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ABSTRACT

The possibility of spherical titanium powder production by plasma-arc atomization of solid Cp-Ti Grade 2 wire with a diameter
of 1.0 and 1.6 mm has been experimentally confirmed. Analysis of the particle size distribution of the powder showed that in
the case of atomization of titanium wire with a diameter of 1.0 mm, the main fraction is —140 pwm, which is 96 % of the total
mass of the powder, where the amount of the finely dispersed fraction of —63 pm is up to 60 wt. %, and in the case of wire
with a diameter of 1.6 mm, the main fraction is —200 um, which is 95 wt.%, while the amount of the finely dispersed fraction
of —63 pm does not exceed 38 wt.%. A study of shape parameters of the titanium powder was performed, which showed that
most particles have a regular spherical shape with an average sphericity coefficient close to 0.9, the number of particles with
satellites and particles of irregular shape does not exceed 1 wt.%, which determines the high technological properties of the
produced powder, which are on a par with other industrial technologies of spherical powder production by plasma and gas
atomization methods. The chemical and phase composition of the atomized powder was investigated, and it was found that the
phase composition consists of a-Ti, and the chemical composition corresponds to the ASTM B 348-05 standard. It was shown
that application of the technology of plasma-arc atomization of titanium wire allows obtaining spherical powders that can be
used as consumables for 3D printing of products for the aviation, rocket and space, medical, energy and chemical industries
by the methods of electron beam melting (EBM), laser direct energy deposition (LDED) and plasma metal deposition (PMD).

KEYWORDS: plasma-arc atomization, wire, compact section, titanium, sphericity, powders, 3D printing

INTRODUCTION

Recently, due to the intensive development of avia-
tion, rocket and space, medical, energy and chemical
industries there has been a significant need in man-
ufacturing volumetric complex-shaped parts from ti-
tanium and its alloys, predominantly using additive
technologies of 3D printing [1, 2].

The main additive technologies of growing prod-
ucts from titanium and its alloys include: Selective
Laser Melting (SLM), Selective Laser Sintering
(SLS), Electron Beam Melting (EBM), methods of
Laser Direct Energy Deposition (LDED) and Plasma
Metal Deposition (PMD), etc. All these methods use
specialized spherical powders (predominantly fine-
ly-dispersed) as consumable materials to form the ad-
ditive layers, with strict requirements being made of
the powder particle size distribution, shape, and phys-
ical-chemical and technological properties. So, for
instance, powders of a narrow fraction of 15-45 pum
are used for SLM process, powders of 45-106 um
are applied for EBM, those of 45-150 pum are used
for LDED, and powders of 63—160 pm fraction are
designed for PMD technology [3—5]. Moreover, the
above powders should have a spherical shape with

Copyright © The Author(s)

minimal number of external (satellites) and internal
(pores) defects, good technological properties (high
flowability, bulk density, coefficient of sphericity,
etc.) and low content of gas mixtures, providing a
high packing density of the additive layers, reduction
of porosity and improvement of mechanical proper-
ties of the final product [6—8].

LITERATURE DATA ANALYSIS
AND PROBLEM DEFINITION

At present, Vacuum Inert Gas Atomization (VIGA) is
the most widespread technology for producing titani-
um powders for additive manufacturing. Alongside a
number of advantages, described in works [9, 10], the
above-mentioned technology has a number of essential
drawbacks, namely [10-13]: presence of a large num-
ber of satellites and irregularly-shaped particles, lower
coefficient of sphericity for the methods of gas atomi-
zation, of the melt resulting in low values of flowability
(particularly for the fine fraction of <63 pm), and lead-
ing to defect formation in the deposited layers; pres-
ence of intragranular argon porosity for powders pro-
duced by gas atomization technology, which in some
cases cannot be removed by further cold or hot pressure
treatment; high cost of powder manufacture by gas at-

3




V.M. Korzhyk et al.

omization, as the gas-to-metal ratio (flow rate (m?) of
atomizing gas — argon, required to produce 1 kg of
powder) can be equal to 26-110.

Plasma Rotating Electrode Process technology
(PREP) has also become widespread, where the plas-
ma jet melts the surface layer of the billet end face,
and melt atomization is carried out due to off-center
forces. However, this method also has several es-
sential drawbacks, as PREP equipment operation in-
volves considerable difficulties of producing —106 um
fraction: to achieve more than 40 vol.% yield of the
above-mentioned fraction there is the need for a sig-
nificant increase in the speed of billet rotation (more
than 30 000 rpm) that complicates the already not at
all simple kinematic diagram of the unit (lowering of
the level of vibrations, designing complex bearing
systems are required, etc.). We can also include here
the difficulties associated with producing a cylindrical
billet of precise dimensions, which should be ground
with a high accuracy [12].

In this respect, prospects for manufacturing spher-
ical powders open up, due to application of technolo-
gies, where wires or rods (ingots) are used as feedstock
materials, and the processes of melt heating, melting
and dispersion are performed by plasma jets, without
using off-center forces, or high-speed equipment with a
complex kinematic diagram. Among such technologies
is the process of plasma-arc atomization, which is flex-
ible, and can be used to produce powders from a wide
class of materials (billets), which are either manufac-
tured by industry (wires, rods), or can be produced by
casting methods in the form of ingots [13, 14].

At present, in connection with the transition of
additive manufacturing to a new level in Ukraine, its
expansion and provision with consumables in full,
particularly due to intensive progress of aviation and
rocket and space industries, requires development of
domestic technology and equipment to produce fine-

==
@

ly-dispersed spherical powders, particularly with the
fractional composition of 63 um, which is a relevant
science and technology task.

RESEARCH OBJECTIVE AND TASKS

The objective of the work is analysis of the possibility
and assessment of the prospects for application of the
process of plasma-arc atomization of Cp-Ti Grade 2
titanium wire 1.0 and 1.6 mm in diameter for further
development of the domestic technology and equip-
ment to produce spherical powders for 3D printing. To
achieve this goal, it is necessary to study the particle
size distribution, morphology, microstructure, techno-
logical properties and chemical and phase composi-
tion of the powder manufactured using the technology
of plasma-arc atomization of Cp-Ti Grade 2 titanium
wire; provide conclusions regarding the possibility of
application of the produced spherical powders for 3D
printing by the methods of Selective Laser Melting
(SLM) and Electron Beam Melting (EBM), Selective
Laser Sintering (SLS), Laser Direct Energy Deposi-
tion (LDED) and Plasma Metal Deposition (PMD).

INVESTIGATION MATERIALS
AND PROCEDURE

PROCEDURE OF WIRE ATOMIZATION
AND DETERMINATION OF FRACTIONAL
COMPOSITION OF THE POWDER

Experiments were performed using “PLAZER 50-PL-
W?” process equipment for plasma-arc atomization of
wire materials (manufacturer is “SPC “PLAZER”
Ltd, Ukraine) [15], with application of an experimen-
tal plasmatron with a copper hollow electrode operat-
ing by the scheme of “indirect action arc” (Figure 1,
a, b) [16]. Technology of plasma-arc atomization of
wire materials (Plasma Atomization (PA)) is well
described in works [17-19], and in the general case
it consists in melting the wire, fed into the zone of

Figure 1. Scheme (a) and visualization () of the process of plasma-arc atomization of Cp-Ti Grade 2 titanium wire in the atomization

chamber
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plasma jet outflow under the plasmatron nozzle edge
and further fragmentation of the melt layer, formed
at the atomized wire tip. This method provides for-
mation of a high-speed (in some cases, supersonic)
plasma jet, which greatly increases the dynamic pres-
sure on the dispersed melt, and leads to its intensive
fragmentation, that, in its turn, creates the conditions
for producing an optimal particles size distribution of
the dispersed phase.

Plasma-arc atomization of the wire was conducted
in a laboratory atomization chamber in an argon at-
mosphere, according to the procedure of [20], where
pumping down of the chamber inner volume to re-
sidual pressure of 5-7x107 Torr was performed be-
fore filling it with gas. Residual pressure values were
monitored, using thermocouple manometric trans-
ducer PMT-2 (Ukraine) and ionization-thermocouple
vacuum gauge VIT-2 (Ukraine).

Parameters of the mode of plasma-arc atomiza-
tion of the neutral wire were as follows: current of
300 A; arc working voltage of 140 V; plasma-form-
ing gas flow rate of 15 m’/h, wire feed rate of 3—7
m/min, distance from the plasmatron nozzle edge to
the atomized wire of 4 mm. Plasma-forming gas was
argon of the highest grade I1 to ISO 14175-2008 in
both the cases.

Acceptable atomization modes were determined
after achieving of the minimal angle of opening of the
plasma jet had and the process stability during melt-
ing of the atomized wire in the axial zone of the plas-
ma jet.

Particle size distribution of laboratory batches of
the powders was determined by sieve analysis in keep-
ing with the procedure of ISO 2591-1:1988 in shock
sieve analyzer “AS 200U (ROTAP)” (Ukraine) with
a set of sieves with hole dimensions of 25-400 um,
sample weight being not less than 200 g of powder.

ATOMIZATION MATERIALS

Solid wire from commercial Cp-Ti Grade 2 titanium
1.0 and 1.6 mm in diameter was used as atomization
material. Its composition is given in Table 1.

DETERMINATION OF POWDER MORPHOLOGY
AND MICROSTRUCTURE

The appearance of powder particles was studied in
scanning electron microscope JEOL JSM-840 (Japan)
at the following parameters: U=20kV, /=10""-10"A.
Images were obtained in secondary electron mode
of ZAF/PB computer program, designed for study-
ing rough surfaces. Further analysis of the images
for powder sphericity investigation was performed
in MIPAR software product (USA) by the procedure
of [21].

Table 1. Chemical composition of atomized Cp—Ti grade 2 wires
according to the certificate of origin, wt.%

Ti Fe O C N H

Base 0.2 0.18 0.05 <0.03 0.012

DETERMINATION OF THE POWDER PHASE
COMPOSITION

Phase composition of the powder and lattice param-
eters of the individual phases were studied by the
method of X-ray diffraction phase analysis (XDPA).
X-ray studies were conducted in DRON-M1 diffrac-
tometer (Ukraine) in monochromatic CuK -radia-
tion. Used as a monochromator was a graphite single
crystal mounted on a diffracted beam. Diffracto-
grams were recorded by step-by-step scanning in the
range of angles 20 = 10-120°. Scanning step was
equal to 0.05°, exposure time was 3-9 s. Diffracto-
metric measurement data was processed using pro-
grams for full-profile analysis of X-ray spectra from
a mixture of polycrystalline components PowderCell
2.4 (Germany).

DETERMINATION OF ELEMENTAL CHEMICAL
COMPOSITION OF THE POWDER

The method of X-ray spectral microanalysis (XMA)
with application of Link 860/500 detector (Great Brit-
ain) was used to determine the elemental chemical
composition of the titanium powder.

DETERMINATION OF THE CONTENT
OF OXYGEN AND NITROGEN IN THE POWDER

Investigations of the content of oxygen and nitrogen
in the atomized powders were performed in gas an-
alyzer LECO TC-436 Nitrogen Oxygen Analyzer
(USA).

DETERMINATION OF THE TECHNOLOGICAL
PROPERTIES OF THE POWDER

Powder flowability was determined in Hall instru-
ment according to ASTM B213 standard. Measure-
ments of bulk density were conducted according to
ASTM B212 standard.

INVESTIGATION RESULTS
AND DISCUSSION

Studies of particle size distribution of the produced
powder (Figure 2) showed that the largest quantity
of the powder finely-dispersed fraction is observed
at atomization of 1.0 mm titanium wire, where the
main powder fraction is 140 um, making up 96 wt.%,
and the proportion of the finely-dispersed fraction
of 63 um is 59 wt.%. In the case of atomization of
1.6 mm titanium wire, the main powder fraction is
200 pwm, which is 95 wt.%, and the quantity of fine-
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Fraction quantity, wt.%

45 +45 <63 +63 100 +100-140 +140-200 +200 -250 +250 -315
Fraction size, um

Figure 2. Distribution of the particle size distribution of powder produced in plasma-arc atomization of Cp—Ti Grade 2 titanium wire
with a diameter of 1.0 (/) and 1.6 mm (2)

Figure 3. SEM images of the morphology (a, b) and microstructure (¢, d) of Cp-Ti Grade 2 titanium powder of 106 um fraction; a, c —
x100; b, d — x200

ly-dispersed powder fraction of 63 um does not ex- Formation of finer powders during atomization of
ceed 38 wt.%. 1.0 mm titanium wire with other unchanged process

Table 2. Comparison of the technological properties of Cp-Ti Grade 2 titanium powder produced by SS-PREP, GA and PA technologies

Method Fraction size, pm Flowability, s/50 g Bulk density, g/cm?
15-45 <30 >2.5
SS-PREP (Sino-euro Ltd, China) [23] 45-106 <27 >2.5
45-150 <27 >2.5
1545 40 2.34
GA (Hoganas, Sweden) [24] 45-106 35 2.37
45-150 33 2.37
PA (AP&C, USA) [25] 15-45 29 2.55
45-106 25 2.61
45-150 23 2.65
15-45 32 2.46
PA (PWI, Ukraine) 45-106 28 2.53
45-150 25 2.57
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Table 3. Chemical composition of the feedstock wire and titanium powder Cp-Ti Grade 2, wt.%

Studied zone Ti Fe (6] N
ASTM Standard B 348-05 <0.30 <0.25 <0.03
Initial wire 0.18 0.23 0.02
Base
Powder of 106 um fraction 0.19 0.20 0.01
Powder of +106, —106 pum fraction 0.21 0.22 0.02

Table 4. Results of XDA of Cp-Ti Grade 2 titanium powder of =106, +106; —160 pm

Sample Phases Phas:oclzzztent, Lattice parameters, A
Powder fraction of =106 um T 100 a=2.9487; ¢ = 4.6850; c/a = 1.5888
Powder fraction of +106; —160 pm a=2.9501;c=4.6871; c/a=1.5887
parameters is attributable to smaller dimensions of the
liquid interlayer, compared to those of the interlayer o whi

forming at the tip of atomized 1.6 mm wire. This, in
its turn, promotes reduction in the dimensions of the
fragments forming at atomization [16].

