an industrial scale and their application in medicine [3]. Microfluidic synthesis is the
introduction of reagents through programmable syringe pumps, which allows a continuous
supply of precursors at a certain rate and automation of the system to produce the required
particles [4]. In addition, a large number of microfluidic chip channels can ensure efficient
mixing of reagents. These advantages of microfluidic methods over traditional ones have
motivated the development, fabrication, and use of inexpensive devices that allow precise
temperature control and efficient reagent mixing [5]. All the characteristics mentioned
above make microfluidics very advantageous for various applications, from chemical,
biological, and material industries to pharmacy and clinical diagnostics [6,7].

Most research groups are focused on using a soft lithography method in order to
manufacture microfluidic devices [8]. However, this technology is time-consuming and
expensive. For example, in [9], the chip fabrication for QD synthesis took about 30 h. Three-
dimensional printing for the formation of microfluidic chips is an emerging trend, and the
growing number of publications on microfluidic synthesis confirms its relevance [10]. To
the best of our knowledge, this is the first time when quantum dots were synthesized in
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exclusively 3D-printed microfluidic chips. Here, we suggest a new approach to manufac-
turing microfluidic chips for QD syntheses that can simplify the formation, reduce the cost
of materials used, and significantly save time on commissioning the final product. The
yield of the production of AgInS2 (AIS) QD was 1.5 times higher than that of the classical
hydrothermal method of synthesis in a flask.

Among different types of quantum dots, the most studied group is CdX (X = S, Se,
Te), but the high cytotoxicity of cadmium hinders its wider application in biology and
biomedicine and limits its mass use in photonic and electronic devices due to utilization
problems [11]. Ternary quantum dots, including AIS QD, are the representatives of nanos-
tructured luminophores with well-tuned optical properties, containing no heavy metal
atoms [12]. Therefore, the development of approaches to their mass production will make
it possible in the future to produce environmentally friendly nanostructured materials for
use in photovoltaics, imaging, and sensorics [13]. In addition, it is well known that the AIS
QD are capable of generating superoxide anion when exposed to UV- and visible range
radiation due to their energy structure [14]. Interaction of such reactive oxygen species
(ROS) with bacteria can lead to the destruction of the latter [15]. Therefore, the AIS QDs are
potential candidates for the photodynamic therapy of bacteria [16]. Furthermore, such QD
are characterized by a relatively simple hydrothermal synthesis procedure that could be
easily transferred to continuous microfluidic synthesis [17].

In this work, it is shown that the use of additive printing to produce chips for mi-
crofluidic synthesis makes it possible to synthesize biocompatible colloidal AIS QDs whose
luminescence properties are better than those of similar QDs synthesized at the same
macroparameters (temperature, pressure and velocity of precursor pumping) by classical
colloidal synthesis. Optical properties of AIS QDs synthesized by the microfluidic method
and classical hydrothermal method in a flask were compared. It was demonstrated that the
PLQY of the samples synthesized by the microfluidic method for 18 and 180 s was found to
be 2.5 times higher than that of the samples synthesized in a flask. In addition, the increased
yield of the product compared to the classical hydrothermal method, combined with full
automation of the synthesis process, can significantly reduce the cost of the synthesized
AgInS2 quantum dots.

2. Materials and Methods
2.1. Chemicals

Indium (III) chloride (InCl3), silver nitrate (AgNO3), sodium sulfide (Na2S × 9H2O),
ammonia hydrate (NH4OH), mercaptoacetic acid (MAA), 2-propanol, and thioglycolic acid
(TGA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were used
without further purification.

2.2. Quantum Dot AgInS2 Synthesis

The reagents for the synthesis of the aqueous AIS QDs were mixed according to the
procedure described in [17]. A mixture of precursors was formed and alternately added to
5 mL H2O in the following order with respective concentrations: 0.052 mL AgNO3 (0.1 M),
0.104 mL TGA (1M), 0.0334 mL NH4OH (5M), 0.0364 mL InCl3 (1M), 0.08 mL NH4OH (5M),
0.052 mL (Na2S × 9H2O) (1M). Then, AIS QD syntheses were performed in a microfluidic
chip and by the classical hydrothermal method in a flask, which is described in detail in
Section 3.

2.3. Characterization Methods

The Anycubic Photon Mono 3D printer (Anycubic, Shenzhen, China) was used to
fabricate the chip. The absorption spectra of the samples were recorded using a UV Probe
3600 spectrophotometer (Shimadzu, Kyoto, Japan). PL spectra were examined with a Cary
Eclipse spectrofluorometer (Varian, Belrose, NSW, Australia). PL kinetics was analyzed
using the Micro-Time100 single-photon counting microscope (PicoQuant, Berlin, Germany).
Sample concentrations of AIS QDs were estimated using the methodology presented in [18].
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The calculation of concentration for the studied samples is presented in Appendix A and
Section 3.

The PLQY of the synthesized QDs was estimated relative to the PL quantum yield of
rhodamine 6G according to Formula (1):

ϕ = ϕR
I · DR · n2

IR · D · n2 , (1)

where n is the refractive index of the solvent, I is the integral luminescence intensity, and
D is the optical density at the excitation wavelength of the sample. Index R refers to the
parameters of the reference sample (rhodamine in ethanol). It should be noted that when
calculating the integral luminescence intensity, the spectra cut at 800 nm were interpolated
into the long-wavelength region, symmetrical to the short-wavelength region, in the Origin
software package using the inversion operation.

The QDs luminescence decay times and amplitudes were estimated by approximating
the experimental curves with Formula (2):

y = yo +
n

∑
i=1

Ai exp
(−(x − x0)

τi

)
, (2)

where Ai is the amplitude of the ith component and τi is the characteristic decay time of
the ith component.

3. Results and Discussion
3.1. Microfluidic Chip Formation

Photopolymer resin-based chips were prepared for nano- and microparticle microflu-
idic fusion. The microfluidic chip is shown in Figure 1 and is a continuous serpentine
channel with a cross-section of 1 mm2.

Figure 1. Schematic of formation of three-dimensional microfluidic chips.
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One of the requirements for the microfluidic chip to be created is the ability to re-
produce a large number of syntheses. Attempts to reduce the cross-sectional size caused
destruction of the channels. Therefore, a cross-section of 1 mm2 was chosen in order to
avoid channel plugging and increase the chip’s lifetime. The length of internal channels
and volume of the chip are 1080 mm and 1.8 mL, respectively. In this work, it is planned
to change the thermal treatment time by changing the rate of precursor injection into the
microfluidic chip. The time for classical QD AIS synthesis in the flask is approximately
30 min (1800 s). Since the microfluidic chip should be compact, internal channels with
a total volume of 1.8 mL were created. It allows 1 mL of precursors to flow through an
internal volume in 30 min. To ensure the compactness of the chip, the base cells composing
the channel were arranged in a three-dimensional matrix of (6 × 10 × 5) elements. An inlet
channel and an outlet channel were connected to the main channel for fluid input and to
the outlet channels of the microfluidic chip.

Figure 1 shows a 3D model of the microfluidic chip in a section and photos of chips
formed using photopolymer 3D printing. To form physical copies of the chips using
additive manufacturing techniques, the chip design was subtracted from the solid block,
thus forming the cavities of the microfluidic channels. Microfluidic chips were printed on
a 3D printer using Phrozen TR250LV photopolymer resin (Phrozen, Taiwan, China). The
choice of this photopolymer resin is justified by its outstanding physical and mechanical
characteristics compared with the usual photopolymer resins used in 3D printing. In
particular, after photopolymerization, this resin is characterized by an increased mechanical
tensile strength in the temperature range from 0 to 100 ◦C, which is ideal for use in
hydrothermal types of nanoparticles synthesis, where the temperature inside the reactor
reaches 90 ◦C.

The chip printing parameters for this photopolymer resin were as follows: the thick-
ness of one layer and irradiation time per layer were 50 µm and 2 s, respectively. After
printing finalization, the channels of the chip and its surface contained a large amount of
unpolymerized resin. To remove it, the chip was placed in a bath filled with isopropanol
and exposed to ultrasound for 10 min. After that, the internal channels of the chip were
flushed with pure isopropanol using a syringe pump connected to the chip inlet.

The syringe pumps were connected to the microfluidic chip using Teflon tubes with
inner and outer diameters of 1 and 1.5 mm, and steel adapters with inner and outer
diameters of 0.9 and 1.1 mm, respectively. The microfluidic chip connection itself was
performed in two stages. At the first stage, the steel adapter was inserted into the Teflon
tube with one end, and the other end was inserted into the inlet or outlet port of the
microfluidic chip. At the second stage, to seal the chip, all joints were smeared with several
layers of photopolymer resin followed by polymerization of the joints using UV light
irradiation with a wavelength of 405 nm for 10–30 s.

3.2. Synthesis of AIS Quantum Dots in a Microfluidic Chip

The amount of precursors and their ratio was the same for microfluidic and classical
syntheses (Section 2). In the case of classical hydrothermal synthesis, the precursor mixture
was placed in a three-head flask, which was further subjected to stirring and thermal
treatment. In the second case, to heat the reagents, the microfluidic chip was placed in a
water bath mounted on a heating element. The temperature of water in the flask and in
the chip was set to 40, 60, and 90 °C and was maintained by feedback from the heating
element and the temperature sensor located in the water bath. These temperature regimes
were chosen to compare the optical properties of AIS QD. According to the synthetic
protocol [17], the duration of thermal treatment synthesis is about 30 min. Therefore,
a 1800 s treatment time was used as a starting point for both classical and microfluidic
synthesis for an explicit comparison in efficiencies between these two types of synthesis.
Additionally, 180 and 18 s treatment times were used to establish the dependence of the
optical properties of quantum dots on the precursor treatment time. In order to sustain
such treatment time in microfluidic devices, various precursor feeding rates were used,
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thereby precisely adjusting the temperature exposure time of the precursor solution. The
precursor mixture was fed using a syringe pump at 0.001, 0.01 and 0.1 mL/s. It allows
the same volume of precursor mixture, i.e., 1 mL, to pass through our chip in 18, 180,
and 1800 s, respectively. After synthesis, QDs solutions were washed with the addition
of isopropyl alcohol in a 1:2 ratio and centrifuged for 3 min at 12,000 min−1. Then, they
were redissolved in water. It is noteworthy that all syntheses were carried out in one chip.
After the eight syntheses mentioned in this work, no external macromechanical damage
was found. All connections of Teflon hoses that supply and divert precursor solution to the
microfluidic reactor remained sealed. This confirms the possibility of extended utilization
of such reactors in syntheses carried out at the temperature of up to 90 ◦C.

3.3. Dependence of AgInS2 QD Optical Properties on Synthesis Temperature

Figure 2 shows the absorption and photoluminescence (PL) spectra of the AIS QDs
synthesized in the microfluidic chip at 40 ◦C, 60 ◦C, and 90 ◦C for 1800 s.
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Figure 2. Absorption and normalized PL spectra (the inset) of AgInS2 quantum dots synthesized in a
microfluidic chip; PL excitation wavelength is 405 nm.

Figure 2 shows that the microfluidic synthesized ensembles of AIS quantum dots
demonstrate typical absorption and PL spectra for ternary QDs [19,20]. It is well postulated
that the complex shape of the PL band of AIS QDs is attributed to several radiative
transitions [17]. Luminescence in AgInS2 and CuInS2 QDs is primarily attributed to defects
in the crystal lattice of sulfur, indium, silver, and copper atoms, rather than excitonic
processes [21]. The presence of a long-wave luminescence shoulder is a result of the
recombination of the electron–hole pair at defective indium sites [22].

It is not surprising that increasing the temperature of QD synthesis leads to increased
optical density in the QD absorption spectrum because of increase in precursor reaction
rates [23] and improvement in QD crystallinity [24]. PLQY of QD ensembles estimated
in a comparative method with Rhodamine 6G as the reference demonstrates the linear
dependence on synthesis time, as shown in Figure 3.

79



Technologies 2023, 11, 93

4 0 5 0 6 0 7 0 8 0 9 0
0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

3 . 0

3 . 5

4 . 0

3 . 6  %

1 . 8  %

0 . 9  %

 C a l c u l a t e d  P L Q Y
 A p p r o x i m a t i o n  b y  a  l i n e a r  f u n c t i o n

PL
QY

 (%
)

T e m p e r a t u r e  ( ° C )

M o d e l L i n e a r  f u n c i o n
E q u a t i o n A × X + B

A 0 . 0 5 4 4 7  ±  0 . 0 0 4
B � � � � � � 
 � � � � 	 � � �

Figure 3. The dependence of the PLQY of the AIS QDs synthesized for 1800 s on the synthesis
temperature and its linear fitting.

Figure 3 shows that increase in the synthesis temperature of AgInS2 QDs leads to a
linear increase in PLQY. The PL quantum yield of samples synthesized in the microfluidic
chip at 40, 60, and 90 ◦C was 0.9, 1.8, and 3.6%, respectively. Since the microfluidic synthesis
of the AIS QDs at 90 ◦C allows achieving the best PLQY in the range of 40–90 ◦C, this
temperature was used for 18 and 180 s QDs synthesis and for the study on how synthesis
time impacts QD optical properties and their yield.

3.4. Impact of Synthesis Time on the Optical Properties of AgInS2 QDs

Figure 4 presents the absorption and photoluminescence excitation (PLE) spectra of
AgInS2 QD synthesized in a microfluidic chip and in a flask at 90 ◦C for precursor thermal
treatment times of 18, 180, and 1800 s in the reactor.

AIS QDs synthesized in our microfluidic chip demonstrate a more pronounced optical
absorption edge band in comparison with QDs synthesized in a flask (Figure 4a,b). Typically,
electronic absorption bands of QDs are more sharp in their PLE spectra [25]. It allows using
PLE spectra (Figure 4c,d) of QDs to estimate the absorption edge band position of QDs
more correctly in comparison with their absorption spectra. Our data clearly show that
increasing the synthesis time of up to 1800 s in the microfluidic chip leads to the shift in the
QD absorption band to higher energy because of decreasing QD size [26].

Figure 5 presents normalized PL spectra of AgInS2 quantum dots synthesized in a
microfluidic chip and in a flask at 90 ◦C for precursor thermal treatment times of 18, 180,
and 1800 s in the reactor.
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Figure 4. Absorption (a,b) and PLE (c,d), spectra of the AIS QDs synthesized in a microfluidic chip
and by classical hydrothermal method in a flask at 90 ◦C and different thermal treatment times. PL
acquisition wavelength is 610 nm.

Figure 5 shows that QDs synthesized in a flask exhibit classical dynamics of nanocrys-
tal growth accompanied by a gradual increase in luminescence intensity and a long-wave
shift of the PL band [27]. The PL band shift to the higher energy region because of increas-
ing microfluidic synthesis time correlates very well with the shift of PL band absorption
spectrum (Figure 4) and suggests the decrease in QD size.

Thermal treatment times of 18, 180, and 1800 s correspond to precursor injection rates of
0.1, 0.01, and 0.001 mL, respectively. Such rates ensure the laminar fluid flow [28]; therefore,
the reagents in the channel mix mainly by diffusion and convection of molecules under the
influence of ambient temperature. According to [19,26,29], the shift of the QD PL band to the
higher-energy region indicates a decrease in the proportion of silver atoms in the AIS QDs
and disappearance of the shoulder in the PL band of AIS QDs located at 700 nm.

A comprehensive study of the optical and photophysical properties of the AIS quan-
tum dots in [26] allows us to suggest that the average size of our QDs is varied from 1.4 to
2 nm because of the QD absorption (Figure 4) and PL spectra (Figure 5).
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Figure 5. Normalized PL spectra of the AIS QDs synthesized in a microfluidic chip and by classi-
cal hydrothermal method in a flask at 90 °C and different thermal treatment times, PL excitation
wavelength is 405 nm.

Figure 6 shows the dependence of the PL QY of the classical and microfluidic syntheses
of AIS QDs on the synthesis time.
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Figure 6. Dependence of PLQY of AIS QDs synthesized at 90 ◦C on the synthesis time in the
microfluidic chip and in a flask.

It was found that PLQY of AIS QDs synthesized with the classical approach reaches
7.4%. It correlates very well with the PLQY of typical hydrophilic AIS QDs [30]. The best
QY PL for our AIS QDs synthesized in the microfluidic chip is close to 4%. The increase in
microfluidic synthesis time up to 1800 s not only reduces the QD size, shifts absorption and
PL bands to higher energy, and decreases PL bandwidth, but also slightly decreases their
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PLQY. Our data demonstrate that PLQY of QDs synthesized in the microfluidic chip for 18
and 180 s is 2.5 times higher than for QDs synthesized in a flask for the same time (Figure 6).
It is assumed that the difference in dependencies of PLQY of QDs on synthesis time for
microfluidic and classical syntheses is related to the high coefficient of mass temperature
transfer in the reagent mixture in the microfluidic chip [31].

Figure 7 shows the dependences of the AIS QD PL kinetics of QD synthesized by
hydrothermal and microfluidic methods on the synthesis time. The experimental data were
approximated with three-exponential functions according to Formula (2).
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Figure 7. PL decay curves of AIS QDs synthesized at 90 ◦C during 18 s, 180 s, and 1800 s: (a) classical
and (b) microfluidic syntheses. Red arrows show the dynamics of decay curves with changes in heat
treatment time.

PL decay curves for all AIS QD samples shown in Figure 7 were fitted with three-
exponential functions which is typical for ternary QDs [32]. The fitting parameters of PL
decay curves for all AIS QD samples are presented in Table 1.

Table 1. The fitting parameters of PL decay curves for AIS QD samples.

Type of Synthesis Time of Synthesis, s τ1, ns τ2, ns τ3, ns A1, % A2, % A3, %

Classical 18 35 ± 3 273 ± 13 818 ± 21 39.3 41.5 39.2

Classical 180 42 ± 3 219 ± 9 810 ± 13 31.5 46.1 22.4

Classical 1800 55 ± 5 370 ± 11 1026 ± 35 24.3 52.6 23.1

Microfluidic 18 32 ± 2 276 ± 10 911 ± 25 36.4 43.9 19.8

Microfluidic 180 40 ± 3 287 ± 6 915 ± 12 35.3 45.6 19.1

Microfluidic 1800 28 ± 1 249 ± 5 993 ± 15 46.2 38.6 15.3

The analysis of PL decay curves of classical synthesized AIS QDs shows that an
increase in the synthesis time from 18 to 1800 s leads to an increase in all characteristic
PL decay times. This trend correlates very well with the increase in PLQY because of
increasing synthesis time (see Figure 6). The correlation of characteristic PL decay times
with PLQY also remains for microfluidic-synthesized AIS QDs for the shortest (30–40 ns)
and the middle (250–290 ns) components, but not for the longest component (900–1000 ns).
The increase in characteristic PL decay times can indicate an improved surface quality or
an increase in size of the synthesized QDs [33]. The shortest PL decay time belongs to
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defects of the crystal lattice [34]. Therefore, it can be an effective marker of the quality of
the QD surface. The data presented in Table 1 clearly indicate a gradual decrease in the
number of defects on the surface of QDs synthesized by the microfluidic method due to a
decrease in the contribution of the short-lived component of QDs luminescence. It is worth
noting that, according to the already published works, the long-lived components of the
three-component QDs luminescence (about 100–900 ns) belong to the luminescence at the
donor–acceptor pair transitions [22].

The ratio of yield of QDs synthesized at different regimes in a microfluidic chip and
a flask can be estimated because the same volume of precursor mixtures with the same
precursor concentrations was used in all our syntheses (for details, see Appendix A). QDs
are nanocrystals whose absorption spectra depend on QD size because of the quantum
confinement effect [35]. This fact is widely used to estimate the Cd-based QD size and
extinction coefficients [36]. Although absorption spectra of ternary QDs based on silver or
copper contain no sharp bands, this approach has also been applied to estimate their sizes
and extinction coefficients. It was demonstrated that the position of the fundamental edge
in CIS QD absorption spectra allows estimating QD size and extinction coefficient [18]. It is
well known that stoichiometry, electronic structure and optical properties of CIS and AIS
QDs are very similar [37]. Therefore, the concentration of our QD samples was estimated
using the absorption, PL and PLE spectra of our spectra. For details of QD concentration
estimation of our samples, refer to Appendix A. Table 2 accumulates the absorption band
position (ABP), molar extinction coefficient (MEC), and QD concentration.

Table 2. Calculations of the concentration of AIS QD solutions prepared by microfluidic synthesis
and by classical hydrothermal synthesis at 90 °C with treatment times of 18, 180 and 1800 s.

Type of Synthesis Time of Synthesis, s ABP, nm MEC, 105 M−1cm−1 Optical Density Concentration, 10−6 M

Classical 18 465 0.12692 0.063 4.9

Classical 180 455 0.10944 0.088 8.6

Classical 1800 460 0.13753 0.097 7.1

Microfluidic 18 455 0.10944 0.057 5.2

Microfluidic 180 470 0.13217 0.049 3.7

Microfluidic 1800 435 0.09269 0.105 11.3

According to the data presented in Table 2 and Appendix A, the relative QD yield ratio
of classical and microfluidic synthesis strongly depends on their synthesis time. The relative
yield of the AIS quantum dot product is about 1.6, 0.4, 1 for heat treatment times of 1800,
180, and 18 s, respectively. It is intriguing that the QD yields in classical and microfluidic
syntheses are the same for the shortest synthesis time, i.e., 18 s. It means that the efficiency of
precursor mixing is about the same for both classical and microfluidic syntheses and there are
no advantages to using the latter one. In contrast, our data demonstrate that increasing the
synthesis time up to 180 s leads to a strong decrease of the QD yield ratio. Therefore, despite
the relatively good PLQY of AIS QDs synthesized with microfluidic approach, it is suggested
that 180 s is not optimal for microfluidic synthesis of AIS QDs in our chip. At the same time,
our data strongly confirm the increase in QD synthesis yield up to 60% in comparison with
classical one if typical classical AIS QD synthesis time [17] is used.

4. Conclusions

This study introduces a novel technique for the flow hydrothermal synthesis of three-
component AgInS2 quantum dots using additive manufacturing to form microfluidic
chips. It demonstrates the capability of operating photopolymer resin-based chips for
prolonged durations without developing any structural defects that could compromise
the mechanical properties of the microfluidic chip channels. Based on our analysis of the
photophysical properties of the AIS QDs, the microfluidic chip exhibited a significantly
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higher coefficient of mass and heat transfer compared to the conventional flask reactor.
The photoluminescence quantum yield of samples synthesized by the microfluidic method
for 18 and 180 s is found to be about 2.5 times higher than that for QDs synthesized in a
flask for the same time. It is demonstrated that the product yield of AIS quantum dots
synthesized in the microfluidic chip is up to 60% higher than in a flask for the treatment
time, which is typical for AIS QD classical synthesis, i.e., 1800 s.
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Appendix A

Since the optical properties and structure of the AIS and CIS QDs are similar, and the
number of works aimed at studying the optical properties of the CIS QDs prevails, the
observed optical properties can be explained in the first approximation by generalizing the
existing results about the CIS QDs to the AIS QDs. To determine the concentration of the
solutions, this approximation was used. In work [18], the dependence of the CIS QD size
on the wavelength of the fundamental absorbance edge (WFAE) and the dependence of
the CIS QD size on the molar extinction coefficient (MEC) were experimentally obtained.
Thus, the known location of the absorbtion band position of AIS QD allows us to deter-
mine the concentration of nanoparticles, given their size, via the Bouguer–Lambert–Beer
Formula (A1):

D = C · ε · l, (A1)

where D is optical density; ε is a molar extinction coefficient; l is distance; C is concentration.
In order to determine the WFAE, two tangents to the graph of the luminescence

excitation intensity spectra were plotted (Figure 4c,d). The obtained wavelengths were
compared with the particle size [18] and are written in Table 2. The resulting AIS QD
sizes were compared with the extinction coefficients in work [18] used to determine the
concentration. Then, using the absorption spectra (Figure 4a,b), the optical densities were
determined. Using Formula (A1), concentrations were obtained, provided that l is 1 cm.

To determine the relative yield of the AIS quantum dot product, the ratio of concen-
trations of samples obtained by different methods for the same heat treatment time was
calculated. Thus, the microfluidic synthesis/classical synthesis ratio is about 1.6, 0.4, 1 for
heat treatment times of 1800, 180, and 18 s, respectively.
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5. Niculescu, A.-G.; Chircov, C.; Bîrcă, A.C.; Grumezescu, A.M. Nanomaterials Synthesis through Microfluidic Methods: An Updated

Overview. Nanomaterials 2021, 11, 864. [CrossRef] [PubMed]

85



Technologies 2023, 11, 93

6. Ma, J.; Lee, S.M.-Y.; Yi, C.; Li, C.-W. Controllable synthesis of functional nanoparticles by microfluidic platforms for biomedical
applications—A review. Lab Chip 2017, 17, 209–226. [CrossRef]

7. Lai, X.; Lu, B.; Zhang, P.; Zhang, X.; Pu, Z.; Yu, H.; Li, D. Sticker Microfluidics: A Method for Fabrication of Customized Monolithic
Microfluidics. Acs Biomater. Sci. Eng. 2019, 5, 6801–6810. [CrossRef] [PubMed]

8. Kajtez, J.; Buchmann, S.; Vasudevan, S.; Birtele, M.; Rocchetti, S.; Pless, C.J.; Heiskanen, A.; Barker R.A.; Martínez-Serrano, A.;
Parmar, M.; et al. 3D-Printed Soft Lithography for Complex Compartmentalized Microfluidic Neural Devices. Adv. Sci. 2020, 7,
2198–3844. [CrossRef] [PubMed]

9. Ma, H.; Pan, L.; Wang, J.; Zhang, L.; Zhang, Z. Synthesis of AgInS2 QDs in droplet microreactors: Online fluorescence regulating
through temperature control. Chin. Chem. Lett. 2019, 30, 79–82. [CrossRef]

10. Weisgrab, G.; Ovsianikov, A.; Costa, P.F. Functional 3D Printing for Microfluidic Chips. Adv. Mater. Technol. 2019, 4, 1900275.
[CrossRef]

11. Cheng, Y.; Ling, S.D.; Geng, Y.; Wang, Y.; Xu, J. Microfluidic synthesis of quantum dots and their applications in bio-sensing and
bio-imaging. Nanoscale Adv. 2021, 3, 2180–2195. [CrossRef] [PubMed]

12. Girma, W.M.; Fahmi, M.Z.; Permadi, A.; Abate, M.A.; Chang, J.-Y. Synthetic strategies and biomedical applications of I–III–VI
ternary quantum dots. J. Mater. Chem. 2021, 5, 6193–6216. [CrossRef]

13. May, B.M.; Bambo, M.F.; Hosseini, S.S.; Sidwaba, U.; Nxumalo, E.N.; Mishra, A.K. A review on I–III–VI ternary quantum dots
for fluorescence detection of heavy metals ions in water: Optical properties, synthesis and application. RSC Adv. 2022, 12,
11216–11232. [CrossRef] [PubMed]

14. Baranov, K.; Kolesova, E.; Baranov, M.; Orlova, A. Generation of Reactive Oxygen Species by AgInS2/TiO2 Nanocomposites
upon Exposure to UV and Visible Radiation. Opt. Spectrosc. 2022, 130, 1562–6911. [CrossRef]

15. Wang, G.; Jin, W.; Qasim, A.M.; Gao, A.; Peng, X.; Li, W.; Feng, H.; Chu, P.K. Antibacterial effects of titanium embedded with
silver nanoparticles based on electron-transfer-induced reactive oxygen species. Biomaterials 2017, 124, 25–34. [CrossRef]

16. Mir, I.A.; Radhakrishanan, V.S.; Rawat, K.; Prasad, T.; Bohidar, H.B. Bandgap Tunable AgInS based Quantum Dots for High
Contrast Cell Imaging with Enhanced Photodynamic and Antifungal Applications. Sci. Rep. 2018, 8, 9322. [CrossRef]

17. Raevskaya, A.; Lesnyak, V.; Haubold, D.; Dzhagan, V.; Stroyuk, O.; Gaponik, N.; Zahn, D.R.T.; Eychmüller, A. A Fine Size
Selection of Brightly Luminescent Water-Soluble Ag-In-S and Ag-In-S/ZnS Quantum Dots. J. Phys. Chem. 2017, 121, 9032–9042.
[CrossRef]

18. Qin, L.; Li, D.; Zhang, Z.; Wang, K.; Ding, H.; Xie, R.; Yang, W. The determination of extinction coefficient of CuInS2, and
ZnCuInS3 multinary nanocrystals. Nanoscale 2012, 4, 6360. [CrossRef]

19. Hu, X.; Chen, T.; Xu, Y.; Wang, M.; Jiang, W.; Jiang, W. Hydrothermal synthesis of bright and stable AgInS2 quantum dots with
tunable visible emission. J. Lumin. 2018, 200, 189–195. [CrossRef]

20. May, B.M.M.; Parani, S.; Oluwafemi, O.S. Detection of Ascorbic Acid using Green Synthesized AgInS2 Quantum Dots. Mater. Lett.
2018, 236, 432–435. [CrossRef]

21. Zang, H.; Li, H.; Makarov, N.S.; Velizhanin, K.A.; Wu, K.; Park, Y.-S.; Klimov, V.I. Thick-Shell CuInS2/ZnS Quantum Dots with
Suppressed “Blinking” and Narrow Single-Particle Emission Line Widths. Nano Lett. 2017, 17, 1787–1795. [CrossRef]

22. Fu, M.; Luan, W.; Tu, S.-T.; Mleczko, L. Optimization of the recipe for the synthesis of CuInS2/ZnS nanocrystals supported by
mechanistic considerations. Green Process. Synth. 2017, 6, 133–146. [CrossRef]

23. Zikalala, N.; Parani, S.; Tsolekile, N.; Oluwafemi, O.S. Facile green synthesis of ZnInS quantum dots: Temporal evolution of their
optical properties and cell viability against normal and cancerous cells. J. Mater. Chem. 2020, 8, 9329–9336. [CrossRef]

24. Mahmoud, W.E.; Yaghmour, S.J. The temporal evolution of the structure and luminescence properties of CdSe semiconductor
quantum dots grown at low temperatures. J. Lumin. 2012, 132, 2447–2451. [CrossRef]

25. Tonti, D.; van Mourik, F.; Chergui, M. On the Excitation Wavelength Dependence of the Luminescence Yield of Colloidal CdSe
Quantum Dots. Nano Lett. 2014, 4, 2483–2487. [CrossRef]

26. Stroyuk, O.; Raievska, O.; Kupfer, C.; Solonenko, D.; Osvet, A.; Batentschuk, M.; Brabec, C.J.; Zahn, D.R.T. High-Throughput
Time-Resolved Photoluminescence Study of Composition- and Size-Selected Aqueous Ag-In-S Quantum Dots. J. Phys. Chem.
2021, 125, 12185–12197. [CrossRef]

27. Cheng, O.H.-C.; Qiao, T.; Sheldon, M.T.; Son, D.H. Size- and Temperature-dependent Photoluminescence Spectra of Strongly
Confined CsPbBr3 Quantum Dots. Nanoscale 2020, 12, 13113–13118. [CrossRef]

28. Song, Y.; Hormes, J.; Kumar, C.S.S.R. Size- and Temperature-dependent Microfluidic Synthesis of Nanomaterials. Small 2008, 4,
698–711. [CrossRef]

29. Moodelly, D.; Kowalik, P.; Bujak, P.; Pron, A.; Reiss, P. Synthesis, photophysical properties and surface chemistry of chalcopyrite-
type semiconductor nanocrystals. J. Mater. Chem. 2019, 7, 11665–11709. [CrossRef]

30. Kang, X.; Huang, L.; Yang, Y.; Pan, D. Scaling up the Aqueous Synthesis of Visible Light Emitting Multinary AgInS2/ZnS
Core/Shell Quantum Dots. J. Phys. Chem. 2015, 119, 7933–7940. [CrossRef]

31. Wang, J.; Shao, C.; Wang, Y.; Sun, L.; Zhao, Y. Microfluidics for Medical Additive Manufacturing. Engineering 2020, 6, 1244–1257.
[CrossRef]

32. Lazareva, A.A.; Reznik, I.A.; Dubavik, A.Y.; Veniaminov A.V.; Orlova A.O. Investigation of photoluminescence kinetics
CuInS2/ZnS quantum dots. J. Phys. Conf. Ser. 2021, 2058, 012007. [CrossRef]

86



Technologies 2023, 11, 93

33. Sun, J.; Ikezawa, M.; Wang, X.; Jing, P.; Li, H.; Zhao, J.; Masumoto, Y. Photocarrier recombination dynamics in ternary chalcogenide
CuInS2 quantum dots. Phys. Chem. Chem. Phys. 2015, 17, 11981–11989. [CrossRef]

34. Motevich, I.G.; Zenkevich, E.I.; Stroyuk, A.L.; Raevskaya, A.E.; Kulikova, O.M.; Sheinin, V.B.; Koifman, O.I.; Zahn, D.R.T.;
Strekal, N.D. Effect of pH and Polyelectrolytes on the Spectral-Kinetic Properties of AIS/ZnS Semiconductor Quantum Dots in
Aqueous Solutions. J. Appl. Spectrosc. 2021, 87, 1057–1066. [CrossRef]

35. Empedocles, S.A.; Norris, D.J.; Bawendi, M.G. Photoluminescence Spectroscopy of Single CdSe Nanocrystallite Quantum Dots.
Phys. Rev. Lett. 1996, 77, 3873–3876. [CrossRef]

36. Yu, W.W.; Qu, L.; Guo, W.; Peng, X. Experimental Determination of the Extinction Coefficient of CdTe, CdSe, and CdS Nanocrystals.
Chem. Mater. 2003, 15, 2854–2860. [CrossRef]

37. Liu, L.; Hu, R.; Law, W.-C.; Roy, I.; Zhu, J.; Ye, L.; Hu, S.; Zhang, X.; Yong, K.-T. Optimizing the synthesis of red- and near-infrared
CuInS2 and AgInS2 semiconductor nanocrystals for bioimaging. Analyst 2013, 138, 6140. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

87



Citation: Saleem, M.F.; Khan, N.A.;

Javid, M.; Ashraf, G.A.; Haleem, Y.A.;

Iqbal, M.F.; Bilal, M.; Wang, P.; Ma, L.

Moisture Condensation on Epitaxial

Graphene upon Cooling. Technologies

2023, 11, 30. https://doi.org/

10.3390/technologies11010030

Academic Editors: Sergey

N. Grigoriev, Marina A. Volosova

and Anna A. Okunkova

Received: 25 November 2022

Revised: 8 February 2023

Accepted: 11 February 2023

Published: 13 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

technologies

Communication

Moisture Condensation on Epitaxial Graphene upon Cooling
Muhammad Farooq Saleem 1,2 , Niaz Ali Khan 3, Muhammad Javid 4, Ghulam Abbas Ashraf 5, Yasir A. Haleem 6,
Muhammad Faisal Iqbal 7, Muhammad Bilal 8, Peijie Wang 9,* and Lei Ma 1,*

1 Tianjin International Center for Nanoparticles and Nanosystems, Tianjin University, Tianjin 300072, China
2 GBA Branch of Aerospace Information Research Institute, Chinese Academy of Sciences,

Guangzhou 510700, China
3 Hubei Key Laboratory of Advanced Textile Materials & Application, Wuhan Textile University,

Yangguang Road 1, Wuhan 430200, China
4 Institute of Advanced Magnetic Materials, College of Materials and Environmental Engineering,

Hangzhou Dianzi University, Hangzhou 310012, China
5 Key Laboratory of Integrated Regulation and Resources Development on Shallow Lake, Ministry of

Education, College of Environment, Hohai University, Nanjing 210098, China
6 Department of Physics, Khwaja Fareed University of Engineering and Information Technology,

Rahim Yar Khan 64200, Pakistan
7 Department of Physics, Riphah International University, Faisalabad 38000, Pakistan
8 College of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics,

Nanjing 210016, China
9 The Beijing Key Laboratory for Nano-Photonics and Nano-Structure, Department of Physics,

Capital Normal University, Beijing 100048, China
* Correspondence: pjwan@cnu.edu.cn (P.W.); maleixinjiang@tju.edu.cn (L.M.)

Abstract: Condensation of moisture on the epitaxial graphene on 6H-SiC was observed below room
temperature despite continuous nitrogen flow on the graphene surface. Raman peaks associated with
ice were observed. A combination of peaks in the frequency range of 500–750 cm−1, along with a
broad peak centered at ~1327 cm−1, were also observed and were assigned to airborne contaminants.
The latter is more important since its position is in the frequency range where the defect-associated
D band of graphene appears. This band can be easily misunderstood to be the D band of graphene,
particularly when the Raman spectrum is taken below room temperature. This peak was even
observed after the sample was brought back to room temperature due to water stains. This work
highlights the importance of careful Raman investigation of graphene below room temperature and
its proper insulation against moisture.

Keywords: epitaxial graphene; Raman scattering; condensation; adsorption

1. Introduction

The 2D materials have drawn considerable interest in the last few decades for their
unique properties and important device applications [1]. Particularly, graphene has been
studied widely compared with any other 2D material since its discovery [2]. Its excep-
tional carrier mobility and favorable electronic properties have attracted much interest of
device fabrication technology [3,4]. Graphene can be produced by physical and chemical
methods [5]. Graphene of a precise number of layers can be achieved by optimizing the
growth recipes on metal, semiconducting and insulating substrates by physical growth
methods. CVD and epitaxial growth methods on solid surfaces have proved to be the
most promising methods to obtain large area high-quality graphene. Graphene growth on
technologically important SiC substrate has been achieved on both the Si and C-faces. The
properties of graphene on two faces are affected by the type of plane on which it is grown.
Graphene on the Si-face is particularly different due to an unavoidable underlying buffer
layer of carbon that grows between the graphene and silicon face during the growth process.
Charge transfer and substrate interaction of graphene on the Si-face affect its properties
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more compared with the C-face. However, poor control over the number of graphene
layers is the key issue on the C-face that usually yields thick graphene layers. Although
the focus of this research is on graphene growth on the Si-face for its controllability on the
number of layers, graphene on the C-face exhibits higher carrier mobility that makes it
superior [6]. The carrier mobility of graphene is highly influenced by the number of layers;
therefore, growth control is technologically very important [7,8].

The change in ambient temperature and interaction of environmental species can
strongly affect the properties of atomically thin and sensitive graphene layers, which make
it the material of choice for sensing applications. Graphene’s wetting properties have been
studied extensively and a clear change in its wetting properties has been observed simply
by surface functionalizing. Many studies have given controversial and inconsistent results
about graphene properties and the performance of graphene based devices so far [9]. The
surface charge, defects and adsorbates are considered to be the sources of inconsistent
graphene properties [9,10]. The intentional adsorption of known molecular species on
graphene surfaces results in controlled doping and modification of its various electrical and
optical properties. However, the unintentional adsorption of unknown ambient species can
lead to degradation, inconsistent device behaviors, and poor reliability of graphene-based
devices. The single-atom thick graphene surface exposed to air can have bulk aerosol
and moisture deposits. Such materials trapped in moisture are more likely to adsorb
on open surfaces, particularly below room temperature. It is indeed very important to
keep the surface clear to be able to benefit from the intrinsic properties of highly sensitive
graphene layers. In this study, we observed a change in the Raman spectrum of epitaxial
graphene upon cooling due to moisture condensation on its surface that is significant
and can result in the misleading evaluation of its quality if dealt with carelessly. For
quality assurance and stable graphene-based device behaviors, proper surface insulation
is necessary below room temperature. Raman spectroscopy is one of the most sensitive
techniques that has successfully detected the contamination deposition of the graphene
surface. Further investigation with similar characterization techniques can allow the
detection of contaminants and their effects on the properties of graphene-based devices.

2. Experimental
2.1. Materials

Vanadium-doped semi-insulating 6H-SiC substrate was purchased from Wolfspeed
(4600 Silicon Drive Durham, North Carolina 27703, USA). The thickness of 6H-SiC substrate
was 369 µm. The substrates were polished on both Si and C faces.

2.2. Epitaxial Graphene Growth

The 6H-SiC substrates were ultrasonically cleaned in acetone and ethanol prior to
graphene growth. Graphene was grown in a home-made RF-furnace at 1550 ◦C on the
atomically flat 6H-SiC substrate for 25 min in a high vacuum (<10−10 Torr). At sufficiently
high temperature, Si evaporates from the substrate leaving C atoms behind that form
graphene. The main components of the furnace include a large copper coil, sample stage,
quartz tube, a protective shield and an AC power supply. An alternating current is produced
using the power supply in the middle RF range. It heats the sample placed in the tube. A
turbo pump is used to evacuate the tube.

2.3. Measurements

Optical images of the graphene surface grown on the carbon face of the 6H-SiC
substrate were taken using an optical microscope attached with RH13325 (R-2000) Raman
spectrometer in the complete temperature cycle between room temperature and −180 ◦C
using a 50× objective lens. The 532 nm excitation laser with 2 µm spot size of the same
Raman spectrometer was used to obtain the in situ temperature-dependent Raman spectra
of the graphene in the same temperature range. A 50× objective lens was used. The
sample was placed in a hot/cold cell and the liquid nitrogen was passed on it while taking
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temperature-dependent Raman spectra and optical images of the graphene surface at
atmospheric pressure. The Raman spectra and optical images were taken after every 30 ◦C
change in temperature continuously in the complete temperature cycle. The temperature
was allowed to stabilize before each spectrum was obtained. Low room temperature and
the humid lab environment allowed increased moisture condensation on the sample surface
as shown in Figure 1. High vacuum annealing of the graphene sample was performed at
500 ◦C before Raman spectra and optical images were taken to clean any contaminants
from the graphene sample surface.
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Figure 1. Optical microscopy images of the epitaxial graphene at (a) −30 ◦C, (b) −60 ◦C, (c) −90 ◦C,
and (d) −120 ◦C temperatures.

3. Results and Discussion

The epitaxial graphene on 6H-SiC was annealed in a vacuum for 5 h to get rid of any
moisture or contaminants before the temperature-dependent Raman spectra were obtained.
However, graphene has been reported to be more chemically active for adsorption after
vacuum annealing [11]. It is assumed that the adsorbates can be removed by annealing
leaving active sites for more adsorbates to come which makes graphene more lipophilic.
Graphene on the C-face of SiC contains wrinkles, ridges and ripples that can further
facilitate adsorption [12].

Temperature-dependent Raman spectra were obtained in a complete cycle between
room temperature and −180 ◦C. The surface of the sample was continuously observed
through the optical microscope attached with Raman spectroscopy. The moisture starts to
condense on the surface of the sample upon cooling despite the continuous flow of nitrogen.
When the temperature reaches near −30 ◦C, the water droplets become noticeable on the
surface as shown in optical microscopy images in Figure 1. Only big and distant droplets
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appear at first. The smaller droplets start to appear on the surface between the big droplets
with further cooling.

An apparently clear area between the droplets was chosen to take the temperature-
dependent Raman spectra but the continuous moisture condensation attenuated the Raman
signal of the sample. The Raman signal was lost continuously, and the focus adjustments
were made after every few degrees centigrade change in temperature. A strong background
in Raman spectra was observed upon cooling that was subtracted from all the spectra for
clarity. Moisture condensation and contaminants can lead to fluorescence background [13].
The contaminations resulted in some peaks other than normal Raman peaks of graphene
and SiC substrate. The peaks at 227, 293, 414, 550–750, 1327, and 3200 cm−1 are observed
upon cooling below 0 ◦C and remain observable during the complete temperature cycle
as shown in Figure 2a,b. The peaks are assigned to the moisture and contaminants it
carries [14–17]. The broad feature in the range 550–750 cm−1 is a combination of peaks
that is due to the complex form of contaminants in the moisture. The contaminants can
be airborne aerosols such as dust, soot, smoke, pollen, etc., or a combination of them.
The droplets were not observable through the microscope once the sample was brought
back to room temperature. Figure 2c shows the comparison of the Raman spectra for the
sample before and after the complete cooling cycle. The peaks related to moisture and
contaminants remain evident even when the sample is heated back to room temperature.
This confirms that complete desorption of moisture and contaminants does not occur upon
heating the sample back to room temperature. The hydrated contaminants can only be
cleaned by high vacuum annealing of the sample. The graphene stored at ambient pressure
should be annealed in a vacuum once it faces temperatures below room temperature to
restore its actual properties.

The peak near 1327 cm−1 is significant due to its position near the D band of graphene.
Low-temperature Raman spectroscopy of graphene has been reported many times [18–20].
Intentional graphene surface functionalization and molecule adsorption has also been
studied extensively [21–23]. The activation of D band only by cooling or contaminat-
ing/functionalizing the surface of graphene has never been reported. Thus, the possibility
of this peak being a D band can be ruled out. The peak is assigned to the contaminants that
moisture carries.

In many parts of the world, −30 ◦C is room temperature at some point. A low
temperature is often maintained in laboratories to avoid excessive heating of equipment.
Graphene exposed to such environments can easily attract pollutants present in the air. A
peak near 1327 cm−1 can be easily misinterpreted as a D band of graphene in the graphene
sample exposed to open air below room temperature. The D band is used as the most
reliable measure of graphene quality [24]. Graphene surface should be carefully cleaned by
high vacuum annealing before Raman analysis once the surface has faced a temperature
below 0 ◦C in open air.

To further confirm the origin of the observed peaks, the Raman laser was focused on
a big droplet on the graphene surface, and temperature-dependent Raman spectra were
obtained as shown in Figure 3a. Intense and clear ice signals were observed in the range
of 2800–3800 cm−1 with peaks at 227 and 1327 cm−1 [25]. The Raman peaks of graphene
and SiC were also observed. The ice-related broad feature in the range of 2800–3800 cm−1

was fitted and gave the well-known four peaks associated with ice at 3205, 3113, 3221 and
3364 cm−1 as shown in Figure 3b. Interestingly, the previously observed features in the
range of 550–750 cm−1 on a surface between the droplets were not observed this time. Only
a small peak near 550 cm−1 was observed. The water droplets and contaminants may have
their preferential adsorption sites. The type of contaminants that prefer to adsorb between
the water droplets and give rise to Raman features in the range of 550–750 cm−1 do not
adsorb on water droplet formation sites. Careful graphene surface characterization and
proper insulation are, hence, important in low-temperature environments.
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(c) Raman spectra of epitaxial graphene were taken at room temperature before and after the
cooling cycle.
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4. Conclusions

Condensation of moisture on the epitaxial graphene on 6H-SiC was investigated by
Raman spectroscopy below room temperature. The Raman spectra showed the Raman
peaks associated with ice and contaminants below 0 ◦C. A peak near 1327 cm−1 associated
with contaminants is particularly important for its position since it is in the frequency range
where the D band of graphene occurs. The D band is usually used as the most reliable
measure of graphene quality. Careful Raman investigation of graphene and its insulation
against moisture is, therefore, important below 0 ◦C. Proper investigation of the abundant
species in the air can provide a clear understanding of the contaminants and their possible
effects on graphene’s intrinsic properties that should be explored further by using sensitive
characterization techniques similar to Raman spectroscopy.
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Abstract: This article presents an enhanced method for synthesizing β-SiC on a silicon substrate,
utilizing porous silicon as a buffer layer, followed by thermal carbide formation. This approach
ensured strong adhesion of the SiC film to the substrate, facilitating the creation of a hybrid hetero-
structure of SiC/por-Si/mono-Si. The surface morphology of the SiC film revealed islands measuring
2–6 µm in diameter, with detected micropores that were 70–80 nm in size. An XRD analysis confirmed
the presence of spectra from crystalline silicon and crystalline silicon carbide in cubic symmetry.
The observed shift in spectra to the low-frequency zone indicated the formation of nanostructures,
correlating with our SEM analysis results. These research outcomes present prospects for the further
utilization and optimization of β-SiC synthesis technology for electronic device development.

Keywords: silicon carbide; silicon; electrochemical etching; solar cells; carbonization; annealing;
heterostructures

1. Introduction

Silicon has long been the primary material for solar energy applications, largely
owing to its natural abundance and low toxicity [1,2]. However, recent studies have high-
lighted certain limitations in the energy conversion efficiency of silicon-based photovoltaic
cells [3,4], catalyzing the exploration of alternative semiconducting materials. In this vein,
semiconductors such as cadmium telluride (CdTe) [5,6], gallium arsenide (GaAs) [7,8],
indium phosphide (InP) [9,10], and complex ternary compounds like CdxTeyOz [11,12],
AlxGa1−xAs [13,14], and CuGaxIn1−xSe2 [15,16] have garnered significant attention. De-
spite the promising attributes of these materials, they are often compromised by high
production costs [17]. To ameliorate this, nanostructuring the surfaces of these semiconduc-
tors has been suggested as a method to enhance their light absorption coefficients [18–20].
Nonetheless, the scarcity of elements like indium and gallium restricts the large-scale
application of such materials to space-based solar cells [21,22], emphasizing the need for
efficient and cost-effective materials for terrestrial use.

Emerging as a viable option is silicon carbide (SiC), a material comprising silicon and
carbon, two of Earth’s most abundant elements [23–25]. The well-characterized semicon-
ductor properties of SiC make it conducive for industrial-scale utilization [26–35], akin
to silicon. In addition to its robust thermal conductivity, electric breakdown voltage, and
current density, SiC can operate over a broad temperature range without undergoing
degradation in its monocrystalline structure or phase transitions. Through doping, the
semiconductor properties of SiC can be tailored to yield both n-type and p-type mate-
rials [36,37]. These defects have been reported to impede the electrical and mechanical
properties of the material, as corroborated by extensive studies [38,39]. Such defects are not
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just distinctive to silicon carbide but are a recurring theme across the broader category of
semiconductors, each requiring its unique set of mitigative strategies.

Another formidable obstacle lies in the lattice mismatch when SiC films are grown
on non-lattice-matched substrates. The repercussions of this discrepancy are often the
formation of strain-induced defects that can severely compromise the crystalline quality of
SiC films, thereby limiting their applicability in electronic devices [40,41].

To ameliorate these complexities, prior research has established the efficacy of incorpo-
rating intermediate buffer layers as a palliative measure [42,43]. Notably, porous domains
or interstitial spaces generated on the semiconductor surface via electrochemical procedures
have been shown to serve as effective buffer layers, considerably reducing defect densities
and lattice mismatch-induced stresses [44–46]. Additionally, it has been demonstrated
repeatedly that the nanostructuring of silicon leads to a change in the properties of the
monocrystalline counterpart, allowing for a significant improvement in the characteristics
of solar cells fabricated based on it [47–49].

The present study introduces a cost-effective approach for synthesizing high-quality
β-SiC films on silicon substrates, utilizing a porous silicon (por-Si) intermediary buffer layer.

Using the electrochemical etching technique, the methodology begins by establishing
a porous layer on the monocrystalline silicon surface. This method possesses distinct
economic advantages such as reduced material wastage, lower energy consumption, and a
minimal requirement of specialized equipment. Furthermore, the electrochemical etching
process can be precisely controlled to produce uniform pores, thus reducing the need
for additional post-processing or treatments. Considering these benefits, electrochemical
etching can be up to 40–60% more cost-effective compared to other pore-formation methods.

The subsequent growth of SiC is facilitated by rapid thermal vacuum carbonization.
Including the buffer porous layer is pivotal for attaining a pristine silicon carbide film.

Regarding material safety, both silicon and silicon carbide stand out for their benign
nature. Silicon, a primary component of the Earth’s crust, is non-toxic and abundantly
available. Silicon carbide, similarly, is considered environmentally friendly and non-toxic
compared to other semiconductors that are frequently employed in solar cells, such as
cadmium telluride or copper indium gallium selenide, which have raised environmental
and health concerns. This inherent non-toxicity of the β-SiC/por-Si/mono-Si heterostructure
materials emphasizes their suitability for sustainable and eco-friendly solar cell applications.

Given the economic and environmental merits, the β-SiC/por-Si/mono-Si heterostruc-
ture demonstrates significant potential as an advanced and viable material for use in solar
cell applications. The novelty of our work lies in using a porous buffer layer, which not only
facilitates the growth of high-quality silicon carbide films but also enhances the adhesion
and structural integrity of the resulting heterostructure. Consequently, this new approach
reduces production costs and yields a high-quality heterostructure with excellent electronic
properties, making the β-SiC/por-Si/mono-Si heterostructure a promising material for
application in solar cells.

2. Materials and Methods
2.1. Samples for the Experiment

A monocrystalline Si of n-type conductivity was utilized for the experiment, doped
with phosphorus to a concentration of 1.8 × 1017 cm−1. Plates oriented as (111) with
dimensions of 1 × 2 × 0.2 cm were employed.

2.2. Electrolytes, Precursors, and Equipment

For the electrochemical modification of the silicon substrate, an initial step involved the
removal of the native oxide passivating layer. This procedure was accomplished through
electrochemical etching using a hydrochloric acid (HCl) solution. The experimental setup
included a standard three-electrode electrochemical cell. Within this configuration, a
platinum electrode served as the counter electrode, while a silver–silver chloride electrode
acted as the reference.
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To augment the efficiency of the etching process, the electrochemical cell was equipped
with two additional subsystems. Firstly, an air-blowing module was incorporated to
eliminate the formation of oxygen bubbles on the sample surface that could otherwise
hinder the etching process. Second, an electrolyte stirring mechanism was added to ensure
uniform electrolyte distribution and consistent etching across the substrate.

After removing the oxide layer, the next phase involved the formation of a porous
silicon layer. This was achieved through electrochemical etching in a hydrofluoric acid
(HF) solution within the same electrochemical cell. The electrolyte was maintained at room
temperature during this stage of the procedure. The etching was conducted under ambient
lighting conditions and did not require specialized environmental controls.

Post-etching, the samples underwent a drying process within a SNOL 58/350 muffle
furnace to remove any residual moisture and to prepare their surfaces for subsequent
procedures.

Finally, the silicon carbide layer was synthesized using a Jipelec JetFirst-100 oven. A
methane (CH4) gas precursor was deployed for this purpose, facilitating the formation of
Si-C bonds and thereby culminating in the growth of a high-quality SiC layer.

All chemicals utilized were procured from Spetsprompostach LLC. The hydrochloric
HCl and HF acids were of analytical grade (ARG, 99.8%), indicating a high purity level
suitable for analytical applications and ensuring minimal interference from impurities dur-
ing the electrochemical etching processes. The silicon (Si) substrate was of semiconductor
grade, a designation for materials with controlled and specified impurity levels to ensure
optimal electrical conductivity and functionality in semiconductor applications. Methane
(CH4), which was utilized to synthesize the silicon carbide layer, was of ultra-high purity
(UHP) grade with a purity level of 99.995%, ensuring the high-quality synthesis of the
SiC layer.

2.3. Experiment Steps

The experiment was conducted in several stages, specifically:

• Stage 1—Formation of the porous Si layer;
• Stage 2—Removal of reaction products from the sample surface;
• Stage 3—Formation of the SiC layer;
• Stage 4—Post-processing of the samples.

Detailed experimental stages are provided below.

2.3.1. Stage 1. Electrochemical Etching in Acid Solutions

The preliminary phase of the experimental procedure focused on the meticulous
preparation of the monocrystalline silicon (mono-Si) surface to render it amenable for
silicon carbide (SiC) layer formation. A point of concern in semiconductor processing is the
natural tendency of the silicon surface to oxidize following mechanical operations such as
grinding and polishing. This oxidation forms a thin, amorphous oxide layer documented to
expedite the device degradation rate and pose challenges in further fabrication steps [50,51].
Therefore, it is imperative to effectively remove this passivating oxide layer to preserve the
monocrystalline silicon substrate’s intrinsic properties and facilitate subsequent process
steps [52,53].

To further facilitate the quality of SiC films, a strategic approach involves formulating
a textured or porous silicon layer on the monocrystalline silicon surface. These specially
engineered buffer layers act as a soft substrate, addressing and alleviating the perennial
lattice mismatch between the SiC film and the mono-Si substrate. The resulting architec-
ture diminishes the manifestation of elastic stresses at the interface, thereby potentially
enhancing the SiC films’ overall quality and reprehensive understanding and repeatability.
The specific conditions under which this initial phase of the experiment was conducted are
systematically documented in Table 1, while the accompanying Figure 1 provides a visual
representation to aid interpretation.
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Table 1. Conditions and sub-stages of Si sample preparation.

№ Purpose Electrolyte Potential, V Time, min

1.1 Removal of oxide 5% HCl 2 3
1.2 Formation of a porous layer 50% HF 5 7

1.3 Removal of reaction
products from the surface H2O 0 2
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Figure 1. Schematic diagram of the formation of the Si porous layer.

A standard three-electrode cell ensemble was employed in the electrochemical etching
process utilized for both the removal of oxide and the formation of a porous layer on the
monocrystalline silicon substrate. In the initial sub-stage (1.1), a potential of 2V was applied
for 3 min in a 5% HCl solution to facilitate the removal of the oxide layer. Subsequently, in
the second sub-stage (1.2), the porous silicon layer was formed by applying a potential of
5V for 7 min in a 50% HF solution. This higher potential drove the electrochemical etching
of the silicon substrate, inducing porosity. The specific current during these processes
was not fixed but could fluctuate to maintain the set potential, ensuring that the desired
electrochemical reactions occurred. The final sub-stage (1.3) involved rinsing the silicon
substrate in water to remove any reaction products from the surface, setting the stage for
subsequent procedures. Through this systematic electrochemical etching process, the silicon
substrate was adequately prepared to synthesize the silicon carbide layer, addressing the
inherent challenges associated with the lattice mismatch and the passivating oxide layer.

2.3.2. Stage 2. Removal of Moisture Residues and Reaction Products from the
Sample Surface

The second stage of the experimental process was engineered to meticulously remove
moisture residues and byproducts from the treated surface of the porous silicon (por-Si)
sample. Such procedural steps are integral to ensure an uncontaminated substrate for
subsequent silicon carbide (SiC) film formation. To achieve this, samples were subjected to
a tightly controlled drying sequence in a SNOL 58/350 oven, characterized by three discrete
sub-stages delineated by specific durations and temperatures as outlined in Table 2.

Table 2. Conditions and sub-stages for removing moisture residues from the por-Si surface.

№ Time, min Temperature, ◦C

2.1 180 150
2.2 60 300
2.3 60 400

Table 2 comprehensively summarizes the conditions and sub-stages: starting with a
180-min treatment at 150 ◦C, followed by 60 min at 300 ◦C and then 400 ◦C. The judiciously
selected time and temperature parameters were optimized to remove any vestigial moisture
residues without adversely affecting the integrity of the por-Si substrate.
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Initiating the SiC film formation immediately after this stage was paramount to miti-
gate the potential of the sample oxidation processes post-drying. Thus, the transition to the
SiC film formation was executed without delay to maintain a contiguous processing flow.

2.3.3. Stage 3. Thermal Deposition and SiC Film Formation

Employing rapid thermal vacuum carbonization as our deposition technique, we used
methane (CH4) as the precursor material (Figure 2). The procedure was bifurcated into two
temporal series, each encapsulating a duration of 60 s and punctuated by a 2-min hiatus, a
design choice strategically deployed to allow for the chamber’s re-equilibration. As can be
seen in Table 3, the process underwent a rapid temperature ramp from an initial 50 ◦C to a
final state of 900 ◦C, conducted under a controlled vacuum pressure of 1 × 10−2 Pa.
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Figure 2. Schematic diagram of the formation of the heterostructure β-SiC/por-Si/mono-Si.

Table 3. Parameters for por-Si surface carbonization.

№ Time, min Temperature, ◦C Pressure in the Reaction Chamber, P, Pa

3.1 1 50→900 1 1 × 10−2

3.2 1 50→900 1 × 10−2

1 The notation (50→900) indicates that the temperature was gradually increased within the specified ranges.
The interval between processing batches was 1 min. These short carbonization batches ensure uniform carbon
distribution on the surface, which is essential for forming a high-quality thin silicon carbide layer.

The rapid thermal vacuum carbonization technique was chosen for its proven ability to
produce high-fidelity SiC films with minimized defect density, offering a potential solution
to inherent fabrication challenges. This process involves an instantaneous elevation in
temperature, designed to expedite deposition while suppressing the possible formation of
undesirable phases or defects. The constant pressure conditions in the reaction chamber
also serve as a critical parameter to inhibit unwanted chemical reactions, thereby promoting
stoichiometric fidelity in the resulting SiC films.

2.3.4. Stage 4. Post-Processing of the β-SiC/Por-Si/Mono-Si Heterostructure

For Stage 4, post-processing procedures were initiated to stabilize the formed β-
SiC/por-Si/mono-Si heterostructures. The post-processing primarily aimed to eliminate
weakly adhered atoms and extraneous byproducts of the deposition process. Table 4
outlines the conditions: firstly, chemical etching was applied using a 2% HCl solution for
20 min at ambient temperature to remove oxides and other residual compounds. Secondly,
thermal annealing was performed in a nitrogen atmosphere for 90 min at 150 ◦C to relieve
residual stresses and improve crystallinity.

Table 4. Parameters for post-processing the surface of the formedβ-SiC/por-Si/mono-Si heterostructure.

№ Method Reagent Time, min Temperature, ◦C

4.1 Chemical etching 2% HCl 20 20
4.2 Thermal annealing N2 90 150
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After completing the aforementioned stages, the samples were allowed to rest in an
open-air environment for 90 days. This time frame was sufficient for fully assessing the
samples’ long-term structural stability and integrity.

2.4. Characterization

The structural features of the SiC films were comprehensively analyzed using scanning
electron microscopy (SEM), carried out with an SEO-SEM Inspect S50-B microscope (Fei
Company, Hillsboro, OR, USA). X-ray diffraction methods were also employed, utilizing a
Dron–3M device with CuKα radiation (Sumy State University, Sumy, Ukraine). Energy dis-
persive spectroscopy (EDS) was executed to elucidate the elemental composition, facilitated
by an AZtecOne spectrometer (Oxford Instruments, Abingdon, UK).

3. Results
3.1. Subsection

As illustrated in Figure 3, the surface morphology of the β-SiC/por-Si/mono-Si
heterostructure is comprehensively explored. Remarkably, the heterostructure exhibits the
formation of distinct island-like agglomerates that collectively merge to form a densely
packed film. Within the context of the inset associated with Figure 3, a closer microscopic
observation reveals that each of these island agglomerates is interspersed with minute
pores, the dimensions of which have been carefully measured. These pores exhibit a size
distribution that falls within approximately 70 to 80 nm.
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Figure 3. Surface morphology of the β-SiC/por-Si/mono-Si heterostructure.

These pores are likely resultant artifacts from the chemical etching process conducted
on the silicon carbide film, specifically during the hydrochloric acid chemical treatment
stage (identified as step 4 in the post-processing sequence of the heterostructure fabrica-
tion). The interspersing channels separating these island agglomerates have dimensions
extending up to approximately 10 µm.

Figure 4 is devoted to a statistical investigation into the distribution of these islands
based on their respective diameters. The analytical quantification was executed utilizing
the robust analytical capabilities of the ImageJ 1.53q software product. According to the
compiled data, the islands exhibit diameters that are dispersed across a range extending
from 2 to 6 µm. Most notably, the statistical preponderance is observed for islands with a
diameter of approximately d ≈ 3 µm.

100



Technologies 2023, 11, 152

Technologies 2023, 11, x FOR PEER REVIEW 7 of 18 
 

 

 

Figure 3. Surface morphology of the β-SiC/por-Si/mono-Si heterostructure. 

These pores are likely resultant artifacts from the chemical etching process conducted 

on the silicon carbide film, specifically during the hydrochloric acid chemical treatment 

stage (identified as step 4 in the post-processing sequence of the heterostructure fabrica-

tion). The interspersing channels separating these island agglomerates have dimensions 

extending up to approximately 10 μm. 

Figure 4 is devoted to a statistical investigation into the distribution of these islands 

based on their respective diameters. The analytical quantification was executed utilizing 

the robust analytical capabilities of the ImageJ 1.53q software product. According to the 

compiled data, the islands exhibit diameters that are dispersed across a range extending 

from 2 to 6 μm. Most notably, the statistical preponderance is observed for islands with a 

diameter of approximately d ≈ 3 μm. 

 

Figure 4. Diameter distribution diagram of the SiC film islands.

Moving to Figure 5, a cross-sectional analysis of the synthesized β-SiC/por-Si/mono-
Si film is presented. The measured thickness of the film is precisely 2 µm. Upon microscopic
examination, the film manifests a conspicuous and highly uniform overlay upon the porous
silicon (por-Si) layer, devoid of any discernible imperfections such as pores, cracks, or other
types of morphological defects. Moreover, the top SiC layer appears to maintain a high
degree of homogeneity and compositional uniformity throughout the span of the film.
Importantly, the adhesion between the SiC film and the underlying por-Si substrate is noted
to be exceptionally robust, as evidenced by the absence of any zones that are indicative of
film separation or detachment from the substrate.
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3.2. EDX Analysis

As elucidated in Figure 6, a detailed compositional mapping of the surface of the SiC
film, as adhered to the por-Si/mono-Si substrate, has been conducted utilizing energy-
dispersive X-ray (EDX) analysis mapping technology. The results from this analytical
technique unambiguously reveal that the surface composition of the film is constituted
exclusively of silicon (Si) and carbon (C) atoms. Intriguingly, carbon is observed to be
uniformly and homogeneously distributed across the surface—a notable feature that sub-
stantiates the high quality of the film in question.
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Figure 6. EDX analysis of the surface of the heterostructure β-SiC/por-Si/mono-Si obtained using
mapping technology.

Further, the silicon concentration appears to be relatively higher than that of carbon
within the mapped region. This phenomenon is postulated to be the result of the scattering
or reflection of X-rays of the underlying por-Si/mono-Si substrate. Such a reflection phe-
nomenon is a strong indicator that the silicon carbide (SiC) film may be of a relatively thin
character, thus enabling the substrate’s features to influence the EDX compositional map.

Proceeding to Figure 7, an EDX spectroscopic analysis is performed on the surface of
the aforementioned β-SiC/por-Si/mono-Si heterostructure. The resulting spectrum provides
quantitative insights into the percentage compositions of the constituent elements. Again, it
becomes evident that silicon (Si) is present in a significantly higher concentration than carbon.
This observation is consistent with the aforementioned hypothesis regarding X-ray reflection
from the substrate layer, thereby reinforcing the idea that the SiC film may be relatively thin.
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Importantly, the EDX analysis did not detect the presence of any extraneous elements
on the surface, thereby confirming the purity of the material. Additionally, a key positive
outcome that should be highlighted is the absence of any surface oxidation. This is an
important metric for the quality of the film and underscores its potential for a wide range
of applications where surface purity is a critical parameter.

3.3. XRD Analysis

The X-ray diffraction (XRD) pattern of the fabricated β-SiC/por-Si/mono-Si heterostruc-
ture is presented in Figure 8. A close inspection reveals the presence of three prominent
peaks, whose angular positions (2θ) and corresponding crystallographic orientations (hkl) are
systematically tabulated in Table 5. The peaks correspond to crystalline structures of silicon
(Si) and silicon carbide (SiC) in its β-modification state. These spectral features can be mapped
to specific lattice planes, thus affirming the underlying crystallography.
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Table 5. Crystal structures determined by XRD spectrophotometry.

№ 2θ, ◦ hkl Crystal Crystal System

1 28.5 (111) Si Cubic
2 35.6 (111) Si Cubic
3 60.1 (220) SiC Cubic

Intriguingly, a noticeable peak shift toward the left-hand side of the diffractogram
is observed when compared to the standard peak positions for crystalline silicon. This
spectral shift can be rationalized by the quantum size effects that manifest in nanometer-
sized features within the material. More specifically, these nanometer-sized features are the
interstitial spaces between the pores in the silicon layer. These spaces are engineered into
the material by the etching process of the monocrystalline silicon substrate, a process that
was conducted as an initial step (Step 1) in the fabrication protocol.

Of particular interest is the intense peak located at an angular position of 2ϑ = 35.6◦,
which is characteristically representative of β-SiC crystallizing in a zinc-blende-type lat-
tice [54,55]. The prominence of this peak and the absence of other intense peaks corroborate
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the excellent crystallinity of the resultant SiC layers, suggesting that the synthesized het-
erostructure manifests high structural fidelity and integrity.

In summary, the XRD analysis offers compelling evidence of the high-quality crys-
talline nature of the obtained β-SiC/por-Si/mono-Si heterostructure. The observed spectral
features support the notion that the material is not only well-crystallized but that it also
possesses unique characteristics enabled by quantum size effects, underscoring its potential
utility in advanced applications.

4. Discussion

One of the formidable challenges encountered in the epitaxial growth of silicon carbide
(SiC) films on silicon (Si) substrates lies in the substantial presence of packing defects, as
corroborated by the existing literature [56,57]. Such defects can be particularly detrimental,
as they precipitate a breakdown under the application of high electric fields, thereby
undermining the functional integrity of the device. The etiology of these packing defects
can be primarily ascribed to the lattice mismatch between the SiC film and the silicon
substrate [58].

To offer a nuanced understanding of this phenomenon, Table 6 presents the lattice
parameters for both monocrystalline silicon and silicon carbide [59]. While both of these
semiconductors crystallize in the cubic crystal system, their lattice parameters and unit-cell
volumes exhibit pronounced disparities. These differences, although subtle, often translate
into significant mechanical stress during the growth of SiC films on monocrystalline silicon
substrates. The inherent tension culminates in defect formations and compromises the
film’s overall quality (as illustrated in Figure 9a).

Table 6. Structural parameters of Si and SiC.