Analysis of titanium powder morphology in
MIPAR software (Figure 3) in the case of 106 pm
fraction showed that the powder is of a spherical
shape, with average coefficient of sphericity S = 0.87—
0.91. External defects in the form of satellites and ir-
regularly-shaped particles are practically absent, their
proportion not exceeding 1 wt.%, and dendrites and
grain boundaries coming to the powder surface are
observed. Investigations of powder microstructure
showed absence of internal defects in the form of cav-
ities, cracks, etc.

High indices of sphericity of the studied powders
determine their high technological properties (Ta-
ble 2), which can be compared to the properties of
powders produced by the SS-PREP technology ([22])
at the speed of more than 30 000 rpm.

XMA and gas analysis methods were used to estab-
lish the chemical composition of powders (Table 3),
produced during plasma-arc atomization of Cp-Ti
Grade 2 titanium wire, and to determine that it corre-
sponds to the chemical composition of the feedstock
material — the wire (ASTM B 348-05 standard).

Proceeding from the results of X-ray studies (Fig-
ure 4, Table 4), it was established that the powder
phase composition consists of a-Ti with the follow-
ing FCC lattice parameters: a = 2.95 A; ¢ = 4.69 A.

Analysis of the results of studying the chemical
and phase composition, technological properties and
particle size distribution of spherical titanium powder
Cp-Ti Grade 2, produced during plasma-arc atomiza-
tion, showed that the above-mentioned powders can
be used for 3D printing by different methods. Plas-
ma-arc atomization of current-conducting 1.0 mm
wire allows producing sound titanium wires, where
the proportion of the fraction of 45-106 um is up to

597

0 ] 1 | ] I I . ] | [
. 30 35 40 45 50 55 60 65 70 75
o—a-Ti 8 ’
5661
[] (=] o
o o ]
0 II I IIL I'. = = 1 I = = y II 1
35 40 45 50 55 60 65 70 75
b 20, deg.

Figure 4. Diffractograms of Cp-Ti Grade 2 titanium powders of
the fractions: =106 um (a), +106; —160 pum (b)

70 wt.%, which it is rational to use predominantly in
the electron beam melting (EBM) process; plasma-arc
atomization of current-conducting 1.6 mm wire al-
lows producing sound titanium powders, where the
proportion of the fraction of 45-140 um makes up to
80 wt.%, which it is more rational to use for direct
laser deposition (LDED) and plasma metal deposition
(PMD) processes.

CONCLUSIONS

1. It was determined that during plasma-arc atomiza-
tion of 1.0 mm Cp-Ti Grade 2 titanium wire the main
powder fraction is 140 pum, making up 96 wt.%, of
the total powder weight, where the proportion of the
finely-dispersed fraction of 63 pum is 59 wt.%. In the
case of atomization of 1.6 mm titanium wire, the main
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fraction is 200 um, which is 95 wt.%, and the quantity
of finely-dispersed powder fraction of 63 um does not
exceed 38 wt.%. On the whole, the powders are of a
regular spherical shape with the coefficient of sphe-
ricity close to 0.9, with a small quantity of satellites
and irregularly-shape particles (<1 wt.%). Investiga-
tions of the chemical and phase composition of the
titanium powder showed that the phase composition
of the atomized powder, irrespective of the fraction
size, consists of a-Ti, and its chemical composition
corresponds to ASTM B 348-05 standard for rods and
billets from titanium and its alloys.

2. Derived results allow considering the process
of plasma-arc atomization of wire materials as an
effective technology, which allows producing sound
domestic spherical powders, the technological prop-
erties of which are at the same level with another in-
dustrial method of producing spherical powders for
3D printing: SS-PREP (with more than 30000 rpm
speed), and have higher characteristics, compared to
gas atomization processes (VIGA, etc.). The particle
size distribution of the produced powders determines
the good prospects for their application exactly in the
processes of electron beam melting (EBM), direct la-
ser deposition (LDED) and plasma metal deposition
(PMD). In the SLM process a relatively low yield of
the required 45 um fraction at the level of 15 wt.% is
achieved, so further research is required to increase
the yield of the above powder fraction during plas-
ma-arc atomization of wire materials.
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ABSTRACT

Waste biomass gasification technologies, especially with a focus on hydrogen production, have the potential for large-scale
commercialization. The prerequisites for their development and promotion are innovative approaches to modeling, the use of
traditional and new gasification mechanisms consistent with fundamental principles, and the development of new technical
solutions on this basis. Ultimately, the goal is to significantly improve the gasification process’s technical, economic, and
environmental performance. In this context, plasma gasification is a promising renewable energy source from various wastes,
including biomass. It contributes to achieving sustainable development goals: affordable and clean energy, climate change mit-
igation, waste diversion and resource reuse, reinforcing the concept of a circular economy. This paper presents an analysis and
assessment of the conditions for increasing gasification processes’ reliability, productivity, and quality while reducing costs,
including potential barriers to applying plasma technologies. The paper presents new technological solutions to the problems
facing gasification, aimed at optimizing energy flows in the gasification reactor, rational use of plasma as a concentrated energy
flow, reducing electricity consumption by plasma torches, reducing the power and cost of plasma installations, as well as a
radical solution to the problem of reliability of gasification equipment. The economic prospects for the transition to large-scale
production, where a reduction in capital and operating costs can be expected, are considered.

KEYWORDS: biomass gasification, plasma gasification, plasmatron, synthesis gas, gasifier, energy efficiency of the gasifi-

cation process

INTRODUCTION

The technical solution of converting biomass into fuel
gas, gasification, is a key technology for producing
products with higher value and application potential
than the feedstock. The prerequisites for developing
this technology are advanced, innovative, cost-effec-
tive and highly efficient methods. The strategy for
improving the feasibility and sustainability of the
biomass gasification process lies in technological
advancement and minimizing the socio-environmen-
tal impacts [1]. Biomass has an advantage over oth-
er renewable energy sources because it depends less
on location and climate. Biomass is easily stored and
transported and is also available in abundance. This
makes it a viable and promising feedstock as an en-
ergy source. Currently, biomass provides more than
10 % of the world’s energy supply and is among the
four largest energy sources in global final energy con-
sumption [2].

Biomass waste gasification has an advantage over
other existing methods, such as burial, incineration,
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etc., because it can convert a wide range of feedstocks
into various useful products. Biomass gasification is a
complex process that includes feedstock preparation,
then a combination of pyrolysis, partial combustion of
intermediate products, with final gasification, remov-
al of inorganic residue, purification, and separation of
synthesis gas. The gasification medium is important
in converting intermediate products — solid carbon
and heavy hydrocarbons into low-molecular gases
such as carbon monoxide (CO) and hydrogen (H,).
The quality and properties of synthesis gas depend
on the composition of the feedstock, size, gasifying
agent, temperature, blast distribution in the reactor,
and its design. Biomass gasification produces many
useful components at the output, including synthesis
gas, heat, electricity, green hydrogen, and fertilizers.
Syngas can be further processed into methanol, di-
methyl ether and other chemical products.

Biomass gasification for hydrogen production
offers outstanding advantages regarding renewable
energy resources, carbon neutrality, high efficiency
and environmental benefits. However, the factors af-
fecting H, production from biomass gasification are
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complex, making it difficult to determine the optimal
operating conditions [3].

THE REVIEW AIMS

to evaluate and classify plasma biomass gasification
technologies based on the conditions for increasing
productivity and quality while reducing costs, includ-
ing potential barriers.

RESEARCH RESULTS

A common drawback of conventional gasifiers,
whether with formation, downward emergence, or
combined draft, is that the alternating gas contains tar
to a greater or lesser extent, which is too problem-
atic for many modern applications. Resin is consid-
ered the most inconvenient problem, which requires
power outages, mainly when operating in large-scale
conditions. Traditionally, steam reforming at elevated
temperatures has been used as a solution. Water vapor
gasification is an effective and well-proven method
[4, 5]. In this case, the production of coke and resins
is small, since steam converts them into CO and H,
through water shear and reforming. Resins are never
desired products and therefore reduce the efficiency
of the process. Resin yield can be reduced by thermal
cracking, steam reforming, dry reforming, carboniza-
tion and partial oxidation, which manifests itself in
the following reactions:

rCH < quHy +rH,;

C H_+mH,0¢>nCO +(m +§JH2;

CH +1CO, & 21CO+ZH,;

X
Con <> nC+§H2,

n X
C"Hx +§O2 < nCO+§H2.

The authors of [6-9] found that the yield of H,
during water vapor gasification is several times high-
er than that during air gasification. They also reported
increased economic efficiency with higher H, produc-
tion using water vapor as a gasification medium. It
should be noted that a technological attempt to over-
come this problem, which is helpful for further de-
velopments, is the concept of multi-stage gasification,
which is applied at the Danish Technical University
(Denmark) and Karlsruhe Institute of Technology
(Germany) [10, 11]. This atypical gasification strate-
gy separates the pyrolysis and gasification of biomass
into separate stages with individual control, which are
then integrated. Pyrolysis and gasification are carried
out in separate zones inside the gasifier. This allows
the biomass to be processed into usable products. The
main motive for this concept is to obtain high-quali-

ty, clean synthesis gas with a low resin content. The
permissible resin levels depend on the subsequent
application. They are about 50 mg:Nm=, 5 mg:Nm™
and 1 mg-Nm™ for gas engines, gas turbines and fuel
cells, respectively [12]. The exhaust gas contains sig-
nificant amounts of ash and dust in all cases. A vital
step between gas production in the gasifier and its
utilization is gas treatment. The gas leaving the bio-
mass gasification system is contaminated with resin,
alkali metals, particulate matter, nitrogen (N,), sulfur
(S), and chlorine (Cl). According to the studies, gas
cleaning was the most challenging issue in biomass
gasification until recently [13]. To address this prob-
lem, various types of updraft and downdraft gasifiers
have been developed, and many physical and catalytic
methods for resin separation have been investigated.
However, the most efficient and popular method for
commercial purposes has yet to be developed. Effi-
cient gasification and gas treatment methods allow the
production of high-quality gas, ideally resin-free [14],
which reduces the overall biomass consumption and
ultimately reduces problems with biomass logistics
and pre-treatment.

Plasma is also used in gasification processes in two
ways: 1) as a heat source; 2) for cracking resins after
standard gasification. Plasma gasification is primari-
ly used for processing toxic organic waste, municipal
solid waste, and rubber and plastics. Plasma technolo-
gy has also attracted interest in syngas production and
power generation and has entered the commercially
competitive range. The main advantages of plasma
gasification are syngas yield with high H, and CO
content, increased heat content, low CO, yield, and
low resin content [15-19]. The main limitations are
the high capital and operating costs due to the high
electricity consumption for plasma generation, result-
ing in low overall efficiency. For example, a base case
scenario for a 680 tons per day waste treatment plant,
suitable for a small town or regional business, would
cost £97 mln, almost three times the cost of other
waste treatment plants (such as incinerators).

The study [20] is indicative. Four biomass types —
sawdust, plastic waste and oil obtained from the py-
rolysis of waste tires — were investigated in a DC
electric arc reactor with a torch power of 100 kW.
A small amount of argon with H,O vapor was used
as plasma gas and H,O as an oxidizing medium.
High-quality synthesis gas containing 90 vol.% H,
and CO for all four types of feedstock was obtained,
and the resin content was below the sensitivity of the
analysis method (1 mg/nm?). A higher energy require-
ment compensates for these circumstances. Despite
the high heat content in the output gases recorded for
all data sets, the process efficiency was low due to
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Figure 1. Effect of the H,O and wood ratio on the product yield
CO ratio

the high energy costs, which is a significant limiting
factor for this technology.

Chemical processes modeling and experimental
studies [21, 22] have shown that synthesis gas with
high H, and CO content can be efficiently obtained
from biomass waste using water-steam plasma.
Timber conversion in a water-steam plasma envi-
ronment was carried out under the following exper-
imental conditions: wood consumption of 1.2 g/s,
steam consumption of 2.63—4.48 g/s, plasma torch
power of 49-56 kW. In the range of H,O/wood ra-
tios of 2.0-3.4, the average mass temperature was
maintained at 7 = 2800 K. Timber was converted
entirely into gas, liquid (water vapor), as shown in
Figure 1, a, b. With a plasma torch power of 56 kW
and an H,O/wood ratio of 3/4, the residence time
was sufficient to convert wood into gas, liquid, and
charcoal. The yield of charcoal in the total mass of
reaction products decreased to 0.5 %, and the gas
yield increased to 55 %, which ensures a carbon con-
version efficiency of up to 97.5 %.

It follows from Figure 1, a that the component of
the mass balance is condensed incompletely reacted
water, which was used as a plasma-forming gas. Thus,
optimal organization of the conversion process is re-
quired. The amount of charcoal in the mass balance
of the reaction products is reduced to 0.5 %, which
indicates a great potential of thermoplasma technol-
ogy for the efficient processing of organic materials.
On the other hand, the low yield of carbon monoxide
requires making the conversion process more selec-
tive. Therefore, special catalysts can be used to reduce
the amount of carbon monoxide. Considering the in-
clusion of hydrogen energy in the energy balance and
the comparison of biomass conversion methods into
hydrogen from the point of view of the cost of ener-
gy consumption in kW-h/kg, technical and economic

: a — total mass yield; b — yield of H, and CO gases, and the H,/

limitations, and environmental impact, it is crucial to
increase efficiency, advance technology, and develop
catalysts [23].