Parameter Si SiC

Crystal system Cubic Cubic
Space group name P1 F-43m

Lattice parameters, Å a = 4.348 a = 5.6608
Unit-cell volume, 10−6 pm−3 82.20 181.39
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A promising approach to alleviate these issues involves creating a porous layer on
the silicon substrate, before SiC deposition. As depicted in Figure 9b, this porous layer
can serve as a mechanical buffer, effectively mitigating the excessive elastic pressures that
typically arise due to lattice mismatches. The porous architecture essentially functions as
a “soft” substrate, facilitating more harmonious integration of SiC with the underlying
silicon. Figure 10 represents the SiC film growth on mono-Si (Figure 10a) and por-Si
(Figure 10b) substrates. In Figure 10a, the progression from pure mono-Si to a rougher
β-SiC film signifies strain due to lattice mismatches. Conversely, in Figure 10b, the por-Si
begins with a structured porous surface, and as SiC deposition occurs, it shows a smoother
β-SiC film, underscoring the stress-buffering capacity of the porous architecture. This
improved consistency in Figure 10b illustrates enhanced film–substrate adhesion and
provides empirical support to the viability of the por-Si approach in addressing lattice
mismatch challenges.
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The lattice mismatch between SiC and Si serves as a fundamental bottleneck in achiev-
ing high-quality epitaxial films. However, incorporating a porous buffer layer presents a
feasible solution to this problem, as it allows for better stress distribution and enhanced
adhesion, ultimately forming superior-quality SiC films.

In conventional thermal methods for forming silicon carbide (SiC), carbon atoms are
chemically bonded to silicon atoms by forming Si-C covalent bonds [60,61]. However,
a challenge arises when considering the surface properties of monocrystalline silicon
(mono-Si), which inherently possesses a smooth topology. Due to the natural occurrence of
auto-passivation facilitated by silicon dioxide, monocrystalline silicon surfaces tend to have
minimal atoms with dangling or broken bonds [62]. Consequently, this surface morphology
impinges upon the efficacy of most traditional techniques for the epitaxial growth of SiC
films on mono-Si substrates.

The SiC films grown on such smooth mono-Si substrates are often fraught with many
imperfections, both on the surface and within the bulk material. These defects manifest in
various forms, including dislocations, stacking faults, and film cracking, as illustrated in
Figure 10a. The cracks compromise the mechanical and electronic properties of the material,
significantly limiting its application potential.

Contrastingly, when pre-formed on the mono-Si surface, a porous silicon (por-Si)
layer offers a more amenable substrate for SiC film growth. The surface of porous silicon
is characterized by a rough, textured morphology, depicted in Figure 10b. This textural
variation in por-Si is crucial: it engenders micro-protrusions or elevated zones interspersed
between the pores. These micro-protrusions act as localized sources of silicon atoms, which
can readily bond with incoming carbon atoms during SiC film formation.
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The intricate porous architecture thus plays a dual role; first, it provides a multitude of
nucleation sites that better facilitate the formation of Si-C bonds, and second, it introduces
a level of surface roughness that enhances the mechanical interlocking between the SiC
film and the underlying silicon substrate. The result is the formation of a high-quality
crystalline β-SiC film, which benefits from reduced defects and superior bond strength.

It is imperative to highlight that the properties and applications of porous silicon as a
substrate have been the subject of extensive academic investigations [63–65]. These studies
underscore the porous structure’s instrumental role in mitigating challenges associated with
SiC film growth on monocrystalline silicon, thereby contributing to improved SiC/mono-Si
heterostructures.

In summary, while the surface characteristics of monocrystalline silicon have tradition-
ally posed limitations on the growth of defect-free SiC films, introducing a porous silicon
layer offers an effective countermeasure. This adaptability can pave the way for developing
high-quality SiC films, an area of ongoing research and technological importance.

Many mechanisms have been elucidated in film formation on semiconductor sub-
strates to govern the deposited films’ growth kinetics and morphological evolution. Among
these, the paradigms established by Frank–van der Merwe [66,67], Volmer–Weber [68,69],
and the Stranski–Krastanov mechanism [70,71] stand out as seminal frameworks.

In the context of the Frank–van der Merwe mechanism, also known as layer-by-
layer growth, we observe a unique phenomenon primarily in systems where the film’s
and substrate’s crystalline lattice parameters exhibit minimal discrepancy [72,73]. This
leads to the formation of what is colloquially termed a “wetting layer,” characterized
by the sequential deposition of monatomic layers on the substrate. This mechanism
is typically operative when the thermodynamic factors favor minimizing surface and
interfacial energies.

Conversely, the Volmer–Weber mechanism is observed in instances with pronounced
lattice mismatch between the substrate and the film. Such discrepancies promote the
growth of isolated islands on the substrate, negating the formation of an initial wetting
layer. The Volmer–Weber mode is driven by the system’s need to minimize the strain energy,
which leads to a preferential aggregation of atoms into islands rather than a uniform film.

Situated as an intermediate regime between these two is the Stranski–Krastanov
mechanism. In this model, the early stages of the film growth process resemble the Frank–
van der Merwe mechanism, characterized by establishing an initial wetting layer [74].
However, owing to a slight lattice mismatch, elastic deformations begin to manifest. These
deformations induce compressive stresses in the film, ultimately resulting in the nucleation
and growth of three-dimensional, rounded islands atop the wetting layer.

Turning our attention to the growth of silicon carbide (SiC) on silicon (Si) substrates,
it becomes evident that the porous silicon (por-Si) layer significantly eases the challenges
associated with lattice mismatch, as depicted in Figure 9b. Our findings point to the
applicability of the Stranski–Krastanov mechanism in this particular heterostructure. This
observation substantiates the role of por-Si as a buffer layer, serving as an effective stress-
relief intermediary that accommodates the lattice discrepancies between SiC and Si.

Hence, we have presented a facile yet robust methodology for SiC film growth that
deftly addresses the perennial technological constraints of lattice mismatch and the com-
promised crystalline quality of SiC films. Introducing a por-Si buffer layer acts as a catalyst
in optimizing the epitaxial growth process of SiC on silicon substrates. The buffer layer’s
role is pivotal, warranting further exploration for future refinements in the growth method-
ology. Subsequent research endeavors may be directed towards achieving complete carbide
formation in SiC/Si structures and the potential for developing graphene layers on the
surface of these heterostructures.

Through this multi-faceted analysis, we aim to contribute to the empirical knowledge
pool of SiC film growth and broader efforts aimed at technological advancements in
semiconductor applications.
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5. Conclusions

The current study meticulously elaborates on an enhanced methodology for synthe-
sizing β-SiC films on silicon substrates by judiciously integrating porous silicon (por-Si)
as an intermediary buffer layer. Incorporating this buffer layer culminates in augmented
adhesion between the SiC film and the mono-Si substrate. The resultant layered material
thus manifests as a hybrid heterostructure of β-SiC/por-Si/mono-Si, with implications for
advancing the state of the art in semiconductor technologies.

Examinations of the surface morphology via advanced imaging techniques revealed
that the synthesized SiC film predominantly consists of island agglomerates with diametric
dimensions ranging from 2 to 6 µm. Further intricate features, such as minuscule pores
with sizes varying between 70 and 80 nm, were discerned on the islands’ surfaces. Such
topological attributes point to an intricate interface interaction and might have ramifications
on the mechanical and electronic properties of the resulting heterostructure.

The X-ray Diffraction (XRD) analysis of the synthesized β-SiC/por-Si/mono-Si het-
erostructure exhibited three distinct peaks at angular positions (2θ) of 28.5◦, 35.6◦, and
60.1◦. These peaks unequivocally correspond to the crystallographic orientations (hkl) of
(111) and (220) for silicon (Si) and silicon carbide (SiC) in their cubic symmetry, respectively.
This indicates the formation of high-quality crystalline structures. When juxtaposed with
the standard peak positions for crystalline silicon, a noticeable shift toward lower angles
was observed, particularly in the peak at 2θ = 35.6◦. This shift, which represents a deviation
from the typical diffraction patterns of bulk silicon, is indicative of quantum size effects.
Such effects are consistent with the presence of nanometer-sized objects, as confirmed by
Scanning Electron Microscopy (SEM) analyses.

Furthermore, the intensity and uniqueness of the peak at an angular position of
2θ = 35.6◦, which aligns with the characteristics of β-SiC in a zinc-blende-type lattice,
emphasize the impeccable crystallinity of the SiC layers. The absence of other intense
peaks serves as further evidence for this claim, suggesting that the resultant heterostructure
retains high structural integrity.

The prospects emerging from our research are expansive. The SiC/por-Si/mono-Si
heterostructure promises to revolutionize next-generation electronic devices, given the supe-
rior electron mobility and thermal resilience of SiC. In optoelectronics, the heterostructure’s
unique electronic and optical attributes could spearhead the development of advanced
devices such as photodetectors and light-emitting diodes. Furthermore, the chemical ro-
bustness of SiC offers avenues for its adoption in advanced sensing technologies, especially
in challenging environments. The juxtaposition of SiC’s admirable thermal conductivity
with por-Si’s insulating characteristics paves the path for innovative thermal management
solutions for electronic apparatuses. Additionally, the observed quantum size effects signal
potential applicability in the burgeoning arena of quantum computing, wherein meticulous
control over nanoscale entities is vital.

It is crucial to acknowledge that, while our methodology offers a substantial improve-
ment in overcoming lattice mismatch and adhesion issues that plague the conventional
SiC film synthesis on silicon substrates, further research endeavors are requisite. These
could include optimizing porosity levels in the buffer layer, a comprehensive assessment of
mechanical properties under variable thermal and electrical conditions, and investigating
the potential utility of this heterostructure in electronic and optoelectronic applications.

Conclusively, the present study augments the existing body of knowledge by elucidating
an efficient, scalable technique for synthesizing high-quality β-SiC films on silicon substrates.
The findings portend significant technological benefits and set the stage for subsequent
research to refine and expand the application scope of SiC/por-Si/mono-Si heterostructures.
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Abstract: The paper aims to extend the current knowledge on electrical discharge machining of
insulating materials, such as cutting ceramics used to produce cutting inserts to machine nickel-based
alloys in the aviation and aerospace industries. Aluminum-based ceramics such as Al2O3, AlN, and
SiAlON are in the most demand in the industry but present a scientific and technical problem in
obtaining sophisticated shapes. One of the existing solutions is electrical discharge machining using
assisting techniques. Using assisting Cu-Ag and Cu mono- and multi-layer coatings of 40–120 µm and
ZnO powder-mixed deionized water-based medium was proposed for the first time. The developed
coatings were subjected to tempering and testing. It was noticed that Ag-adhesive reduced the
performance when tempering had a slight effect. The unveiled relationship between the material
removal rate, powder concentration, and pulse frequency showed that performance was significantly
improved by adding assisting powder up to 0.0032–0.0053 mm3/s for a concentration of 14 g/L
and pulse frequency of 2–7 kHz. Further increase in concentration leads to the opposite trend. The
most remarkable results corresponded to the pulse duration of 1 µs. The obtained data enlarged
the knowledge of texturing insulating cutting ceramics using various powder-mixed deionized
water-based mediums.

Keywords: alumina; assisting coating; brass wire; electrical discharge machining; sublimation; tempering

1. Introduction

The issues of micro-texturing of working surfaces of critical machine-building prod-
ucts made of difficult-to-machine materials, including those aluminum-based ceramics,
have been the subject of special attention in recent years and the object of theoretical and
experimental research by leading scientific groups [1–6]. Such cutting ceramics (Al2O3,
AlN, SiAlON) exhibit exceptional thermomechanical and tribological properties making
them unreplaceable materials for machining nickel-based alloys for aircraft and aerospace
industries [7–11]. It should be noted that manufacturing cutting ceramic inserts involves
processing a large number of microstructures and often requests additional coating [12–14].
Surface micromachining includes micro-profiling to create a three-dimensional specific
relief on the surface, the dimensions and roughness of which are determined based on the
operation characteristics and the textured material’s physicochemical properties. These
microtextures’ functional purpose is to reduce the intensity of friction and adhesive setting
between mating surfaces and increase the wear resistance and service life of the cutting
tool many times under a wide range of operational loads [15–17]. The formed microre-
lief provides a significant reduction in the actual contact area. Additionally, it serves as
micro-reservoirs for grease, microencapsulated lubricants, anti-friction materials, and liq-
uids capable of forming and retaining anti-friction films between the contact surfaces for a
long time [18,19].
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Traditionally, diamond tools are used to process cutting ceramics. However, laser,
micro-abrasive, water-jet machining, and chemical processing are well-known technolo-
gies of directed action on the surface layer [20–23]. Electrical discharge machining of
dielectrics using assisting techniques is one of the promising ways of texturing the surface
of products [24,25]. The advantages of this method include high reproducibility, accu-
racy, the ability to process complex geometry surfaces, high locality, and the ability to
process superhard materials for which traditional mechanical methods are ineffective. The
electrical discharge machining makes it possible to avoid time-consuming and expensive
post-processing operations while maintaining the high quality of the workpiece. Due to the
removal of material by electrical erosion that includes thermal and chemical dissociation
of the material at a small distance between electrodes (the interelectrode gap is about
0.02 mm), the absence of physical contact between the tool and the workpiece is achieved.
Consequently, the productivity of electrical discharge machining does not depend on the
mechanical properties such as hardness, strength, and brittleness of the material to be pro-
cessed but on its electrical properties. In addition, it is possible to increase the productivity
of the process by reducing the processing time of complex geometry textures due to the
possibility of using electrodes of various configurations or the technological mobility of the
tool electrode with an accuracy of 80–100 nm.

It is well known that any material with a specific electrical conductivity above the
threshold value of 105 µΩ·cm can be subjected to electrical erosion. However, in 1986,
Soviet scientists [26] invented and patented a method for electrical discharge machining of
dielectrics. The method was further developed by leading scientists worldwide, developing
its application concerning tool ceramics for 20 years [27–31].

The assisting electrode coating, which has proven itself in the works of many au-
thors, is adhesive copper tape [32–35]. Insulating copper (II) oxide is unstable in the
presence of hydrogen and reduces to conductive metallic copper [36–40]. At the same
time, oxides of another copper-group metal, silver, such as Ag2O and Ag2O2, dissociate
at temperatures above 280 ◦C and 100 ◦C, respectively, and exhibit conductive proper-
ties (specific electrical conductivity γ of 60.0–62.5·106 S·m−1) exceeding values for copper
(γ of 58.0–59.5·106 S·m−1), making them even more attractive for developing technology
of electrical discharge machining of insulating materials.

ZnO material was chosen for assisting powder due to the following reasons:

- It is commercially available;
- Stable under fire exposure conditions and is not reactive to water;
- Refers to the materials that require considerable preheating, under all ambient tem-

perature conditions, before ignition and combustion can occur;
- Is a widely used n-type semiconductor;
- The band gap Eg = 3.30–3.36 eV at room temperature [41–43]; the less the band gap,

the more conductive properties the material exhibits [44,45]);
- Exhibits a chemical affinity for aluminum and copper [46–48].

It should be noted that ZnO powder is hazardous to aquatic organisms according to
GHS Hazard pictograms; it is toxic and causes foundry fever if the dust is inhaled. It is
coded by NFPA: Standard System for the Identification of the Hazards of Materials for
Emergency Response as follows:

• Code 2: Intense or continued but not chronic exposure could cause temporary inca-
pacitation or possible residual injury, for health;

• Code 1: Materials that require considerable preheating, under all ambient temperature
conditions, before ignition and combustion can occur, for flammability;

• Code 0: Normally stable, even under fire exposure conditions, and is not reactive with
water, for instability–reactivity.

However, it is relatively safe for the personnel working with micro-sized particles in
suspension and actively used as additive of toothpaste and cement in therapeutic dentistry
and cosmetic sunscreens.
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Thus, developing electrical discharge machining techniques for increasing the produc-
tivity of electrical discharge machining of aluminum-based cutting ceramics in the case of
study alumina using an assisting electrode coating and powder-mixed dielectric medium
is relevant and in demand among modern tool production.

The object of research is electrical discharge machining of aluminum-based ceramics
in the case of studying alumina using assisting techniques such as Cu-Ag and Cu mono-
and multi-layer coating and ZnO powder-mixed deionized water medium. The subject of
the study is the performance of electrical discharge machining of insulating alumina using
a combined assisting electrode technique.

The study aims to find an alternative approach to electrical discharge machining
of alumina and increase the productivity of insulating cutting ceramics machining us-
ing the assisting electrode technique by optimizing machining factors such as powder
concentration, pulse frequency, and duration.

2. Materials and Methods
2.1. Sintering of the Samples

The corundum α-Al2O3 A16SG (Alcoa, New York, NY, USA) was used for producing
samples. The average particle diameter was 0.53 µm. A detailed description of pow-
der characterization [49], preparing suspensions [50], drying, machining graphite molds
of MPG-6 grade cold-pressed blanks using a carbide tool with a multi-layer combined
PVD-coating [51–53] and diagnostic system [54–56], consequent pouring powder mixture
and sintering [7,8,57–59] on a spark plasma sintering machine KCE FCT-H HP D-25 SD
(FCT Systeme GmbH, Rauenstein, Germany) are presented in the previously published
works. The sintered discs were 65.5 mm in diameter and 10 mm in thickness. Optical
control was carried out on an Olympus BX51M instrument (Ryf AG, Grenchen, Switzer-
land). Scanning electron microscopy of the obtained kerfs and their chemical analyses were
conducted on a VEGA3 instrument (Tescan, Brno, Czech Republic). For each kerf, at least
five spectra scannings were produced.

2.2. Electrical Discharge Machining

A two-axis wire electrical discharge machine ARTA 123 Pro (NPK “Delta-Test”,
Fryazino, Russia) was used for experiments (Table 1). The open tank system of the
machine allows using any deionized water- or oil-based dielectric medium out of the
filtration system [60].

Table 1. Main characteristics of wire electrical discharge machine ARTA 123 Pro.

Parameters Value and Description

Max axis motions X × Y × Z, mm 125 × 200 × 80
Tool positioning accuracy, µm ±1
Average surface roughness parameter Ra, µm 0.6
Dielectric medium Any
Max power consumption, kW <6

A brass wire-electrode of 0.25 mm in diameter made of CuZn35 brass provided
texture formation on alumina without taking into account the spark gap (path offset). The
preliminary testing in a deionized water medium reduced the range of the machining
factors. The range of the chosen factors is presented in Table 2. The choice of the factors is
based on [60]. However, the range of factors was intentionally extended for exploratory
research. The previously conducted work with alumina showed that the optimal value of
the operational current is 0.3–0.4 A [49]. The main correlation between current, operational
voltage, and character of the obtained wells on the surface or material removal rate is
as follows [61]:

∑ Fimp = I·Uo, (1)
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where ΣFimp is the summarized force of working impulses in the system’s action, N; I is
current, A; Uo is operational voltage, V.

Table 2. Range of electrical discharge machining factors.

Factor Measuring Units Value

Operational voltage, Uo V 108; 72; 60; 48; 36
Pulse frequency, f kHz 2; 5; 8; 11; 15; 17; 20; 25; 30
Pulse duration, D µs 0.5; 1; 1.5; 1.75; 2; 2.35; 2.5; 2.68; 2.7
Rewinding speed, vW m/min 3; 3.4; 7; 10
Feed rate, vF mm/min 0.1; 0.3; 0.4; 0.5; 1
Wire tension FT N 0.05; 0.1; 0.25; 0.3; 0.4

Machining is carried out according to the control program of the translational move-
ment of the wire-electrode along the X-axis from the zero position to a depth of 0.98 mm
(taking into account the spark gap) [62–64]. The development of factors was carried out
following the results of pre-implemented experiments for each type of the developed
assisting coating. Each failed experiment minimized the range of the factors and assisted in
determining the optimal values in terms of the material removal rate (productivity) [65].

Adaptive control based on voltage control in the gap (control of factors) is neces-
sary to avoid contact between the tool electrode and the conductive assisting coating that
leads to a short circuit. When electric shortcuts are registered in the gap, the wire tool is
retracted automatically to establish the required interelectrode gap and ensure effective
machining when the number of working pulses (aimed at destroying the workpiece or
assisting coating) exceeds the number of idle pulses (aimed at destroying erosion products,
debris). The effective ratio of working pulses to the number of impulses is 0.7–0.9 [66–68].
It should be noted that voltage in the gap and concentration of conductive debris strongly
influence surface roughness (density of formed wells) when the current influences their
overall size [69–73]. Further improvement in roughness is not observed when the concen-
tration exceeds a certain level. Moreover, with increased concentration, the more frequent
appearance of shorts can be observed until the wire tool is blocked in the kerf, and further
machining is not possible. At the same time, the concentration of non-conductive particles
reduces the process productivity and leads as well to the blockage of the wire tool.

The coated blank was fixed on the machine table during experiments (Figure 1). The
basing was carried out by wire tool approach along the X- and Y- axes; the surface of the
coated workpiece was taken as zero. The wire tool was adjusted vertically along the Z-axis
by a spark. The position +2–+3 mm from the assisting coating was taken as zero of the wire
tool. The upper nozzle was placed at +2–+3 of the coated workpiece to ensure adequate
flushing by turbulent flows [74,75]. Electrical discharge machining was carried out with
immersion of the workpiece in the ZnO-powder-mixed deionized water medium. The
dielectric fluid level was established 1–2 mm above the workpiece. The workpiece was held
for 8–10 min in a dielectric before machining to avoid the influence of thermal fluctuations.
The obtained sample was wiped with a rag over [76]. At least 5 kerfs were produced for
each parameters’ set.
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Formed textures (kerfs) were controlled optically. Here and below, the optical mea-
surement error was calculated by the formula [77–81]:
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where δl is the longitudinal measurement error, µm; δt is the transversal measurement
error, µm; L is the measured length, mm; g is the product height above microscope table
glass (taken equal to zero), mm.

The material removal rate (MRR) was calculated as follows [82]:

MRR =
V
t

, (4)

where the volume of removed material is calculated using the formula:

V = S·l, (5)

where S is the kerf area in the plan, mm2; l is the length of the kerf, µm. A detailed
description of calculating S is provided in [50]. The processing time t is calculated from the
feed rate vF of the electrode-tool and workpiece height (kerf length) h:

t(s) =
h(mm)

vF
(mm

s
) (6)

2.3. Assisting ZnO-Powder-Mixed Deionized Water Medium

Deionized water (LLC “Atlant”, pos. Marusino, Lyubertsy district, Moscow region,
The Russian Federation) following ASTM D-5127-90 with specific electrical resistivity up to
18.0 MΩ·cm was chosen as a suspension basis to avoid the formation of insulating Al4C3
or Al2(C2)3) [83,84].

ZnO-powder-mixed deionized water medium was tested at concentrations of 7, 14,
21, 35, 50, and 100 g/L to improve the performance of the developed system. A total of
76 × 5 experiments were carried out. The zinc oxide ZnO of “Ch” grade, 99% of purity
(LLC “Unihim”, Saint Petersburg, The Russian Federation), following GOST 10262-73, bulk

116



Technologies 2023, 11, 6

density of 5.61 g/cm3, was used for producing suspension. The chemical composition is
presented in Table 3.

Table 3. Chemical composition of ZnO powder (“Ch” grade, 99% of purity).

Chemical Substances Chemical Formula wt.%

Zinc oxide ZnO Balance
Manganese Mn ≤0.0005
Arsenic As ≤0.0002
Cadmium Cd not standardized
Potassium permanganate KMnO4 ≤0.01
Potassium K ≤0.005
Calcium Ca ≤0.01
Substances insoluble in hydrochloric acid - ≤0.01
Sulfates SO4 ≤0.01
Phosphates PO4RR′R” not standardized
Chlorides ClxR (x = 1–5) ≤0.004
Iron Fe ≤0.001
Sodium Na not standardized
Copper Cu ≤0.001
Lead Pb ≤0.01

ZnO is a colorless crystalline powder, insoluble in water, turning yellow when heated,
and subliming at 1800 ◦C [85–88]. Zinc oxide is a direct-gap semiconductor with a band gap
Eg of 3.30–3.36 eV [41–43]. Natural doping with oxygen makes it an n-type semiconductor.
When heated, the substance changes color: white at room temperature, and zinc oxide
becomes yellow. This is explained by a decrease in the band gap and a shift of the edge in
the absorption spectrum from the UV region to blue.

The powder was subjected to granulometric analysis and optical microscopy. An
EL104 laboratory balance (Mettler Toledo, Columbus, OH, USA) with a measurement range
of 0.0001–120 g weighed powder with an error of 0.0001 g. ZnO powder was sifted using
an analytical sieving machine AS200 basic (Retsch, Dusseldorf, Germany) with a test sieve
(10 µm by ISO 3310-1). The previously conducted studies showed that the smallest size of
suspended particles led to the highest productivity [69–73].

The prepared suspension was constantly stirred during experiments. For the higher
powder concentration, electrical discharge machining was intensified by ultrasonic vibra-
tions using an ultrasonic unit IL100-6/1 (LLC “Ultrasonic Technology—INLAB”, Saint
Petersburg, Russia) to avoid powder conglomerations in the discharge gap at the higher
particle concentration (100 g/L) at frequency 22 kHz [89]. It should be noted that higher
than 30 kHz and up to 1 MHz could be harmful to the biological process in the human
body since arising cavitation with bubble formation with a diameter of less than 1 µm
(ultrasound surgery). The emitting tip was placed at the tank to provide ultrasonic vibra-
tions in volume. As known, the speed of propagation of vibrations in an elastic body is
much higher than in a liquid or gaseous medium. Thus, the suspension is subjected to bulk
ultrasonic vibrations.

After processing, the samples were cleaned with alkali.

2.4. Assisting Electrode

A few types of copper-based assisting coatings were developed (Table 4, Figure 2a). A
HomaFix 404 20 m/10 mm copper tape (JSC Electroma, Lipetsk, The Russian Federation)
was used as a basis for the developed coatings (Figure 2b). The main properties of the
tape are provided in Table 5. A conductive polymer-based silver-containing adhesive
(synthetic resins) Kontaktol (Keller, Yekaterinburg, The Russian Federation), with an elec-
trical resistance of 10−6 Ω·m (γ of 106 S·m−1) was used in the sandwich-type of assisting
coating electrode forming a complete continuous uniform coating of variable thickness of
20–200 µm on the sample. The ratio of silver powder to acetone is (120–140)/(40–60). The
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recommended operating temperature is up to +160 ◦C. The adhesive coating was deposed
using a brush. Half of the samples were additionally kept in an oven (drying cabinet) at
temperatures of +160, +200, and +240 ◦C for 60, 90, 120, and 180 min to ensure the drying
of the polymer base of the tape, removing organic soluble media and reducing stress.

Table 4. Developed assisting coatings.

Assisting Coating Adhesive Type Thickness, mm
Electrical

Conductivity γ 1,
S·cm−1

Specific Electrical
Resistivity 2,
Ω·mm2·m−1

Silver Adhesive Polymer-based + Silver powder 0.100–0.110 0.009486 ± 0.00001 1.0542 × 10−6

Copper tape, 1 layer Resin-based 0.040

0.580046 ± 0.00001 0.01724 × 10−6Copper tape, 2 layers Resin-based 2 × 0.040

Copper tape, 3 layers Resin-based 3 × 0.040

Sandwich “Copper tape +
Silver Adhesive”, 1 layer Polymer-based + Silver powder 0.150

0.584112 ± 0.00001 0.01712 × 10−6
Sandwich “Copper tape +
Silver Adhesive”, 2 layers Polymer-based + Silver powder 2 × 0.150

Sandwich “Copper tape +
Silver Adhesive”, 3 layers Polymer-based + Silver powder 3 × 0.150

Graphite 3 - - - 8.00

Distilled water 3 - - - 103–104

1 experimental values; 2 calculated values; 3 for reference.
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Figure 2. (a) Developed sandwich-type coating (schematic presentation of Sandwich “Copper
tape + Silver Adhesive”, 2 layers); (b) Copper tape.

Table 5. Parameters of copper tape.

Parameter Value

Thickness of copper basis, mm 0.035 ± 0.0002
Tensile strength, N/cm 115

Elongation (Extension ratio), % <2
Specific electrical resistivity, Ω·mm2·m−1 0.016–0.017

Operating temperature, ◦C From −40 to +110 ± 5
Tape width, mm 10

The specific electrical resistance of the formed assisting coatings (Table 3) was con-
trolled by a Fischer Sigmascope SMP10 device (Helmut Fischer GmbH, Sindelfingen,
Germany). The thickness of the first layer of the developed coatings was controlled with a
Calowear instrument (CSM Instruments, Needham, MA, USA). It was developed to carry
out wear tests on a small scale using the spherical notch method. In other words, it forms
a recess by erasing the sample material during the rotation of a ball of a certain diameter
(20 mm) coated with an abrasive medium (spherical microabrasion method). The method
has proven to be fast for analyzing the thickness of any coating (mono- or multi-layer) and
determining the wear coefficient of massive materials and coatings [90–92].

Before coating, the ceramic samples were placed in an ultrasonic tank and cleaned
using a soap solution at a temperature of 60 ◦C for 20 min and alcohol for 5 min [93–95].
Approbation of the coated samples was conducted in a deionized water medium. Coat-
ing removal was conducted by a complex method: washing in an ultrasonic tank and
mechanical cleaning.

3. Results
3.1. Characterization of ZnO Powder

Granulomorphometric analysis and optical microscopy (Figure 3) of the ZnO powder
showed that the powder sample had an average inner diameter of 63.79 µm and 33.46 µm
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for 50% of the particles, while an average area diameter of 80.06 µm and 47.19 for 50%
of the particles. The zinc oxide particles have a larger diameter with a high percentage
of particles. The average circularity of zinc oxide powder is about 0.597 µm and about
0.625 µm for 50% of the particles. The powder was sieved before further processing.
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3.2. Preliminary Testing of the Developed Coatings in Deionized Water Medium

Figure 4a shows the optical microscopy of kerf after electrical discharge machining
the samples coated with silver adhesive. The traces of the coating erosion are observed.
However, the traces of ceramic workpiece sublimation were not remarked (absence of the
erosion of ceramics under discharge pulses). In this context, the term “sublimation” is used
for the electrical erosion of ceramics since:

The alumina’s boiling point is about 2980 ◦C [96], and the temperature in the discharge
spark is about 10,000 ◦C [97–99]. With such a difference between the boiling point and
surrounding temperature in a pulse period of 1–100 µs under conditions of continuously
during the pulse expanding rarefied low-temperature gas-plasma bubble (region of low
pressure) (Figure 4b), the material cannot pass the stages from solid to liquid, vapor, and
plasma steadily, and direct sublimation of the material occurs from solid to vapor and ion
plasma state [100].

It should be noted that a detailed phase diagram of the state of aluminum oxide at
elevated and reduced pressure requires additional research and is still not presented in
the literature, as well as for many other substances. An analysis of the preliminary testing
results for sandwich types assisting coatings showed that the holding time in the oven
does not significantly affect the adhesion of the copper tape to ceramics and material
removal rate for the whole range of the developed coatings (Figure 4c). Differences in
adhesion between two and three-layer coatings (80 and 120 µm in thickness) were also not
observed. Approbation of samples of the “silver + copper” sandwich coatings showed
similar results with variations with low tempering modes and multi-layer structure. The
difference (Figures 5 and 6) does not have a fundamental nature to the purposes of the
current study.
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Figure 4. (a) The preliminary testing results of the electrical discharge machining of samples coated
with a silver adhesive (optical microscopy), 10×; (b) phase transitions and states of oxide ceramics;
(c) the preliminary testing results of the electrical discharge machining of alumina using Cu-Ag and
Cu mono- and multi-layer coatings and various coating tempering modes.
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Figure 6. The preliminary testing results of the electrical discharge machining of samples with a
sandwich-type mono-layer coating “silver + copper” after an hour of tempering at a temperature of
160 ◦C: (a) a sample after preliminary testing; (b) optical microscopy of the formed texture before
coating removal, 10×; (c) optical microscopy of the formed texture, 10×.
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The samples after the preliminary testing were cleaned. The deposition of metal-
lic copper and its adhesion to the ceramic base is observed after cleaning. The use of a
sandwich-type coating visually improved the adhesion of the coating (Figure 6) but signifi-
cantly reduced the effect of the coating when electrical discharge machining compared with
the sample with self-adhesive copper tape (Figure 5). The reduction in effect was consistent
with the expected decline in the bulk conductivity of the coating due to the use of synthetic
resin-based adhesives. Further experiments were conducted with the double-layer copper
tape coating without silver adhesive (copper tape, 2 layers). The range of the machining
factors was reduced (Table 6).

Table 6. Range of electrical discharge machining factors.

Factor Measuring Units Value

Operational voltage, Uo V 108
Pulse frequency, f kHz 2; 5; 7; 10; 15; 20; 25; 30
Pulse duration, D µs 0.5; 1.0; 1.5; 2.0; 2.5; 2.64
Rewinding speed, vW m/min 7
Feed rate, vF mm/min 0.3
Wire tension FT N 0.25

3.3. Electrical Discharge Machining in ZnO Powder-Mixed Deionized Water Medium

The general view of the kerfs and results of experiments obtained by optical mi-
croscopy for the various powder concentration, pulse frequencies, and duration are shown
in Figure 7. During conducting experiments with the powder-mixed deionized water
medium at a concentration of 7 g/L, the wire tool was interrupted at a frequency of 30 kHz,
pulse duration from 1.0 to 2.64 µs, except for the experiment with a pulse duration of 2.5 µs
(Figure 7a). There were little erosion marks at a frequency of 5, 10, 15, and 30 kHz and a
pulse duration of 2.5 µs. The non-stable erosion results were remarked for pulse frequency
of 5–25 kHz and pulse duration of 1.0, 1.5, 2.0 µs and pulse frequency of 7 and 25 kHz and
pulse duration of 2.5 µs.

At a concentration of 14 g/L, the effect of powder adding was visually reduced: the
most pronounced result was achieved at a frequency of 7 kHz and a pulse duration of
1.0 µs (Figure 7b). Non-stable erosion marks were noticed for a pulse frequency of 5, 10 kHz
and a pulse duration of 1.0, 1.5 µs. Little erosion marks were observed at a pulse frequency
of 7, 10 kHz and a pulse duration of 1.5, 2.0, 2.5 µs.

At a concentration of 21 g/L, the effect of powder addition was also visually reduced.
The most pronounced result was achieved at a pulse frequency of 5 and 7 kHz and a
pulse duration of 0.5 and 1.0 µs, respectively (Figure 7c). Non-stable erosion marks were
noticed for:

• A pulse frequency of 7 and 10 kHz and a pulse duration of 0.5 µs;
• A pulse frequency of 5 and 10 kHz and a pulse duration of 1.0 µs.

Little erosion marks were observed at a pulse frequency of 5 and 10 kHz and a pulse
duration of 1.5 µs. It was noticed that visually electrical discharge machining is more stable
at a pulse duration of 1.0 µs.

At a concentration of 35 g/L, the most pronounced result was achieved at a pulse
frequency of 5 and 10 kHz and a pulse duration of 1.0 µs (Figure 7d). Little erosion marks
were observed at a pulse frequency of 7 kHz and a pulse duration of 1.0 µs.

At a concentration of 50 g/L, the most pronounced result was achieved at a pulse
frequency of 2 and 10 kHz and a pulse duration of 1.0 µs (Figure 7e). Little erosion marks
were observed at a pulse frequency of 5, 7, and 15 kHz and a pulse duration of 1.0 µs.

At a concentration of 100 g/L, the most pronounced result was achieved at a pulse
frequency of 2, 7, and 10 kHz and a pulse duration of 1.0 µs (Figure 7f). Non-stable erosion
marks were observed at a pulse frequency of 5 kHz and a pulse duration of 1.0 µs.
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Figure 7. Optical microscopy of the obtained kerf in Al2O3 samples coated with a double-layer copper
tape coating of 80 µm (general view): (a) concentration of 7 g/L, pulse frequency f = 5 kHz, pulse
duration D = 1.0 µs; (b) concentration of 14 g/L, pulse frequency f = 5 kHz, pulse duration D = 1.0 µs;
(c) concentration of 21 g/L, pulse frequency f = 5 kHz, pulse duration D = 0.5 µs; (d) concentration
of 35 g/L, pulse frequency f = 5 kHz, pulse duration D = 1.0 µs; (e) concentration of 50 g/L, pulse
frequency f = 5 kHz, pulse duration D = 1.0 µs; (f) concentration of 100 g/L, pulse frequency f = 7 kHz,
pulse duration D = 1.0 µs.
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As can be seen, the effect of adding powder is noticeable at powder concentrations
of 7 and 14 g/L (Figure 7a,b). The effect is visually reduced at a powder concentration of
21–50 g/L (Figure 7c–e) and appears again at a powder concentration of 100 g/L (Figure 7f).
The technological gaps are presented in Table 7.

Table 7. Technological gaps of electrical discharge machining alumina in ZnO powder-mixed deion-
ized water medium.

Powder Concentration, g/L Pulse Frequency, kHz Pulse Duration, µs
0.5 1.0 1.5 2.0 2.5 2.64

7

2 x x x x x x
5 x 1 1 1 0 x
7 x 1 1 1 1 x

10 x 1 1 1 0 x
15 x 1 1 1 0 x
20 x 1 1 1 x x
25 x 1 1 1 1 x
30 x x x x 0 x

14

2 x x x x x x
5 x 1 1 x x x
7 x 2 1 0 0 x

10 x 1 0 0 0 x
15 x x x x x x
20 x x x x x x
25 x x x x x x
30 x x x x x x

21

2 x x x x x x
5 2 1 0 x x x
7 1 2 x x x x

10 1 1 0 x x x
15 x x x x x x
20 x x x x x x
25 x x x x x x
30 x x x x x x

35

2 x 0 x x x x
5 0 2 0 x x x
7 x 1 x x x x

10 0 2 0 x x x
15 x x x x x x
20 x x x x x x
25 x x x x x x
30 x x x x x x

50

2 0 2 0 x x x
5 x 1 x x x x
7 x 1 x x x x

10 0 2 0 x x x
15 x 1 x x x x
20 x x x x x x
25 x x x x x x
30 x x x x x x

100

2 x 2 0 x x x
5 x 1 0 x x x
7 0 2 0 x x x

10 0 2 x x x x
15 x 0 x x x x
20 x x x x x x
25 x x x x x x
30 x x x x x x

NB: x is the absence of the traces, 0 is little erosion marks, 1 is non-stable erosion marks, 2 is the most
pronounced result.
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3.4. Scanning Electron Microscopy and Chemical Analyses

The results of scanning electron microscopy (SEM) in secondary electrons and qualita-
tive and quantitative analysis of the obtained kerfs after electrical discharge machining of
alumina using a copper assisting coating are shown in Figure 8. SEM-image (Figure 8a)
shows the workpiece’s microstructure with the deposed material and the traces of the ma-
terial’s sublimation (thermal dissociation). Figure 8b demonstrates a uniform distribution
of aluminum and oxygen and localization of the deposed copper in the kerf. The energy-
dispersive spectroscopy of the deposed material (Figure 8c) demonstrates the prevalence of
copper in the spectra. The carbon corresponds to the normal atmospheric contamination of
the samples. The presence of the formed oxides is partly related to the normal contamina-
tion of the samples and partly related to the material of the insulating ceramic (bound with
aluminum). The presence of aluminum is minor. A quantitative analysis of the five spectra
is presented in Table 8.
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normal contamination of the samples and partly related to the material of the insulating 
ceramic (bound with aluminum). The presence of aluminum is minor. A quantitative 
analysis of the five spectra is presented in Table 8. 
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Figure 8. SEM-analyses of the machined kerf in the Al2O3 sample: (a) image in secondary electrons,
5.00 k×; (b) chemical mapping, 1.00 k×; (c) energy dispersive spectroscopy of the deposed material.
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Table 8. Chemical analysis of the kerf.

Spectrum Weight Ratio of
O, wt.%

Weight Ratio of
Al, wt.%

Weight Ratio of
Cu, wt.%

Weight Ratio of
C, wt.%

1 54.19 45.81 - -
2 54.95 45.05 - -
3 2.43 - 86.68 10.88
4 3.41 1.48 84.08 11.03
5 4.64 0.3 88.37 6.69

4. Discussion

A graphical presentation of the calculated material removal rate, which shows the
relationship between material removal rate, pulse frequency, and concentration of ZnO-
suspension for a pulse duration of 1 µs, is shown in Figure 9. The optimized values of
the factors of electrical discharge machining alumina using a double-layer copper tape
assisting coating of 80 µm in thickness with ZnO powder-mixed water medium of 14 g/L
were: pulse frequency of 5 and 7 kHz, pulse duration of 1 µs.
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Figure 9. The electrical discharge machining alumina performance using a double-layer copper tape
assisting coating of 80 µm in thickness with ZnO powder-mixed deionized water-based dielectric
medium for a pulse duration of 1 µs.

In comparison with the previously published data, the achieved performance does not ex-
tend analogs [33,49,50,69], where the maximum achievable performance was 0.0084 mm3/s [50]
for deionized water-based medium and 0.0213 mm3/s for hydrocarbons [69] but signif-
icantly enlarged the current knowledge on electrical discharge machining of insulating
ceramics as follows:

• Even with the lower concentration of the suspension powder, it is possible to achieve
higher values of material removal rate (7 g/L for ZnO in the current study comparing
150 g/L for TiO2 [50]) in combination with a copper coating that can be related to the
electrical properties of the assisting powder such as band gap more than to specific
electrical resistance of the coating;
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• Complex multi-layer complex coating can reduce performance due to a decrease in the
electrical conductivity: there is a noticeable difference between mono- and multi-layer
Cu-Ag and Cu sandwich coatings and a mono- and double-layer coatings, but no
effect was observed between double and triple copper coating;

• Temperature and holding time during coating tempering do not demonstrate any
noticeable effect. However, a slight improvement was observed between tempered
and not tempered samples that do not have a principle character but significantly
enlarge the labor intensity of the work.

5. Conclusions

The paper solves a scientific and technical problem of electrical discharge machining
of insulating alumina using assisting mono- and multi-layer Cu-Ag and Cu coatings of
40–120 µm and ZnO powder-mixed deionized water-based medium. Using mono- and
multi-layer Cu-Ag and Cu coatings and ZnO powder-mixed water medium was proposed
for the first time.

The research showed that tempering temperature and holding time have an insignifi-
cant effect on the electrical discharge machining of alumina performance, while multi-layer
coating visually improves the performance compared to mono-layer coating. At the same
time, there is no visible difference between double- and triple-layer coatings and using
silver adhesive reduces the effect of the assisting coating.

The conducted work established a relationship between the material removal rate,
powder concentration, and pulse frequency. Using ZnO-powder significantly improves
performance up to noticeable values of 0.0015–0.0020 mm3/s for a concentration of 7 g/L
and pulse frequency of 2–5 kHz and 0.0032–0.0053 mm3/s for a concentration of 14 g/L and
pulse frequency of 2–7 kHz. Further concentration increase leads to the opposite trend: at a
concentration of 100 g/L, a slight increase in performance is observed (0.0023–0.0025 g/L)
for a pulse frequency of 5–7 kHz. The most remarkable results corresponded to the pulse
duration of 1 µs.

The obtained data enlarge knowledge on texturing insulating cutting ceramics using
various types of powder-mixed deionized water-based mediums and can be used for
producing a new class of cutting inserts for machining nickel-based alloys.
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Abstract: Of all the substances that can be present in water intended for human consumption, arsenic
(As) is one of the most toxic. Many treatment technologies can be used for removing As from water,
for instance, adsorption onto iron media, where commercially available adsorbents are removed and
replaced with new media when they are exhausted. Since this is an expensive operation, in this work,
a novel and portable plant for regenerating iron media has been developed and tested in four real
case studies in Central Italy. The obtained results highlight the good efficiency of the system, which
was able, from 2019 to 2023, to regenerate the iron media and to restore its capability to adsorb the
As from water almost entirely. Indeed, when the legal threshold value of 10 µg/L is exceeded, the
regeneration process is performed and, after that, the As concentration in the water effluent is at the
minimum level in all the investigated case studies.

Keywords: arsenic; drinking water; iron-based adsorptive media; regeneration

1. Introduction

According to Directive 2020/2184 of the European Parliament and the Council on
the quality of water intended for human consumption, “Water intended for human con-
sumption” is treated or untreated water intended for drinking, for preparing food, drink,
or other domestic uses, and water used for the manufacture, treatment, and storage of
substances intended for human consumption [1]. Water intended for human consumption,
particularly drinking water, must be healthy and clean, and must not contain microorgan-
isms, parasites, or other substances in quantities or concentrations representing a potential
danger to human health.

Arsenic (As) is a chemical element with the atomic number 33. It is a semimetal that
occurs in three different allotropic forms: yellow, black, and gray. It is found in rocks,
water, and animal and vegetable organisms and its content in the rocks of the Earth’s
crust has been estimated at 1.5 g per ton of rock. As is a common contaminant in water.
The most dangerous problem in this context is that in many areas of the world, drinking
water is contaminated with As. Due to its high toxicity, especially with regard to arsenite,
drinking water regulations allow only very low concentrations of arsenic. Of all the
substances that can be present in water, As is one of the most toxic, potentially resulting
in skin cancer or other cancers [2]. Indeed, arsenic is easily found in nature, from the
atmosphere to soils and rocks, but also in natural waters and organisms [3], being the
twentieth most abundant element in all-natural metalloids [4]. Since millions of people
are nowadays being exposed to excessive As through the consumption of contaminated
drinking water [5], it is mandatory to remove this substance from the water intended
for human consumption, respecting the maximum level for As in drinking water fixed
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at 10 µg/L by many Agencies such as the World Health Organization (WHO) or the US
Environmental Protection Agency [6].

In Italy, the data on the presence of As in water comprise a rapidly evolving set of
information; following new abstractions, this element can be found in significant concen-
trations even in aquifers whose hydrogeological conditions would exclude its presence.
However, it is evident that this element constitutes a strong criticality in the water use
system, especially for water intended for human consumption.

Arsenic is a water contaminant widespread in many areas of the Earth, not only in Italy,
of course. Some of the territories where arsenic is found in water in high concentrations are
western India, Alaska, Mexico, Chile, and Argentina.

In general terms, it can be stated that in Italy, the supply of qualitatively suitable
water is pursued with rigorous and consolidated practices of management of the water
system, is controlled through a tested surveillance system, and is regulated on a legislative
level, with regard to frequency, typology, and methods of control. Without prejudice to
certain circumstances, generally limited in terms of time and territory, for which non-
compliance may occur due to the presence of non-standard chemical or microbiological
parameters following which limitations on the use of water may also be ordered with
adequate information actions on the populations concerned, the water distributed is fit for
human consumption and can be consumed in safe conditions from a health point of view,
so there is no need for its treatment downstream of the “point of delivery”.

In any case, the As presence in water poses the problem of its removal before the
water’s distribution to the population, so many treatment technologies can be used for
removing As from water, including the following [7]:

(1) Oxidation (oxidation and filtration; photochemical oxidation; photocatalytic oxidation;
biological oxidation; in situ oxidation);

(2) Membrane technologies (microfiltration; ultrafiltration; nanofiltration; reverse osmosis);
(3) Coagulation/flocculation;
(4) Ion exchange;
(5) Adsorption onto solid media (AM) (activated alumina; iron-based sorbents; zero-

valent iron; indigenous filters; miscellaneous sorbents; metal–organic frameworks).

A review of such technologies has been made by a number of authors [8–12]. In many
cases, these technologies have been proven as expensive or complex, with the exception of
AM, which has been accepted as a suitable removal technology, particularly for developing
regions, because of its simple operation, potential for regeneration, and little toxic sludge
generation [13].

In AM technology, As and other anions are adsorbed onto a packed bed of media. The
employed removal mechanism is usually an exchange of anions for surface hydroxides
of the media [14]. When the As concentration of the effluent from an adsorption system
reaches the regulatory limit of 10 µg/L, the media are usually removed and replaced with
new media.

In the literature, a lot of research can be found dealing with the adsorbent materials
employed in AM technology, i.e., with metal oxide/hydroxides, including iron, aluminum,
zirconium, and titanium, constituting the majority of the commercially available adsor-
bents [8,11,15]. In particular, many iron media products have been introduced in the
drinking water treatment market in recent years since iron-based adsorbents generally
have been found to have higher arsenic adsorptive capacity and efficiency [16,17]. As
aforementioned, when the adsorptive iron media no longer has the ability to reduce the
As in water effluent to values lower than the maximum contaminant level of 10 µg/L, it is
removed and replaced with the media, and the exhausted media can be disposed of in a
sanitary landfill [18], but this is an expensive operation. The price of the adsorptive iron
media on the market remains quite high and there does not seem to be any sign at the
moment of a sensible decrease. In addition, the presence of competitive and/or inhibiting
species in the treated waters, perhaps underestimated during the design phase, has led to a
reduction in the estimated durations of activity of these products before their exhaustion,
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thus aggravating the cost of water purification. Indeed, the substitution of the adsorptive
iron media accounts on average for 80% of all the operation and maintenance costs of the
system, including media replacement, chemicals, electricity, and labor [16].

In order to diminish the operation and maintenance costs, one option to exhaust iron
media substitution is its regeneration and reuse. The regeneration process is based on the
mechanism of adsorption of As on ferric hydroxides, a chemical exchange that by its nature
is reversible. The reactivation process brings the adsorbent material back to its initial state
by extracting and bringing back into solution the species that are bound to it during the
“work” phase of the masses, leading to the achievement of the desired result: the restoration
of the absorption capacity of the As [17].

In the literature, few studies have been conducted on the regeneration and reuse
of adsorptive iron media [19,20], while some authors have even suggested that it is not
possible to regenerate such media because the process will cause particle degradation [21],
although it is true that regeneration offers a potential option to reduce the cost of the system.
Starting from these premises, the aim of the present manuscript is the introduction of a
novel technological plant that can be used for removing As from water intended for human
consumption, employing adsorptive iron media and pursuing its regeneration and reuse.
The novelty of this work consists particularly of the presentation of a technological system
characterized by its portability. Indeed, it is worth noting that the majority of existing
systems for regenerating iron media are non-portable.

The present manuscript is organized as follows. In Section 2, the iron media formation
and its use in removing As from water are briefly presented. In Section 3, the proposed
portable technological plant is introduced. In Section 4, the selected case studies that
have been analyzed are presented. Section 5 describes the performed analysis, while the
results are described and discussed in Section 6. Finally, the conclusions are summarized
in Section 7.

2. Iron Media Formation and Its Use for Removing As from Water

The process of formation of iron oxide/hydroxide, like the type used in the proposed
technological plant, mainly consists of the following three macro-phases: a chemical
reaction, a dehydration phase, and a grinding/granulating phase.

In the first macro-phase, i.e., the chemical reaction, iron oxide/hydroxide can be
obtained by combining a positive trivalent iron ion with a hydroxide ion. For instance, the
following formula shows the chemical reaction between ferric chloride (FeCl3) and sodium
hydroxide (NaOH):

3Na(OH) + FeCl3 → 3NaCl + Fe(OH)3 (1)

Based on the reaction of the two selected reagents (sometimes, instead of ferric chloride,
ferric sulfate can be used), the necessary time passes for the ferric hydroxide to flocculate,
and then it is pressed in a filter press.

The sludge resulting from the first phase contains a significant percentage of water;
therefore, a dehydration process is required, i.e., the second macro-phase. Such a process
occurs in two ways. (1) Sludge freezing allows further separation from the sludge related
to the portion of water that is not mechanically separated; the product obtained has a
percentage of residual water of about 50% and is translucent and granular in appearance.
(2) Sludge drying by a thermal process such as a rotary drum or belt dryers can reduce the
water content to less than 20% in the media.

The third macro-phase, i.e., the grinding/granulating phase, consists of the grinding of
the dehydrated sludge (e.g., ferric hydroxide), in order to obtain the required granulometry.

The obtained iron media can be used for removing As from water based on the mecha-
nism of adsorption of arsenic on ferric hydroxides, a chemical exchange that by its nature
is reversible. Various studies have found that a classic three-step regeneration process of
(1) backwashing the iron media, (2) caustic regeneration, and (3) acid neutralization condi-
tioning has been shown to be effective in removing As and other contaminants absorbed
by the iron media [22,23]. Hence, the study of the reactivation process and the subsequent
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development of the design of the novel technological plant presented here were based
on experiences conducted by the international scientific community, in particular by the
US Environmental Protection Agency, both as laboratory tests and small pilot plants on
real-scale interventions.

3. The Proposed Portable Plant and the Regeneration Process

Based on the aforementioned, the novel technological plant presented here has been
designed to be portable and work on site and is constituted by the following elements.

• Two centrifugal pumps for the reagents’ (acid and base) recirculation, characterized
by a flow rate of 16 m3/h and a pressure head of 20 m;

• A static mixer, made of plastic material, with a maximum flow rate of 30 m3/h;
• A piston pump for ferric hydroxide dosing, in 30% solution, in plastic material, with a

flow rate of 1500 L/h;
• A piston pump for 50% sulfuric acid solution dosing, in plastic material, with a flow

rate range of 100–300 L/h;
• Polyvinyl chloride (PVC), with a flow rate range of 0–30 m3/h, diameter (D) 50 mm;

various valves (1′ ′ PVC ball and check valves);
• Pipes in plastic material;
• Electromagnetic flowmeter, with a range of 0–30 m3/h, D 40 mm.

Additionally, the following on-site accessories are required for the completion of
the regeneration:

• A polyethylene tank, the volume of which must be defined based on that of the specific
filter, for depositing the eluates;

• Chemical reagent tanks.

The novel technological plant is shown in Figures 1–3.
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Figure 3. Technological plant details. Numbers refer to Figure 1 ([1–4,6]).

The filter filled with iron media is used as a reactor for the reactivation process while
the remaining part of the equipment necessary for the process (hereafter called the skid) is
brought directly on site, as well as a tank of adequate capacity where the process eluates will
flow. Hoses and hydraulic fittings complete the system equipment. Once the inspection has
been carried out and the data for the process are collected, a specific procedure is created in
order to plan all the operations that will be carried out during the intervention itself.
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From a descriptive point of view, the regeneration process presents a preliminary
phase in which the filter containing the oxides to be reactivated is isolated, partially or
totally, based on the characteristics of the plant, from the rest of the system. At the same
time, the skid and the eluate collection tank are positioned. Once the various equipment
has been hydraulically connected via flexible pipes, the system is ready to be started.

The first phase of the regeneration process consists of an alkaline washing of the iron
media masses with an aqueous solution of sodium hydroxide that is recirculated through
the filter. The aim of alkaline solution recirculation is to increase the contact time with the
media and bring a favorable environment to the ion exchange process.

At the end of the alkaline phase of the process, the eluates produced are progressively
segregated in the collection tank and replaced with water. This operation continues until a
conspicuous lowering of the saline concentration of the water leaving the filter is obtained.

During this phase of “displacement” of the alkaline solution, the eluates are neutralized
before reaching the collection tank. At this point, almost all of the species absorbed in
the mass were transferred to the alkaline solution and segregated in the storage tank. It
is therefore possible to proceed to the second phase of the process in order to restore the
alkalinity of the system. The water still present in the filter is recirculated, proceeding at
the same time with the controlled injection of sulfuric acid, which acts as a neutralizer. The
neutralization operation will continue until a neutral pH is obtained. The process ends
with the restoration of the original hydraulic connections and with the backwashing of the
filter in order to ensure uniform hydraulic conductivity through the filtering masses.

From an operational point of view, the operational phases regarding the regeneration
process are as follows:

• Before starting the regeneration process, a backwashing of the filter media is performed;
• The loading manhole (located at the top of the filter) is opened, and water is allowed

to flow about 10–15 cm above the filter media bed;
• The outlet of the pilot system is connected to the previously opened loading manhole,

and the return of the system is connected to the lower part of the filter;
• The pumps of the pilot system are activated, and water is circulated in a closed loop;
• The dosing pumps for soda are activated, and soda is circulated inside the filter;
• After the soda has been completely introduced, it continues to circulate for about an hour;
• Subsequently, the eluate is discharged into an existing tank;
• The upper loading manhole is closed, and a backwash with clean water is performed.

It is then reopened when the water level is 10–15 cm above the filter media bed. The
dosing pump for acid is activated, and the mass is neutralized;

• The last step is to close the upper loading manhole and wash the filter before putting
it back into operation.

It should be noted that the procedure is well-suited for regenerating a conventional
pressure filter with nozzles (perforated plate with nozzles) for use in series or parallel. The
filter must have vents and drains for emptying, as well as a loading/unloading manhole
for the filter media.

On the other hand, during the installation of a new filter, the stages of filling the filter
media are as follows:

• Placement of a layer of quartz sand support (particle size 2.00–3.15 mm) to cover
the nozzles;

• G-OX (filter media bed height between 0.8 and 1.6 m);
• Partial filling with water to protect the nozzles during the sand-filling process;
• Introduction of quartz sand (DIN EN 12904 grade) as a support layer according to the

supplier’s instructions; leveling and rinsing the layer;
• Introduction of ferric hydroxide through the upper loading manhole;
• Free space, approximately 50% of the G-OX bed, for expansion during backwashing.
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4. The Selected Case Studies

The novel technological plant is a potential solution to address the issue of As con-
tamination in water sources and was tested in four different case studies to examine its
performance in real-world applications. The four case studies were located in the Viterbo
province, in Central Italy, situated 80 km north of Rome.

Italy is generally characterized by high As concentrations in water. High As con-
centrations have been historically observed (since 1999) in the Central Italian Alps [24],
where water is collected from both cold springs and thermal springs. Also, Central Italy
has been known to have high levels of As in its water sources. Zuzolo et al. [25], in their
comprehensive study aimed at evaluating the occurrence, distribution, and potential health
impacts of As on a national scale in Italy, found that significant As concentrations in tap
water and soil (up to 27.20 µg/L and 62.20 mg/kg, respectively) are mainly governed
by geological features, and that in the central parts of Italy, where alkaline volcanic ma-
terials and consequently high levels of As occur, there can be health issues for residents.
Baiocchi et al. [26] and Cinti et al. [27] analyzed many water samples from springs and
wells in the Sabatini and Vicano-Cimino Volcanic Districts (Central Italy), determining high
As concentrations and highlighting risks to the population due to the fact that water mostly
sourced from shallow and cold aquifers hosted within volcanic rocks represents the main
public drinking water supply. The aforementioned studies highlight that high carcinogenic
and non-carcinogenic risk is associated with water ingestion for those living in Northern
Italy and Central and Southern Italy (including the capital Rome), also pointed out by [28].
This is true, although it is well known in the literature that As can be found in different
oxidation states (As(III) and As(V), i.e., arsenites and arsenates) which have different effects
on different organisms, from moderate (skin diseases) to severe (cancer) [29].

The European Union (EU) allows a maximum concentration of 10 µg/L for As in
drinking water. However, in the Viterbo area, the concentration levels far exceed the limit,
with the highest value recorded at 75 µg/L.

Being a volcanic area, the Viterbo province has a natural composition that includes
arsenic. As a result, the water in the region is considered undrinkable by law and must be
purified before it can be consumed. The installation of As removal plants is common in the
region, and in 2014, 50 million euros were invested in dedicated purifiers to help mitigate
the situation. Despite this, many municipalities have reported difficulties in managing the
purifiers due to their high operational costs.

The novel technological plant presents a promising solution to improve the situation
in the Viterbo province while keeping operational costs low. The plant has been designed
to remove As from water sources efficiently, and its effectiveness has been demonstrated in
the four case studies mentioned earlier. By implementing the new plant, the region can
improve the quality of its water sources and ensure that the concentration of As in drinking
water remains within the limits set by the EU.

The four case studies were selected with the primary goal of thoroughly testing the
system under different circumstances in order to ensure its effectiveness and durability.
Such a decision was driven by the need to ensure that the system is robust enough to handle
various environmental factors and external influences that may affect its functionality.
Testing the same portable plant multiple times provided valuable insight into how the
system performs in the real world and allowed us to identify any potential issues or
weaknesses that needed to be addressed. Through the testing process, the system’s design
and functionality have been optimized, ensuring that it met the required performance
standards. The testing of the plant also served as a validation of the system’s reliability,
which is critical for ensuring the success of any large-scale technological project.

The novel portable technological plant has been employed in different dearsenification
plants in the Viterbo province of Central Italy, named WT01, WT02, WT03, and WT04
(Figure 4).
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Figure 4. Map of the 4 technological plants in the province of Viterbo, Central Italy.

The WT01 dearsenification plant has two filters in series, each one containing 1800 L
of ferric hydroxides. The nominal plant flow rate is 12 L/s and the input As concentration
is 34 µg/L.

The WT02 dearsenification plant has two filters in series, each one containing 1000 L
of ferric hydroxides. The input water is particularly critical in terms of concentration not
only for As (58 µg/L) but also vanadium (12 µg/L) and silica (64 µg/L). The nominal plant
flow rate is 4.5 L/s.

The WT03 dearsenification plant has two filters in series, each one containing 3200 L
of ferric hydroxides. The nominal plant flow rate is 17 L/s.

Finally, the WT04 dearsenification plant has one filter (named F1) of 4700 L of ferric
hydroxides and two filters (named F2-F3) each with 5700 L of ferric hydroxides, connected
in parallel. The nominal plant flow rate is 26 L/s.

5. The Performed Analysis

For the four investigated case studies, the As concentrations were periodically moni-
tored in the water effluent, before and after the iron media regeneration, employing national
and international guidelines [30–32]. Each analysis was performed two times and then
the results were averaged. Other than As, pH and hydraulic conductivity were measured
(continuously), but for the sake of brevity, only As and pH results are presented in detail in
the following section. It is noteworthy that pH could have an effect on the regeneration
process and its efficiency, and this could be a subject of future research, as specified in the
conclusion section.

6. Results and Discussion

Figures 5–9 show the As time series monitored in the water effluent in the four
investigated case studies.
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Figure 5. WT01 technological plant water effluent’s As time series.
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Figure 7. WT03 technological plant water effluent’s As time series.
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Figure 9. WT04 (F2-F3) technological plant water effluent As time series.

Iron media regenerations were performed for WT01 in October 2019, September 2020,
March 2022, and March 2023.

Iron media regenerations were performed for WT02 in March 2019, January 2020,
March 2021, July 2021, March 2022, June 2022, and November 2022.

For WT03, iron media regenerations were performed in September 2019, February
2020, July 2020, October 2020, February 2021, July 2021, November 2021, March 2022, June
2022, and October 2022.

Iron media regenerations were performed for WT04 (F1) in October 2019, February 2020,
July 2020, December 2020, March 2021, December 2021, June 2022, and September 2022.

For WT04 (F2-F3), iron media regenerations were performed in August 2019, March
2020, July 2020, December 2020, March 2021, July 2021, and December 2021.

Regarding WT01, the iron media kept the As level below the legal threshold of 10 µg/L
until the passage of about 67,000 bed volumes (BV), equal to about 240,000 m3 of treated
water. Then, it was decided to regenerate only one filter. The regeneration was performed
not at the exact moment when the threshold was reached but sometime later, when the
system had reached 74,000 BV (approximately 267,000 m3).

The new As legal threshold value of 10 µg/L achievement occurred at around 104,000 BV.
It is interesting to note how the duration of the regeneration (104,000 − 74,000 = 30,000 BV)
is aligned with the expected value, i.e., just under half of the previous duration, equal to
67,000/2 = 33,500 BV. In view of this second exceeding of the legal limit, it was decided to
proceed with a new regeneration of the iron media.

In particular, the decision was again to reactivate only one filter, the one at the top of
the series. Given the excellent response that brought the plant over 28,000 BV, the second
filter was reactivated the following year. The response in terms of duration was also higher
than expected, with approximately 31,000 BV.

The excellent results meant that the regeneration of the iron media can be carried out
on both filters also not at the same moment, but one after the other. At present, the iron
media continue to absorb arsenic and produce water with pollutant levels well below the
legal limits.
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Figure 5 shows the As concentration from 2019 to today, and it can be seen that
periodically, the value of As increases (close to or above the limit for water intended for
human consumption of 10 µg/L) and then decreases.

This happens in correspondence with the regenerations carried out at this plant in
October 2019, September 2020, March 2022, and March 2023. It is noteworthy that after the
iron media regeneration, the As concentration in the effluent is close to 0 µg/L, testifying
to the effectiveness of the process.

Regarding WT02, it was decided to proceed with the regeneration of the iron me-
dia, as their duration did not allow for the treatment of more than 50,000 m3 before the
performance decreased.

Since the first reactivation, carried out in March 2019, the iron media have been
regenerated other five times (January 2020, March 2021, July 2021, November 2022, and
July 2022) and, presumably, this operation will also be carried out in the future. Figure 6
shows the As concentration from 2019 to today: also for this case study, it can be seen how
periodically, the value of As increases (close to or above the limit for water intended for
human consumption of 10 µg/L) and then decreases. This happens in correspondence
with the regenerations carried out at this plant. Unlike the previous case study, the As
concentration in the effluent after the iron media regeneration is not close to 0 µg/L, having
values close to 1 or 2 µg/L. This circumstance could be due to the input water that is
particularly critical in terms of concentration not only for As but also for other elements. In
any case, the water effluent As concentration is much lower than the legal threshold equal
to 10 µg/L.

Regarding WT03 and WT04, as can be seen from Figures 7–9, the trend is rather
variable, but there are evident drops in the value of As near the regenerations, which took
place in September 2019, February 2020, July 2020, October 2020, February 2021, July 2021,
November 2021, March 2022, and October 2022 for WT03, while for WT04, the regenerations
were performed at different moments based on the filter to reactivate (F1 or F2-F3).

Regarding the pH analysis, a general trend was observed in all four investigated case
studies. The monitored pH was high (values greater than 12) during the desorption of
As and other adsorbed elements, low (values not greater than 3–4) during the reacidifica-
tion process, and neutral (values approximately equal to 7) during the last phases of the
regeneration process.

In any case, the investigated case studies testify to the effectiveness of the proposed sys-
tem related to the regeneration of the iron media, with the following fundamental advantages:

• Environmental sustainability: Iron media are no longer considered as waste to be
disposed of in landfills (according to the European Waste Catalogue, 19 September
2001, “Solid waste produced by primary filtration and screening processes”) but
indeed can be reused effectively according to the principles of a circular economy.

• Cost saving: Considering as an example a standard filter with a diameter of 2 m and
a filter bed height of 1.1 m, the volume to be considered for the unique purchase of
the filling material is approximately 3–4 m3, which corresponds to an expense of EUR
15,000–20,000 for the replacement of the masses. Moreover, other costs that should
be taken into account are related to the landfill disposal of the exhausted iron media,
which can be approximately quantified as EUR 2500, and the disposal of eluates,
which can be approximately quantified as EUR 3500 (in the same example of the
aforementioned standard filter). Of course, we also have to consider the cost of the
reagents used in the regeneration process. Their exact quantity depends on the initial
characteristics of the filter media, but in the same example of the aforementioned
standard filter, we can roughly estimate an approximate cost of EUR 1000–2000.

• Using the regenerated material significantly reduces the production of the “new”
media, with considerable savings in raw materials and convenience in terms of energy
and economics.

• Low environmental impact, due to the reuse of materials and savings on disposal costs.
• Less dependence on producers (that at the moment are no more than 2–3 in Europe).
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Moreover, the advantages deriving from regeneration with a mobile plant, directly on
site, like in the here-investigated case studies, are as follows:

• Brief shutdown of the plant.
• Washing of the iron media on site, avoiding the emptying/filling of the iron media.
• Low environmental impact.

It is noteworthy that oxidation is known as a suitable method for the removal of As,
but it is also true that oxidation alone can only transform As(III) to As(V), which is less toxic,
and that the sorption processes of arsenite and arsenates on iron oxides are quite different
and complex, as shown by [33]. In our opinion, this circumstance does not diminish the
effectiveness and relevance of the presented technological plant and the related technical
and economic implications.

7. Conclusions

Adsorptive media technology is a commonly employed approach for removing arsenic
(As) from water, especially for drinking purposes. However, this method usually requires
iron-based media, which are disposed of after one use. Since the replacement of iron media
accounts for approximately 80% of the total operational cost, it would be more cost-effective
to regenerate and reuse the media. In light of this issue, a novel and portable technological
plant has been designed and tested in four real case studies to regenerate iron media,
proving its feasibility. The following conclusions can be drawn:

(1) The obtained results highlight the good efficiency of the system, which is able to
regenerate the iron media and restore its capability to adsorb As from water almost
entirely. When the legal threshold value of 10 µg/L is exceeded, the regeneration
process is performed, and after that, the As concentration in the water effluent is at
the minimum level in all the investigated case studies.

(2) Multiple regenerations occurring from 2019 to 2023 seem to validate the system’s relia-
bility, which is critical for ensuring the success of any large-scale technological project.

(3) The main advantages of the proposed portable technological plant that emerged
from the results are the renewal of the filter bed with the restoration of its original
adsorption capacity; no solid waste to dispose of, thereby eliminating disposal costs;
low environmental impact; a reduction in the production of “new” media, saving raw
materials and improving energy efficiency; minimized system downtime; and limited
equipment movement.

Further research is needed to test various types of iron media to investigate the
possibility of extending the time between regenerations. The system’s good efficiency
indicates that it has the potential to be used on a larger scale, which would help minimize
the amount of iron media being thrown away, making the technology more sustainable and
cost-effective. As aforementioned, the pH of the water to be treated could have an effect on
the regeneration process and its efficiency, so this could also be a subject of future research.

The innovative approach described here has the potential to significantly reduce the
operational cost of As removal from water. This is particularly important in developing
countries where the cost of As removal is often prohibitive, leading to the consumption
of As-contaminated water, which can have serious health implications. By using this
technology, we can provide clean and safe drinking water to the affected population,
improving their overall health and well-being.