Plasma can be formed from air, O,, water vapor,
N,, Ar, CO, or a mixture of these gases. Thus, plas-
ma gasification is a promising source of obtaining re-
newable energy from solid waste and contributes to
achieving sustainable development goals: affordable
and clean energy, combating climate change, prevent-
ing waste from entering landfills and reusing resourc-
es, strengthening the concept of a circular economy.
Plasma gasification of waste, unlike traditional incin-
eration, reliably destroys highly toxic dioxins, ben-
zopyrene and furans. High temperature destroys all
resins, charcoal and dioxins, producing cleaner syn-
thesis gas than conventional gasification. It should be
noted that plasma gasification is the latest technology
among modern waste disposal methods. Much work
has been done to develop traditional gasification.
According to the Council on Gasification and Syn-
gas Technology, there are currently 272 gasification
plants with 686 gasifiers in operation worldwide, and
another 74 plants with 238 gasifiers are under con-
struction. Most of them use coal as feedstock. Only
five commercial plasma gasification plants are used
worldwide for waste processing [24]. Recent efforts
by developers in the field of plasma gasification are
aimed at increasing the efficiency of the process,
improving environmental and economic indicators
through the development of advanced converter sys-
tems, gas cleaning, catalysts, monitoring and control
systems, modular plant designs, improved materials
and alternative energy sources. Plasma gasification
is becoming an up-and-coming technology for waste
disposal and energy production.

The Gasification Technologies Council website
currently notes that there are operational plasma gas-
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ifiers in Japan, Canada, and India. A new 2,000 tons
per day MSW plant is being commissioned in Tees
Valley, UK, which will be the largest plasma gasifier in
the world when completed [25]. The Tees Valley One
(TV1) plant, near Billingham, will process pre-treated
municipal, commercial, and industrial waste supplied
by Impetus Waste Management, diverting it from a
nearby landfill. Billed as the “largest gasification plant
in the world”, it will use plasma gasification technol-
ogy provided by Canadian company Alter NRG to
convert waste into energy for the National Grid. It
is expected to generate enough electricity to power
50,000 homes. The plant, which was granted planning
permission by Stockton-on-Tees Council in 2011, is
estimated to cost $500 min (£320 min) and is being
funded almost entirely by US company Air Products,
with One North East also providing a £260,000 grant
in 2010 [25]. However, there have been challenges as-
sociated with design and operation. For example, sev-
eral attempts have been made in South Korea to com-
mercialise plasma waste recycling technology, but
none have yet reached the commercialisation stage.
However, this has not stopped development. The Ko-
rea Fusion Energy Institute, Hyundai Heavy Indus-
tries Power System Co., Ltd., and GS Engineering &
Construction Co., Ltd. have agreed to develop a com-
mercial plasma gasification furnace [26]. Under the
agreement, the three organizations plan to collaborate
closely in technology development, research and de-
sign of plasma gasification systems, development and
manufacture of commercial equipment, and business
development and implementation to commercialize
plasma gasification technology. The development and
construction of a commercial reactor capable of han-
dling 100 tons of waste per day with a 500 kW plasma
torch is planned, based on its experience in producing
industrial circulating fluidized bed boilers.

It should be noted that there is currently no com-
mercial H, production plant using plasma gasifica-
tion technology from biomass. Significant research
is needed to reduce energy consumption and thereby
improve efficiency.

In general, hydrogen production technology from
biomass gasification has not yet reached a high level of
technological maturity. The main novelty of this work
is to assess the current state of the art of H, produc-
tion technologies from solid biomass, considering the
technological, economic, and environmental indica-
tors and the technical potential of hydrogen production
through plasma gasification of biomass. According to
the literature review, the normalized cost of hydrogen
production can reach an average of 3.15 USD/kg H,,
and the average yield is 0.1 kg H,/kg biomass biomass
[27]. Meanwhile, the economic feasibility of hydrogen

production from biomass may be hindered by the high
cost, which ranges from 1.21 to 2.42 USD/kg for gas-
ification and from 1.21 to 2.19 USD/kg for pyrolysis.
Increasing the hydrogen yield and exploring methods
to reduce the temperature are crucial to enhancing bio-
mass gasification’s economic viability and sustainabil-
ity for hydrogen production, with special attention to
energy saving [23].

According to the global hydrogen production out-
look up to 2050 [28], electricity-based green hydro-
gen, produced by splitting hydrogen from water using
electrolyzers, is expected to be the dominant form of
production by mid-century, accounting for 72 % of
production. This scenario would require excess re-
newable energy to power 3,100 gigawatts of electro-
lyzers. This is more than twice the total installed solar
and wind capacity today. Blue hydrogen, produced
from natural gas with emissions capture, plays a sig-
nificant role in the short term (around 30 % of total
production in 2030). Still, its competitiveness will de-
cline as renewable capacity increases and prices fall.
Making hydrogen projects competitive and economi-
cally viable based on excess renewable solar and wind
energy to power electrolyzers remains challenging.

Natural gas reforming, coal gasification and wa-
ter electrolysis are proven technologies for hydrogen
production today and are used on an industrial scale
worldwide. Steam reforming of natural gas is the
most used process in the chemical and petrochemi-
cal industries. It is currently the cheapest production
method and has the lowest CO, emissions of all fos-
sil fuel extraction methods. Water electrolysis is ex-
pensive and is only used if high-purity hydrogen is
required. With the expected increase in natural gas
and coal prices, the gasification process is expected to
be the most economical option starting around 2030.
Biomass gasification for hydrogen production is still
in its early stages today but will likely become the
cheapest option for supplying renewable hydrogen in
the coming decades. Biomass gasification is currently
used in small, decentralized plants at an early stage of
infrastructure deployment. In general, the hydrogen
production mix is very country-specific. It depends
heavily on expected feedstock prices, resource avail-
ability, and political support, which also play an es-
sential role, especially for hydrogen from renewables
and nuclear energy. Renewable hydrogen is primarily
a cost-effective option in countries with a significant
renewable resource base and/or a lack of fossil re-
sources, for remote and sparsely populated areas (e.g.,
islands), or for storing excess electricity from inter-
mittent renewable energy sources. Otherwise, renew-
able hydrogen should be incentivized or mandatory.
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Figure 2. Current raw materials used for H, production [30]

In the long term, hydrogen must be produced using
processes that avoid or minimize CO, emissions. Re-
newable hydrogen, whether produced by electrolysis
from wind, solar energy, or biomass, is undoubtedly
an endpoint (especially in climate change mitigation),
but is not a prerequisite for introducing hydrogen as
an energy vector. Until this goal is achieved, hydrogen
produced from fossil fuels will predominate. Still, cap-
turing and storing the resulting CO, becomes a prereq-
uisite for hydrogen to contribute to the overall reduction
of CO, emissions in the transport sector. The predomi-
nance of fossil hydrogen is expected from about 2030,
as reflected in the various hydrogen roadmaps, as is the
subsequent role of renewables. The specific costs of
producing hydrogen from renewables are not consid-
ered competitive with most other options in this period,
except for biomass. The cost of hydrogen production
depends mainly on the assumed prices of the feedstock.
The typical price range up to 2030 is between 0.08 and
0.12 USD/kW-h (2.6-4 $/kg). In the long term, up to
2050, with the expected increase in raw material (fossil
fuel) prices and CO, prices, hydrogen production costs
will also increase [29].

Based on the above, biomass provides renewable
and sustainable energy in other forms such as syn-
gas, biogas and hydrogen. Hydrogen energy has great
potential for decarbonizing various sectors due to its
versatility. At the same time, hydrogen energy produc-

TWh United States

EU 4

tion is considered environmentally friendly. However,
even though the main precursors to produce hydrogen
gas are readily available in various countries, these re-
sources are not yet used and, as a result, hydrogen gas
is not included in the energy balance of states [23].

Thus, today, hydrogen is mainly produced from
fossil fuels (Figure 2) [30]. Hydrogen production
from biomass through gasification can become a fa-
vorable alternative for future decarbonization applica-
tions based on renewable and carbon dioxide-neutral
hydrogen.

However, it should be noted that biomass accounts
for about 14 % of global energy consumption, which
is higher than coal (12 %) and comparable to gas
(15 %) and electricity (14 %). Biomass is a signif-
icant energy source for many developing countries,
but much of it is non-commercial [31, 32].

Figure 3 shows the future trend of hydrogen sup-
plies for three developed countries/regions — the US,
EU, and Japan. As can be seen, hydrogen supplies
will largely depend on fossil sources — natural gas and
coal. Carbon capture and sequestration technologies
are planned to be important in achieving climate goals.
However, the amount of hydrogen produced from re-
newable sources should also increase significantly.
It becomes clear that hydrogen supplies depend on
regional differences in resource endowments. While
Japan includes renewable electricity only as a source
of renewable hydrogen, the EU and the US plan to
increase hydrogen production through biomass gas-
ification [33].

Numerous papers review current possible prin-
ciples of industrial hydrogen production based on
biomass gasification. Generally, hydrogen from re-
newable sources can be produced electrochemically,
biochemically, or thermochemically. All three meth-
ods allow hydrogen production without CO, emis-
sions (Figure 4). H,@Scale is a US Department of
Energy (DOE) initiative that brings together stake-
holders to advance affordable hydrogen and reve-
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Figure 3. Hydrogen supply trends [33]
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nue-generating opportunities in various energy sec-
tors. It includes DOE-funded projects and activities
jointly funded by national laboratories and industry to
accelerate early-stage research and demonstration of
hydrogen technologies.

This study focuses on the thermochemical ap-
proach through biomass gasification (wood chips, ag-
ricultural waste). Specifically, the potential industrial
production of hydrogen is considered with an em-
phasis on plasma gasification technologies. Figure 5
shows the general scheme of the hydrogen production
process by plasma gasification.

The scheme includes gas cleaning and enrichment,
which are necessary to remove CO and CO,, as well
as trace components such as H,S, HCI, and fly ash.

There are many differences in the characteristics
of biomass. Solid biomass fuels commonly used in
large-scale power plants include agricultural resi-
dues, short-rotation energy crops, and others. Their
compositions vary significantly in the proportions of
volatile matter and fixed carbon. Most lignocellulosic
biomass (e.g., woody and herbaceous materials) has
about 75-85 % volatile matter and about 15-17 %
fixed carbon. Biomass varies significantly in physical
characteristics, density, and thermal properties. Densi-
ty ranges from 200-300 kg/m?*. Thermal conductivity
for biomass particles is from 0.05 W/(m-K) for some
herbaceous materials and from 0.1 to 0.15 W/(m-K)
for woody materials [34]. A future industrial gasifica-
tion system will likely use various available biomass
resources. Therefore, the design will need to consider
the variability of fuel combustion characteristics. To
ensure optimum efficiency, it is necessary to control
particle size, predict the behavior of inorganic compo-
nents in the reactor, particularly the role of potassium,
and control fouling and ash deposition effectively.

Plasma gasification involves a sequence of solid
mass loss phases, including drying, pyrolysis — vol-
atiles yield, and charcoal formation and gasification.
This is followed by homogeneous partial oxidation of
the volatiles approaching thermodynamic equilibrium
and completion of the water shift reaction. Oxidation
of both volatiles and charcoal occurs in the absence
of O, at a rate proportional to the available O, and
temperature.

The plasma torch is an independent source of con-
centrated heat, which allows the reactor temperature to
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(steam methane reforming
current process today)
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Renewable
Sources
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(wind, solar Hydrogen Recovery &
biomass, hydro, Clean Energy Refining
geothermal) Cartier
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Nuclear Production
Coal Electronics
(with carbon
sequestration) Ammonia
Production

Metal Production &

Food Fabrication

Cosmetics .
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Figure 4. H @Scale vision for hydrogen production, including
from renewable sources, and its use

be controlled independently of variations in feedstock
quality and air/oxygen/steam supply required for its
gasification. Optimum parameters can be established
and easily maintained and are not affected by the state
of the material being processed. This provides signif-
icant advantages in process variability compared to
gasification without an external heat source. Plasma
can be effectively used in each phase of the process,
providing a considerable increase in efficiency with-
in the framework of the strategy for converting feed-
stock into specified gasification products. However,
its preferred place of use follows the process’s logic.

A thermal analysis of weight loss was performed
for five types of biomass pellet fuel. The heating rate
of 20 °C/min is indicative for the assessments. TG and
DTG curves were obtained (Figure 6, a, b) [35].

It can be seen from Figure 6 that the pyrolysis of
five kinds of biomass pellet fuel mainly includes three
stages: /, water evaporation stage; 2, volatile matter
release stage; 3, fixed carbon oxidation stage. In the
first drying stage, from room temperature to about
170 °C, the peak weight loss temperature is at 100 °C,
and the weight loss at this stage is about 10 %. During
heating, pellets absorb heat to evaporate water (free
water, crystal water, absorbed water, etc.). This is the
drying stage of the five kinds of biomass pellet fuel,
and its composition has not changed significantly.
The second stage is volatile matter release at about
190-450 °C. This is the stage of the main weight loss
of the five kinds of biomass pellet fuel and the for-
mation of the initial carbon layer. The main chemical
components in the five types of biomass pellet fuel

Figure 5. General technological scheme of hydrogen production by plasma gasification
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Figure 6. Thermal analysis of weight loss of biomass fuel (conducted for five types of biomass pellet fuel): a — TG curves; b — DTG

curves [35]

are cellulose, hemicellulose, lignin, etc. The weight
loss at this stage is about 75 %. The third stage is after
450 °C, where slow oxidation and decomposition of
the carbon layer occur. The weight loss at this stage is
about 10 %. The pyrolysis of organic matter in the five
types of biomass pellet fuel is complete. Residual ash
and other non-decomposable substances remain. The
gasification results of the five types of biomass pellet
fuel are approximately the same.

It is essential to characterize the fuel in measured
durations of the various gasification stages to opti-
mize the process for productivity and reaction com-
pleteness. Such valuable data for predicting the mass
loss behavior of different particle sizes will inform
operators about the need to adjust milling and tem-
perature requirements [36] presents an experimental
method for investigating the durations of the various
combustion stages of individual particles for three
types of wood biomass fuels. The volume of data ob-
tained allows the evaluation of empirical expressions
for the relationship between particle mass and the du-
ration of volatile release and combustion of charcoal.

—— Wood pellet A
= = Wood pellet B
——= Wood pellet C

Devolatilisation stage

Rate of potassium, rel. un.

. ! Ash decomposition

60 80 100 120 140
Burn out time, %

Figure 7. Time dependences of combustion of three types of
wood pellets with the release of potassium and indication of the
gasification stages [38]

The combustion temperature of biomass in large
power plants reaches up to 1600 K. Such tempera-
tures influence the separation of inorganic compo-
nents through phase changes. In biomass fuels, partic-
ularly potassium, can be present in various forms and
pass into the gas phase during combustion at elevated
temperatures. Subsequently, the combustion products
cool and condense on the surface of the furnace and
heat exchangers. Potassium chloride and hydroxide
lead to an increase in corrosion deposits and ash ad-
hesion. Potassium in the gas phase can also lead to
the formation of sulfate aerosols and recombine with
other solid-phase components of ash, affecting the
behavior of ash during melting and, consequently,
affecting the formation of carbon and slag in the fur-
nace [37]. The pattern of potassium release obtained
in experiments on the combustion of various types of
wood pellet fuels is shown in Figure 7 [38]. These
data allow us to trace the physical mechanisms of the
process and contribute to the development of models
for the gasification of biomass particles.

As Figures 6 and 7 shows, the limiting stage of
biomass gasification is the gasification of the carbon
layer. Since the authors developed the theme of gener-
ating a plasma mixture of water vapor and atmospher-
ic pressure oxygen using an electrodeless discharge
to process biomass to obtain hydrogen [39], the main
attention should be paid to the gasification of the car-
bon layer.

Oxygen and steam are the preferred gasifying
agents for producing hydrogen-rich synthesis gas
[40]. One of the key factors affecting the process per-
formance is the steam-to-oxygen ratio at the reactor
inlet. Both laboratory and industrial test data show
that a higher steam-to-oxygen ratio also increases the
water gas shift reaction rate. As a result of the influ-
ence of the steam-to-oxygen ratio on the thermody-
namic and kinetic properties of the process, higher
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Figure 8. Ternary C-H-O diagram for the solid phase of all car-
bon allotropes at a pressure of 1 bar [41]

values result in higher CO conversion and lower CO
content in the outlet gas. In addition to CO conver-
sion, the steam-to-oxygen ratio can also affect the
production of hydrocarbons (primarily methane) from
the reaction:

2CO + 2H, <> CH, + CO, (AH = —244 kJ/kmol).

A minimum steam-to-oxygen ratio of ~0.4 at the
reactor inlet should be ensured to minimize such un-
desirable reactions. In addition, a certain amount of
steam prevents the risk of coking and carbon deposi-
tion on the surface. Depending on the feedstock fed to
the reactor, typical steam to oxygen molar ratio ranges
from 0.6 to 2.2, and the steam to carbon ratio varies
between 2.8 and 4.2. Figure 8 [41] shows the ternary
C—H-O diagram for a pressure of 1 bar, indicating a
zone with thermodynamic preference for coking and
carbon deposition.

To increase the yield of H, and reduce the CO con-
tent in the generated synthesis gas, the water shift re-
action:

Ky
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Figure 9. Change in the equilibrium constant (Kp) for the water
gas shift reaction depending on temperature [42]
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Figure 10. Effect of temperature in the feedstock layer on the car-
bon conversion rate [43]

CO +H,0 « H, + CO, (AH =—41.2 kJ/kmol),

is a well-established technology in industrial large-
scale hydrogen production plants, or to set the syngas’
CO/H, ratio.

The water shift reaction converts carbon monox-
ide and steam into hydrogen and carbon dioxide. The
equilibrium constant decreases with temperature, so
high conversions are favored at low temperatures, as
shown in Figure 9 [42].

When superheated water vapor is used as a heat
carrier and reagent for carbon conversion, the conver-
sion rate increases with increasing temperature (Fig-
ure 10) [43].

This is entirely consistent with the concepts of
thermal activation of chemical processes — with an
increase in temperature, their speed increases, and the
increase in temperature is ensured by the rise in the
temperature of water vapor, i.e. with an increase in the
temperature of the vapor, the conversion rate and the
depth of the reactions increase. Figure 11 [43] shows
typical results of a study of the kinetics of gas evo-
lution in the gasification process of carbonized coal.

The main process of carbon with water vapor in-
teraction:

vol.% T, °C
H2 4 1200
50
1000
40
800
30 600
20 400
10 200
T : — ()
0 350 700 1050 1400 1, s

Figure 11. Dependence of the yield of gaseous products of coal
gasification on time
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C+HO—CO+H,

The following dependencies on Figure 11 are note-
worthy. During the gasification process, the hydrogen
concentration decreases while the oxygen content
in the mixture increases. At the same time, the ratio
of CO and CO, concentrations remains virtually un-
changed throughout the process. The amount of hy-
drogen in the reaction products decreases due to its
oxidation by oxygen according to the reaction:

2H,+0,— 2H,0,

in this case, oxygen obtained by the reaction CO, —
— C + O, is used. This reaction itself becomes pos-
sible, on the one hand, due to the oxidation of CO by
superheated water vapor CO + H,CO — CO, + H,,
and on the other hand, due to the presence of mineral
impurities in coal that have catalytic activity in the
reaction O, — C + O, [44].

Based on the above assessment of the state of the
art in large-scale biomass gasification, the projection
onto plasma technologies today is as follows. Plas-
ma has been recognized as an effective method for
destroying hazardous waste for decades. However,
plasma generators consume a lot of electricity. As
a result, the rising cost of electricity and pollution
from coal-fired power plants have made plasma an
expensive and environmentally questionable dispos-
al method. Until 2000, most research into plasma
use for waste recycling aimed at achieving complete
pyrolytic decomposition as far as possible. Neverthe-
less, the more sophisticated the process, the higher
the power consumption. Even with large volumes of
waste destroyed, pyrolytic gasification requires much
more energy than it produces. Only when the cost of
eliminating the hazard posed by the waste is very high
does plasma become an economically viable meth-
od of waste destruction [45]. Currently, the thermal
processing industry is studying ways to analyze and
optimize the efficiency of installations [46, 47]. A
sensitivity analysis of the operating parameters of the
plasma gasification process was performed to maxi-
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Figure 12. The relationship between investment and year, as well
as the corresponding linear regression equation for electricity, co-
generation plants and biofuel gasification plants [48]

mize the net energy produced and minimize the plant
cost. Where available, correlations from the literature
and market data were used to calculate the capital
and operating costs of the process. For example, a
case study of a plasma gasification plant processing
750 tons of municipal solid waste per day was con-
ducted in Greece. This analysis showed that the cost
of the plasma gasification process is comparable to
the conventional incineration process. In addition,
plasma gasification has produced better environmen-
tal and technical results [46]. This fact offers a new
framework for reconsidering the historical cost and
energy consumption issues that have previously limit-
ed the development of plasma processing. To compete
with fossil fuel-based technologies, large-scale gas-
ification plants still require significant technological
development supported by economic subsidies and
incentives, efficient operating strategies, and glob-
al policies pushing for carbon-neutral solutions. The
work [48] shows that specific investments tend to de-
crease over the years, for gasification plants designed
to produce electricity, cogeneration energy and liquid
biofuels (Figure 12).

While plasma gasification has many advantages,
some disadvantages need to be considered before
investing in this technology. One of the main disad-
vantages of plasma gasification is its high cost. The
process requires expensive equipment and trained
personnel, making it prohibitively expensive for
many individuals and organizations. Additionally, the
high cost of plasma gasification can make it difficult
to justify the price, especially when cheaper methods
are available. Another disadvantage of plasma gasifi-
cation is that it requires specialized training. Individ-
uals wishing to perform the procedure must undergo
extensive training to operate specialized equipment
safely and effectively. Overall, plasma gasification
offers a promising solution to reducing reliance on
traditional waste management methods while helping
to become more environmentally friendly. Like any
other technology or process, this method has advan-
tages and disadvantages that need to be considered.
The challenge for those considering using plasma in
waste processing is to achieve low energy consump-
tion, high energy value of the gas, low capital and op-
erating costs, and long equipment uptime.

To meet the requirement for long operating times,
microwave [49] and induction plasma [50] are cur-
rently being considered. The emergence of new plas-
ma technologies in thermochemical conversion meth-
ods may open up new avenues for the economical
production of H, and value-added products. Plasma
gasification has been developed commercially, typi-
cally using direct current plasma discharge technolo-
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5]

Figure 13. High-frequency induction plasma torches: @ — Tekna (from 40-200 kW); b — JEOL

gy [51]. However, direct current torches suffer from
short electrode life in the presence of oxidizing gases,
leading to inconvenience and high operating costs as-
sociated with their replacement. An alternative is the
use of electrodeless plasma torches.

For small and industrial scale waste recycling,
three types of advanced thermal plasma technologies
are considered: DC atmospheric plasma torches, ra-
dio frequency plasma torches and microwave plasma
torches. The authors of [52] conducted a comparative
study of all three plasma torches for energy and waste
recycling applications. The simulation modelling and
experimental results were presented with an indirect
DC plasma torch and a high-frequency induction
plasma torch. The results show that DC plasma torch-
es and high-frequency induction plasma torches are
economical and beneficial for large-scale waste re-
cycling and energy production. Meanwhile, a micro-
wave plasma torch can be used for small-scale waste
recycling. Overall, minimizing the environmental
impact and cost-effectiveness of the process are the
most critical parameters to improve the feasibility and
sustainability of plasma-based waste recycling plants.
High-frequency induction plasma torches with plasma
power from 15 to 200 kW are designed for more than
10,000 hours of non-stop operation [53]. They have
found application in the chemical and metallurgical
industries due to their high reliability and long service
life without parts replacement (within 2—3 months).

Modern high-frequency induction plasma torches
from TEKNA [54] and JEOL [55] (Figure 13) have
reached a prominent level of perfection and meet the
requirements for a plasma gasification system.

For adequate control of gasification processes and
developing and optimizing plasma reactors, reliable
information about the RF discharge and plasma torch
parameters is necessary. The task is simplified in bio-
mass gasification since the jet induction plasma torch
operates for a long time in one mode. The extended
laminar torch of the optimized induction plasma torch

has well-filled temperature and velocity profiles (Fig-
ure 14, a—c) [56]. It should be noted that many studies
have been conducted on the temperature and velocity
of the jet of induction plasma torches by direct mea-
surements, using probes and optical emission spectra.
For clarity, the calculated picture of the temperature
and velocity fields in the torch of the plasma torch
induction is given here; it agrees with the experiment.

The torch was modeled in ANSYS Fluent; the ge-
ometry was meshed to discretize the space. The mesh
independence study was performed by refining the
cell size, which is expressed as the number of cells
per millimeter of axial distance.

The industry uses high-frequency induction (HFT)
plasma torches for various applications. To get more
benefit, many attempts have been made to improve the
HFI plasma torch, which included optimizing its op-
erating conditions, size and shape. However, the op-
timization efforts [57-59] did not produce long-term
results, leaving the original design proposed by Reed
[60] in the 1960s, which remains virtually unchanged.
However, recent efforts [61] have been revived and
developed in [56]. A significant improvement is
achieved by using conical geometry (Figure 13, b).
This geometry significantly reduced gas and power
consumption and improved performance. Special HFI
plasma torches shown in Figure 13 are available to
operate with every class of HF power sources. They
feature highly efficient designs to maximize plasma
thermal processing effects, excellent ruggedness and
stability. Adopts dual-pipe water cooling system: the
inner tube is made of ceramic with higher strength
than quartz tube, which ensures stable operation for
a long time under atmospheric pressure, under ul-
tra-high temperature and strong oxidizing environ-
ment such as HCI, HF, or HBr.

In the first years of studying the HFI plasma,
experimenters used available power sources (tube
generators) and the first results were obtained in a
wide frequency range from 0.5 to 60 MHz. Later,
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Figure 14. Parameters distribution in the torch of a conventional high-frequency induction plasma torch: « — temperature along the
central axis for different cell sizes; b — radial distribution of temperature at the plasma torch outlet for cells of various sizes; ¢ — con-

tours of axial velocity and temperature

a standard series of frequencies of 0.44, 1.76, and
5.28 MHz and oscillatory powers of 60, 160, and
1000 kW tube generators were established [62]. The
most important consumer of energy is the genera-
tor tube. Energy losses at the anode of the generator
tube are 25-33 % of the total electricity consumed;
this circumstance determines the entire energy of HFI
plasma installations. A good frequency for HFI plas-
ma torches is 5.28 MHz and higher; losses in a metal
plasma torch are 1.3 % of the consumed power. A fre-
quency of 1.76 MHz from the point of view of using
a metal plasma torch is considered the limiting one,
below which one should not go — losses are already
4-6 %. At a frequency of 0.44 MHz, the losses in the
plasma torch, inductor, and circuits become equal to
those in the generator lamp. The overall efficiency of
the HFI plasma installation on the generator lamp at a
frequency of 1.76-5.28 MHz is 60—-64 %.
High-frequency induction plasma torches, which
can currently become the main link in the technologi-
cal process, with a plasma power of 15 to 200 kW, are
designed for more than 10,000 hours of continuous
operation. The strategy is to combine gasification and
maximum gas purification in a single reactor to obtain
high-quality and heat of combustion synthesis gas.
Energy recovery and combining primary purification
with gasification make the system more compact, re-
duce heat losses and take up less space in the plant.