In conclusion, the development of this novel and portable system for regenerating
iron media is a promising step forward in As removal technology. Its potential for large-
scale implementation could make it an attractive solution for developing countries where
As contamination is a significant problem. Future research will continue to explore and
optimize this technology, making it more effective, sustainable, and accessible.
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Abstract: The comparison of ion concentrations, pH index, and conductivity in distilled and ground
water after exposure to low-temperature plasma formed by barrier and bubble discharges is per-
formed. It has been found that in the case of groundwater, the best performance for the production
of NO3

− anions is provided by the discharge inside the gas bubbles. For distilled water, the barrier
discharge in air, followed by saturation of water with plasma products, is the most suitable from
this point of view. In both treatments, the maximum energy input into the stock solution is ensured.
After 10 min treatment of ground water, the pH index increases and then it decreases. The obtained
numerical indicators make it possible to understand in which tasks the indicated treatment modes
should be used, their comparative advantages, and disadvantages. From the point of view of energy
consumption for obtaining approximately equal (in order of magnitude) amounts of NO3

− anions,
both types of discharge treatment are suitable. The research results point to a fairly simple way to
convert salts (calcium carbonates) from an insoluble form to soluble one. Namely, when interacting
with NO3

− anions, insoluble carbonates pass into soluble nitrates.

Keywords: plasma-activated water; barrier discharge; bubble discharge; physicochemical properties;
process conditions

1. Introduction

Interdisciplinary scientific research on the effect of non-equilibrium low-temperature
plasma of electric discharges in the air on water and aqueous solutions is being carried
out very intensively [1–6]. All research in this direction can be conditionally divided into
three groups: (1) Study of the speciation of treated water and the kinetics of reactions in the
discharge plasma and aqueous solutions; (2) development and testing of discharge reactors;
(3) revealing the useful properties of laboratory-produced solutions, or determination of
the degree of purification of such solutions from pollutants of various natures. These lines
of research complement each other.

A special place is occupied by the direction associated with the development of
equipment for the production of plasma-activated water (PAW). PAW is a result of plasma
action on water or aqueous solutions (e.g., phosphate-buffered saline, etc.) in the presence of
oxygen O2 or a mixture of O2 and nitrogen N2, at atmospheric pressure [7]. In biomedicine,
the benefits of PAW have been demonstrated in the tasks of biofilm removal, wound healing,
and bacterial inactivation [8–10]. In agriculture, PAW is proposed to be used to increase
the rate of seed germination and subsequently accelerate the growth of seedlings and
plants, to inactivate plant-associated pathogens and rescue fungus-infected plants, and to
preserve crops [11–15]. In particular, in studies [16,17] it has been shown that treating water
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with a discharge and then irrigating with this water significantly increases the growth
rate of plants such as spinach (Spinacia oleracea), radish (Raphanus sativus var. sativus),
strawberry (Fragaria ananassa), and Chinese cabbage (Brassica campestris). An increase in the
concentration of nitrogen in the leaves was also observed.

Currently, it is believed that this PAW activity is due to the action of the following chem-
icals: reactive oxygen and nitrogen species (RONS), as well as relatively short-lived radicals
(•OH, NO•), superoxide (O2

−), peroxynitrate (OONO2
−), and peroxynitrite (ONOO−).

The above effect of improving plant growth with PAW is attributed to the action of aqueous
nitrates, nitrites, and ammonium ions, as well as hydrogen peroxide. In addition, the
ability of PAW to produce fungicidal and antimicrobial effects is traditionally associated
with short-lived reactive oxygen species [7,14,18–20]. PAW is considered a sustainable
and promising solution for biotechnological applications due to the transient nature of
its biochemical activity and the potential economic and environmental benefits of using
ambient air rather than scarcely available or expensive chemicals as the raw material. This
approach can potentially reduce the cost of treatment technology.

Methods and devices for water treatment with an electric discharge are of decisive
importance for future technology. Authors from different scientific teams classify these
methods in different ways, but it is better to give a classification that is most consistent
with the processes of obtaining plasma-activated water. These are the following methods of
discharge treatment of aqueous solutions: electrohydraulic, heterophase, bubble discharge,
as well as some types of remote discharge reactors. Each method has its own advantages,
but it also has disadvantages (see, for example [21]), an overview of which, should be
briefly discussed.

Electrohydraulic discharge reactors [22] are characterized by the fact that the discharge
occurs directly in an aqueous solution; for example, between two pointed or specially
shaped electrodes. Or, in a narrow channel between them; for example, a capillary one.
Another option may be a barrier configuration, i.e., when the high-voltage electrode is
covered with a dielectric (barrier) layer, e.g., polyethylene or ceramic. Most often, pulsed
arc and corona discharges are used. The advantage of this approach to the formation of a
discharge, is that the plasma is formed directly in contact with water, which accelerates
the PAW production. However, when overloaded, this can also lead to the decay of useful
chemicals. In addition, the formation of active oxygen and nitrogen species in this case is
limited by the low concentration of nitrogen and oxygen dissolved in water. Therefore, in
order for hydrodynamic installations for the PAW production to be productive, water must
be constantly saturated with the indicated gases or air.

From this point of view, a much more common way to produce PAW is the heterophase
method. It consists in the fact that the discharge is formed in a gaseous medium (air and
other plasma-forming gases) from an electrode with a small radius of curvature (pin or
wire), and closes to the liquid phase (solution). The type of discharge formed in such
installations is glow, corona or spark, and supply voltage can be constant, alternative or
pulsed. The type of discharge in air and its polarity affect the products of plasma decay
and the resulting content of chemicals in an aqueous solution. For example, the positive
corona discharge in air saturates an aqueous solution mainly with ozone, while the glow
discharge leads to the formation of aqueous nitrates and nitrites, which can be used to
stimulate plant development [23].

Another promising method for the PAW production is based on the fact that the
discharge occurs directly in the volume and on the surface of air bubbles. There are many
options for the execution of a nozzle and its orientation, which ultimately determine the
shape and number of bubbles, which in turn affect the distribution of an electric field in the
gap. Like heterophase methods, bubble discharges make it easier to initiate a discharge
compared to electrohydraulic installations. In addition, the use of bubbles allows better
mixing of the resulting PAW and provides better uniformity in the treatment of the liquid.
It is also noted that bubbles contribute to a significant increase in the concentration of
reactive species, both in plasma and in liquid. In this case, pulse voltage is applied, and
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the type of particles and their concentration are determined by the type of plasma-forming
gas [24]. Equally important is the matching of the discharge supply parameters with the
bubble formation process [25].

Devices with discharge treatment of water droplets, or a thin water film to produce
PAW, have been studied little. But from the data available in the literature, it can be assumed
that their productivity measured in “liters per hour” will apparently be the lowest [2].

The idea of remote discharge reactors is based on the fact that gaseous plasma products
are formed by a discharge in a separate zone, and then they are injected into an aqueous
solution. Many ozonating plants operate on this principle. If the plasma-forming gas is air
(or synthetic air, or humid air), then gaseous plasma products can include not only ozone,
but also other chemically-active particles, such as •OH, NO• radicals, H2O2 peroxide, and
recombination products [26].

Apparently, the simplest way for obtaining PAW is a device that consists of a tube
placed in a solution, through which a plasma-forming gas is injected. In this case, a rod
electrode is placed inside the tube, to which voltage pulses are applied. Under these
conditions, a single-barrier discharge is implemented between the inner wall of the tube
and the electrode, and the formed plasma products immediately enter the solution without
any losses for transportation. This scheme, as well as options for its implementation, were
described in detail in the review article [27].

Despite the abundance of experimental data, when developing a technology, it is
necessary to take into account factors that may be out of sight of scientists. One or another
method of treatment of aqueous solutions can be effective, in comparison with others, in
terms of the yield of chemical products; but at the same time, can be inferior in terms of
time and energy costs. Therefore, to create a discharge water treatment technology, com-
parative studies of various treatment modes are required, one of which will be presented in
this article.

The purpose of this study is to compare the ionic composition of water treated with
plasma produced with pulsed barrier and bubble discharges. This knowledge will be
in demand in the development of specific technologies for the conscious use of certain
modes of discharge water treatment. The choice of these types of electric discharges
was due, firstly, to their prevalence in applied research [5,12,14]. Secondly, both types of
discharge are, quite simply, constructively implemented, which can further facilitate the
creation of technological installations. The third reason is their potentially high performance
(production of active particles) in the case of using high-voltage pulses, which, however,
had to be verified. Based on the results of ongoing research, recommendations will be
made regarding the use of these discharges.

2. Experimental Setup and Techniques

During the experiments, distilled water (initial conductivity is 0.2 µS/cm; LLC Oils
and Lubricants, Russia), as well as ground water (spring water; initial conductivity is
280 µS/cm; its composition will be discussed below) were treated. The studies were carried
out on an experimental setup, a block diagram of which is shown in Figure 1a. Power
supply 1 produced voltage pulses with an amplitude of 10 kV, a pulse duration of 1.3 µs,
and a rise time of 1000 ns. Voltage pulses following with a pulse repetition rate of 54 kHz
were applied to electrode 2 (high-voltage (HV) electrode). It was a metallic rod covered
with a polytetrafluoroethylene (PTFE; fluoroplast) shell with a thickness of 0.5 mm. The
HV electrode was placed in glass tube 3 connected to membrane pump 5. Ambient air
injected through the tube 3 entered water 4, which filled quartz vessel 6. Foil electrode
7 (with an area of 127 cm2) placed on the outer surface of the quartz vessel and connected
with capacitor 8 (capacity is C0 = 10 pF; charging voltage is U0 = 20 kV) provided capacitive
decoupling between electrode 2 and ground. An inner diameter and a height of the vessel
were 2 and 30 cm, respectively. The inner and outer diameters of the glass tube were 5.5 and
7.5 mm, respectively. The glass tube was tapered towards the bottom. The inner diameter
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of this part was 0.8 mm. In a single experiment, a volume of water treated with plasma
was 78 mL.
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electrode; 3—air feeding tube; 4—aqueous solution; 5—membrane air pump; 6—quartz vessel; 7—foil
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Two designs of the electrode assembly were used. In the first version presented in
Figure 1b, the metal high-voltage rod was almost completely covered with fluoroplast 9.
The part not covered by the dielectric was located in the tapering part of the glass tube. The
discharge was ignited at the tube outlet—between the end of the HV rod and the wall of an
air bubble formed there. In this case, during the bubble formation, several breakdowns
can occur. In other words, the mode of transfer of discharge energy into the bubbles is
important here. This mode was chosen in accordance with the data obtained in [26]. With
this type of excitation, chemically-active particles (reactive species) are produced both
directly in the discharge in air and at the air–water interface. We will call this mode bubble
discharge. A characteristic oscillogram of the voltage on the HV electrode for the bubble
discharge is shown in Figure 2.
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In the second version of the electrode assembly design (Figure 1c), plasma enriched
with reactive species was formed in a barrier discharge. To do this, the HV electrode
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had a 10-cm-length section denoted as (*) in Figure 1c freed from the dielectric. The
end of the electrode 2 was also covered with PTFE tube. When applying HV pulses, the
barrier discharge in the air was ignited in this region, and due to pumping, the chemically-
active particles of the discharge plasma were transported into water bulk, saturating it
and changing its characteristics. During the entire cycle of studies, the air pumping rate
(200 mL/min), water volume, as well as the repetition rate of voltage pulses were fixed. This
made it possible to compare the performance and composition of the obtained products for
different assemblies.

Since the breakdown in bubbles can occur in different phases of voltage change (during
the rise time, at the peak, or during the fall time of the pulse), which at this stage leads
to a scatter and ambiguity in the electrical characteristics, the thermodynamic approach
was used to estimate the input energy. This approach, in our opinion, makes it possible to
quite correctly estimate the energy input for both types of excitation. Therefore, the energy
input in this case was estimated by calculating the thermal energy released in the discharge.
For this, the heating of the volume of the aqueous solution in the vessel was determined
for a fixed time period. The temperature was measured using a temperature sensor built
into a tester pH HI98108 (Hanna Instruments Ltd., Nus, falău, Romania). The temperature
measurement accuracy was ±0.5◦. Measurements for a single sample were carried out
three times, and then the obtained values were averaged.

The ionic composition of the aqueous solution after plasma treatment was determined
using a “Kapel-105/105M” (Lumeks Co., Ltd., Saint Petersburg, Russia) capillary elec-
trophoresis system for the detection of nitrate NO3

−, calcium Ca++ magnesium Mg++ ions.
This device operates on the principle of spectrophotometric detection. The dispersing ele-
ment is a diffraction monochromator with an operating spectral range from 190 to 380 nm.
The accompanying methodological support makes it possible to analyze various anions
and cations with a detection limit of 0.5 µg/cm3. The hydrogen index (pH) was measured
with an “Ionomer I-160MI” (LLC Izmeritelnaya Technika, Moscow, Russia) pH meter using
calibration buffer solutions. The electrical conductivity of water was determined using an
“ANION-4120” (Infraspark-Analit NPP, Yekaterinburg, Russia) laboratory conductometer.
For each sample of water obtained after discharge treatment, measurements of the concen-
tration of NO3

−, Ca++, and Mg++ ions, and electrical conductivity were carried out three
times and then averaged. Thus, in what follows, all the data presented are averaged over
three measurements.

3. Results and Discussion

Figure 3 demonstrates the change in the concentration of NO3
− nitrate ions over

time for various modes of formation of a chemically-active plasma. It is believed that the
formation of NO3

− anions in an aqueous solution is ensured by the conversion of nitrogen
and oxygen molecules present in the air. Their activation and conversion directly depend
on the performance of the discharge. It is seen that the discharge in bubbles provides a
noticeably higher performance for these anions in ground water; while in distilled water,
the best performance is provided by the barrier discharge.

It was found out how the data presented in Figure 3 correlate with the energy release
in an aqueous solution. Typically, this characteristic for gas discharge devices is determined
by calculating active power based on current and voltage waveforms. However, in our case,
this approach was not applicable for two reasons. First, during the formation of a bubble at
the end of the glass tube 3 (Figure 1b), several breakdowns of the gap between the rod tip
and the inner surface of the bubble occur. Their number can vary from a few to hundreds,
depending on the pulse repetition rate and the bubble formation time. Therefore, the
energy input for each of these breakdowns will be different, which complicates statistical
accounting for individual waveforms. Secondly, in both variants of the treatment, the
conductivity and temperature of the solution change. This also entails changes in the
energy release. Therefore, a lower estimate of the amount of heat imparted to the liquid
during 10-min discharge treatment was made. At the same time, the estimate does not take
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into account the fact that this heat is also dissipated on the quartz walls of the vessel. In
addition, the fact that not all of the energy deposited to water was further turned to heat (a
fraction of the energy spent on forming chemical compounds), was not taken into account.
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barrier discharge (1); bubble discharge (2).

Table 1 shows the results of calculating the thermal power for the four cases shown in
Figure 3. From the presented data, it can be seen that the higher the thermalized power, the
higher the discharge performance in relation to the production of NO3

− nitrate anions. At
the same time, in distilled water, the barrier discharge shows the best performance, and in
ground water—the bubble one. From the point of view of electrolytic physics [28], it can
be assumed that ground water differs from the distilled one by a significant difference in
the concentrations of ions in initial solution (mineralization of water samples). For ground
water, a higher concentration of ions in the solution causes its greater conductivity and,
consequently, a higher dissipation of the discharge energy in water.

Table 1. The value of the discharge power thermalized in an aqueous solution depending on the
discharge type and the type of treated water.

Type of Treated Water
Thermalized Power, W

Bubble Discharge Barrier Discharge

Distilled water 3.3 ± 0.5 4 ± 0.3

Ground water 11.1 ± 0.3 5.7 ± 0.4

When distilled water was treated with both types of discharges, the acidity decreases
with time from about 7.5 to 3.5, while the conductivity increases from several to tens of
µS/cm. The situation is different for ground water treatment. This is shown in Figure 4.
It is seen that when ground water is exposed to both bubble and barrier discharges, the
pH index first increases and then reaches a plateau. In addition, during the treatment
with a barrier discharge, an anomalous “jump” in conductivity is observed during the first
~6 min. Then the conductivity returns to the starting level. The validity of this anomaly is
confirmed by the fact that the conductivity measurements were carried out by two different
methods. A similar behavior of the conductivity took place in both cases. When treated
with the bubble discharge, no such behavior of the conductivity of the aqueous solution
was observed.

153



Technologies 2023, 11, 41Technologies 2023, 11, x FOR PEER REVIEW 7 of 10 
 

 

 

Figure 4. Time behavior of the pH-index and conductivity in ground water: barrier discharge (); 

bubble discharge (). 

Table 2 shows the concentrations of magnesium and calcium ions before and after 

10-min treatment of ground water with different types of discharge. It should be noted 

that the calcium concentration reached its maximum value after 2 min of treatment and 

then remained at the same level. It can be seen that plasma treatment leads to a significant 

increase in the concentration of Са++ и Mg++ in ground water. It is possible to assume that 

initially these elements are present in the solution in the form of CaCO3 and MgCO3 car-

bonates. This may be due to the fact that Mg(OH)+ and Ca(OH)+ hydroxide ions are easily 

converted into carbonates in ground water in the presence of air. Insoluble salts in the 

form of carbonates in the solution do not precipitate due to the small size of (fine) particles 

in suspension, and determine the constant hardness of water. Further, under the discharge 

action, both hydroxide ions and nitric acid (i.e., H+ and NO3− ions) can be formed, as a 

result of which the formation of ions is possible, including as a result of the reaction 

Me(OH)+ + H+ → Me++ + H2O. The ion formation process must be accompanied by the 

consumption of hydrogen ions H+, since an increase in the hydrogen index from 8.1 to 8.5 

for the barrier discharge and to 8.6 for the bubble discharge is observed (Figure 4). It 

should be noted that the question of the formation of calcium and magnesium ions under 

these conditions requires a separate, more detailed study. Nevertheless, it can be assumed 

that the pH index growth is due mainly to the increase in the concentration of calcium 

and magnesium ions during the first 2 min of treatment. 

In addition to magnesium and calcium ions, potassium and sodium cations were also 

monitored in water samples. But, as measurements showed, treatment with discharges 

did not significantly affect their concentration in water; the content of potassium and so-

dium cations does not change during 10 min of exposure, and amounts to 1.065 and 9.395 

mg/l, respectively. Potassium and sodium carbonates are soluble salts and determine the 

initial conductivity of an aqueous sample at 280 µS/cm. The appearance of additional NO3− 

and NO2− anions, as a result of the action of the discharge, leads to the formation of potas-

sium and sodium nitrates, which are also soluble salts. 

The low concentration of Са++ и Mg++ in the reference sample (Table 2), and the 

slightly alkaline environment of ground water, imply the presence of these ions in the 

solution in the form of insoluble salts. For example, calcium and magnesium carbonates. 

It is known [5] that when a discharge is ignited in atmospheric air in the presence of water, 

it leads to the formation of various active particles in the plasma, including NO3− and NO2− 

anions, which can interact with water-insoluble carbonates [5,16]. This, in turn, leads to 

the formation of water-soluble salts—calcium and magnesium nitrates or nitrites, which 

contributes to an increase in the concentration of their ions in water. However, the alkaline 

reaction of the solution, which persists throughout the entire time of water treatment with 

Figure 4. Time behavior of the pH-index and conductivity in ground water: barrier discharge (�);
bubble discharge (#).

Table 2 shows the concentrations of magnesium and calcium ions before and after
10-min treatment of ground water with different types of discharge. It should be noted
that the calcium concentration reached its maximum value after 2 min of treatment and
then remained at the same level. It can be seen that plasma treatment leads to a significant
increase in the concentration of Ca++ Mg++ in ground water. It is possible to assume
that initially these elements are present in the solution in the form of CaCO3 and MgCO3
carbonates. This may be due to the fact that Mg(OH)+ and Ca(OH)+ hydroxide ions are
easily converted into carbonates in ground water in the presence of air. Insoluble salts
in the form of carbonates in the solution do not precipitate due to the small size of (fine)
particles in suspension, and determine the constant hardness of water. Further, under
the discharge action, both hydroxide ions and nitric acid (i.e., H+ and NO3

− ions) can be
formed, as a result of which the formation of ions is possible, including as a result of the
reaction Me(OH)+ + H+ →Me++ + H2O. The ion formation process must be accompanied
by the consumption of hydrogen ions H+, since an increase in the hydrogen index from
8.1 to 8.5 for the barrier discharge and to 8.6 for the bubble discharge is observed (Figure 4).
It should be noted that the question of the formation of calcium and magnesium ions under
these conditions requires a separate, more detailed study. Nevertheless, it can be assumed
that the pH index growth is due mainly to the increase in the concentration of calcium and
magnesium ions during the first 2 min of treatment.

Table 2. The concentration (mg/L) of calcium and magnesium ions in ground water before and after
plasma treatment.

Sample Ion Bubble Discharge Barrier Discharge

Reference
Mg++ 0.0526 0.0526

Ca++ 1.1395 1.1395

10 min treatment
Mg++ 9.694 9.792

Ca++ 66.43 42.71

In addition to magnesium and calcium ions, potassium and sodium cations were also
monitored in water samples. But, as measurements showed, treatment with discharges did
not significantly affect their concentration in water; the content of potassium and sodium
cations does not change during 10 min of exposure, and amounts to 1.065 and 9.395 mg/L,
respectively. Potassium and sodium carbonates are soluble salts and determine the initial
conductivity of an aqueous sample at 280 µS/cm. The appearance of additional NO3

− and
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NO2
− anions, as a result of the action of the discharge, leads to the formation of potassium

and sodium nitrates, which are also soluble salts.
The low concentration of Ca++ Mg++ in the reference sample (Table 2), and the slightly

alkaline environment of ground water, imply the presence of these ions in the solution
in the form of insoluble salts. For example, calcium and magnesium carbonates. It is
known [5] that when a discharge is ignited in atmospheric air in the presence of water, it
leads to the formation of various active particles in the plasma, including NO3

− and NO2
−

anions, which can interact with water-insoluble carbonates [5,16]. This, in turn, leads to
the formation of water-soluble salts—calcium and magnesium nitrates or nitrites, which
contributes to an increase in the concentration of their ions in water. However, the alkaline
reaction of the solution, which persists throughout the entire time of water treatment with
the barrier discharge, indicates that the amount of NO3

− and NO2
− anions formed is

insufficient to shift the equilibrium to a neutral or acidic reaction.
A further increase in the treatment time led to the fact that the concentration of these

anions in the solution increased and the pH began to decrease.
The results described above are of interest from the point of view of access to tech-

nological installations for the PAW production, since data on the discharge treatment of
distilled and deionized water are usually presented in the scientific literature. Of course,
on an industrial scale, the use of such water is impractical. Our data show that, in the case
of ground water, we can also obtain high concentrations of NO3

− anions.
Importantly, ground water treatment also opens the way to the study of relatively easy

methods for converting salts (calcium carbonates) from an insoluble form to a soluble one.
Namely, when interacting with NO3

− anions, insoluble carbonates pass into soluble nitrates.

4. Conclusions

As a result of the research, the set goal was achieved—the ionic composition of two types
(distilled and ground) of water treated with low-temperature plasma formed by two types
of pulsed discharge (barrier and in bubbles) in atmospheric pressure air was revealed. It has
shown that the bubble discharge in ground water gives the maximum performance for the
NO3

− anions. In this case, the energy thermalized in the solution is maximum. At the same
time, the complex compounds that affect the hardness of water, the most Ca++ ions, are released
into the solution. These features of the process of water treatment using pulsed discharges
should be taken into account when designing installations for large-scale PAW production.

These results are important for an industry such as hydroponic plant growing technolo-
gies (see, e.g., [16,17]), where an aqueous solution enriched with NO3

− anions is required.
The data obtained are of interest due to the fact that data on the discharge treatment

of distilled and deionized water are usually presented in the scientific literature. Of course,
on an industrial scale, the use of such water is impractical. Therefore, research on discharge
treatment of groundwater is needed. Our research starts this process. However, to prove
the beneficial properties of plasma-activated water (PAW) produced in a bubble discharge
in ground water, laboratory and field studies on the effects of such water on economically-
valuable plants are needed.
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Abstract: The carbon dioxide-assisted polymer compression method is used to create porous polymer
products with laminated fiber sheets that are crimped in the presence of carbon dioxide. In this
method, fibers are oriented in the sheet-spread direction, and the intersections of the upper and
lower fibers are crimped, leading to several intersections within the porous product. This type of
orientation in a porous material is anisotropic. A dye solution was injected via a syringe into a
compression product made of poly(ethylene terephthalate) nonwoven fabric with an average fiber
diameter of 8 µm. The anisotropy of permeation was evaluated using the aspect ratio of the vertical
and horizontal permeation distances of a permeation area. The aspect ratio decreased monotonically
with decreasing porosity; it was 2.73 for the 80-ply laminated product with a porosity of 0.63 and
2.33 for the 160-ply laminated product with a porosity of 0.25. A three-dimensional structural analysis
using X-ray computed tomography revealed that as the compression ratio increased, the fiber-to-
fiber connection increased due to the increase in adhesion points, resulting in decreased anisotropy
of permeation. The anisotropy of permeation is essential data for analyzing the sustained release
behavior of drug-loaded tablets for future fabrication.

Keywords: carbon dioxide-assisted polymer compression; permeation; anisotropy; porosity; X-ray
computed tomography

1. Introduction

Polymers have become an indispensable material in our daily life because of their
lightness and durability [1,2]. Porous polymers are also an important material; they are
lightweight due to the pores, and they can be used to absorb liquid, filter liquid or gas,
and absorb shocks and sounds [3–5]. In addition, porous polymers can be used as heat
insulators [6]. In general, there are several methods to generate porous polymer materials,
such as using physical blowing agents [7], using templates [8], and the freeze-drying
method [9]. For methods that include the use of gases, one mixes high-pressure gases to
generate porous polymers during injection molding [10,11].

The carbon dioxide-assisted polymer compression (CAPC) method, which uses CO2
to plasticize and bond fiber polymers at room temperature, is a fast and simple method for
producing porous polymers that fit the molds [12]. This method features the elimination of
the need for a heater as it can be applied at room temperature. In addition, as the method
uses vapor-pressure CO2, it only requires a ball valve to introduce the gas, which eliminates
the need for a pump. Compared to the equipment configuration of a typical supercritical
fluid process, it is very simple; it only needs a press machine as the main equipment, with
no pumps or heaters.

Fibrous polymers are used as the raw material in this method. The use of fibrous-
polymer sheets is advantageous as a drug-loaded porous material can be easily prepared
from it, for example, loading the drug in the center of a sheet in advance [13] or by placing
the drug in the center of a fiber sheet and putting it in a mold [14].
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For the raw material of fibers, it is better to use nonwoven fabrics due to their mass
production and low price [15,16]. When the fiber sheets are laminated, the fibers are spread
in the direction of the fiber sheet and the overlapping portions of the fibers are crimped
together by point bonding. In this case, the resulting porous body will have anisotropic
properties in the direction of fiber layering and its perpendicular direction. The anisotropic
properties include both peel strength and puncture strength. These anisotropic properties
are also desirable for filter applications.

The peel and penetration resistance behaviors and the filtering properties have already
been investigated [17,18]. Although scanning electron microscopy has been used to observe
porous materials, the observation was limited to the surface. In order to understand the
three-dimensional shape, samples were cut and immersed in liquid nitrogen to observe the
cross-section, but the effect of cutting on the cross-section can lead to unreliable results.

The relationship between the structure and properties of porous materials made
of fibers has been extensively investigated [19,20]. In applications where liquids and
gases are required to permeate, the void structure of the porous material plays a crucial
role, and this information is necessary to analyze the flow within the porous material.
Products containing powder in their center have been successfully fabricated using the
CAPC method [14]. By applying this technology, it is possible to create tablets with a
certain amount of drug loaded in their center. When considering the sustained release of
a drug from a tablet with a drug-loaded center, the anisotropy of permeation affects the
rate of sustained release from the top, bottom, and side surfaces, and this is essential for
tablet design.

This study aims to quantify the anisotropy of permeation and interpret its relationship
to porosity in terms of structure. The anisotropy was quantified by conducting dye solution
permeation experiments and calculating the aspect ratio of the vertical and horizontal
permeation distances of the permeation area. A three-dimensional structure was obtained
using X-ray computed tomography (X-ray CT). Since the anisotropy is a result of fiber
orientation, it was hypothesized that an increase in the number of oriented fibers per unit
volume would increase the anisotropy. This study tests this hypothesis.

2. Materials and Methods

The TK3 poly(ethylene terephthalate) (CAS RN: 25038-59-9) pellets manufactured by
Bell Polyester Products, Inc. (Houfu, Japan) were processed into a nonwoven fabric by the
melt-blowing method [21] at Nippon Nozzle Co. Ltd. (Kobe, Japan). The nonwoven fabric
was fabricated at a basis weight of 30 g/m2, with an average fiber diameter of 8 µm. The
nonwoven fabric was punched out to 18 mm in diameter using a punch, and the sample
sets of 80 (0.637 g), 100 (0.796 g), 120 (0.956 g), 140 (1.115 g), and 160 sheets (1.274 g) were
prepared for the permeation tests. In addition, the sample sets of 8 (0.062 g), 10 (0.078 g),
12 (0.093 g), 14 (0.109 g), and 16 (0.125 g) were prepared for X-ray CT.

The CAPC processing apparatus is shown in Figure 1. The piston was mounted on the
servo press machine JP-1504 (JANOME Co., Hachioji, Japan). The corresponding procedure
of CAPC processing went as follows: a sample with a specified number and weight was
placed in a cylindrical high-pressure container directly below the piston under atmospheric
conditions. The piston was then lowered to the 7.5 mm position, and CO2 was injected
and exhausted 3 times to replace the air in the container with CO2. Then, CO2 was injected
again at vapor pressure (6 MPa at 23 ◦C), and the piston was lowered to the 5 mm position
and pressed for 10 s. After pressing, the CO2 was slowly exhausted for 30 s through the
metering valve V4, and was then released into the atmosphere by opening the valve V2.
The piston was then raised and a 5 mm thick sample could be prepared. The samples for
X-ray CT were prepared in the same manner, but with CO2 introduced when the piston
was at the 0.75 mm position and pressed when the piston was at the 0.5 mm position. The
CAPC process was performed at 23 ◦C.
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Figure 1. Schematic of the CO2-assisted polymer compression equipment. V1 is the introduction
valve; V2 is the exhaustion valve for rapid exhaustion; V3 is the exhaustion valve for slow exhaustion;
and V4 is the metering valve.

The permeation tests were performed using a Brilliant Blue (CAS RN: 3844-45-9)
solution at a concentration of 0.1 wt% in an aqueous solution of 20 wt% ethanol (CAS RN:
64-17-5). Brilliant Blue and ethanol were purchased from FUJIFILM Wako Pure Chemical Co.
(Osaka, Japan) and used without further purification. The temperature of the permeation
solution was 20 ◦C. The setup of the permeation test is shown in Figure 2. The dye solution
was placed in a syringe and set in the syringe pump Fusion 100 (Chemyx Inc., Stafford,
TX, USA), and 0.01 mL of the solution was introduced at a rate of 0.05 mL/min. The
sample was set vertically in the sample holder as shown in Figure 2, with the tip of the
syringe in horizontal contact with the center of the sample. The liquid extruded from the
tip of the needle on the syringe was immediately absorbed by the sample due to the high
wettability of the 20 wt% ethanol aqueous solution to the poly(ethylene terephthalate) fiber.
The experiments were performed five times under each condition to obtain the averaged
results.
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Figure 2. Setup of the apparatus for the dye solution permeation test. The sample is placed vertically,
and the z-axis of the sample is defined as the direction of stacking nonwoven fabrics during CO2-
assisted polymer compression preparation.

The sectioning was performed with the ultrasonic cutter ZO-80 (Honda Electronics
Co. Ltd., Toyohashi, Japan) installed vertically in the numerical-controlled computer-aided
manufacturing KitMill BT100 (Originalmind Inc., Okaya, Japan). The movement speed
of the ultrasonic cutter was accurately controlled to 1 mm/s. The cut cross-sections were
observed with the optical microscope RH-2000 (Hirox Co. Ltd., Suginami-ku, Japan). Since
the permeation area was not able to fit into the images even at the lowest magnification,
the stage was moved to take the images, which resulted in partial overlaps. Then, the
overlap was automatically recognized and combined using the Microsoft Image Composite
Editor (Microsoft Co., Redmond, WA, USA). The aspect ratio of the permeation area was
calculated by fitting the edges of the pigment into the combined image with an ellipse. The
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experiment was performed five times, and the average of the results was used to analyze
the aspect ratio.

A three-dimensional structural evaluation using X-ray CT was performed using the
nano3DX submicron-resolution X-ray CT scanner (Rigaku Co., Akishima, Japan) at In-
dustrial Technology Institute, Miyagi Prefectural Government (ITIM, Sendai, Japan). The
resolution was 0.629 µm with a reconstruction range of 1.288 mm. The image was analyzed
by taking the histogram of the brightness, which showed a lower peak for the pore peak
and a higher peak for the solid peak. The pore-solid threshold was set to be the center of
the two peaks.

The surface observation by scanning electron microscopy was performed using the
TM-1000 (Hitachi High-Tech Co., Minato-ku, Japan).

The materials and instruments used in the experiments in this study are summarized
in Tables 1 and 2.

Table 1. List of materials.

Name CAS RN Model Number Manufacture Details

Poly(ethylene terephthalate) 25038-59-9 TK3 Bell Polyester Products, Inc., Houfu, Japan

Brilliant Blue 3844-45-9 027-12842 FUJIFILM Wako Pure Chemical Co., Osaka, Japan

Ethanol 64-17-5 054-00461 FUJIFILM Wako Pure Chemical Co., Osaka, Japan

Table 2. List of instruments.

Name Model Number Manufacture Details

Press machine JP-1504 JANOME Co., Hachioji, Japan

Syringe pump Fusion 100 Chemyx Inc., Stafford, USA

Ultrasonic cutter ZO-80 Honda Electronics Co. Ltd., Toyohashi, Japan

Numerical-controlled computer-aided
manufacturing KitMill BT100 Originalmind Inc., Okaya, Japan

Optical microscope RH-2000 Hirox Co. Ltd., Suginami-ku, Japan

X-ray computed tomography scanner nano3DX Rigaku Co., Akishima, Japan

Scanning electron microscope TM-1000 Hitachi High-Tech Co., Minato-ku, Japan

3. Results and Discussion

The cross-sectional results of the dye solution-permeated samples are shown in
Figure 3. All images were elliptical and well fitted. In addition, there was no effect of
gravity for this experiment, and the dye permeated equally well both downward and
upward from the syringe. The results of fitting and averaging all data are shown in Table 3.
The standard deviation is also included to show the data variability. Reproducible results
were obtained from the dye solution injection test, indicating that the anisotropy of perme-
ation can be evaluated using the quantitative value of the aspect ratio of the cross-section of
the permeation area. The experimental results showed that with the increase in the number
of layers, the range of permeation increased both vertically and horizontally, simply due
to the decrease in porosity. In addition, the aspect ratio became small, indicating that it
was easier for the material to permeate deeper as the number of layers increased. The
hypothesis that an increase in the number of oriented fibers per unit volume would increase
the anisotropy was denied via the experimental results.
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Table 3. Dye solution permeation results for the samples made of nonwoven fabric through CO2-
assisted polymer compression.