Increasing the purity of the gas leaving the biomass
gasification system, eliminating tar contaminants,
maximizing the reduction of alkali metals, solid parti-
cles, nitrogen (N,), sulfur (S), and chlorine (Cl,) sim-
plifies filtration and purification with the minimiza-
tion of catalysts and sorbents.

The new concept of organizing the technologi-
cal process and constructing a reactor using plasma
induction ensures a uniform gas-dynamic regime
throughout the volume of the gasification zone and an
effective and uniform thermal effect on the entire vol-
ume of the solid carbon-containing material and the
gas phase in the gasification zone, and, consequently,
a uniform distribution of temperature and concentra-
tions in the gasification zone. This contributes to the
creation of uniform conditions for chemical reactions
both in the solid carbon-containing material and in the
gas phase, as well as a stable composition and high
energy indicators for obtaining synthesis gas with the
maximum approximation to thermodynamic equilib-
rium [50]. Super-equilibrium surface heating from
the jet of high-enthalpy dissociated gas mixture of
the induction plasma torch is expected [63]. The ef-
fect of super-equilibrium heating is observed when a
dissociated chemically nonequilibrium gas flow gen-
erated by the induction plasma torch flows around a
surface with non-uniform catalytic properties. When
passing from a non-catalytic to a catalytic surface re-
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gion, there is a jump in the heat flux and temperature
to levels significantly exceeding the values obtained
on a fully catalytic surface or in the case of an equi-
librium boundary layer. The effect is due to the fact
that, under identical external flow conditions, the con-
centration of dissociated gas atoms in the boundary
layer on a non-catalytic surface is higher than in the
case of a catalytic surface, and their recombination
further downstream on the catalytic surface leads to
its additional heating. In experiments with a sample,
sections of which were coated with chromium-nickel
spinel, the temperature behind the transition line from
the low- to the highly catalytic surface region exceed-
ed the temperature measured in the same area during
flow around a fully highly catalytic surface by 140 °C
[64]. In subsonic jets of dissociated air on a flat, high-
ly catalytic surface, heat fluxes with a density of 150
to 3750 kW/m? were realized. This phenomenon is
fundamental at the gasification stage of solid carbon
mixed with ash residue.

The key issue in scaling up plasma gasification of
biomass is the specific energy consumption of elec-
tricity per kilogram of waste. Let us present several
illustrative processes. Calculations of plasma gasifi-
cation processes of waste in a shaft reactor made it
possible to estimate energy costs and outline ways to
reduce them [65]. Figure 15 shows the dependence
of the productivity of the gasification process on the
average statistical composition of waste on the power
of an external energy source. The heat of combustion
was within 7-10 MJ/kg with a mass fraction of car-
bon and hydrogen in the feedstock of 20-30 %. For
comparison, the heat of combustion of sunflower husk
biomass is 19.4 MJ/kg with a mass fraction of car-
bon and hydrogen of 54 %. In the shaft plasma fur-
nace, for which the dependencies were obtained (Fig-
ure 15), moisture is used as an oxidizer, determining
the initial moisture content of the raw material, and
plasma torches can operate with the supply of super-
heated steam or air, the oxygen of which acts only as
an additional oxidizer in the gasification process. For
the adopted furnace scheme, with an increase in the
temperature in the reactor, there is an increase in elec-
trical energy consumption, but the potential energy of
the synthesis gas increases by the same amount. With
an increase in temperature from 1100 to 1300 °C, the
hydrogen content in dry synthesis gas decreases from
57.5 to 57 %, and the CO content increases from 34
to 36.5 %. Here, the required mass flow rate of the
oxidizer does not exceed 5-7 % of the mass flow
rate of the resulting synthesis gas. Electrical energy
consumption from 0.68 kW-h/kg (humidity close to
zero) to 1.5 kW-h/kg (humidity 0.15 g/kg). The main
conclusion is that new technologies for processing
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Figure 15. Dependence of the productivity of the waste gasifica-
tion process on the power of an external energy source [65]
carbon-containing waste accepted for implementation
should be based on using oxygen and superheated wa-
ter vapor to temperatures >1000 °C as an oxidizer.

New technologies should be implemented in
weakly oxidizing and reducing atmospheres and have
two spatially separated zones: a medium-temperature
zone (7'< 1000 °C) for drying, pyrolysis and gasifica-
tion, and a high-temperature zone (7 > 1300 °C) for
completing the gasification processes, removing the
inorganic part of the waste and heating the gaseous
product (gas synthesis) to the optimum temperature.

In [66], the use of plasma technology for process-
ing biomass (BM) in the form of mixed manure of
cattle, horses, sheep, goats and pigs (moisture content
30 %) is analyzed. The characteristic composition of
the biomass (manure) is as follows in mass %: H,0 —
30; C — 29.07; H — 4.06; O — 32.08; S — 0.26;
N —1.22; P,0, — 0.61; K,O — 1.47; CaO — 0.86;
and MgO — 0.37. Most of the organic matter consists
of cellulose ((C,H,,O,) ) and some organic sulfur (S).
BM consists of 95.21 % organic matter; the mineral
content is 4.79 %. The biomass has a calorific value
of 16 MJ/kg. The following mixtures by weight were
used for plasma gasification and pyrolysis: 100 %
BM + 25 % air and 100 % BM + 25 % nitrogen, re-
spectively. Experimental studies of plasma-chemical
gasification and pyrolysis of BM were conducted on a
setup whose main elements were a direct-current plas-
ma torch (nominal power 70 kW) and a plasma-chem-
ical reactor with a BM capacity of about 50 kg/h. The
degree of gasification and specific energy consump-
tion of the plasma are shown in Figure 16.

It is evident from Figure 16 that the degree of gas-
ification increased with increasing temperature in both
cases, but it was slightly faster for gasification than
for pyrolysis. However, at a temperature of 950 K,
the degree of gasification reached 100 % for both pro-
cesses. When comparing the parameters of the plasma
treatment of biomass, the calculated and experimental
data showed satisfactory agreement, with a discrepan-
cy of no more than 16 %. The plasma-treated biomass
products were free of harmful impurities in calcula-
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Figure 16. Dependence of the degree of gasification (a) and energy consumption of plasma (b) during gasification of biomass-manure
on temperature: / — plasma gasification; 2 — plasma pyrolysis [66]

tions and experiments, confirming the environmental
benefits of plasma treatment. Using the exergy coef-
ficients of the heat of combustion of biomass, it was
concluded that plasma gasification of biomass is 25 %
more efficient than traditional combustion.

The possibility of gasification of wood pellets to
synthesis gas in a thermal air plasma environment
was determined [67]. The influence of the plasma
torch power, plasma-forming gas consumption, and
equivalence coefficient on biomass gasification was
analyzed. The synthesis gas yield varied from 59.95
to 62.51 %, and the H,/CO ratio ranged from 0.68 to
0.8. The highest concentrations of H, and CO in the
resulting gas were 26.6 and 33.35 %, respectively,
which gave an H,/CO ratio of 0.8. The net calorific
value of the resulting synthesis gas varied from 7.62
to 8.82 MJ/Nm’. The carbon and energy conversion
coefficients were 85.3-97.2 and 29.23-30.57 %, re-
spectively. Specific energy consumption varied in the
range of 165.47-195.61 kJ/mol of synthesis gas. At
the same time, the particular energy consumption for
wood waste gasification and gasification efficiency
were 2.49 kW-h/kg and 82 %, respectively. In addi-
tion, the energy and mass balance assessment showed
that when gasifying 20.73 kg/h of wood pellets, the
resulting synthesis gas can produce 15-18 kW-h and
111-114 kW-h of electrical and thermal energy, re-
spectively.

Of the three biomasses studied [68] (sugar cake,
rice husks and sawdust), sawdust is the most suitable
for the process of obtaining hydrogen-rich synthesis
gas, since it can produce more hydrogen (~97 g/kg
biomass). However, plasma torches require higher
electricity consumption (2.23 kW-h/kg biomass). In
this sense, rice husk shows the worst results with a
maximum specific hydrogen production of 54 g/kg
biomass at 27.5 kW-h/kg of produced hydrogen. As
a conclusion, this study confirmed that plasma gasifi-
cation with an air-steam mixture as a gasifying agent

can be used to produce hydrogen-rich gas with spe-
cific production in the range of 1.79-2.80, 1.68-2.37,
and 2.09-2.81 Nm¥kg from sugar cake, rice husk,
and sawdust, respectively. And with lower electricity
consumption per kilogram of hydrogen than aqueous
hydrolysis.

Atmospheric pressure plasma jets are the main
tool for gasification. It is estimated that the plasma
torch consumes only 2—5 % of the total energy input
into the gasification system, and up to 80 % of the
total energy input into the feedstock can be recov-
ered in the produced synthesis gas. In 2010, Scientific
Certification Systems (SCS) reported that the plasma
gasification process resulted in the lowest greenhouse
gas emissions for the same amount of energy, with
approximately 31 mln tons less CO, equivalent/MWh
compared to landfill with energy recovery and ap-
proximately 50,000 tons less CO, equivalent/MWh
compared to natural gas combustion [69]. However,
based on the above results and the goals of sustain-
able energy development, integrating highly efficient
biomass gasifiers of any type into advanced produc-
tion systems will occur on a comparative basis in the
future global energy market. In recent years, manu-
facturers have made numerous efforts to reduce the
cost of implementing biomass gasifiers. The main in-
hibitory factor is the higher cost of purchasing plasma
equipment in the proposed cycle compared to tradi-
tional processes and the use of complex equipment.
This study assesses the place of an improved plasma
cycle for producing high-power and efficient energy
sources. The reduction in equipment cost is directly
related to the reduction in electricity consumption by
plasma burners (kW-h/kg biomass) while maintaining
efficiency. Reduction in overall energy consumption
of the system can be achieved by optimizing energy
flows in the gasification reactor — minimizing the
Gibbs free energy [70] and using plasma not only as
an additional heat source, but also for local stimu-
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lation of chemical reactions in the superequilibrium
heating zone. The following should be considered. 1.
The temperature of the exhaust synthesis gas is high,
1000 °C and above, and there are many opportunities
for waste heat utilization in addition to the input of
plasma energy and partial combustion of the waste
material. The authors performed energy optimization
of the biomass gasification system using high-tem-
perature effluent synthesis gas for preheating the in-
coming water vapor. 2. Using high-volume HFI plas-
ma (Figure 14) increases the effective area available
for interaction with surfaces. 3. Using HFI plasma for
local super-equilibrium heating and stimulation of
chemical reactions. The reactor scheme adopted for
modeling is shown in Figure 17.

Fulfilment of these conditions creates preconditions
for reducing the plasma equipment’s installed capac-
ity with corresponding weight, dimensions and cost
reduction. As a rule, RFI plasma equipment includes
a power source (radio frequency generator and match-
ing network), plasma torch and reactor. Most process-
es based on HFI plasma use equilibrium plasma in
the temperature range of 8000-12000 K. Regarding
commercial application of RFI plasma up to now it is
mainly powder processing and space research, as well
as some environmental applications: dissociation of
hydrogen chloride, treatment of medical waste [71],
decomposition of polyvinyl chloride (PVC) [72]. HFI
plasma at low pressures is not considered here; only
thermal plasma with high enthalpy is considered. The
HFI method is essential for obtaining thermal plasma
with high gas temperature at high pressures for bio-
mass and waste processing gasification. Several prob-
lems require further study and development, such as
the excitation of the HFI plasma discharge at atmo-
spheric pressure and the efficiency of the HFI power
supplies. They are based on the oscillator tube in the
electrical circuit of the power electronics (Figure 18)
[59, 61, 73]. Common problems in plasma generation
are: size — HFI generators are usually large, heavy
units; reliability — generators use tubes with a limited
life; efficiency — generators with a power tube have

L

Inductively
9qpled Plasma

Waste
Biomass

Figure 17. Scheme of the reactor adopted for modeling

always been inefficient. The reasons are: power loss-
es — most of the power is dissipated in the tube; low
reliability — in generators using power tubes, they are
replaced approximately every two years, depending on
the use; high voltage of the order of 10 kV is present in
the generator, which increases the likelihood of failure;
maintenance problems — generators are complex ele-
ments that require labor-intensive procedures for repair
if a malfunction occurs. Most modern plasma HFI gen-
erators are beginning to use solid-state electronic com-
ponents. This significantly reduces the size of contem-
porary plasma generators and is much more suitable for
operation. HFI generators with an efficiency of 90 %
and higher are currently successfully used at low-pres-
sure and low-power plasma torches. Solid-state HFI
generators (like Figure 19) of high power (>25 kW) are
under development.

Figure 19 shows the electrical circuit of the sol-
id-state power supply for the HFI plasma torch [74].

La L,
Ry p Re

>

Solid state
rectifier
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RB{} Ce

Oscillator
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Grid command circuit

Figure 18. Typical structural electrical diagram of the power source of the HFI plasma torch with a generator lamp [59, 73]
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Figure 19. Scheme of a solid-state HFI generator for powering a plasmatron [74]

The power supply consists of four main parts: A recti-
fier circuit, an insulated gate, an IGBT bipolar transis-
tor, a DC—DC chopper circuit, a full-bridge MOSFET
inverter circuit, and an impedance matching circuit
with a matching transformer and an LC series circuit.
The MOSFET inverter frequency is adjusted within
350~450 kHz by phase-locked loop control to match
the load impedance. This frequency of 350~450 kHz
is much lower than that used in HFI plasma torches.
In this case, the lower frequency electromagnetic field
realizes a larger plasma skin depth, which helps main-
tain a large plasma volume. In addition, adopting this
lower frequency allows the use of MOSFET energy
at a low cost. It has been confirmed in experiments
that this power supply’s overall energy conversion ef-
ficiency is higher than 95 % for all cases. This higher
energy conversion efficiency is an advantage of using
semiconductors to support the high-power HFI plas-
ma. The DC input power was recorded at 10 kW.
Modern powerful 13.56 MHz or 27.12 MHz,
120 kW, 50 Q RF quartz-driven GENERATOR [75]
on a generator tube still has low energy efficiency,
significant dimensions, and cost. Therefore, transis-
tor amplifiers are considered as a power supply for
the next generation of HFI sources. Advantages com-
pared to vacuum tube oscillators: higher efficiency
(90 % and higher), lower cost, circuit simplifications
with lower cooling requirements, and, due to prov-
en reliability, plus excellent characteristics, make
solid-state amplifiers a desirable option for the next
generation of power supplies [76]. Although these are
weighty arguments, a solid-state oscillator must be
experimentally confirmed by practical experience in
working with plasma devices. Solid-state oscillators
have replaced vacuum tube oscillators in radio broad-
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casting for many years. The advantages of using such
well-designed serial products for the power supply of
plasma sources are potentially higher reliability and
lower costs than vacuum tubes.