Number of
Sheets [-] Weight [g] Thickness

[mm] Porosity [-] Permeation
Width [mm] *

Permeation
Depth [mm] *

Volume of Permeation
[mL]

Aspect Ratio
[-]

80 0.637 5.00 0.63 6.29 ± 0.21 2.31 ± 0.22 0.0478 2.73

100 0.796 5.00 0.53 6.58 ± 0.54 2.46 ± 0.17 0.0562 2.67

120 0.956 5.00 0.44 6.61 ± 0.21 2.53 ± 0.19 0.0578 2.61

140 1.115 5.00 0.35 6.74 ± 0.15 2.71 ± 0.15 0.0645 2.48

160 1.274 5.00 0.25 7.05 ± 0.03 3.02 ± 0.07 0.0788 2.33

* Error indicates the standard deviation.

From these results, the permeation mechanism is discussed by first focusing on the
extent of permeation and the volume of pores. The porosity of the porous sample was
derived from the weight of the sample, the volume of the cylinder (1.27 mL) that is obtained
from the diameter (1.8 cm) and height (0.5 cm) of the cylinder of the porous sample, and
the density of the polymer (1.34 g/mL). For example, for a sample of 80-ply, the weight
of a solid cylinder with a diameter of 1.8 cm and a thickness of 0.5 cm should be 1.704 g.
However, the actual weight was 0.637 g. The weight discrepancy (1.067 g) is caused by
the existence of pores, and it can be used to derive the associated porosity (0.63). Since
permeation takes place in the voids, the volume of the voids in this ellipsoid body was
obtained by calculating the volume of the ellipsoid body from the fitted width and depth
and multiplying it by the porosity of the porous material. By injecting 0.01 mL of the dye
solution, the occupancy rate of the dye solution relative to the void was calculated to be 34%
for 80-ply samples and 50% for 160-ply samples. This occupancy rate suggests that the dye
solution permeates among the fibers while wetting the fiber surface, and simultaneously
fills the voids due to the capillary effect.

Next, the cause of lateral permeation and the decrease in aspect ratio is discussed
based on the results from the X-ray CT images. The scanning electron microscope images of
the surface of a 0.5 mm thick CAPC product are shown in Figure 4. The porosities calculated
from the sample size, weight, and solid density were 0.64, 0.54, 0.45, 0.36, and 0.27 for the
8-, 10-, 12-, 14-, and 16-ply samples, respectively. The X-ray CT images of a sample cropped
to 503 µm in length and width are shown in Figure 5. The size of the reconstructed X-ray
CT image and the cropped area are shown in Figure 6. For X-ray CT, a cut-out was made to
avoid the center of rotation because the reconstruction accuracy near the center of rotation
is low. In the porous material, the fiber direction was spread in the xy-plane, and both the
permeation that wetted the fiber surface and filled the voids (such as the capillary action)
tended to spread in the lateral direction. In contrast, for the cross-section, as the number of
laminated sheets increased, the area where fibers adhered to each other in the z-direction
increased, and wetting across the fibers occurred from the adhered area to the z-direction
while the voids were also connected in the z-direction, leading to increased permeation
in the z-direction. This phenomenon was also observed from the cross-sectional analysis
model in the previous simulation of adhesive strength, indicating that more bonding and
higher adhesive strength can be found in the z-direction with higher compression [17].
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Figure 4. Scanning electron microscope images. (A) 8-ply laminated product, (B) 10-ply laminated
product, (C) 12-ply laminated product, (D) 14-ply laminated product, and (E) 16-ply laminated
product.
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Figure 5. X-ray computed tomography images. The thickness of each image (in the z-direction) is
0.500 mm and the lengths in the x- and y-directions are 0.503 mm. (A) 8-ply laminated product,
(B) 10-ply laminated product, (C) 12-ply laminated product, (D) 14-ply laminated product, and (E)
16-ply laminated product.
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Figure 6. Size of the reconstructed X-ray computed tomography image and the cropped area shown
in Figure 5.

For a more detailed examination, the cross-sections perpendicular to the z-axis and
y-axis are shown in Figures 7–9 for 8-ply to 16-ply samples. The horizontal axis represents
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the x-axis in each figure, and the vertical axis indicates the y-axis in the upper figure and
the z-axis in the lower figure. The lower figure depicts the cross-section cut along the red
line of the upper figure, and the upper figure depicts the cross-section cut along the red
line of the lower figure. The left, center, and right figures show the cross-section shifted by
10 µm. From the scanning electron microscope images (Figure 4), it seems that there were
more fibers than the calculated results because the information in the depth direction was
missing. However, from the X-ray CT slice image in the xy-plane, it is clearly shown that
the voids match the porosity. This is a limitation of the scanning electron microscope as it is
a two-dimensional measurement method. The slice images in Figures 7–9 clearly show that
the fibers are present along the xy-plane, although they appear to move slightly up and
down along the z-axis. In addition, the adhesion points (intersections between upper and
lower fibers) along the z-axis increased as the number of laminated sheets increased. The
slice image in the xz-plane shows that there were many unglued free fibers in the 8-layer
product, whereas there were almost no free fibers in the 16-layer product.
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Figure 7. Cross-sectional X-ray computed tomography images of the 8-ply laminated product. The
upper images are the xy-plane images cut by the red lines in the lower images. The lower images are
the xz-plane images cut by the red lines in the upper images. The left, center, and right cut positions
are all shifted by 10 µm.
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Figure 8. Cross-sectional X-ray computed tomography images of 12-ply laminated product. The
upper images are the xy-plane images cut by the red lines in the lower images. The lower images are
the xz-plane images cut by red lines in the upper images. The left, center, and right cut positions are
all shifted by 10 µm.
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Figure 9. Cross-sectional X-ray computed tomography images of 16-ply laminated product. The
upper images are the xy-plane images cut by the red lines in the lower images. The lower images are
the xz-plane images cut by the red lines in the upper images. The left, center, and right cut positions
are all shifted by 10 µm.
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The aspect ratio of the permeation in the fiber-spreading direction to the fabric-
lamination direction was 2.73 for the 80-ply laminated CAPC porous material with a
porosity of 0.63. As shown in the cross-section of a large porosity material (Figure 7), this
can be interpreted as little fiber being bonded between the top and bottom when porosity
is large, where permeation is more likely to spread in the lateral direction along the fiber.
This can be interpreted as reflecting the lateral spread of permeation along the fibers when
porosity is large. However, the aspect ratio decreased to 2.33 for the 160-ply laminated
CAPC porous material with a porosity of 0.25. In the cross-section of the small porosity
state (Figure 9), considerable fiber bonding was observed, which can cause a decrease in
the aspect ratio of the permeation or a decrease in the anisotropy because the permeation
fluid on one fiber surface is more likely to travel to the surface of another overlapping fiber.

The results of the evaluation of the anisotropy of permeation obtained in this study
will provide essential data for designing filters and drug-loaded tablets using CAPC porous
materials in future studies.

4. Conclusions

The permeation behavior of dye solutions in carbon dioxide-assisted polymer compres-
sion (CAPC) porous materials consisting of poly(ethylene terephthalate) with an average
fiber diameter of 8 µm was analyzed. The anisotropy of the permeation behavior in CAPC
porous materials was evaluated using the aspect ratio of the dye solution permeation
of the fiber-spread direction via the fabric-lamination direction. Cross-sectional images
were obtained using X-ray computed tomography. The results and interpretations of the
experiments can be summarized as follows:

• The aspect ratio of the permeation of the porous material with a porosity of 0.63 was
2.73, while the aspect ratio of the porous material with a porosity of 0.25 decreased
to 2.33.

• The aspect ratio decreased monotonically with decreasing porosity, indicating that the
decrease in porosity reduced the anisotropy of permeation.

• The hypothesis that an increase in the number of oriented fibers per unit volume could
increase the anisotropy is denied.

• Cross-sectional images of samples with high porosity showed less fiber-to-fiber bond-
ing, and the number of fiber bonding points increased with decreasing porosity.

• Since permeation of the dye solution occurs along the fiber surface, it is interpreted that
more bonded fibers promote permeation between the upper and lower fiber surfaces,
resulting in less anisotropy of permeation.

Thus, the objective of this paper, to quantitatively evaluate the anisotropy of perme-
ation and to understand the phenomenon by linking it to the structure of the sample, has
been achieved.

In this research, experiments were conducted using limited conditions of dye solution
permeation with a slow injection rate to emphasize the anisotropy of the structure and
examine it. However, for the actual design of the component, the permeation rate and the
amount of permeation are also essential factors to consider. Functional components, such as
filters and tablets, are important industrial components. Therefore, structural anisotropy is
an essential property for the design of filters and drug-loading tablets using CAPC porous
materials in future studies.
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Abstract: An information-analytical software has been developed for creating digital models of
structures of porous materials. The information-analytical software allows you to select a model
that accurately reproduces structures of porous materials—aerogels—creating a digital model by
which you can predict their properties. In addition, the software contains models for calculating
various properties of aerogels based on their structure, such as pore size distribution and mechanical
properties. Models have been implemented that allow the description of various processes in
porous structures—hydrodynamics of multicomponent systems, heat and mass transfer processes,
dissolution, sorption and desorption. With the models implemented in this software, various digital
models for different types of aerogels can be developed. As a comparison parameter, pore size
distribution is chosen. Deviation of the calculated pore size distribution curves from the experimental
ones does not exceed 15%, which indicates that the obtained digital model corresponds to the
experimental sample. The software contains both the existing models that are used for porous
structures modeling and the original models that were developed for different studied aerogels and
processes, such as the dissolution of active pharmaceutical ingredients and mass transportation in
porous media.

Keywords: information-analytical software; modeling; cellular automata; digital models; porous
materials; aerogels

1. Introduction

The development of new materials with the required properties is an urgent task in
various fields of science and industry. However, the final properties of a material depend on
many parameters, which require numerous experimental studies; this leads to significant
resource costs and slows down rate of development of new material.

In this work, a software complex for creating digital models of porous materials—
aerogels—was proposed.

Aerogel and materials based on it are characterized by high thermal insulation (thermal
conductivity coefficient 0.014–0.022 W/(m·K)) and sound insulation properties (sound
absorption coefficient 0.3–0.5) and low density (0.005–0.1 kg/m3) [1]. The use of materials
with such characteristics makes it possible to reduce the required thickness of thermal
insulation several times or significantly reduce heat losses [2]. This makes it possible to
use aerogels in the aerospace industry (low-density, highly efficient thermal insulation
of fuel tanks, other components of aircraft and launch vehicles), the oil refining industry
(highly efficient thermal insulation of oil and gas pipelines), the chemical industry (thermal
insulation of cryogenic installations) and civil and industrial construction in the conditions
of the Far North and the Arctic.
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In addition, the internal structure of aerogels allows them to be used as a carrier matrix
for various active substances: active pharmaceutical ingredients, biopolymers, cells and
metal compounds [3–5]. Aerogels can be inorganic, organic and hybrid.

Inorganic aerogels are those whose structures consist of inorganic matter. The most
common aerogels are based on silicon dioxide, SiO2. In addition to it, aerogels based on
metal oxides, such as Al2O3, TiO2, ZrO2, etc., are quite common. The particles that form
the structure of inorganic aerogels (globules), as a rule, are monodisperse and spherical,
with a diameter of 2 to 20 nm, depending on the conditions of the sol-gel process.

Organic aerogels are very diverse and vary greatly depending on the material. The
structure of organic aerogels can be formed either by spherical particles of matter—globules,
as mentioned above—or they can be fibrous (for example, cellulose-based aerogels). Or-
ganic aerogels have the basic properties of aerogels: high specific surface area, open pore
system, low density. At the same time, they have several additional important qualities:
they have high loading rates of active substances and can be biodegradable and biocom-
patible. One example is aerogels based on polysaccharides or alginates. Such aerogels can
be used as a drug delivery system. Thus, organic aerogels are widely used in the food
and pharmaceutical industries, cosmetology and other industries. For example, aerogels
based on chitosan and silver nanoparticles have great hemostatic efficiency, which can more
quickly stop bleeding and, in addition, disinfect the wound. Aerogels based on polysaccha-
rides, sodium alginate, pectin, starch, chitosan, cellulose, resorcinol–formaldehyde aerogels
and others are used.

Hybrid aerogels have a structure that is formed by two components—organic and
inorganic. The main advantage of hybrid aerogels is that there are many ways to im-
prove their functional characteristics. Among hybrid aerogels, the most studied are sili-
con/biopolymer aerogels.

However, the development of new materials with specified properties is always
associated with a large number of experimental studies, which leads to an increase in cost
and development time. In such cases, the creation of digital models of material structures
that can be used to predict their properties will partially replace natural experiments with
computational ones, which will reduce the number of necessary experiments.

One of the approaches that is widely used to generate digital structures of materials is
cellular automata modeling [6,7]. Due to their flexibility and versatility, cellular automata
can be used in many areas [8–11]. Cellular automata use makes it possible to use special
software and hardware products that can modify the rules and initial states of cellular
automata and visualize their evolution.

Unlike standard approaches using differential equations, cellular automata models
make it possible to reflect the essence of the physical and chemical process, directly reflect-
ing the sequence of steps that they contain.

The cellular automata approach provides great advantages in describing systems
consisting of a large number of basic units. Such features of cellular automata models as
discreteness of space-time and locally defined behavior of each cell make them convenient
and practical for implementation within the framework of parallel computing, namely, for
creating fine-grained locally parallel algorithms [12]. Table 1 shows different applications
of cellular automata for modeling a large number of phenomena.

Table 1. Cellular automata models applications.

Application References

Diffusion (mass transfer) [10]
Corrosion [13,14]
Melting [15]

Medicine [12]
Structure modeling [7,16–18]

Mechanical properties [8]
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One of the features of aerogel structures is their mesoporosity—their properties largely
depend on mesopores, defined as pores that have a diameter from 2 to 50 nm [19]. This
imposes certain restrictions on the choice of methods for modeling structures since the
presence of these pores must be explicitly taken into account. In this case, methods for
modeling structures are determined by the choice of basic elements of the model and
the corresponding assumptions, from which the scale at which the structure is generated
follows. These models reproduce the structure at the nano-, meso- and macro levels.

The main problem in modeling nanomaterials is the gap between the modeling of
individual structural elements at the atomic level and macroscopic properties, which are
determined by the behavior of groups of structural elements. Modeling at the nanoscale
does not allow direct analysis of the properties of nanomaterials, since the size of the
resulting digital structures is too small. In addition, it is a difficult task to translate the
large amount of data that is generated during modeling at the nanoscale into the physical
parameters of the material, which determine its behavior at the macrolevel [20].

Macroscale models consider the structure on a large scale, not allowing mesopores to
be identified and taken into account as individual structural elements. This problem can be
solved by developing mesoscale models.

Modeling at the mesoscale can be performed for those systems that contain several
elements of micro- or nanostructure. This makes it possible to highlight structural features
to establish the properties of the material at the macrolevel [21,22]. Thus, when modeling
mesoporous structures such as aerogels, it is most advisable to use modeling methods at
the mesoscale, when a globule or a group of globules that form the final structure is chosen
as the base element of the model. Such methods make it possible to obtain digital structures
ranging in size from one hundred to several thousand nanometers with relatively low
requirements for computing power.

At the mesoscale, the system is small enough to be considered at the macrolevel, where
the structure becomes homogeneous, but large enough to consider the main structural
features of the sample. At the mesoscale, the system has dimensions from hundreds to
thousands of nanometers.

The aim of the study to create a universal and convenient tool which can be used to
study and develop new nanoporous materials by creating digital mesoscale models of the
structures. To solve this problem, the following tasks must be solved:

1. Developing and implementing models of digital nanoporous structures.
2. Creating a tool for the calculation of digital nanoporous structures’ properties to

estimate correspondence between digital models and experimental samples.
3. Developing and implementing models of processes in digital nanoporous structures.

To solve these tasks, the original information-analytical software (IAS), which imple-
ments mesoscale models using a cellular automaton (CA) approach to model nanoporous
materials and their properties, is suggested.

2. Methods

The main idea of the CA approach is that the system under study is divided into
identical cells—elementary volumes (or areas, for the two-dimensional case). At each
moment, each cell has one specific state. The state of each cell depends on the states of
neighboring cells (the neighborhood). The cell changes its state every discrete time step
based on local transition rules. The locality of the rules makes it possible to take into
account the heterogeneity of the structure, when the composition and geometry of the
material have a significant impact on its properties. The transition rules can be based on
theoretical or statistical dependencies [23].

The advantages of the CA approach are the simplicity and locality of the rules for
the evolution of the system under study in time and the possibility of organizing high-
performance parallel computing, which can significantly speed up the simulation calcula-
tions. Cellular automata are increasingly used to solve various practical problems. This
is mainly due to the increase in available computing power and the development of high-
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performance parallel computing technologies. In structure modeling at mesoscale, CA
approach allows for considering the heterogeneity of porous materials and, thus, detailed
modeling of its geometry without the complication of calculations.

Another advantage of the CA approach is its ease of integration with other models.
In [24], the CA approach was used in combination with the lattice Boltzmann method. CA
models are convenient for scaling and for creating multiscale models.

To define a cellular automaton, it is enough to determine the structure of the discrete
space and the cells of which it consists. The lattice can be different—Cartesian lattice,
hexagonal lattice, triangular, etc. The cells of a cellular automaton are determined by a set
of possible states, a neighborhood, and transition rules. By changing these parameters, you
can obtain different cellular automata for different types of problems.

At each time step, each cell can be in only one state from a strictly defined set. This
set is called the alphabet. The simplest set (alphabet) is Boolean, in which a cell can
have only one of two states—0 or 1. In early cellular automata, the alphabet could be
integer or symbolic, but now there are no restrictions on the alphabet, which increases the
flexibility of the created models. When solving practical problems, as a rule, these states
are associated with real physical quantities or phenomena, which may include the state of
matter (solid/liquid/gaseous), particle concentrations, linear velocities, temperature, etc.
In addition, cell states can be characterized not only by well-defined discrete parameters
(e.g., crystalline or amorphous) but also by continuously varying values (e.g., linear velocity,
concentration, crystal orientation in space, etc.) [25].

2.1. Porous Structures Models

When modeling porous materials at the mesoscale, aggregation methods are widely
used (Figure 1) [26].
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Figure 1. Aggregation methods.

Aggregation methods can simulate the process of formation of porous structures as a
result of the thermal motion of molecules and the Brownian motion of particles caused by
it. Aggregation models with certain assumptions simulate the process of particles’ chaotic
motion and aggregation into a single structure.

It is important to note that aerogels are fractal structures. Fractal structures are
structures that have a complex shape, consisting of fragmented parts, each of which is
a smaller copy of the whole. Therefore, the main property of fractal structures is self-
similarity. Fractal systems have a non-continuous, loose and branched structure and are
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formed in a large number of physical processes accompanied by the association of solid
particles of similar sizes.

The aerogel structure is formed as a result of a sol-gel process, during which, for
example, for inorganic aerogels, primary globules of small diameter are formed and then
aggregate into larger clusters (except in the case of fibrous aerogels, which will be dis-
cussed separately).

The self-similar structure, which results from the thermal motion of molecules and
the resulting Brownian motion of particles in the system, can be mathematically described
using the term multifractal. In the structure of the aerogel, presumably, several levels of
hierarchy can be distinguished: primary globule (an ensemble of molecules that make up
the basic geometric unit of the aerogel framework), secondary globule (an ensemble of
primary globules that make up the second level of hierarchy in the geometry of the aerogel
frame), tertiary globule (an ensemble of secondary globules that make up the third level of
hierarchy in the geometry of the aerogel frame).

Depending on the reagents and conditions of the sol-gel process, the particle sizes at
each level of order can have different values and, in some cases, after the third level of the
hierarchy, the globules can exceed the size of 5 microns. Exceeding this threshold means
that the particle is no longer subject to thermal motion and no longer participates in the
further formation of a Brownian mass multifractal aggregate.

In aggregation methods, the base element of the model is a particle (globule for aerogel)
of material. The main idea of aggregation methods is that particles of material are placed in
space. They move and aggregate into a single cluster, forming a frame of a porous material.
Aggregation methods are divided into “particle–cluster aggregation” (PCA), when moving
particles aggregate with a fixed clusterization center, and “cluster–cluster aggregation”
(CCA), when all particles in the system are mobile and aggregate with each other, forming
local mobile clusters, which then aggregate into a single structure [27].

In addition, aggregation methods are classified according to the discreteness of the
model space—the system can be divided into discrete cells (lattice methods) or form a
continuous space (off-lattice methods). Lattice aggregation methods can be successfully
implemented using a cellular automata approach.

The principle of the PCA models work is as follows: one or more stationary clusteriza-
tion centers are placed on the field, after which a moving particle is generated in a random
place in the field; this particle makes a random movement until it is near the center. After
that, aggregation occurs—the moving particle itself becomes part of the cluster and a new
moving particle is generated [28]. The process is carried out until the structure reaches the
specified porosity (Figure 2).
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In the Figure 2 the blue and red cells represent static clusters and movable particles
respectively. Depending on the aggregation principle, there are different types of PCA
models: in DLA, a particle aggregates whenever there is a clusterization center near it. In
the RLA model, aggregation occurs with a given probability. RW works as DLA, but after
aggregation, both the particle itself and the places where it was before aggregation become
clusterization centers. The BPCA model works as DLA, but the particles motion direction
does not change.

The main idea of cluster–cluster models is as follows: a given number of moving
particles is placed on the field, determined by the porosity of the structure. Particles begin
to move chaotically, aggregating into a single cluster after collision. Clusters consisting
of several particles continue to move. The process is carried out until all the particles are
aggregated into a single cluster (Figure 3).
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In the Figure 3 the blue cells represent movable particles. The considered models can
be used for the generation of structures that are formed by spherical globules; however, for
describing structures formed by fibers, they have insufficient accuracy. The description of
fibrous structures is possible with the use of a model based on Bezier curves.

Bezier curves are widely used in designing products of a given shape, for example,
car hulls, as well as in several mathematical problems, such as calculating the trajectory of
motion [29,30]. Using Bezier curves in the modeling of porous materials makes it possible to
obtain digital structures of porous materials, the frameworks of which consist of nanosized
fibers. These materials include aerogels based on chitosan and cellulose [31].

The principle of a model based on Bezier curves is as follows: a Bezier curve is
plotted on the simulation field, after which a fiber is generated on those sections through
which the curve passes. Bezier curves are plotted until the digital structure reaches the
specified porosity.

Bezier curves are built using two or more control points. The number of control points
specified determines the order of the curve. Two control points define a Bezier curve as
a linear curve (first-order curve—a straight line), three control points define a quadratic
curve (second-order curve), four control points define a cubic curve (third-order curve).
In the developed software complex, third-order Bezier curves are used to determine the
shape of the fiber [32]:

B(t) = (1− t)3P0 + 3t(1− t)2P1 + 3t2(1− t)P2 + t3P3, t ∈ [0, 1] (1)

where P0, P1, P2, P3 are control points, which contain the set of three-dimensional coordi-
nates, and t is the curve plotting step.

P0 and P3 indicate the beginning and the end of the curve; these points are chosen on
the different field edges. P1 and P2 are points with random coordinates between P0 and P3.
Bezier curve passes through P0 and P3 but does not pass through P1 and P2 (Figure 4).
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Since there are a large number of different models and methods of porous materials, it
seems a promising task to develop a software complex that combines various aggregation
methods, a cellular automaton approach for the development of new porous materials,
namely, aerogels, an analysis of their properties, and various processes using them.

2.2. The IAS Structure

The IAS was developed as a convenient and efficient tool for modeling the porous
materials’ structures and properties, which can be used by a wide range of users who do not
have programming skills. Figure 5 shows the diagram of the developed software complex.
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The calculation block contains a module for modeling porous structures, which con-
tains the main aggregation methods using the cellular automaton approach: diffusion-
limited aggregation (DLA), reaction-limited aggregation (RLA), aggregation with a set
clusterization centers (multiDLA), diffusion-limited cluster aggregation (DLCA), random
walker (RW). In addition, it implements an original cellular automaton fibrous porous
structures model based on the Bezier curves [33].

The module for calculating physicochemical, mechanical and other properties contains
models that allow for calculating the properties of aerogels from their digital structure, for
example, pore size distribution and strength properties.
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Software complex was developed with C# language. The user interface and visualiza-
tion module were developed with Windows Forms framework, but the calculation module
can be used independently.

3. Results

The process calculation module allows the user to generate digital structures to calcu-
late various processes in them—hydrodynamics, mass transfer and others.

Some examples of modeling with the developed software complex are considered below.

3.1. Porous Structures Modeling

The module for modeling porous structures consists of the following submodules: a
particle–cluster model, a cluster–cluster model and a model based on Bezier curves. Each
of them has a separate interface window and is intended for modeling porous structures
with different characteristics (Figure 6).
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Figure 6. Structure of the module for modeling porous bodies.

The particle–cluster module simulates porous structures formed as a result of a sol-gel
process and supercritical drying. These structures are a network of spherical globules or
fibers. Figure 7 shows the interface window of the particle–cluster module.
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Figure 8. Different steps (a–f) of generating a porous structure by the DLA method. 

The structure in Figure 8 has a 500 × 500 nm size and 85% porosity. 
In addition, the type of cell neighborhood can be chosen—von Neumann or Moore. 

If the Moore neighborhood is chosen, the cell can move and aggregate along the diagonal; 
if the von Neumann neighborhood is chosen, it cannot [34]. 

The software complex allows for obtaining both two-dimensional and three-
dimensional structures and real-time visualization. 

Figure 7. Interface window of the particle–cluster module.

As input parameters, the module requires the geometric size of the simulation field,
the particle diameter, the number of clusterization centers (in this case, aggregation with
multiple clustering centers is implemented—multiDLA), the probability of aggregation
upon collision (if it is less than 100%, then the RLA method is implemented) and the
porosity of the structure. To generate a structure using the random walker (RW) model, a
separate parameter in the generation settings must be set.

Figure 8 shows the porous structure obtained by DLA at various stages of generation.
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The structure in Figure 8 has a 500 × 500 nm size and 85% porosity.
In addition, the type of cell neighborhood can be chosen—von Neumann or Moore. If

the Moore neighborhood is chosen, the cell can move and aggregate along the diagonal; if
the von Neumann neighborhood is chosen, it cannot [34].

The software complex allows for obtaining both two-dimensional and three-dimensional
structures and real-time visualization.

Figure 9 shows 2D and 3D digital structures of porous structures obtained using
various models of the particle–cluster module.
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Figure 9. Two-dimensional and three-dimensional digital porous structures obtained are by:
(a–c) DLA, RLA and RW methods for 2D structures; (d–f) DLA, RLA and RW methods for 3D structures.

The size of the structures in Figure 9 is 200 × 200 nm for 2D cases and
50 × 50 × 50 nm for 3D cases. The porosity of the structures is 85% for two-dimensional
and 90% for three-dimensional.

The models are implemented with the ability to vary the size of the particles, which
makes it possible to consider their size and shape (Figure 10).

The cluster–cluster module allows for modeling of porous structures formed by
spherical globules. Inorganic aerogels based on silicon dioxide, hybrid aerogels based
on silicon–resorcinol–formaldehyde and organic aerogels based on egg white have this
kind of structure. Figure 11 shows the cluster–cluster module interface.
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As input parameters, the module requires the geometric size of the simulation field,
the particle diameter and the porosity of the final structure.

As in the case of the particle–cluster module, different neighborhoods of the cell (von
Neumann or Moore) and the diameter of the particles can be chosen. Figure 12 shows
two-dimensional and three-dimensional structures obtained by the DLCA method for
various model parameters.
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parameters for a particular type of material. 

Figure 12. Porous structures obtained by the DLCA method at different particle diameters and 85%
porosity: (a,b) 1 nm particle diameter; (c,d) 9 nm particle diameter.

The Bezier curves module implements a cellular automaton model based on Bezier
curves. As input parameters, the module requires the geometric size of the simulation
field, the porosity of the material, and the diameter of the fiber. Figure 13 shows the digital
porous structures obtained using a model based on Bezier curves.

The final result of all the considered models’ calculations is a digital discrete porous
structure, which can be saved to a file and loaded later. All the software complex’s modules
are integrated so that structure files generated in one module can be loaded in any other.

The software complex allows the user to model structures using various models
and vary their parameters, making it possible to select the most appropriate model and
parameters for a particular type of material.
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Figure 13. Fibrous porous structures obtained using a model based on Bezier curves for various fiber
diameters and a porosity of 70%: (a) 7 nm fiber diameter; (b) 11 nm fiber diameter.

These models presented do not predict the structural characteristics of the samples. The
generation of structures using cellular automata models is carried out to obtain a digital twin,
the structural characteristics of which correspond to the existing experimental sample. The
purpose of obtaining such structures is to predict the properties of the materials under study.
Since structural characteristics determine the physicochemical and mechanical properties
of nanostructures, it can be argued that a digital twin, the structural properties of which
correspond to the experimental sample, has the same properties. Consequently, the calculation
of physicochemical and mechanical properties for a digital copy makes it possible to predict
them for real samples.

3.2. Aerogel Properties Calculation

Pore size distribution is one of the most important aerogel properties because it directly
influences material parameters such as sorption capacity and thermal conductivity. Thus,
for comparing digital structures and experimental samples, the module for calculating a
digital structure’s pore size distribution was implemented.

This module is based on the algorithm described in [35] and the main idea that pores of
all possible diameters, from larger to smaller, are sequentially entered into each point of the
digital structure. If the pore is successfully inscribed inside the structure, then its diameter and
volume are recorded. The calculation goes until the diameter of the inscribed pores reaches a
diameter equal to the size of one cell. As a digital structure has discrete pores, the inside of it
consists of a set of cells (Figure 14a). After a pore is placed, its volume can be calculated, so, as
a result, it is possible to calculate the occupied volume for all pore diameters (Figure 14b).
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The result of the algorithm is the pore size distribution curve (Figure 15).
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Figure 15. Experimental and calculated curves of the pore size distribution of the porous fibrous
structure of an aerogel based on chitosan.

If the experimental and calculated pore size distribution curves correspond, it can
be concluded that the generated structure and the experimental sample correspond too;
thus, a digital model of the material is obtained. This digital structure can be further
used to calculate sample properties such as thermal conductivity, mechanical and sorption
properties [36]. With models based on presented aggregation models and the Bezier curve
model, digital porous aerogel structures were generated for silicon dioxide aerogels [35]
and organic aerogels with structures formed with spherical globules [36] and organic
aerogels formed with nanofibers [33]. Deviation on the calculated and experimental pore
size distribution curves did not exceed 15%, which indicates that the digital structures
correspond with the experimental ones and can be used further for properties calculations.

3.3. Processes Calculation

In the developed software complex, the possibility of modeling hydrodynamics using
the lattice Boltzmann method (LBM) is implemented.

A feature of the LBM is that it does not use the Navier–Stokes equations; rather, it models
the flow of a Newtonian fluid using a discrete form of the Boltzmann equation [37–39].

The main idea of the LBM is that the system is divided into identical cells. Each cell
represents the volume of the simulated fluid containing fluid particles. Fluid particles
can only move between cells, and in one discrete time step, a particle can only move to
a neighboring cell. Each time step is divided into a phase of streaming step, when fluid
particles move to neighbor cells, and a collision step, when the collision of particles inside
the cell is calculated by the discrete form of the Boltzmann equation [40]:

fi

(→
r +

→
eit∗, t + t∗

)
= fi

(→
r , t
)
−Ωi (2)

where t∗—discrete time step, i—motion direction index, fi—number of particles moving in
direction i, Ωi—collision operator in direction i,

→
r —cell radius vector.

The motion direction index presents one of the possible discrete directions in which
fluid particles can move. The collision operator is an operator that simplifies the calculation
of collisions between particles inside a cell. There can be different collision operators
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depending on the specific study. In addition, it is possible to calculate multiphase and
multicomponent systems.

The LBM approach is suitable for hydrodynamics in nanoporous structures calcula-
tions because discrete cells allow for the consideration of complex geometry consisting
of pores and a solid skeleton. Also, in the LBM system is divided by cells, allows for
combining it with CA models.

Figure 16 shows the interface window for hydrodynamics modeling with the LBM method.
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The developed software module allows for multicomponent systems modeling. Also,
the digital structures generated earlier can be used as input data (Figure 17). This feature
allows for modeling mass transport inside porous samples.
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In the Figure 17, the gradient from blue to red shows the relative strength of the flow
from less to stronger, respectively. The grey cells represent solid area.
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The module allows for interaction with the simulation field, creating arbitrary struc-
tures or changing existing ones, including directly during simulation (Figure 18).
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pharmaceutical ingredients (API) release from the aerogel particles and its flow in various 
media. Flow is simulated with the LBM, and the release process is simulated with a 
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The main idea of the API release model is as follows. Each cell can have one of two 
states: aerogel particle and solution. Each aerogel particle cell has a given amount of API 
in it. Every time step, the aerogel cells near the solution cells release API in the solution 
cells. After that, API transportation in liquid media (solution cells) is calculated according 
to the LBM method (Figure 19). 

Figure 18. Modeling of the Poiseuille flow in a pipe (a), creating an obstacle (b), changing the flow by
the created obstacle (c).

In the Figure 18, the gradient from blue to red shows the relative strength of the flow
from less to stronger, respectively. The grey cells represent solid area.

In addition, the LBM can be combined with CA models, forming a single complex
model for different processes, which significantly expands its application areas. The
developed software uses a hybrid model that combines the lattice Boltzmann method
and the cellular automata approach, which allows for predicting the processes of active
pharmaceutical ingredients (API) release from the aerogel particles and its flow in various
media. Flow is simulated with the LBM, and the release process is simulated with a cellular
automata model.

The main idea of the API release model is as follows. Each cell can have one of two
states: aerogel particle and solution. Each aerogel particle cell has a given amount of API in
it. Every time step, the aerogel cells near the solution cells release API in the solution cells.
After that, API transportation in liquid media (solution cells) is calculated according to the
LBM method (Figure 19).
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Figure 19. Stages of calculating the API release from aerogel.

In the Figure 19 the purple cell represents aerogel with API inside, the white cells
represent solvent without API and the blue cells represent solution with released API.

This model was used in [6] to model melatonin release from chitosan-based aerogel
particles and showed high accuracy.

The advantage of this model is that it allows the user to obtain both the release curve
and API concentration distribution at each time moment.

Another process that is calculated with the software complex is the API particles
deposited on human tissues dissolution process. The dissolution process includes API
dissolution and its diffusion in liquid media. For this process, two different CA models
operate on cells field—the dissolution CA model and the diffusion CA model. This CA has
three possible cell states: active pharmaceutical ingredient (API), solution and air (empty).
Empty cells are added for cases when not all the particle area is in contact with a solution.
The basic idea of the model is as follows: a deposited particle is placed on the field, which
is a collection of cells with an active pharmaceutical ingredient (API) state.