The increase in power is achieved by combining.
The tested solid-state generator consists of 50 mod-
ules, each with a maximum power of 1.5 kW. Four
transistors switch each module. The resulting square
waves are arranged in parallel on a “summator” ferrite
core and then converted into a sine wave by an output
filter. Even if one or more modules fail, the generator
will still be operational, albeit at a lower maximum
output power. The module can be replaced quickly,
which increases the reliability and maintainability
of the system compared to self-excited vacuum tube
generators. Unlike vacuum tube generators, there is
no high voltage inside the solid-state generator, and
therefore, no stored energy must be removed during
a quick shutdown. The modular concept and the ab-
sence of high voltage are other reasons to expect high
reliability.

To scale up plasma gasification, generators must
have a maximum output power of up to 200 kW to
provide sufficient power reserve. For inductively cou-
pled plasma, most modern solid-state systems provide
an efficiency of about 70-75 %, i.e., 70-75 % of the
consumed power goes into the plasma.

An increase in power based on solid-state genera-
tors can also be achieved based on a newly developed
tandem-type induction thermoplasma system using
two HFI power sources and two inductor coils for one
plasma torch (Figure 20) [77].

A 40 kW, 1 MHz solid-state RF ICP power supply
has been developed and tested at the ITER-India Insti-
tute for Plasma Research [78]. The 40 kW supply was
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Figure 20. Tandem-type induction thermoplasma system

created by configuring multiple bridge inverter mod-
ules using latest generation switching semiconduc-
tors, magnetic combiners and LC network tuning to
provide a 1 MHz sinusoidal output into a typical 50 Q
load (Figure 21). The experience with 40 kW HVHF
provides significant insight into real-world scenarios
in combination with RF-based plasma sources. This
should form the basis for the next step, developing a
200 kW supply.

The problem of increasing the energy efficiency of
induction plasma generators is quite solvable through
energy-efficient conversion technology, the basis of
which is the electronic component base of power elec-
tronics based on wide-bandgap semiconductors. The
main semiconductor materials for power electronics
are Si, GaAs, SiC, and GaN. All modern advances in
high-power and ultra-high-power electronics are as-
sociated with silicon IGBTs. Is it possible to create

Function generator . 4 e signal

IGBT devices based on GaAs, SiC, and GaN? [79].
When developing power electronic converters for
plasma generators, they strive to achieve high efficien-
cy and, at the same time, high power density. Increas-
ing the switching frequency poses new challenges,
since switching losses are proportional to the switch-
ing frequency, which limits the system’s efficiency at
high frequencies. At the same time, many standards
put forward more stringent requirements for system
efficiency. As for the operating frequency, most sil-
icon-based designs today operate at 60-300 kHz. If
the switching frequency is 500 kHz or higher, this can
only be achieved with GaN. SiC is usually designed
for 650-1200 V and higher operating voltages. Fig-
ure 22 shows a diagram of the dependence of power
on frequency of various devices using them [80].
Silicon carbide is expected to grow in power elec-
tronics over the next five years to become the largest
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Figure 21. Schematic diagram of a 40 kW solid-state power supply for an induction plasma torch
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broadband power market, followed by gallium nitride
(in terms of power and FI demand). SiC enables high-
er voltage and power handling, while GaN enables
higher frequency, which expands power applications
to include HFI plasma generators.

The task is to transfer the latest research results to
complex production quickly. Until now, the demand
for power electronics for plasma engineering has
mainly been associated with vacuum technology of
thin films and etching. HRF plasma sources began to
be studied in the late 1990s and eventually began to be
widely used in the production of semiconductors [82,
83]. Solid-state devices of the Vacuum Power Plasma
Supply (RF) 6 kW, 13.56 MHz are produced in serial
production [84]. Further development of powerful RF
plasma generators is possible in various directions,
particularly as a space engine technology. Experi-
mental results are presented for a powerful (up to 180
kW) inductive plasma generator with a high thermal
efficiency of up to 84 % when exciting plasma in mo-
lecular gases [85].

Currently, solid-state power electronics technolo-
gies are rapidly evolving. New models represent inno-
vative devices that utilize the good properties of wide
band gap materials such as silicon carbide and galli-
um arsenide. Industrial and academic research inter-
ests are focused on developing proven and new power
devices aimed at achieving good performance and in-
creased energy savings, with an emphasis on the crit-
ical aspects and challenges that need to be addressed,
in the authors’ opinion, to fully realize the paradigm
of better recycling of waste into useful products.

CONCLUSIONS

This paper presents positive arguments in favor of
plasma gasification of biomass as a promising, via-
ble and cost-effective technology. It is shown that the
process is not limited to any specific feedstock and
specific product, but is flexible in terms of processing

biomass waste, which may be toxic or contaminated,
into valuable products.

The effects of various plasma gasification parame-
ters on the properties and yield of the syngas are ana-
lyzed to facilitate optimization of future research and
the overall process. Plasma gasification can be an ef-
fective way to convert toxic and wet biomass into hy-
drogen-rich syngas, making the gasification process
cleaner and operating at higher efficiency. Gasifica-
tion, in general, has a number of negative social and
environmental impacts, which can be minimized by
appropriate plasma technology implementation.

As aresult of many years of operation, plasma has
been recognized as an effective method for destroy-
ing hazardous waste. However, plasma installations
are expensive and use a lot of electricity. The article
shows new technological solutions to these problems
by optimizing energy flows in the gasification reactor,
rational use of plasma as a concentrated energy flow,
reducing electricity consumption by plasma burners,
reducing the power and cost of plasma installations,
and radically solving the problem of their reliability.

As can be seen from the study, plasma gasification
of biomass has advantages over traditional options in
obtaining hydrogen-enriched synthesis gas. As for the
economic outlook, lower capital and operating costs
are expected in the new approach to constructing
large-scale production.
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ABSTRACT

A technological scheme for generating and forming a directed atomic and molecular flow of silver in the process of electron
beam evaporation and condensation for the synthesis of nanocomposites is considered. The influence of the initial mass of
silver, beam current, evaporation time, and evaporation rate on the mass of evaporated silver was evaluated. The distribution of
the average size of silver nanoparticles depending on the evaporated silver velocity was estimated. The obtained results make it
possible to synthesize nanocomposites with a predetermined most probable average size of silver nanoparticles. The structure
of the PVP-Ag composite and of the H,O-PVP-Ag and Ethanol-PVP-Ag colloidal systems was investigated by TEM and
photon correlation spectroscopy (PCS). The results of the study of glucosamine substance with PVP and nanosilver in the form
of a gel with antimicrobial (antistaphylococcal, antipseudomonal), wound healing and antiinflammatory effects, which has
low toxicity and can be used for the local treatment of infected wounds and purulent inflammatory skin lesions, are presented.

KEYWORDS: composite powders, nanostructured coatings, electron beam evaporation and condensation (EB-PVD), evapo-
rator design, directed vapor flow in vacuum, deposition, colloidal systems, polyvinylpyrrolidone, photon correlation spectros-
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INTRODUCTION

With active development of nanotechnology research
on creation of new nanomaterials and their applica-
tion as active pharmaceutical ingredients in medi-
cines is growing [1]. Of great interest in this area are
nanoparticles (NP) of metals, having antimicrobial
properties. This is due to the fact that at present the
issue of combating the increasing resistance of micro-
organisms to chemotherapeutic antimicrobial drugs is
extremely acute in medicine [2, 3].

Introduction into medical practice of antibiotics of
various origin, chemical structure, spectrum of anti-
microbial activity, and mechanism of action promot-
ed improvement of the effectiveness of treatment of
many infectious diseases, and at the same time posed
new, difficult-to-solve problems for theoretical and
clinical medicine, which concern the correct choice
of the necessary drug and prevention of side effects.
Development of the acquired microorganism resis-
tance is one of the complex issues of modern anti-
biotic therapy. Antimicrobial agents of new chemical
groups are introduced, and combination drugs are
used in order to overcome this complication. Howev-
er, microorganism resistance is growing many times
faster than the new antimicrobial agents are created.
Against the background of a significant increase in the
acquired bacterial resistance a very limited number of
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new antibacterial drugs have been introduced into the
clinical practice in recent years.

Numerous literature data of the last years are
indicative of the effectiveness of the action of met-
al nanoparticles, in particular, silver, against a wide
range of aerobic, anaerobic, gram-positive and
gram-negative bacteria, yeast fungi, filamentous fungi
and viruses, absence of resistance to them on the part
of microorganisms and the relevance of using silver
nanoparticles as an antimicrobial agent for treatment
of infectious diseases [1, 5-8].

Silver has been approved for use as an antimicro-
bial agent for the first time in the 20s of the previous
century, but its usage has decreased with the begin-
ning of application of antibiotics for treatment of bac-
terial infections since the 40s of the previous century.
Recently, silver has become popular again, particu-
larly in treatment of open wounds with the spreading
of methicillin-resistant Staphylococcus aureus [6].
Silver is regarded as an element, required for normal
functioning of internal organs and systems, as well as
a powerful remedy that improves immunity.

Increasing use of silver for local treatment leads
to increased problems associated with studying its
antimicrobial action [6]. Since the time, when it was
first established that the destruction of pathogenic mi-
croorganisms ceases, when penicillin concentration
in the plasma drops below the minimal inhibitory
concentration (MIC), determination of the pharma-
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cological index became the main parameter during
comparison of antimicrobial agents and development
of optimal dosing regimens. Silver MIC is actively
studied in various areas of its application [6]. MIC,
and MIC,; values, most often studied during evalu-
ation of microorganism sensitivity to antibiotics, are
not adapted to studying the action of silver-containing
agents. According to literature data, silver MIC rela-
tive to St. aureus (close to 100 strains) is in the range
from 8 to 80 mg/l, relative to Ps. Aeruginosa (close to
100 strains) it is in the range of 8—70 mg/1 [6].

To summarize the above-said, there is no doubt
that development of new medicines based on silver
NPs, is a relevant and in-demand area of research.

The objective of the work was studying the possi-
bility and evaluation of the prospects for application
of the process of vacuum electron beam evaporation
to produce silver nanoparticles; investigation of the
dependence of the evaporated silver weight on the ini-
tial weight of the silver sample, current of the beam
heating the reactor for oriented deposition of the va-
por flow on the powder, evaporation rate and duration
of the process of silver evaporation to produce silver
nanoparticles on the surface of a powderlike carrier;
providing recommendations on practical application
of the technological parameters of silver evaporation
for assessment of the preset average size of silver
NPs; using the technology of silver deposition on the
surface of a powderlike carrier, synthesizing a nano-
material of PVP—Ag composition; using the produced
material of PVP—-Ag composition to develop a new
medicine with bactericidal action.

INVESTIGATION MATERIALS
AND PROCEDURES

At present, local antiseptic agents, in particular, sil-
ver preparations, are used to treat purulent wounds.
Dermasin, Sulfargin, Argedin Bosnaliek creams con-
tain 1 % of silver sulfadiazine, Argosulfan cream con-
tains 2 % of sulfatiazole [9]. A disadvantage of these
drugs is the fact the silver is in an ionized shape in
their composition, which increases the toxicity risk.
For instance, at topical application of silver sulfadi-
azine agents (Dermasin, Argosulfan, Sulfargin) up
to 1 % of silver ions and up to 10 % of sulfadiazine
can penetrate into the systemic blood circulation from
the damaged surface. Thus, long-term application of
these preparations can result in side effects, character-
istic for sulfanilamides: allergic reactions, circulatory
problems, digestive disorders, hepatite, etc.

A task was set to expand the range of drugs for
the treatment of purulent wounds and purulent-in-
flammatory lesions through development of an orig-
inal pharmaceutical composition in gel form, which

contains a combination of active and additional sub-
stances, exhibits a wide spectrum of antimicrobial
activity and at the same time has antiinflammatory,
reparative and detoxication properties. The posed task
is solved so that the pharmaceutical composition in
the gel form for treatment of purulent wounds and pu-
rulent-inflammatory lesions contains silver nanopar-
ticles as the active substance, produced by electron
beam vacuum evaporation and condensation of silver
on the carrier material — polyvinylpyrrolidone (PVP)
and glucosamine and has carbopol, glycerin and water
in the composition of the hydrophilic gel base. Addi-
tion of glucosamine allows expanding the spectrum of
pharmacological action of the drug and revealing the
antiinflammatory and reparative activity. It inhibits
the formation of peroxide radicals and the activation
of proteolytic enzymes in the area of inflammation,
which damage the tissue, reduces the manifestations
of inflammation, inhibits the formation of antiinflam-
matory cytokines, and exerts an endothelium-protec-
tive effect. Glucosamine also has analgesic effect.
PVP promotes adsorption and removal of toxins from
the wound. The gel hydrophilic base does not dry out
or irritate the skin. Active components and drug base
components are approved for use in the pharmaceuti-
cal industry. Introduction of the nanotechnologies al-
lows reducing the toxicity of silver preparations. It is
known that PVP stabilized silver nanoparticles, unlike
the ionized species, do not exhibit any toxic proper-
ties in the human body and have unique physicochem-
ical and biological properties, which ensure their high
antibacterial, antifungal and antiviral activity, and
additionally demonstrate antioxidant properties, stim-
ulate the healing processes in the skin, and increase
local immunity. Therefore, the problem of searching
for and development of new preparations with silver
nanoparticles for treatment of wounds is relevant for
modern pharmaceutical medicine.

Polymers of PVP-Ag system were synthesized
using Plasdon® (PVP) K-15 and Plasdon® K-17 poly-
mers with the molecular weight 8000 and 10000 from
the series of synthetic homopolymers, which have
surfactant properties, are highly soluble in water, al-
cohol (ethanol) [10] and a number of organic solvents.

Works [11-13] highlight the technological ca-
pabilities for realization of the process of oriented
deposition of the vapour flow on the powder surface.
This method allows dosing the amount of silver in its
vapour flow and ensuring deposition of the required
amount on the carrier particle surface to produce a
composite of the specified composition and structure.
Surfactants (SA) in the powderlike form were pre-
dominantly used, when the material dispersion and
its mixing can ensure a uniform distribution of silver
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Figure 1. Scheme (@), and appearance of the evaporator (reactor) (b) for oriented deposition of the vapour flow on the powder and gen-
eral view inside the process chamber of EBU UE-142 with the reactor and container with powder for silver deposition (c): / — vacuum
chamber; 2 — electron beam gun; 3 — electron beam; 4 — water-cooled screen; 5 — powder; 6 — powder container; 7 — device for
rotation and vibration of the powder container; § — lower part of evaporator (reactor); 9 — evaporation material; /0 — upper part of
the evaporator with a hole and nozzle for directed vapour flow outlet [12]

particles on the carrier granule surface. Selection of a
carrier from such SA, which are capable of stabilizing
silver particles in the dispersed medium of a colloi-
dal solution, allows obtaining a colloidal solution by
dissolution of the nanocomposite directly in the dis-
persed medium without preliminary releasing of the
silver nanoparticles from the nanocomposite by the
carrier dissolution in the intermediate fluid. Such car-
riers can be SA soluble in water and/or other liquids,
selected from a group which includes: polyvinylpyr-
rolidone, polyethylene oxide, polyacrylamide, dex-
tran, and starch. PVP was used as the carrier material.

Figure 1, a shows the technological scheme of
the process of vacuum electron beam evaporation
and condensation of Ag molecular beams, in order to
produce Ag nanoparticles, and the general view from
the inside of the process chamber of an electron beam
unit (¢) with application of a reactor (b) which is used
for generation and formation of a directed atomic-mo-
lecular Ag flow. Synthesis of nanocomposites from
silver NPs was performed in UE-142 unit. In the pre-
sented variant of the technological scheme the graph-
ite evaporator consists of the upper and lower parts,
forming a closed volume. The evaporation material is
located in the evaporator lower part, its upper part has
an opening for the molybdenum tip. During heating
of the evaporator by the electron beam, the material
(silver), which is in its lower part, is brought to melt-
ing, evaporated and a molecular silver flow directed
to the container with the powder is formed by the tip.
At contact of the silver vapours with the carrier pow-

der silver condensation occurs on the surface of its
granules and a nanocomposite with Ag NPs is formed.

In the conducted experiments the powders were
placed into flat copper cooled containers, and stirred
with simultaneous deposition of the vapour flow. Pro-
duced Ag—PVP nanocomposites were used to prepare
colloidal systems (CS) based on water and ethyl al-
cohol. Particle distribution by size in PVP-Ag-H,O
CS was determined by the method of photon-cor-
relation spectroscopy (PCS) in the laser correlation
spectrometer Zeta Sizer-3 (Malvern, Great Britain).
A feature of the PCS method consists in that the re-
sults of separate measurement can be calculated both
as monomodal, and as a polymodal approximation
(in our case, using the Contin program). The mono-
modal approximation allows obtaining the average
size of all the particles present in the solution, while
the polymodal approximation shows the average size
and quantity of each type of particles in the case of a
polydisperse suspension. The method of transmission
electron microscopy (TEM) was used to study in the
transmission mode in HITACHI H-800 microscope at
150 kV accelerating voltage the precipitates obtained
after removal of PVP and water from PVP-Ag-H,O
colloid. Mathematical processing of the obtained re-
sults was performed using Microsoft Excel statistical
analysis programs.

Water, other polar, as well as nonpolar fluids: ali-
phatic and aromatic carbohydrates, their derivatives,
etc., can be used to produce colloidal solutions. PVP
application as the silver particle carrier, in which the
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silver particles are fixed, allows producing by a sim-
ple and effective method the silver nanocomposite,
which already contains a stabilizer, preventing silver
particle aggregation during dissolution directly in the
disperse medium of a target colloidal solution or in
another intermediate liquid. This way, the process
simplification is achieved both at the stage of silver
nanoparticle synthesis, and at the stage of preparation
of the colloidal solutions with provision of their ag-
gregative resistance.

Colloidal solutions based on PVP with water are
traditionally used in medicine as plasma substitutes.
In order to prepare a CS of silver in water, a sample
of powder of PVP—Ag nanocomposite (PVP of K-17
grade) is placed into a clean dry glass, 20 ml of deion-
ized distilled water are added, the glass is capped, and
placed into a water bath with 50-60 °C temperature
to accelerate dissolution. After a ten minute soaking
with mixing and ultrasonic treatment, a transparent
colloidal solution of silver of a light-brown colour is
produced.

PVP readily dissolves in ethyl alcohol. There-
fore, CS of Ethanol-2 % PVP-Ag composition were
also prepared, in order to determine the size of the
nanoparticles in PVP—Ag compositions produced in
the technological modes. CS were prepared in 20 ml
test tubes as follows: sample of PVP-Ag powder was
poured into the tube, 15 ml of ethyl alcohol was added,
and the tube was capped. Stirring the tube contents,
we tried to produce a transparent colloidal solution
of silver of a light-brown colour. After that, the tubes
(without the cap) with their contents were placed into
an ultrasonic bath, heated up to 55 °C, and subject-
ed to US treatment in “SWEEP” mode for 30 min.
Twenty hours after preparation particle distribution
was measured by PCS method.

The produced samples were studied at O.V. Palla-
din Institute of Biochemistry of the NAS of Ukraine.
Investigations of antimicrobial activity of medicinal
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Figure 2. Dependence of the evaporated silver weight on the ini-
tial weight of silver, reactor heating current and evaporation time:
1 — 1230-1470; 2 — 900-1000 mg; graphite reactor, reactor
heating current — 0.19-0.20 A (1); 0.15-0.17 (2)

forms with silver nanoparticles were conducted at the
National University of Pharmacy (NUPh, Kharkiv).

INVESTIGATION RESULTS

To assess the possibility of practical application of the
electron beam technology for synthesis of silver NPs
of the specified size, first the dynamics of evapora-
tion of a silver sample of 900 mg and greater weight
placed into the reactor, was studied. Figure 2 shows
examples of the dynamics of silver evaporation during
the evaporation process, depending on the evapora-
tion process parameters. Following the evaporation
dynamics in time, as will be shown below, will allow
determination of the average size of silver nanoparti-
cles by the average rate of silver evaporation.
However, as shown by the first series of experi-
ments, it turned out to be problematic to evaporate a
precisely specified amount of silver, using a sample
of a weight much greater than the amount required for
evaporation. If you need to evaporate, for instance,
100 mg of silver, and load 900 or 1500 mg of silver
into the reactor, it is a difficult task. In order to con-
duct the experiments, the weight of the loaded sample
was close to the required mass of evaporated material.
Figure 3 gives the results of such numerical experi-
ments, conducted in order to determine the dependence
of the evaporated silver weight on the duration of the
evaporation process. The technological parameters of
the process of silver evaporation from the reactor were
varied, namely: initial weight of silver, current of the
reactor heating beam, silver evaporation rate and angle
of the reactor tip inclination. The work does not give
the results of using the reactor with the vertically di-
rected reactor tip. It should be noted that the efficiency
factor of the reactor increases with increase of the angle
of the tip inclination up to the maximum at the angle of
90°, reaching 30 % and more, depending on the size of
the container for the powder and the distance from the
tip outlet to the surface of the powder in the container.
Results given in Figure 3 allow determining the silver
evaporation rate, and, as shown by further studies, the
silver evaporation rate determines the average size of
NPs. The initial weight of silver samples, the current
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Figure 3. Dependence of the evaporated silver weight on the
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Table 1. Technological parameters of the processes of silver evaporation from a graphite reactor

Initial weight of Ag, mg Evaporated Ag, mg Beam current, A Evaporation time, s Average evapo‘ratlon rate.
mg/min
53.8 10.0 0.20-0.21 100 5.8
120.6 18.3 0.18-0.19 120 9.15
135.1 8.7 —»— —»— 4.35
172.1 4.0 0.19...0.20 —»— 2.0
50.1 26.0 0.20 150 10.0
48.7 35. 0.21 180 13.0
49.8 30.8 0.210-0.215 —»— 10.3
54.70 18.3 0.23-0.21 —»— 6.1
31.7 27.7 0.18 190 8.8
51.0 28.0 0.21 210 8.0
39.8 313 0.21-0.22 220 8.5
75.9 61.4 —»— 280 132
83.6 73.5 0.20 300 14.7
80.0 77.2 —»— 350 12.9
136.4 87.9 0.21..23.0 360 13.5
79.3 79.3 0.19...0.20 375 12.2
98.0 95.6 0.20 —»— 14.7
98.0 95.6 —»— —»— —»—
115.6 87.4 0.20-22.0 390 13.4
148.4 103.7 0.21-0.23 —»— 16.0
116.4 105.0 0.20-22.0 480 13.1
142.0 136.2 —»— 510 16.0

Table 2. Fractional composition of silver NPs in H ,O-5 % PVP-Ag CS

Polymodal distribution
Most probable particle
AgNPs size. nm L Total particle Total quantity
> Fraction size, nm . .
weight, % of particles, %
First fraction 5.7 2-20 99.9 99.9
Second fraction 161 50-500 0.1 Less than 0.1

of the reactor heating beam, and the silver evaporation
rate are shown in Table 1.

The average size of silver NPs was determined by
the method of PCS of H,0-1.4 % PVP-Ag H,0-5 %
PVP-Ag and Ethanol-2 % PVP-Ag colloidal sys-
tems. It was established earlier that the intensity of
light scattering in colloidal solutions of H,O-PVP
and Ethanol-PVP systems is by 2 orders of magnitude
lower on average, than that in H,O-PVP-Ag and Eth-

Size distribution

15 ! 5
/q\ e /\\
2| / A — /
|

50 100 500 1000 5000

; Particle diameter, nm
[#

anol-PVP-Ag systems. Given below are the results of
investigation of the fractional composition and aver-
age size of silver NPs of the above CS.

The results of studying a sample of HO-5 %
PVP-Ag CS (silver concentration in the CS was ap-
proximately 0.06 wt.%) one day after preparation are
shown in Table 2 and in Figure 4.

Figure 5 gives the results of PCS-measurement of sil-
ver particle distribution in H,0-14 % PVP-Ag CS (PVP

Size distribution

5 10 50100 500 1000 5000

b Particle diameter, nm

Figure 4. Laser correlation spectrum of H,0-5 % PVP-Ag CS (a); particle size distribution by in CS (volume), 1 day after preparation
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Figure 5. Silver particle size distribution in H,0-1,4 % PVP-Ag CS determined by PCS measurement method: / — quantity; 2 —

volume (a); silver particles (b)

Table 3. Composition of gels containing silver nanoparticles

Gel Active ingredients Base
1 Glucosamine (1.0 %) + PVP (2.0 %)
2 PVP (Ag 0.164 % - 0.1%) + PVP (2.0%)
3 PVP (2.0 % Hydrophylic:
(2.0 %) carbopol Ultrez — 2.0 %,
4 Glucosamine (1.0 % + PVP (Ag 0.164 % — 0.1 %) + PVP (up to 2.0%) glycerin — 5.0 %,
5 Glucosamine (Ag 0.175 % — 0.1 %) + glucosamine (up to 1.0 %) + PVP purified water — up to 100 %
6 Glucosamine (Ag 0.175 % — 0.01 %) + glucosamine (up to 1.0 %) + PVP

Plasdon® K-15, molecular weight 8000) («) and TEM
of silver particles (b); molecular weight; average rate of
silver evaporation was equal to 14.4 mg/min.

Figure 6 gives the dependence of average particle
size in Ethanol-2 % PVP-Ag CS on silver evapora-
tion rate, during obtaining of PVP—Ag composition
according to the results of experiments and PCS mea-
surements. As one can see, the average size of silver
NPs depends on silver evaporation rate and with in-
crease of the evaporation rate the general trend of the
change of NP average size is directed towards de-
creasing of their size.