After this, the system simulates the dissolution and mass transfer (diffusion) of the
dissolved API. API state cells represent the elementary volume of the API in solid form,
and solution cells represent cells containing solvent and dissolved API. Within the model,
the dissolution process represents the transfer of the API mass from the API cell to the cell
with the solution. The diffusion process in the model means that the API moves from a
solution cell with more API to a solution cell with less API. After the API cell dissolves
some amount of its API, it transfers to the solution cell. The calculation is carried out until
there is not a single cell left with the API state—this means that all the API particles have
passed into the dissolved state. For API particles that are not completely immersed in the
solution, further calculations are made at each time step, when the immersed portion of the
particle has dissolved and the particle is immersed further (Figure 20).

In the Figure 20 the yellow cells represent API particle, the grey cells represent air cells
(where solution can’t flow) and the gradient from blue to red shows the relative amount of
the API in cell from less to stronger, respectively.

Figure 20 shows that there is an air space where dissolution is not observed, so the particle
interacts with solvent that is not all over its area. After the bottom areas, a completely dissoluted
particle moves and other areas can interact with the media. Both the lattice Boltzmann method
and the dissolution model can work in two- or three-dimensional space.

The developed software is implemented in C# on the .NET framework.
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Figure 20. Stages (a–d) of calculating the API particle dissolution.

4. Results

In this work, a software complex to create digital models of porous materials was
developed. The proposed software makes it possible to simulate the porous structures of
aerogels using various models. The models are implemented with the possibility of a wide
variation of input parameters, which allows for choosing a model for each type of aerogel,
considering the features of the current sample, and for studying the dependence of the
material’s different properties on its structure and calculating the properties of a material
based on its digital structure, creating a digital model.

In addition, the developed software allows for modeling processes, for example,
hydrodynamics inside digital porous structures using the lattice Boltzmann method and
the CA particle dissolution model. The LBM can be combined with cellular automata
models, which allows for the calculation of various processes inside porous structures, such
as sorption, mass transfer processes and dissolution. Additionally, software modules can
be expanded with new cellular automata and other discrete models.

With the suggested IAS, there were developed various aerogels of different types:
silicon dioxide, silica–resorcinol–formaldehyde, polyamide, carbon, chitosan, cellulose
and protein, and the following properties were predicted: thermal conductivity, electrical
conductivity, mechanical properties, sorption and solubility. These models allow for
establishing a connection between structure geometry and its properties, which further
allows for the development of materials with required properties.

The IAS is a universal decision for studying and developing materials with required
properties. It allows the use of cellular automata models (both original developments
and independent implementation of existing models) with wide possibilities for varying
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their parameters and adding new modules, so it is a perspective tool for studying and
developing new nanoporous materials. The developed software will reduce the required
number of full-scale experiments by partially replacing them with computational ones,
which will reduce time and costs for creating new materials with the required properties.
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Abstract: Additive manufacturing (AM) processes offer a good opportunity to manufacture three-
dimensional objects using various materials. However, many of the processes, notably laser Powder
bed fusion, face limitations in manufacturing specific geometrical features due to their physical
constraints, such as the thermal conductivity of the surrounding medium, the internal stresses, and
the warpage or weight of the part being manufactured. This work investigates the opportunity to
use machine learning algorithms in order to identify hard-to-manufacture geometrical features. The
segmentation of these features from the main body of the part permits the application of different
manufacturing strategies to improve the overall manufacturability. After selecting features that are
particularly problematic during laser powder bed fusion using stainless steel, an algorithm is trained
using simple geometries, which permits the identification of hard-to-manufacture features on new
parts with a success rate of 88%, showing the potential of this approach.

Keywords: SLM; LPBF; scanning strategies; machine learning; segmentation

1. Introduction

Laser powder bed fusion has shown great potential to change the way metallic parts
are produced, allowing a freedom in part design not achievable with conventional manu-
facturing. However, the process requires supporting structures in overhanging areas, and
the user must follow certain strict design guidelines to successfully manufacture the final
complex component. Such guidelines were presented by Klahn et al. [1] on function-driven
modeling and by Leutenecker-Twelsiek et al. [2] on the requirements to be considered
when designing for AM. In this respect, Calignano [3] presented guidelines for support
optimization for both aluminum and titanium alloys, representing an additional manual
step in the build preparation process, requiring know-how in the whole AM process chain.

The current state-of-the-art commercial machines support a wide variety of processing
parameters and scanning strategies. However, the selected set of manufacturing parameters
will be applied with no distinction to all layers during the manufacturing process, and
to all geometrical features. Hence, a productive parameter set (i.e., with a high energy
input) could be used for its obvious advantages. This kind of parameter set will neverthe-
less display difficulties in resolving fine details such as lattice structures, and will cause
severe degradation in overhanging areas, even with the use of contour scans, as shown by
Staub et al. [4].

This is mainly due to the low thermal conductivity of the surrounding powder within
the powder bed, as supported by the experiments involving process monitoring and
simulation presented by Dursun et al. [5]. However, different parameter sets, even if
suboptimal for the manufacturing of the whole part, could be beneficial to reduce the
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use of supporting structures, improve the surface quality, and allow lower overhanging
angles with respect to the build plate. Notably, Chen et al. [6] showed through simulations
using the finite volume method and experimental results the opportunity to improve the
overhanging surface quality by tuning the scanning parameters. Ultimately, such process
improvements could improve the productivity of the process, and more generally of the
process chain, as the removal of the supporting structure is a costly task in several AM
processes, including LPBF. Hence, there is a necessity to allow for parameter modification
within certain features of a 3D model.

So far, the different commercial solutions for the preparation of build jobs do not
offer the option to freely allocate specific manufacturing strategies to individual 3D part
features. Even though some basic geometries have been identified, such as overhang, this
does not allow the segmentation of the part or the tailoring of manufacturing parameters at
these specific locations. The efforts made by Siemens towards a path optimizer [7] led to
improved surface quality on a single demonstrator, yet this is far from being a standard
tool. The application of core–shell strategies, as presented by Niendorf et al. [8], is not
considered sufficient, as some features require specific scanning strategies considering
not only the type of a feature, but also its orientation regarding the build direction, its
thickness, or its volume. On the other hand, other commercial solutions such as Aconity3D
GmbH (Germany) rely on a completely open architecture and allow the user to modify
every single vector of the scanning path for each layer. This is also not satisfying for the
treatment of large 3D files, as the tailoring of the scanning path should be done by taking
the 3D geometry into account rather than single layers, one after the other. The recent work
by Chen et al. [9] highlighted the efficiency of a part-specific scanning strategy by showing
reductions in residual stresses due to the optimized scanning path.

Druzgalski et al. [10] highlighted the necessity of software that pre-corrects build files
by adapting the process parameters. The authors proposed the extraction of features based
on the sliced data, by analyzing scanning vectors, extracting risky vectors, and adapting
parameters to these vectors and the 3 subsequent layers. This tailoring is supported by
previous process monitoring data and a database of pre-simulated scanning strategies.

Shi et al. [11] proposed an approach for a manufacturability analysis and feature
identification based on the heat kernel signature. This approach considers the loss of
heat over time of a known source, e.g., the geometry to be manufactured, completely
independently of the AM process. This method can describe the shapes and topological
characteristics of a feature through its heat diffusion potential. The work showed promising
results yet did not elaborate on the necessary time for computing the heat kernel signatures
on complex geometries.

Finally, the literature presents an extensive overview of possible methods of process
parameter tuning for the improvement of specific critical features but lacks scientific inputs
on the recognition and segmentation of these feature from a complete part. The aim of
this work is to identify specific features, segment them from the original geometry, and
allow for an automated treatment for further parametrization in the build processor. The
developed method can take into account complex 3D geometries based on the STL file
standard. Throughout this work, the part orientation is considered as fixed from the
beginning. The output is a set of different features, which altogether represent the part to
be manufactured. This heuristic approach focuses on LPBF-critical features but can be used
for the improvement of any AM process.

2. Materials and Methods
2.1. Features Definition

Specific scanning strategies to improve the part quality for specific features have been
successfully tested, notably in early the work by Clijsters [12], where the first scanning
adaptation strategies were successfully implemented to manufacture free-overhanging
structure with limited down-face surface degradation. In the most recent work by Illies [13],
a thermal process simulation showed potential process parameter modifications to improve
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the quality of critical features. The lack of opportunity to recognize and segment the features
from the core geometries has led these studies to become dead ends. To demonstrate the
use of a novel approach for feature recognition and segmentation, different critical features
must be defined, such as those proposed by Wegener et al. [14] and described in Table 1.
The last column of Table 1 presents the parameter ranges in which the geometry is allowed
to be modified for the machine learning approach presented in the following section. The
criterion for criticality is defined for a standard grade of steel used in LPBF (e.g., SS316L,
17-4PH, maraging steel 300). Outside of the parameter range defined here, the features
are either not critical or require a supporting structure, as an adaptation of the scanning
strategy will not be enough to overcome the manufacturing difficulty. Even though this
work is centered on limitations encountered while manufacturing steel in LPBF, it could
be transferred to other metals and materials easily, as well as other processes, such as
direct metal deposition. In such cases, the range of each feature, as well as its criterion for
criticality, will need to be adapted.

Table 1. The features considered in this study and their parameters.

Feature Type 3D Model Parameters Used

Overhanging surface
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The helix tube is a complex variation of
different features that should be recognized

2.2. Suitable Approaches for 3D Feature Identification

For the detection of critical features, multiple methods can be applied. However,
the focus of this work is on identifying the 3D features in the 3D geometry and reducing
the computational resources needed to a minimum. Hence, layer-by-layer approaches,
double slicing, and the like are eliminated due to their high complexity and excessive
computing time.
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As most of the geometries used in AM are mostly available in the STL file format (i.e., a
surface description of the 3D part, discretized with triangles), classifying triangles as critical
in the triangle mesh by only taking the triangle-normal into account could be an option.
However, complex parts are composed of thousands to millions of triangles and cannot
be handled properly. Such approaches will result in successful results for overhanging
structures but will not allow the identification of more complex features, such as fine walls
and helix tubes, as they deliver no information on the overall geometry and the feature.

A second approach assumes the existence of a database with known critical features.
Iterative cloud point (ICP) registration, as proposed by Besl and McKay [15], is a technique
used to match clouds of points by sequentially changing the orientations of both clouds
until the points match together. The main applications for this method are the mapping
of 3D scans on ideal objects and the recognition of the forms of known dimensions. This
method could be used to match objects in a database onto a complex object. However,
this method has limitations in the scalability of each feature. Indeed, depending on the
overall size of the 3D model as well as the size of each feature, the scaling down or up of
each feature of the database will be suboptimal in terms of the computing time, which will
become exponential. In addition, pre-study tests showed that even at a constant scale, the
identification of certain features would remain unsuccessful using ICP when presented
with numerous features to be recognized.

Finally, it is proposed to study the opportunity to train a machine learning algorithm
based on the simplest geometrical description of each individual feature (Table 1). This
would allow for a simple definition of the features and an easily upgradable algorithm for
new features depending on the material and process. Hence, materials that can be difficult
to manufacture using LPBF such as Al- or Cu-based alloys will represent good candidates
for the further implementation of this framework. A workflow combining the automatic
generation of a database of geometries as per the definition in Table 1, the training of the
machine learning algorithm based on the criticality of each feature, and the recognition and
segmentation of an unknown geometry is presented in Figure 1. It is worth underlining
that the goal of the recognition process is not to identify a 3D feature but rather a critical
surface, which is further inflated in the direction of the part to apply segmentation.
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It is not possible to work with the 3D representation of a part as a geometry input
for the machine learning approach, because there is no systematic representation of a 3D
object (e.g., triangle mesh quality, orientation). Hence, it is necessary to be able to register
each geometry by applying mathematical methods. These methods presented below will
turn the 3D object into a repeatable and comparable description of the geometry. For this
purpose, a random walk algorithm is implemented on the triangle mesh. A random walk
is a mathematical process that consists of exploring a mathematical space by going from
neighbor to neighbor in a succession of random steps in that direction. In that case, the
algorithm will consider the triangle mesh as the mathematical space and will jump to a
neighboring triangle randomly (out of the 3 adjacent triangles). To collect the local features
of a triangle mesh, the dual graph of the geometry is then created, i.e., a graph composed
of nodes, each representing a face of mathematical body, and the link (edge) between the
nodes representing adjacent faces. This dual graph is such that every triangle face of the
STL file becomes a node, and the neighboring faces are connected with an edge. Note that
every node of the dual graph has three degrees (i.e., having three edges) in this construction
method, as only watertight objects are considered. To predict if a face is critical, a random
walk is started at its node in the dual graph. The random walk outputs the concatenation of
the face features. Each face is represented through the 3D coordinates of its corners and the
face-normal vector. The face-normal is used to capture angles between neighboring faces.

2.3. Database Generation

A machine learning algorithm needs a training data set, consisting of thousands of
individual points, some of them being critical and some not, to ensure a good training
and validation process. The training dataset for the machine learning algorithm consists
of simple geometries, which can be easily labeled as critical or non-critical. To generate
a diverse set of samples, the features are sampled uniformly within the range of valid
parameters defined in Table 1. An exception is made for the helix tube, which should be
recognized by the intersection of other features. Additional geometries are generated as
intersections of the features defined in Table 1, such as intersections of 3-mm-high random
walls for walls with thicknesses ranging from 0.2 to 1.5 mm and with lengths ranging
between 3 and 10 mm. Such wall intersections contain up to 12 intersecting elements.
The generation of this dataset is completely automatized and randomized, and as such
the data are representative of a complex geometry, as they consist of thousands of single
features. However, the 3D representations of these geometries are not generated, only their
mathematical description, as presented in the section above. This dataset, thus, represents
a compilation of simple features and a total of 0.5 million random walk starting positions.
This dataset is further randomly subdivided into a learning set (90%) and independent
validation set (10%). A single training sample consists of a label indicating whether a
triangle is critical and 20 random walks with lengths of 20 nodes in the dual graph starting
from this triangle.

3. Results and Discussion
3.1. Machine Learning Efficiency

A convolutional neural network (CNN) architecture is trained with the goal of reaching
a critical feature detection rate higher than 85%. To train deeper networks, residual layers
(Resnet), as proposed by Szegedy et al. [16], are implemented. As a loss function, the
binary cross entropy function is used. To model the problem as a regression predicting how
critical a face is, the mean squared error is used as a predictor. The modeling as a regression
problem is especially suitable for an additional manual step, where the final user can adjust
the critical region by manually tuning an additional parameter indicating the cutoff for
the critical region. An illustration of a geometry with surfaces of different critical levels is
shown in Figure 2, where red represents highly critical and blue represents non-critical, as
per Table 1. To accomplish better training, the batch normalization approach proposed by
Ioffe and Szegedy [17] is implemented.
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Figure 2. Representation of different critical levels (not trained) for manual cut-off by the final user,
where red is most critical and blue is non-critical.

To ensure repeatability between geometries, the 3D geometry is not used in the CNN,
and only the registered transcription of it, namely the dual graph, is used. The CNN
architecture takes the dual graph parameters of the indexed geometry as an input layer.
It is composed of the different parameters of the triangle mesh (3D coordinates of each
triangle corners, the triangle normal vector, and the angles between neighboring triangles),
as well as the random walk parameters (number of walks, length of walks). The input layer
in this case has dimensions of (20,20,12), according to the description of the random walk
in Section 2.2.

Multiple convolutions are applied in successive steps to create a map of the activation,
so as to identify where the feature is located. The multiple convolutions are successively ap-
plied on the following parameters of the dual graph to create an activation map (also called
the feature map in machine learning language, not to be confused with the geometrical
features of this work):

1. On the parameters of a single triangle (3D coordinates of each triangle corner, the
triangle normal vector and the angles between neighboring triangles);

2. On the random walk length;
3. On the random walk number of walks;
4. On the feature space (created by the first convolutions).

The last dimension is reduced to 8 in step 2 and to 16 in step 3. The tensors from
the walk length, the number of walks, and the feature dimension are reshaped between
each layer. Finally, an operator with multiple dense layers is applied for the prediction.
The continuous reduction of the dimensionality of the hidden space leads to a network
achieving a final detection rate of 88% on the validation set presented above, without
overfitting, calculated on the validation data set (known critical features to be detected). In
addition, a geometry composed of all trained features and an untrained feature (the helix
hole) is successfully recognized and segmented (Figure 3).
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Figure 3. (a) The identified critical areas are shown in yellow. (b) The marching cubes before Boolean
operation are shown in red. (c) The developed solution used for segmentation.

The number of random walks and their lengths are set as fixed parameters to avoid any
lack of data for the training. However, this produces a relatively large dataset, which needs
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to be reduced to optimize the training time. Regarding the indexation of the geometry
before the machine learning algorithm, an alternative to the random walk approach would
be to eliminate the randomness by building a feature tree, as presented by Classen et al. [18].
Such a feature tree would consist of every face rooted at its corresponding triangle in the
STL file. The root degree of the feature tree equals three, and all other degrees equal two
(some faces might be included multiple times), as the third neighboring triangle can be
found on the path to the root. This approach is worth evaluating for further research, as
it might capture the local topology without producing a dataset that needs to be reduced
afterwards for training.

3.2. Segmentation of the Goemetry and Final Output

In addition to the validation from the generated dataset, the trained neural network is
used for the recognition of features on parts containing multiple critical features. A suc-
cessful geometry with recognition and segmentation, including a free overhang, horizontal
hole, helix tube, and long overhanging surface, is presented in Figure 3a,c. This allows us
to draw conclusions on the efficiency of the strategy in recognizing critical features on parts
containing multiple critical features.

The validation of several other parts shows good recognition for the different features,
yet some artifacts (e.g., neighboring triangles in hole openings) or instances of misrecogni-
tion are experienced, as per Figure 4. In such cases, the triangles that are not part of the
hole (the critical feature to be recognized) are marked as critical. As the machine learning is
only effective at 88%, these false positives are typically the margin of error.
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Figure 4. The neighboring triangles of a critical hole are recognized as critical (yellow triangles,
outside the hole) when using single-pass recognition.

Because the random walk process is in fact random, the results for different evalu-
ations of the same triangles and their probabilities of being critical can change, but the
critical areas always have triangles being recognized as critical. The answer is to conduct
multiple evaluations and use the maximum from all evaluations or to filter the results by
redistributing the critical behavior among the neighboring triangles to solve such issues.
In addition, further training on more geometries and the validation of the results by the
user will help the algorithm to avoid such false positives. These false positives are not
present anymore in Figure 3, showing the efficiency of the multiple evaluation strategy.
The recognition time increases with the increasing numbers of triangles on the model’s
surface from a few seconds for the part presented in Figure 4 to several minutes for larger
models, allowing for multiple evaluations at a reasonable cost.

The application of different process parameter settings to different features while
knowing which faces are critical, as per Figure 3a, is insufficient, and the 3D objects are
needed. This is accomplished by first generating a 3D volume from the critical surface and
by applying Boolean operations between the original geometry and generated features.
One object is the non-critical volume, i.e., the blue volume in Figure 3c, while the others are
critical, which can be further treated in an AM build processor.
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To generate the critical object from the critical surface, a ball cloud pivoting surface
reconstruction algorithm, as presented by Bernardini et al. [19], is implemented. This allows
the reconstruction of a triangle mesh from the mathematical description of the geometry
by rotating a fictive “ball” around the first point selected until it reaches 3 points, then
the triangle is formed and the ball is switched to the next point in the cloud of points. It
is interesting to note that the marching cubes approach, as per the definition proposed
by Lorensen and Cline [20], could represent a suitable and drastically faster solution, but
smaller cubes result in gaps on the critical surface or require larger critical regions. As per
Figure 3b, this method is not regular and not implementable for the clean resolution of
each feature. A stair case effect is present on the overhanging surface, and the holes are
poorly defined.

Finally, the implemented method eliminates the above problems by extruding each
triangle individually if the number of triangles connected to each other is less than 100
triangles, while otherwise it uses a convex hull (smallest convex shape containing the
number of points considered) algorithm-based method to fit the larger amount of critically
connected triangles. This technical solution is fast and efficient. A complex structure such
as the helix hole is easily modeled with a regular volume from the surface identified as
critical, as per Figure 5.
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4. Conclusions

The final results of this work can be summarized as follow:

• A database of basic and hard-to-manufacture geometries was randomly generated
from a known description with limits;

• A CNN algorithm was implemented and fed with the database;
• The final tuned algorithm permitted a success rate of 88% of recognition of typical

hard-to-manufacture features in LPBF;
• Untrained complex features (helix tube) can be successfully recognized;
• The segmentation of any feature can be successfully achieved.

Hence, the machine learning approach presented here is suitable for the complex
problem of geometry segmentation. However, some process optimization approaches
can still be used, notably for the topology indexation and the definition of the algorithm
input space. The output of this classification of features is a collection of three-dimensional
geometries representing the uncritical volume part, as well as the critical manufacturing
features. For processes other than LPBF or other materials than standard steels in LPBF,
a new definition of the features and their parameters (i.e., Table 1) is necessary. A new
database could then be generated and the model could be retrained. This work is in favor
of a richer file format for handling complex 3D models in the AM world, such as the 3mf
format. This open-source, XML-based file format would be able to take into account the
different features in a single file and let them be further treated by an AM build processor
in an automated way. The further development of build processors is necessary to adapt to
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this new way of handling complex 3D parts. Further research on this topic should include
processing capabilities to assign specific scanning strategies to each feature and more
complex features recognition tools, such as lattice structures, on which tailored scanning
strategies could also be proposed.
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Abstract: Additive manufacturing has evolved over the past decades into a technology that provides
freedom of design through the ability to produce complex-shaped solid structures, reducing the
operational time and material volumes in manufacturing significantly. However, the surface of
parts manufactured by the additive method remains now extremely rough. The current trend of
expanding the industrial application of additive manufacturing is researching surface roughness and
finishing. Moreover, the limited choice of materials suitable for additive manufacturing does not
satisfy the diverse design requirements, necessitating additional coatings deposition. Requirements
for surface treatment and coating deposition technology depend on the intended use of the parts,
their material, and technology. In most cases, they cannot be determined based on existing knowledge
and experience. It determines the scientific relevance of the analytical research and development of
scientific and technological principles of finishing parts obtained by laser additive manufacturing
and functional coating deposition. There is a scientific novelty of analytical research that proposes
gas-discharge plasma processing for finishing laser additive manufactured parts and technological
principles development including three processing stages—explosive ablation, polishing with a
concentrated beam of fast neutral argon atoms, and coating deposition—for the first time.

Keywords: accelerated ions; explosive ablation; fast atoms; glow discharge; surface sputtering

1. Introduction

Additive manufacturing allows producing complex solid structures by direct material
deposition that fuses the deposed layer’s material with the substrate or previous layer [1].
Most modern research aims to unveil and improve the exploitation and mechanical proper-
ties of the steels [2], alloys [3,4], and even oxide ceramics [5,6]. One of the actual directions
is related to the work with nanoscaled powders [7]. The approach of the direct growing
of solids allows reducing timing on operational steps and the volume of used material
during manufacturing [8].

For the continuous development of the additive approach and its application in in-
dustry, it is necessary to eliminate its main disadvantage related to the low quality of the
produced surface that remains extremely rough with the presence of the unmelted powder
granules. It requires finishing operation without losing the exploitation properties of the
operational surfaces [9] that can negatively influence the service life of a product [10], espe-
cially regarding its responsible applications as a part of aircraft or gas-turbine engine [11].

The choice of materials suitable for additive manufacturing is limited at the technolog-
ical level, and, in some cases, it does not satisfy the design and technology requirements—
wear resistance [12], microstructure [13], and mechanical properties [14]. One of the
additional solutions can be in coating deposition [15], which is especially actual in the
case of using modern nanoscale multilayered coatings [16] and significantly improves the
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service life of the product [17]. The coating microhardness and wear resistance can then
allow the part’s operation in extreme conditions [18].

The surface polishing and coating deposition requirements depend on the intended
operational conditions, material, and manufacturing approach in the part production. In
most cases, it can be determined by developing the scientific and technological principles
of post-processing based the analytical and experimental research.

The authors’ previous experience showed that most of the research aims to overview
residual stress [19,20], analyze the mechanical and physicochemical properties [21,22], and
related microstructure evolution [23], mostly for high-entropy [24], intermetallic, titanium
alloys, and steels [25,26]. The first two types of alloys were under particular interest
in the context of materials development when titanium alloy, as other metal alloys and
steels using in additive manufacturing, showed and proved their engineering prospects in
particular applications [27]. Simultaneously, alloys based on titanium with a high strength-
to-weight ratio and excellent corrosion resistance show their superior technological and
exploitation properties for some critical applications, including aviation and biomechanical
industries [28]. It should be noted that titanium has its particular properties among heat-
resistance and anti-corrosion behavior (due to formed TiO2 thin film) that make it difficult
to process by mechanical milling and lathing [29]. However, it is easily welded and melted
with a laser beam in the inert atmosphere, and its final properties depend mainly on the
pureness of precursors. The field of its application will only grow in the following decades.

At the same time, the questions of finishing and developing the principles of dis-
ruptive technology to improve the surface quality of parts produced by laser additive
manufacturing stay unveiled.

The study presents an overview of the research domain related to the main trends
in the application of the additively manufactured parts by a laser, which are used and
proposed by several research groups finishing operation methods with their advantages
and disadvantages in application to the complex geometry parts and simplicity of used
equipment, development of the innovative approach, and their technological principals in
the finishing of additively produced parts using ion polishing in gas-discharge plasma.

This analytical research’s scientific novelty is determined by an overview of surface
finishing methods and their influence on the functionality and operation ability of the
product responsible surfaces, which are still not fully and completely overviews, by the
proposal of using ion polishing in gas-discharge plasma for the finishing and theoretical
development of three stages of detailed post-processing for the first time.

The study’s scientific tasks are as follows:

• Determining particularities in the surface quality problem (surface properties and
roughness parameters) of metal parts produced by additive manufacturing methods
from various metallic alloys—steels, cobalt, nickel, aluminum, and titanium alloys in
the context of airspace industry application,

• Classification existed methods to improve exploitation properties and surface quality
of the parts produced by laser additive manufacturing,

• Analyses of the last achievement in implementing finishing technologies depending
on its nature—thermal, electrochemical, mechanical, and combined methods,

• Determining finishing methods that were not covered by the experimental research for
additively manufactured parts but have a potentially valuable impact on surface quality,

• Developing the technological principles of ion polishing in gas-discharge plasma for
finishing laser additively manufactured parts to improve their surface quality in the
context of resistance to abrasive wear.

It should be noted that this paper aimed to review the state of science on the existing
post-processing methods and last achievements in the field. The proposed idea of the
ion-polishing method for additively manufactured parts is known and was never proposed
before. That can be proved by the conducted overview of the research domain.
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2. Problem Statement
2.1. Prospects and Surface Quality Problem

The use of laser additive manufacturing technologies has great potential for companies
manufacturing products in the aerospace industry [30], especially in the production of parts
with complex geometries [31]. If we look at the parts for aviation purposes, manufactured
over the past decade, then complex-profile parts stand out against others’ background [32],
and their use is growing every year [33]. Besides, many problems arise when these parts
are manufactured using traditional processing methods [34]. One of the critical issues is
the cost reduction by simplifying the production and manufacturing process. The solution
of both functional and aesthetic problems can be carried out using additive manufacturing
technologies (AM). Structural parts consisting of several components can be grown layer
by layer as a single solid part using AM technology. It is an important issue in terms
of cost and time. Fewer parts can significantly reduce assembly and other costs. It is
possible to design parts that can be easily produced with AM technologies when they are
extremely difficult to shape by traditional machining methods—for example, thin-walled
complex-shaped parts with complex internal surfaces.

Thanks to the technological capabilities of additive manufacturing, designers can opti-
mize the strength-to-weight ratio of a part [35] and minimize the use of consumables and
provide a reduction in processing costs [36], waste disposal, material transportation costs,
reduction of storage costs for raw materials, and for the direct production of final products,
which reduces overall production costs [37]. There is no necessity for additive manufactured
parts to buy various types of workpieces but various granulometry powder [38].

It should be noted that using a laser beam source or another concentrated energy
flow for melting or sintering powders gives the advantages that are not available for other
printing technologies:

• The ability to work with metal alloys, polymers, ceramics, and metal alloys or poly-
mers reinforced with ceramics [6,7,39–41],

• The ability to produce a ready part with high operational properties and service
life [4,19,20,31],

• The ability to produce high-precision parts for the needs of medicine, jewelry, and
even watch production [42].

The application of a laser beam expander or profiler allows even significantly improv-
ing the efficiency of production (up to 30%) [43–45] and extending the potential additive
manufacturing market.

Many companies that are leaders in the aviation industry have begun production
testing of various aircraft parts, taking advantage of the additive manufacturing technol-
ogy. Boeing manufactured various thermoplastic parts using commercially available laser
sintering technologies for the 737, 747, 777, and 787 commercial aircrafts [38,46]. Boeing
was estimated to have earned an estimated $3 million in revenue for every produced
787 Dreamliner aircraft [47]. Although some of the produced parts are complex, manu-
facturing processes are accomplished by eliminating production constraints in a shorter
timeframe, at a lower cost [48], and with the required performance [49].

GE Aviation is currently successfully manufacturing fuel injector parts for LEAP
engines (“Leading Edge Aviation Propulsion” engines produced by CFM International,
Cincinnati, OH, USA) using selective laser melting. Each LEAP engine is equipped with
19 fuel injectors. All engine fuel supply components have been land-tested and approved
for use in civil aircraft [50].

However, with all the attractiveness of additive technologies, already available ex-
amples of their successful application and prospects, they should not be idealized. All
world manufacturers of equipment for AM are currently working on many shortcomings.
In particular, such disadvantages include the porosity of the formed workpiece and its
increased roughness, which must be brought to the required technical level by machining
operations, mainly by milling.

199



Technologies 2021, 9, 27

An illustration of it is presented in Figure 1, which presents the average values of
microroughness height with a thickness of the sintered layer of 50 µm (in terms of Ra
roughness parameter) for the surface of products made from various powder alloys on
machines for laser powder bed fusion (LPBF) or selective laser melting (SLM) [51–56],
laser cladding [57–59] or even cold spray [60]. It can be seen that the formed surface
roughness is far from the quality parameters of the surface layer, which must be satisfied
by critical engineering products. Even optimizing the melting or sintering parameters will
not exclude the need for subsequent machining.
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Figure 1. Arithmetic mean deviation (Ra) and ten-point height (Rz) of the product surfaces produced
by laser powder bed fusion (selective laser melting) for various types of metals and alloys.

The products produced by laser additive manufacturing has particular geometry [61,62]
that can be characterized as having an “edge effect” related to the used hatching strat-
egy [63]. It mostly depends on the character of heat distribution through the layers and
strongly depends on the main controlled process factors of laser power, scanning speed,
powder layer thickness, and hatching parameters.

The edge defect can be identified by the roughness diagram [64] in addition to the
used optical monitoring methods [65]. At the same time, the experiments showed that the
used scan strategy influences its pronouncedness [66].

Another problem of the parts produced by laser additive manufacturing is an effect
of aliasing [67] that can be especially pronounced for tiny objects [68] and depends on the
layer thickness and granulometry of used granules [69], and thermal deformation [70].
A larger thickness of the layer increases the “aliasing effect” (build angle) when a larger
diameter of the used powder granules increases the layer’s thickness.

Several post-processing methods based on the varied nature of the material destruction
that can be applied for the parts obtained by the laser additive manufacturing methods are
presented in Figure 2.

The methods can be divided by influencing the exploitation properties and surface
quality, including roughness parameters and resistance to abrasive wear. Among the
methods influencing the exploitation properties of the parts produced by laser additive
manufacturing, quenching and tempering allow to reduce the grain of the metal alloy and
redistribute the residual stresses in the layers of the product, making the structure more
monolithic than layered. However, such techniques do not always lead to an increase in
the service life of their product in friction pairs and strongly depend on the material and
factors of product growth. Hot isotactic pressing stays aside with its proven improvement

200



Technologies 2021, 9, 27

of material ductility (by ≈20–25% for titanium alloys) but requires developing unique
forms for a complex geometry product.
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The use of a coating to improve the surface layer’s performance properties is a known
technique and can be carried out both chemically and by plasma vapor deposition. Never-
theless, a coating that allows increasing the product’s service life several times requires
preliminary cleaning of the product from unmelted granules and reducing the layer’s
waviness due to the use of various techniques.

Methods for improving the product’s roughness parameters can be divided into
thermal, electrochemical, and mechanical, depending on the nature of the destruction of
surface irregularities. The latter group of methods is most widespread due to their relative
cheapness and availability in any production.

Furthermore, the latest quantitative achievements in the field of application of these
methods concerning products produced by additive manufacturing are considered, the
possibility of their application for parts with complex geometry are assessed, those meth-
ods that researchers have not experimentally approbated are identified, and alternative
technology principles for improving the surface properties and roughness parameters
are developed.

2.2. Research Methodology

The analytical research was conducted, taking into account the basic principles of
electrical and thermal physics, physics of plasma and concentrated energy fluxes, and
available theoretical and practical data related to the research subject of post-processing
methods for the metal parts produced by additive manufacturing methods based on a laser.

The research object is a complex geometry part produced by laser additive manufac-
turing from the metallic alloy powder with a powder diameter of 20–80 µm for the airspace
industry. That has requirements of arithmetic mean deviation (Ra) of less than 3.2 µm for
the parts with an overall size in plane less than 20 mm and less than 6.3 µm for the parts
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with an overall size in plane less than 200 mm for working in the conditions of abrasive
wear in friction pair.

3. Analyses of Surface Finishing Methods
3.1. Mechanical Methods

Mechanical polishing and sandblasting is widely used to reduce the porosity and sur-
face roughness of metals that allow one to obtain both the developed surface morphology
of the metal and significantly reduce surface roughness depending on the used abrasive,
reducing residual stress and fatigue properties. Mechanical abrasive polishing for complex
geometry parts requires handling to control geometry over all the part but lapping in places.
Sandblasting is a universal technique that removes all unmelted granules and unifies the
geometry’s waviness in a brief period (5–10 min for each part with an overall size of less
than 20 mm) without requiring a unique tool. Using any abrasives during polishing or
sandblasting has several disadvantages: abrasive particles remaining on the part surface
and specific geometry after processing, such as scratches in the direction of movement of
the abrasive and particle impact craters (cavities).

Unevenly distributed residual stresses are one of the actual problems for laser additive
manufactured parts with the maximum σ in the perpendicular direction to the solid
growing direction of 205 ± 15 MPa for AlSi10Mg alloy [71]. For Inconel 718, improved
roughness increased the fatigue properties at 650 ◦C by ≈50% [72]. A combined application
of hot isotactic pressing, sandblasting, abrasive polishing, and chemical etching for Ti-6Al-4V
improves the yield strength and ultimate tensile strength (UTS) by ≈2–3 times [73].

Vibration tumbling is more suitable for mass production and allows complex ge-
ometry treatment by tumbling bodies such as ceramics prisms or cork-like clean chips
in water medium (for dust binding) that improve the surface roughness parameter Ra
by ≈3–4 times, abrasive wear resistance by ≈18–20% for chrome–nickel anti-corrosion
steels [74] (Figures 3–5). For high carbon steels, the improved wear resistance is explained
by the increased surface hardness caused by the stress-induced transformation of residual
austenite into untempered martensite during wear, while maintaining acceptable tough-
ness in the subsurface layers prevents brittle cracking [75]. The hardness of tumbling
bodies determines the character of formed cavities and surface properties—the use of
metal tumbling bodies results in the surface’s strengthening by pressure, when the most
significant reduction of roughness parameters and mass loss occurs in the first minutes
of processing [76]. It should be noted that dry tumbling is dangerous for the human
respiratory system and is strongly not recommended for any production.
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(analog of AISI 321) powder with granules of ≈20 µm (by a Dektak XT stylus profilometer (Bruker Nano, Inc., Billerica, MA,
USA) with a vertical accuracy of 5 Å (0.5 nm) and a tip radius of 12.5 µm): (a) after production; (b) after vibratory tumbling.

Ultrasonic cavitation abrasive finishing allows complex treatment of the part and based
on the combined thermochemical and mechanical nature of mechanolysis (thermodynamic
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cavitation mechanism in the homogeneous liquids), sound and radiation pressure, acoustic
streams, and sound capillary effect and abrasives’ action. The cavitation intensity is
determined based on L. D. Landau and E. M. Lifshitz’s theory of fluctuations [77,78].
The cavitation is realized by both fluctuations of bulk and a vapor bubble with a similar
probability proven by the relationship between the tensile strength of liquids and the bulk
fluctuations [79]. The bubble system’s energy is emitted in the form of an acoustic wave
and is dissipated by viscosity. The local energy of a transient bubble follows a step function
in time, being nearly conserved for most of each cycle of oscillation but decreasing rapidly
and significantly at bubble inception and the end of collapse due to the emission of steep
pressure waves or shock waves [80].
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The mechanism of destruction of the structure material as a whole can be represented
according to the Kornfeld–Suvorov hypothesis (the hypothesis was proposed by soviet
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scientists M.O. Kornfeld and L.I. Suvorov in the 1940s) as follows (Figure 6): when the
cumulative microjet upon the collapse of a cavitation bubble upon collision with a solid
body exhibits the behavior of a solid body and describes the laws for a solid body. When a
collapsing bubble is exposed to a streamlined surface, produced by cumulative streams
(the process is impulsive and non-stationary), surface deformation occurs, and because of
a decrease in the fatigue strength of the material, chipping and knocking out of individual
particles occurs as well. From this moment and further, the intensity of erosion increases
sharply, and hydrodynamic factors that determine destruction within the framework of
the shock wave theory begin to play a significant role: vibration, acoustic radiation, and in
certain cases, chemical and corrosion factors, etc. At the initial stage (plastic deformation),
the process is possible to describe by solving the hydrodynamic penetration problem taking
into account the strength of the material.
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Figure 6. Scheme of cavitation (erosion) wear, where (1) is extruded by cumulative microjet material at the stage of plastic
deformation; (2) is a cumulative microjet; (3) is a collapsing bubble; (4) is plastic deformation zone; and (5) is surface to
be machined.

Experiments have shown that all materials, even the strongest and hardest, are
subject to cavitation destruction [81]. In this regard, the question of what characteris-
tics of a material determine its erosion resistance has been repeatedly investigated. E.P.
Georgievskaya [82] proposed an empirical formula for defining the concept of deformation
energy introduced by Thiruvengadam [83,84] as a parameter characterizing the resistance
of a material to erosion [85]:

Se = (T + Y)
ε
2 (1)

where Se is a calculated value of deformation energy; T is temporary resistance; Y is the
yield point; and ε is relative extension.

The energy of deformation is the power of absorption of energy per unit volume
of the metal before the moment of fracture formation. The development of cavitation
erosion is influenced by the conditions of flow around surfaces to a large extent: speed,
pressure, pressure gradient, temperature. It was found that at a fixed value of the cavitation
number, the erosion rate strongly depends on the flow rate. Activation of solid and liquid
systems, leading to a change in their physical and chemical properties, reactivity, defective
(impurity) structure, etc., can be carried out by various external influences: weak and
strong. Such effects include, in particular, mechanical, magnetic, ultrasonic treatment,
radiation exposure (for example, irradiation with gamma quanta and ion beams), as well as
heat treatment. Activation methods can be subdivided into methods that destroy samples
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as a whole (dispersion) and do not destroy but change only the defective structure. Studies
of hydromechanical treatment of water (as a sufficiently strong effect) have shown that
water’s subsequent activity is manifested both at the macroscale and at the microlevels (at
the molecular and submolecular level).
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Figure 7. Microphotograph of laser additively produced part surface made of 20Cr13 corrosion-resistant steel of the
martensitic class (analog of AISI 420) powder with granules of ≈20 µm (optical microscopy, ×300): (a) after production;
(b) after ultrasonic cavitation abrasive finishing.
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The essence of the hydrodynamic impact can be summarized by the action of two
mechanisms: the propagation of shock waves near the collapsing cavitation microbubble
and the shock action of cumulative microstructures in the case of the asymmetric collapse
of cavitation microbubbles. Moreover, in this context, the method of obtaining cavitation
microbubbles does not matter. These main mechanisms are accompanied by an increase in
temperature and pressure near the bubble, making the local area around it a unique reactor
for carrying out various reactions and processes.

The phenomenon under consideration underlies the specific properties and related
phenomena occurring in water subjected to mechanical (hydrodynamic) action. The
modified (or, as it is called, activated) water resulting from hydromechanical treatment
can intensify many technological processes by about 30%. Here, by the term “activated”
water, we mean the generally accepted concept of an active medium, that is, a substance
in which the distribution of particles (atoms, molecules, ions) over energy states is not
equilibrium, and at least one pair of energy levels undergoes population inversion. The
activation of solid and liquid systems, leading to a change in their physical and chemical
properties, reactivity, defective (impurity) structure, etc., can be carried out by various
external influences: weak and strong. Such influences include, in particular, mechanical,
magnetic, ultrasonic treatment, radiation exposure (for example, irradiation with gamma
quanta and ion beams), as well as heat treatment. Activation methods can be subdivided
into methods that destroy samples as a whole (dispersion) and do not destroy but change
only the defective structure.

Studies of hydromechanical treatment of water (as a rather strong effect) have shown
that water’s subsequent activity is manifested both at the macroscale and at the microlevels
(at the molecular and submolecular level) (Figure 7) [86]. It indicates that the bubble’s
symmetric collapse creates high-intensity fields of pressure of 5–10,000 atm. and tempera-
tures up to 2000 ◦C [87], which are related to the ultrasonic waves in the working area and
were even reported for finishing by a lapping tape [88]. In the case of asymmetric bubble
collapse, near the surface, the collapse pattern changes significantly—the collapse occurs
with the formation of a high-speed cumulative microjet, and the formation mechanism is
described in sufficient detail in the literature. In the asymmetric bubble collapse far from
the surface, microjets can be formed far from the surface and hit one another. It should be
noted that at the moment of collapse of the bubbles’ system near the surface, the formation
of streams between adjacent bubbles is equally probable.

Hydrogen bonds’ presence and development largely explain the unique properties
and paradoxes of liquid water. The hydrogen bond has a cooperative nature in H2O
molecules and largely determines the water structure under various external conditions.
Hydrogen bonds are about ten times stronger than intermolecular interactions typical
for most other liquids. In the general case, it can be said that the interactions of a large
number of molecules, ensembles of molecules, the organization of a particular structure
that determines the properties of water and, accordingly, its reactivity, are determined by
the collective forces of Van der Waals [89]. These forces are known as dispersive, long-range
forces. They cover regions above 1000 A and determine the stability of a particular structure,
physical sorption, etc. The relaxation time for a number of processes in water at 20 ◦C, t of
10−11–10−13 s. The processes of energy transfer and recharge with the participation of water
molecules, noble and active gases, and even the dissociation of water molecules become
possible because the duration of the final stage of bubble collapse is about 10−9–10−8 s.
Thus, under the action of hydrodynamic cavitation as a strong effect, the decomposition
(mechanolysis) of water occurs. An excited water molecule can dissociate along with
radiation and dissipation of excess energy into heat:

H2O∗ → H ↑ +OH∗, (2)

OH∗ → OH + hv. (3)
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As a result of cavitation action, the concentration of O2 increases during mechanochem-
ical reactions of the following type due to the mechanolysis of water on H and OH:

.
OH +

.
OH → H2O2, (4)

.
OH + H2O2 → HO2 + H2O, (5)

.
OH + HO2 → H2O + O2 ↑ . (6)

At the same time, there is a change in the structure of water with the formation of free
hydrogen bonds, which determines its increased activity and reagent ability. In the case of
aqueous systems, activation and the mechanolysis of water consist of changing the degree
of uniformity of distribution of impurities over the volume of the system, aggregation, and
disaggregation (dispersion) of impurities, as well as in a change in their active state. The
most important feature of water systems, in particular, is the heterogeneity of impurities,
which can change significantly during cavitation. Under the influence of cavitation in an
aqueous solution containing inert and active gases, various chemical reactions are possible.

Cavitation treatment (as opposed to, for example, magnetization, exposure to various
fields of electromagnetic origin, etc.) gives stable repeated results in obtaining water
modified in the process of mechanolysis, which is reproducible regardless of place and
time. Along with those indicated in the cavitation cavity, transformation reactions occur
with radicals with the participation of chemically active gases and radicals’ recombination
in the time of 10−6–10−7 s. As a result of these processes, after the collapse of the cavitation
bubble, the products of radical decomposition of H2O molecules are detected using the
method of spin traps, and recombination of radicals passes into solution, which leads to
the accumulation of molecular O2, H2O2, and other compounds in water. The high rate
of reactions is evidence that they occur directly in the bubble collapse zone. As a result,
along with microturbulent mixing and activation of the surface of aqueous semi-finished
products, the process of mechanolysis of water during its hydromechanical treatment
makes it possible to create and use cavitation technology to intensify various technological
processes and serve as a basis for the development of new applications.

The mechanical factor is the main factor in the destruction of materials, and the known
hypotheses and studies of this mechanism reflect one or another side of this complex
process, complementing each other. However, the factors considered secondary (thermal
effects, thermo- and hydrodynamic, chemical and electrochemical processes, etc.) and
accompanying the collapse of bubbles have not been sufficiently studied. Water, simple in
its chemical composition, has various anomalous properties due to its natural structural
features. The main difficulty in studying the high water structure is the comparability of
the potential energy of intermolecular interaction (forces of Coulomb interaction of charges,
hydrogen bonds) with the kinetic energy of thermal motion.

According to the experimentally validated two-structure model [90,91], water is a
mixture of ice-like and close-packed (disordered) structures. The impact of external factors
on water structure is expressed in a change in the parameter characterizing the structural
equilibrium shift. One of the strong physical factors affecting water is hydrodynamic
cavitation, especially its bubble form, or bubble wake supercavitation. The kinetics of
cavitation action is as follows. Fields of high pressures (up to 1000 MPa) and temperatures
(up to 1000–2000 ◦C) are formed during the collapse of a cavitation microbubble in a local
volume near it and inside. At the same time, rarefaction–compression waves are generated
in the liquid and cumulative microjets with speeds of 100–500 m·s−1 are formed near the
solid boundaries of the flow. Hydrodynamic cavitation is accompanied by the intense
turbulent mixing processes, dispersion of liquid and solid components of the flow, various
chemical reactions initiated by the collapse of cavitation microbubbles. Thus, the liquid
region in a small neighborhood of the collapsing microbubble and the bubble itself is a kind
of unique microreactor in which various chemical and technological processes are possible.
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The method deserves attention since several works are devoted to researching the
cavitation effect on laser additively manufactured parts from nickel alloys such as Inconel
625 [92–94] and corrosion-resistant chrome-nickel steels [86]. One of the most visible
disadvantages of the technology is the features and traces of cavitation erosion on the part
surfaces that can reduce the part’s operational life in a complex unit.

At the same time, ultrasonic plastic deformation can positively influence the properties
of the surface and subsurface layer of the part produced by laser additive manufacturing.
The tool passes’ geometry is determined by manually or by used equipment—turning
or milling machine [15], but it can be produced as well manually for individual produc-
tion [75]. The subject deserves additional research, since the effect of plastic deformation
on the surfaces of laser additively manufactured parts is not covered enough but certainly
has many advantages in comparison with mechanical cutting methods related to the forma-
tion of a hardened subsurface layer with increased microhardness and creating favorable
residual compressive stresses (Figure 8).
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Figure 8. Scheme of surface plastic deformation, where (1) is the surface to be machined; (2) is extruded by a roller/tip
material at the stage of plastic deformation; (3) is a roller/tip; (4) is plastic deformation zone; (5) is a hardened subsurface
layer; R is the radius of a roller; d is feed; h is hardened sublayer depth.

When hardening titanium alloys with σB of 650–900 MPa with brushes, the micro-
hardness of the subsurface layer increases by 15–30% with a hardened layer thickness
of 0.1–0.3 mm. Studies have shown that brushing leads to a 1.2–1.4-fold decrease in the
arithmetic mean deviation of the micro-profile of the ground surfaces up to mirror-like
quality [95]. The surface microhardness of the investigated hardened steels increases by
10–30%. The wear of these parts is reduced by 30–40% in comparison with the ground
surfaces, while the running-in time decreases by 1.5–2.2 times, which has a beneficial effect
on the increase in wear resistance.

3.2. Electrochemical Methods

The chemical and electrochemical etching of metals are also used, which consist
of using a specific electrolyte for each of them and direct or pulsed current allowing
control of the etching speed [96] and the etched layer’s thickness to reduce the surface
roughness [97]. Following the combined Faraday’s law, the volume V of the dissolved
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metal during electrolysis is directly proportional to the volume electrochemical equivalent
Kv of this metal, the current I and the time t:

V = Kv·I·t. (7)

The volumetric electrochemical equivalent Kv of a metal depends on its valence and
atomic mass and constant. In practice, the dissolved metal volume does not always
correspond to the volume calculated. With a specific combination of process parameters—
current density at the anode, determined by the ratio of the current to the anode area,
the type of metal being processed, the composition and rate of electrolyte renewal in
the interelectrode gap—the volume of the dissolved metal relative to its calculated value
might decrease. In some cases, the process anodic dissolution completely stops due to the
formation of poorly soluble oxide films on the anode surfaces.

If there is a sufficient amount of activating anions in the electrolyte, such as chlorine
anions Cl−, oxygen is displaced from the oxide film and destroyed without additional elec-
trical energy consumption. In such processes called active, electrical energy is spent directly
on the anode metal’s electrochemical dissolution. If the electrolyte lacks activating anions,
additional electrical energy is spent on these films’ electrochemical anodic dissolution. In
this case, the efficiency of the processes is significantly reduced and called passive.

Active anodic dissolution differs from passive dissolution in the features of the re-
actions taking place at the anode. The anode metal’s good solubility characterizes active
dissolution since side reactions do not occur, except for the main one—anodic dissolution.
For example, the active dissolution of the metal occurs during electrochemical etching.
In passive dissolution, part of the electrical energy is spent on side reactions that remove
hardly soluble oxide films from the anode surfaces. For example, passive dissolution
of metal occurs during electrochemical abrasive polishing. Under certain conditions, an
increase in the current density relative to its optimal value can lead to the formation of
oxide films of a complex composition, which do not dissolve during classical electroly-
sis [98]. The complete passivation occurs and the transition of the surface layer of the metal
from the active state to the passive state, at which point the process of anodic dissolution
stops [99]. The pH of the used electrolyte in electrochemical abrasive polishing of cobalt
influences the thickness of the complex oxide film: the thickness increases when the pH
is varied in the range of 5.0–8.0 and decreases when the pH is 8.0–9.0, which is combined
with increased wear [100].

3.3. Beam Polishing Methods

Prof. A.M. Chirkov and his colleagues proposed to solve the problematic roughness
of additively manufactured parts using the laser-plasma polishing of a metal surface [101].
They are ignited in metal vapor, and a surface laser plasma is supported in a continuous
optical discharge during laser-plasma polishing of a metal surface above a polished surface
using a laser beam [102]. Changing the polishing mode is carried out by moving the
plasma’s center relative to the polished surface. The method provides for rough polishing of
the surface in the mode of deep penetration, volume vaporization, and «finish» polishing of
the surface. It provides a significant simplification of process control with high productivity.
The disadvantages of this method are the locality of the laser beam, the relatively small
spot size (20–100 µm, in the case of using laser beam expander—up to 400 µm), the need to
create a protective atmosphere that prevents the oxidation of the material during polishing,
and the evaporation of the surface material.

The authors under the supervision of Prof. N.N. Koval proposed polishing the
surface of metal parts obtained by additive manufacturing methods with high-current
pulsed electron beams [103,104]. They irradiated the surface of metallic samples shaped as
15 × 30 × 5 mm plates produced by selective sintering in a vacuum of titanium powder
VT6 (Ti-6Al-4V) with particle sizes 40–80 µm using an electron beam at the unit of the
company Arcam (Sweden) [105]. The optimal for the titanium alloy VT6 (Ti-6Al-4V) mode,
in which the maximum decrease in surface roughness was observed, has the pulse energy
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density of 45 J·cm−2, the pulse duration of 200 µs, the number of pulses on the same surface
area of 10, and the pulse repetition rate of 0.3 Hz. Investigation of the sample surfaces
showed that the roughness parameter Ra (Arithmetic Mean Deviation) was decreased from
11 to 1.1 µm, and Rz (Ten-Point Height)—from 74 to 6 µm. The porosity of the surface layer
of the sample has disappeared. Scanning electron microscopy showed that the surface
profile of the samples changed significantly. A homogeneous granular structure was
formed in the surface layer of titanium alloy VT6 (Ti-6Al-4V), in the composition of which
individual powder particles no longer existed. However, the results obtained on small flat
samples seem to be difficult to repeat on the part of a complex shape manufactured by the
additive method, where some of its parts block the access of the electron beam to other
parts. In addition, the electron beam reduces the roughness only to Ra > 1 µm, and true
polishing implies the achievement of Ra ≈ 0.04 µm, i.e., the highest 14 surface finish class.

Therefore, after processing the surface of a complex-shaped part made by the additive
manufacturing method with an electron beam or a laser beam, it is necessary to continue
polishing until the indicated parameters are achieved. One or another coating must be
deposited on its surface, depending on its purpose. Thus, the surface treatment of the parts
under consideration should include several stages and operational steps.

A group under the leadership of Prof. J. Eckert studied the surface layer’s rough-
ness depending on the different methods of surface treatment of stainless powder steels
produced by selective laser melting [106]. The scientific group performed a comparative
analysis of traditional mechanical methods of treatment (grinding and sandblasting) and
energy methods of treatment (electrolytic and plasma polishing) and determined their
influence on the surface layer’s quality.

The international group of scientists, headed by the leading scientist Prof. J.A. Porro,
also deserves attention paid to their excellent work [107]. Scientists under his supervi-
sion studied in detail two types of post-treatment of products produced by selective laser
melting of powder aluminum alloy—sandblasting with ceramic particles and laser impact
treatment. It is shown that not only the surface roughness should be optimized in the pro-
cess of post-treatment but also the stress state of the surface. These properties significantly
influence the durability of products produced by additive technologies.

A well-known group of scientists under the supervision of Prof. J.M. Flynn is engaged
in developing a unified methodological approach to the selection of finishing post-treatment
to improve the roughness of products produced by selective laser melting [108].

3.4. Ion Polishing Methods

Ion polishing is used to achieve a high surface finishing class [109]. It has been shown
that ion polishing the surface of optical glass improves its quality [110]. Ion bombardment
of polished glass surfaces with microroughness heights of 5–10 nm does not lead to a
deterioration in the quality of optical surfaces when the surface layer of 20 µm thickness
is removed [111].

The mechanism of sizing during material removal (spraying) is based on the removal
of surface atoms of the workpiece because of exposure to them preformed and accelerated
to the required energies of ion beams (Figure 9).

Ions with high kinetic energy are incorporated into the material. During their motion,
they experience elastic and inelastic collisions with atomic nuclei and electrons of matter.
There is a displacement and excitation of atoms, which is a change in the collision zone’s
material structure. Bombarding ions are partially reflected from the surface, and they can
change their charge state in the process of backscattering. There is a removal from the
surface (sputtering) of material atoms, which can also be in the different charge states. The
interaction is accompanied by secondary electron emission and electromagnetic radiation,
the spectrum of which ranges from infrared to X-ray.
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is an ion free path that is less than the defect zone.

Considering that the ion current density of 100 µA·cm−2 corresponds to the fall of
one ion on the treated surface in 10 s, and the time of elastic interaction of an atom with an
ion is comparable to this time, then because of each action, one atom will be removed. An
entire monolayer of atoms from an area of 1 cm is sprayed in 1 s, and the layer is 1 µm thick
in 1 h. The approximate removal rate is about 3 A·s−1, which depends on the spraying
ratio of the processed material Sp:

Sp = k
E
λ

M1·M2

(M1 + M2)
2 (8)

where k is the coefficient taking into account the heat of sublimation of the material, M1
and M2 are the mass of an accelerated ion and an atom of a solid, respectively, λ is the free
path of an ion in the workpiece during deceleration; and E is the energy of the ion.

With the development of ion polishing, a new direction in technology has been
formed—ion processing of surfaces and coatings, which allows creating fully controlled
processes to form surfaces and layers with specified characteristics [112]. For this treatment,
sources of ion beams of the large cross-section are used [113].

The main disadvantage of using ion beams for processing glass and other non-
conductive materials is the effect of charge accumulation on the surface and volume.
It leads to a change in the electrophysical properties of materials that can be a disadvantage
for some product purposes and applications. Another consequence of the effect is the
appearance of strong electric fields, which leads to deviation of the ion trajectories and,
consequently, to a distortion of the created profile’s geometric dimensions. The same
effect also occurs on topological non-uniformities of the treated surface, which leads to
an increase in its roughness [114]. In this regard, recently, sources of fast neutral atoms
and molecules have been used instead of ion sources when processing both conductive
and non-conductive materials [109,115]. Sixteen-µm-deep grooves were obtained in 5 h
using one of these sources of fast argon atoms with an energy of 3 keV and a mask on the
surface of a flat corundum substrate [116]. The etching rate of hard-to-sputter corundum
was v = 3.2 µm·h−1 and was four times lower than the etching rate by the same beam of
stainless steel substrate of v = 13 µm·h−1 [117]. It is possible to concentrate a broad beam
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on a small surface area of the part produced by the additive manufacturing method and,
as a result, it increases the processing rate using a source with a concave emission grid.
It is necessary to use a positioning device to move it so that all parts of the surface pass
sequentially in the area of the emission grid’s geometric focus when a part is polishing. It is
necessary to use sources of metal atom fluxes that do not contain metal droplets to deposit a
coating on the polished surface of a part manufactured by additive manufacturing methods.
First, these are planar magnetrons [118]. Powerful pulsed magnetrons have been proposed
to increase the deposition rate [119]. They used expensive pulsed power supplies, but no
significant increase in the deposition rate was achieved. A serious problem is a decrease
in the deposition rate during the synthesis of metal compounds, such as titanium, with a
reactive gas such as nitrogen. When the latter is added to argon, a nitride film is formed on
the surface of the magnetron target, and the sputtering rate and the deposition rate of the
coating are reduced several times.

The deposition rate can be increased by order of magnitude if an uncooled target
holder is used that is made of refractory material that does not interact with the target
material in the molten state [120]. At an argon pressure of 0.1–0.3 Pa, an ordinary mag-
netron discharge is ignited, a target made, for example, of copper melts in the holder,
and the ionization of its vapors noticeably reduces the discharge voltage [121]. At this
moment, the supply of argon to the chamber can be ceased, and the discharge continues in
copper vapor [122,123]. In addition to high speed, deposition using a magnetron with an
evaporated target is independent of chemically active gases and can be used to synthesize
on the surface of a part manufactured by the methods of additive manufacturing a wear-
resistant coating, for example, titanium nitride. This coating has already been synthesized
by evaporation of titanium in a crucible-anode of a glow discharge [16,124].

A group of scientists led by E.V. Berlin investigated the ultra-high-speed sputtering of
a magnetron working in the vapor of a liquid metal target [119], which can be considered
as one of the scientific competitors of the proposed idea. Other known scientists proposed
processing materials with beams of fast neutral particles [109,125]. Other competitors are
a group headed by Prof. A. Anders, who proposed to solve the problem using powerful
pulsed magnetrons [118] and a group of scientists led by Prof. I. Musil—they made
a significant contribution to the development of coating deposition technology using
magnetrons [117].

4. Development of Ion Polishing Principles

It is necessary to develop a method for filling a working vacuum chamber with a
uniform plasma at a gas pressure of 0.01–1 Pa to develop explosive ablation in plasma of
surface protrusions, polishing with fast atoms, and coating deposition. Thus, it is possible
to use a glow discharge between the chamber, which plays the role of a hollow cathode, and
the anode located inside it. With a chamber volume of about 0.1 m3 and anode surface area
of 0.001 m2, the electrons emitted by its surface are accelerated to hundreds of electronvolts
in the cathode sheath between the chamber wall and the plasma filling it. They fly through
the plasma and are reflected in the cathode sheath at the opposite chamber wall. The
chamber is an electrostatic trap for electrons, and they can get to the anode only after
hundreds of flights through the plasma. They spend all their energy on the gas’s excitation
and ionization by their way to the anode at a pressure of 0.01–1 Pa. It allows maintaining a
constant glow discharge current of 1–5 A in the indicated gas pressure range [126]. It is
also necessary to provide the possibility of pulsed power supply with a short-term increase
in discharge current from units to hundreds of amperes [127] for determining the optimal
parameters of explosive ablation of surface protrusions when high-voltage pulses with
a duration of 0.001–1 µs are applied to a part immersed in the plasma. A study of the
surface of titanium, nickel, niobium, aluminum, copper, and lead cathodes showed that
after a large number of pulses, the cathode microrelief is formed by the superposition of
the same number of microcraters. As the pulse duration decreases, the microcrater size
diminishes. The character size of a copper cathode’s surface inhomogeneities decreases to
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0.1–0.2 µm with a pulse duration of fewer than 1.5 ns. This phenomenon was called the
polishing effect [128].

It is necessary to determine the dependence of the amplitude of high-voltage pulses at
which breakdowns occur between the surface protrusions of the part and the plasma on its
density (current amplitude of glow discharge in the chamber) when studying the removal
of powder particles protruding on a part surface that is responsible for the initial roughness
parameter Ra up to 30 µm and surface porosity. It is also important to establish the
part surface roughness’s dependence on the pulse energy that destroys large protrusions.
Exceeding an optimal value of the pulse energy can increase the surface roughness instead
of a decrease. The optimal parameters’ determination can be carried out on small flat
samples made by sintering in a vacuum with an electron beam of VT6 (Ti-6Al-4V) grade
titanium alloy powder with a particle size of 40–80 µm, which is most common for additive
manufacturing. After the explosive ablation of the surface protrusions, the same samples
will be used to study polishing their surface with a concentrated beam of fast argon atoms
and/or ions at an angle exceeding 60◦ of incidence to the surface of the sample moved
in a vacuum chamber using a positioning device. It is necessary to establish the sample
surface roughness’s dependence on its initial value, the flux density on accelerated particles’
surface, their energy, angle of incidence, and processing time. It is necessary to modernize
the previously developed source of fast neutral atoms and replace the flat emissive grid
with a concave surface [114]. It will make it possible to concentrate a fast argon atoms beam
in a small focal region of the grid, provide access to the narrow fast atom beam to the part
cavities’ internal surfaces, and significantly increase the etching rate. After determining the
optimal conditions for flat samples’ processing, a study will be made of the protrusions
removal on the outer and inner surfaces of the parts shaped as a hollow cylinder obtained
by the methods of additive manufacturing and subsequent polishing of all its surfaces.

It is proposed to use a set of planar magnetrons mounted at the top of the chamber
and on its sidewalls to create a uniform flow of metal atoms from all sides to the sample
installed in the chamber when studying the coating deposition on obtained by additive
manufacturing methods flat and hollow cylindrical samples, after reducing the initial
surface roughness by explosive ablation of the protrusions on their surfaces and polishing
with a beam of fast argon atoms. The flux of metal atoms vaporized from the surface of
the molten target of magnitude is higher than the flux of atoms sputtered by ions from
the surface of a solid magnetron target by an order. Therefore, it is proposed to install at
the bottom of the chamber a magnetron with a target holder made of refractory material
and use it as an uncooled crucible. The magnetron discharge will be used not only to
sputter a target but also mainly to heat it in the crucible to melt and vaporize its material.
It will make it possible to fill the complex geometry part’s cavities with metal vapor more
uniformly and in less than an hour to deposit a coating with a thickness of ≈10 µm on
its surface.

5. Discussion

Additively manufactured parts by a laser have a vast potential in the aviation industry
that will grow with the development of solids-growing and finishing technologies. Additive
manufacturing took its place in the production industry and market. However, additive
manufacturing methods further development has been exhausted until now; it does not
have a principal character, and it concentrates on improving details. The development is
hampered by the existing obstacles—the post-processing methods’ inability to improve the
wear resistance of the complex-shaped functional surfaces.

Most of the post-operations based on mechanical abrasive principles have a few dis-
advantages related to the mechanical wear of the operational surface that can be critical
for some applications [105,106,128,129] when plastic deformation methods stay mostly
unveiled [15,75]. Simultaneously, methods based on the use of the concentrated energy
flows cannot be suitable for polishing complex geometry parts [60,111]. Chemical etching
requires special electrolytes and their disposal [95–97,130–132]. The microstructure of sur-
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face and subsurface layers of the metal parts after the various post-processing is presented
in Figure 10, where mechanical machining and ultrasonic deformation are not available
complex-shaped parts.
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plasma, where heat-affected layer includes dislocation area, area of increased dislocation density with Cottrell zones
(negatively charged acceptors).

The conducted analytical research proposes developing the application of one of the
promising approaches in finishing the laser additively manufactured parts—ion polishing
in a gas discharge plasma [108–112]. The observation showed that this technology was
never proposed before for processing parts after laser-based growing solids or for any
other 3D-printing technology. It has strong advantages that improve the operational
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ability and service life of the responsible surfaces. In addition, it allows the processing
of complex-shaped parts and requires sophisticated equipment that is usually settled for
tool production.

The developed approach, including the finishing operation in three successive stages,
was developed based on previously conducted research [114,125–127,134–136] that can be
summarized as follows:

- Explosive ablation of surface protrusions when voltage pulses with an amplitude up
to 30 kV and a width of 0.001–1 µs are applied to a detail immersed in the plasma;

- Polishing with a concentrated beam of fast neutral argon atoms at a large angle of
incidence to the surface of the part moved in the chamber using a positioning device;

- Coating deposition on the part surface upon sputtering with argon ions of solid
magnetron targets and/or the evaporation of a liquid metal magnetron target heated
by ions.

The previously observed “polishing effect” of the electron gun’s cathode, which forms
high-current beams of nanosecond pulse width, consisted in reducing the size of its surface
roughness to 0.1–0.2 µm with a decrease in pulse width to 1.5 ns. It cannot be considered
an example of protrusion removal on the surface of a part immersed in a plasma due to
explosive ablation when high-voltage pulses are applied to it, but it may testify to the
feasibility of solving the problem.

Broad beams of fast atoms have already found numerous applications. However,
studies of their compression to small transverse dimensions, providing access to complex-
shaped parts’ internal surfaces and polishing the surfaces, have not yet been carried out.

The coating deposition features using magnetrons are well known, including a several-
fold reduction in the target-sputtering rate when using a chemically active gas. The evap-
oration rate of liquid metal magnetron targets heated by ions is much higher than the
sputtering rate of solid targets, and it does not decrease in the presence of a chemically
active gas. When using them, one can expect an increase by order of magnitude of the
coating deposition rate. However, studies of this method have not yet been carried out but
have immense potential and prospects.

The proposed approach will allow:

1. Removal of powder particles 40–100 µm in size used in the manufacture of the part
and protruding on its surface, which is responsible for the initial roughness parameter
Ra (Arithmetic Mean Deviation) of 30 µm and surface porosity, by explosive ablation
of surface protrusions when microsecond pulses of negative voltage up to 30 kV are
applied to the part immersed in the plasma.

2. Polishing with a concentrated beam of ions and/or fast argon atoms at an angle of
incidence greater than 60◦ of the surface of the part moved in a vacuum chamber
using a positioning device.

3. Coating deposition on the surface of a part immersed in a dense metal plasma obtained
by the evaporation of liquid metal magnetron targets.

The attainability of the problem solution for the first processing stage is determined by
the known results of studying the surface of the explosive emission cathodes for electron
guns forming high-current nanosecond beams. Based on these results, one can hope
for a decrease in the roughness parameter Ra to ≈2 µm and a decrease in the surface
layer’s porosity.

The attainability of the solution of the second processing stage problem is determined
by the known results of polishing with ion beam products made of various materials up to
14 surface finishing class. The main problems are the forming a focused beam of fast argon
atoms and developing a part positioning device that ensures successive bombardment of
all its surface at an angle of incidence of more than 60◦.

The attainability of the task solution for the third processing stage is based on already
available experimental data on magnetron targets’ evaporation. In this case, the magnetron
discharge is used not only for sputtering a target but also mainly for its heating in a crucible
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for melting and evaporation of its material. The flux of metal atoms vaporized from a
liquid target’s surface is by an order of magnitude higher than the flux of atoms sputtered
by ions from a solid target’s surface. It makes it possible to more uniformly fill with metal
vapor the part’s cavities and deposit its surface coatings with a thickness of ≈10 µm in less
than an hour with the complex geometry part.

6. Conclusions

All observed technologies have their disadvantages, mostly related to the nature of
surface destruction that determines the increased wear of working surfaces of additively
manufactured parts even at the stage of post-processing technologies, which has a complex
character. Along with the positive effect of plastic deformation and recrystallization of
near-surface layers, erosion processes are observed, leading to stress states. That ham-
pers applying the complex metallic parts obtained by laser additive manufacturing for
responsible mechanisms and units.

The conducted analytical research provides an innovative approach in finishing the
parts produced by laser additive manufacturing based on treatment in gas-discharge
plasma. The development approach includes a technology proposal for three principal
stages that will allow:

• removal granules from the surfaces of the parts with the size that primarily used
in additive manufacturing of 40–100 µm and achieving roughness parameter Ra
(Arithmetic Mean Deviation) of 30 µm by microsecond pulses of negative voltage up
to 30 kV are applied to the part immersed in the plasma;

• polishing the surface with concentrated ions or fast argon atoms under angle exceeds 60◦;
• coating deposition by the evaporation of liquid metal magnetron targets.

The proposed approach has no analogs in the modern industry that allow deducing
laser additive manufacturing at a new principal level to reboot the industry’s current state.
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