RESULTS OF STUDYING THE
ANTIMICROBIAL ACTIVITY OF DRUG FORMS
WITH SILVER NANOPARTICLES

As an example of practical application of PVP-Ag
composition for development of medicinal substances
with antimicrobial activity based on Ag nanoparticles
we can cite investigation of antimicrobial activity of
drug forms with silver nanoparticles of the average
size of 10—12 nm in gel form. Six gels were developed
at the Department of Plant Technology of Drugs of the
National University of Pharmacy (NUPh, Kharkiv)
(Table 3). Acute toxicity of the substances of glucos-
amine with nanosilver and PVP with nanosilver, as
well as the gels, which were administered intragas-
trically, was studied using express-method on mice.
Based on the results of previous studies of antimicro-
bial activity in vitro four promising samples of the
gels were selected: 1, 2, 4 and 6 (Table 3). Reparative
activity was studied in parallel with antimicrobial ac-

tivity under in vivo conditions on a rat wound mod-
el. This model was selected as it allows studying not
only the antibacterial activity of the drug, but also its
reparative properties, as it reproduces three phases of
the wound healing process at once: purulent-necrotic,
granulation and epithelialization. Based on their com-
position, the studied gels should be the most active
exactly in the first phase, demonstrating antibacterial
(nanosilver), antiinflammatory and analgesic proper-
ties (glucosamine). As it is known, adequate therapy
of the first phase of the wound process determines the
speed of further reparative processes in the wound.
The reference drug (Dermazin cream) was selected
based on the fact that it contains 1 % sulphadiasine and
is indicated for treatment of purulent wounds, that is
compares well with the studied gels by its composition
and indications. Treatment was begun three days after
the wound infection, and the gels were applied once a

20

—
Ln

Ag NP size, nm

0 I ]
10 15

1 1
20 25 30 35
Silver evaporation rate, mg/min

Figure 6. Average size distribution of silver NPs depending on
silver evaporation rate. Measurements performed in Ethanol-2 %
PVP-Ag CS
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day in a thin layer in an empirical dose of 20 mg/cm?.
Wound suppuration was observed dynamically on the
1, 3, 5, 7, 9" day of the experiment. For an objective
assessment of the therapeutic effect of the studied gels
a morphological investigation of the wound surface
zone was performed, and individual internal organs
were examined for verification of the systemic action.
Histological examination was performed on samples
of the skin, heart, liver, and kidneys of the rats, for
which the model pathology was reproduced — infect-
ed wounds, which healed naturally (control patholo-
gy), as well as samples of similar organs of the rats
with infected wounds, which were treated with one of
the gels with nanosilver (1, 2, 4 and 6) or with com-
parison drug — Dermazin ointment. Treatment with
the studied gels with nanosilver and with the compar-
ison drug was conducted for 9 days, beginning with
the 3 day after pathogen infection.

Based on the results of the conducted investiga-
tions, it was established that test-samples of gels
1, 2, 4, 5, 6 showed antimicrobial activity against
gram-positive microorganisms (S. aureus). In relation
to representatives of gram-negative microorganisms
the following results were obtained: test-sample 1,
2, 3, 4 showed antimicrobial activity to P.aerugino-
sa; samples 2, 3 — to Kl.pneumoniae; sample 6 — to
E.coli, respectively. Test-samples 2, 6 demonstrated
moderate fungistatic activity. Investigations showed
that the widest spectrum of selectively expressed anti-
bacterial properties against the appropriately specified
test strains is inherent in test samples 2, 6, 4. Consid-
ering the features of the composition of test-sample
2 (PVP (Ag 0.164 % — 0.1 %) + PVP (2.0 %) and
the level of antimicrobial activity of test sample 6, it
should be noted that the studied test-sample 4 is posi-
tively characterized by a pronounced bactericidal ac-
tion against gram-positive (S.aureus) and gram-nega-
tive (P.a-eruginosa) microorganisms.

At application of the gel with glucosamine and sil-
ver nanoparticles, the wound area decreased by 51 %,
that of the gel with glucosamine — by 13 %, that of
the gel with silver nanoparticles — by 49 %, and that
of Dermazin cream — by 32 %. On the 9" day the
speed of reduction in the wound area of the declared
sample was at the same level as the comparison drug.
By epithelialization parameter already on the 9™ day
of the experiment in the group treated with helium
with glucosamine and silver nanoparticles, complete
healing of the wound had occurred in 40 % of the an-
imals. While in the rest of the experimental samples
epithelialization was observed only on the 11" day of
treatment and was equal to 60 %, and in the group of
officinal cream Dermazin it was 40 %.

Proceeding from the results of experimental plani-
metric studies we can conclude that the gel with glu-
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cosamine and silver nanoparticles contributes most
to the acceleration of the regeneration and epitheli-
alization processes, and by the expressiveness of the
therapeutic effect it exceeds other gel samples and the
reference drug. Analysis of the results of biochemi-
cal blood tests shows that wound treatment in animals
with the declared gel helps reduce systemic manifes-
tations of inflammation and destruction of the tissues.

CONCLUSIONS

1. Electron beam technology of evaporation and con-
densation in vacuum using a reactor for evaporation
of Ag elements allowed synthesizing nanomaterials of
PVP—Ag composition.

2. Dependence of the evaporated silver weight
on the initial weight of silver, reactor heating current
and process duration and average size distribution of
silver NPs, depending on silver evaporation rate was
established.

3. Obtained nanomaterial of PVP-Ag composi-
tion was used at the National University of Pharmacy
(Kharkiv) to develop medicinal gels based on glucos-
amine with a low toxicity, wound healing ability and
expressed bactericidal action under the conditions of
purulent-necrotic wound process.

4. The best wound heating ability by the parameters
of reliable normalization of biochemical, immunobio-
chemical and hematologic parameters during treatment
was demonstrated by the gel of the following composi-
tion: glucosamine + 1.0 %; PVP+0.164 % Ag, recalcu-
lated to silver it is 0.10; PVP — up to 2.0 %; carbopol
Ultrez — 10-2.0 %; triethanolamine — up to pH 6.4;
glycerin — 5.0 %; purified water — up to 100%, which
exceeded the reference drug — Dermazin ointment by
the epithelialization rate.
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AND STIRRING OF THE METAL POOL
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ABSTRACT

The results of the physical simulation of hydrodynamic processes at the crystallization of ingots in a casting mold under con-
ditions of electroslag heating and stirring of the metal pool by a gas jet are presented. The studies were carried out on a cold
transparent model that simulates the crystallization of a 205-ton steel ingot in a casting mold and allows visualizing hydrody-
namic processes in the metal pool and forming a solid phase. New experimental data on the structure of hydrodynamic flows
at various options of stirring the metal pool by a gas jet were obtained. It is shown that the use of a gas jet allows creating
toroidal melt flows with upward flows spreading from the gas-supplying nozzle and downward flows near the walls of a casting
mold. It was established that for effective stirring of the entire volume of the metal pool and to affect the crystals growing on
the crystallization front, it is advisable to place the gas tuyere along the axis of the pool and choose its immersion depth within

70-80 % of the pool depth.

KEYWORDS: ingot, casting mold, physical simulation, hydrodynamics, electroslag heating, gas jet, stirring

INTRODUCTION

Today, the conventional technology of casting steel
in a casting mold remains one of the most common
methods of producing large forging ingots and slabs.
This process is characterized by the presence of large
volumes of liquid metal that solidifies for a long time
under conditions of low-intensity thermal convection.
This leads to a significant propagation of liquation
and shrinkage processes and, as a result, physical and
chemical heterogeneity of the cast metal [1-5]. Such
defects cannot be completely eliminated during sub-
sequent thermodeformational treatment. They are in-
herited by forgings and semi-finished products made
from an ingot, which leads to a deterioration in the
mechanical properties of the metal. Therefore, the
problem of improving the technologies for making
large ingots in a casting mold is still relevant.

One of the most promising ways to improve met-
al solidification conditions and eliminate defects of
shrinkage and liquation origin is to apply a complex
thermal and hydrodynamic effect on the metal pool
[6]. It can be realized by means of electroslag heating
(ESH) and feeding the ingot head and forced stirring
of the metal pool with a gas jet. Under these condi-
tions, it is important to understand the nature and in-
tensity of hydrodynamic flows in the metal pool.

Experimental studies of the hydrodynamic pro-
cesses that occur at the solidification of large ingots

Copyright © The Author(s)
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are very complex and expensive. In this case, it is ad-
visable to apply physical modeling methods on cold
transparent models, taking into account the following
similarity criteria [7—10].

The aim of this study is to determine the effect of
electroslag heating and forced purging of liquid metal
with gas flows on hydrodynamic processes in the met-
al pool at the solidification of ingots in a casting mold.

RESEARCH PROCEDURE

The experiments were carried out on a cold, trans-
parent physical model that allows visualizing hydro-
dynamic processes in the pool and forming the solid
phase (Figure 1). The model represents a plane vessel
simulating the longitudinal section of a 205-ton forg-
ing ingot. It is made at a scale of 1:15 to maintain the
geometric similarity to a full-scale object. The bot-
tom and side walls of the model are made of a wa-
ter-cooled profile, while the front and rear walls are
made of optically transparent material. The upper part
of the vessel has polystyrene foam overlays simulat-
ing the heat-insulating inserts of the yield top.

A melt of sodium thiosulfate (Na,S,O,) was used
as a model liquid that simulates molten steel, which
solidifies by the dendritic mechanism and retains op-
tical transparency in the solid state. To visualize hy-
drodynamic flows, a coloring pigment was added to
the sodium thiosulfate melt, which was precipitated
in the form of suspended particles with neutral (zero)
buoyancy (Figure 1, b).
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a

Figure 1. Appearance of a physical model for studying hydrodynamic processes at the ingot crystallization in a casting mold (a) and
suspended particles in the model melt (b): / — water-cooled wall; 2 — wall made of optically transparent material; 3 — heat-insulat-
ing overlays; 4 — liquid simulating the slag pool; 5 — thermocouple; 6 — heating element; 7 — thermal imager; § — video camera

The correspondence between the hydrodynamic
processes occurring during the simulation and in real
conditions was assessed using the similarity criteria:
Froude’s criterion (Fr), which characterizes the ra-
tio of inertia and gravity forces; Reynolds’ criterion
(Re), which determines the nature of hydrodynamic
flows in the melt (laminar or turbulent); Weber’s cri-
terion (We), based on the ratio of liquid inertia forces
to liquid surface tension forces; Grashof’s criterion
(Gr), which determines the melt motion caused by the
non-uniformity of the temperature field.

Below are the calculated ratios for these similarity
criteria:

Fr=1V?/gL,Re = VL/v,
We = pl?L/o, Gr=gB(T_ — T )L/,

where V' is the flow velocity (m/s); g is the free fall
acceleration (m/s?); L is the characteristic size (m); v

Table 1. Physical parameters of the model and a full-scale process

is the kinematic viscosity of the liquid (m%s); p is the
density of the liquid (kg/m?); o is the surface tension
coefficient (N/m); B is the coefficient of thermal ex-
pansion (1/K); T is the melt temperature (K); 7 is
the temperature of the casting mold wall (K).

The values of the relevant physical parameters and
similarity criteria calculated for the model and the full-
scale process are given in Tables 1 and 2. In both cas-
es, the Fr criterion is significantly less than 1, which
indicates the dominance of gravity forces over inertial
forces. This is typical for the processes with stable con-
vective liquid flows, without significant oscillations
and surges. The We criterion is also less than 1 in both
cases, which indicates the dominance of surface ten-
sion forces over inertial forces and the stability of the
melt surfaces and the absence of ruptures of these sur-
faces. The Gr criterion for both the full-scale process
and the model has very high values, which indicates a

Parameter Physical model (sodium thiosulfate) Full-scale process (steel)
Melt temperature (7, ), °C 68 1520
Casting mold wall temperature (7, ), °C 20 850
Flow velocity (V), m/s 0.01 0.015
Characteristic dimension (L), m 0.07 0.5
Thermal conductivity coefficient (1), W/m-K 0.55 30
Density (p), kg/m? 1670 7000
Kinematic viscosity (v), m%/s 1.05-10°¢ 8.5:107
Surface tension coefficient (), N/m 0.09 1.6
Thermal expansion coefficient (B), 1/K 4.5-10 1.2:10°
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Table 2. Values of similarity criteria for the physical model and

the full-scale process

Similarity criterion Physical model Full-scale process
Fr 1.5:10* 4.6:10°
Re 7.0-102 8.8:10°
We 0.13 0.49
Gr 7.3-107 1.3-10"

significant influence of the natural convection on the
movement of both melts. The value of the Re criterion
in the full-scale process exceeds the critical value of
R_ = 2300, which indicates the probability of turbulent
flows formation in the steel melt.

In general, the analysis of the similarity criteria in-
dicates the correspondence of the studied processes in
the model and a full-scale object and the possibility of
a qualitative (representative) assessment of the hydro-
dynamic processes occurring during the solidification
of a steel melt in a casting mold using the developed
physical model.

The sodium thiosulfate was melted in a muffle fur-
nace and then fed into the model vessel using siphon
filling at a temperature of 68—72 °C.

To model the ESH process, oil was poured onto
the melt surface to simulate a slag pool. The oil was
heated using a heating element immersed in it, and its
temperature was maintained at 52—62 °C. The melt
temperature was monitored using a thermocouple and
a “Wintact WT3160” thermal imager.

Forced stirring of the melt was carried out by gas
purging. For this purpose, a ceramic tube with a metal

nozzle (tuyere) was used, which was immersed into
the melt at different depths and in different places
(along the axis and with a displacement from the axis).
Purging was carried out periodically for 30-60 s. Ar-
gon was used as a gas, which was supplied at a flow
rate that did not lead to an unacceptable excitation of
the free surface of the pool. Hydrodynamic flows in
the melt were studied by analyzing video records of
the movement of suspended particles in it.

The experiments were carried out under the con-
ventional ingot solidification scheme (without an ex-
ternal impact), with the use of ESH, as well as with
the use of ESH and with various options of stirring the
metal pool with a gas jet.

EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 2, a shows the structure of hydrodynamic flows
of the model melt after its casting. It is characterized
by downward liquid flows, which are localized in a
rather narrow volume directly near the water-cooled
walls of the vessel. The velocity of these downward
flows is about 4.8 mm/s. The upward flows of the
melt are dispersed throughout the central part of the
pool and their velocity is on average 1.5 mm/s (Fig-
ure 3, 7). Obviously, this flow structure results from
the thermogravity convection caused by the cooling
effect of the vessel walls.

The use of ESH did not change the structure and in-
tensity of melt flows much (Figure 2, »). Downward lig-
uid flows with a velocity of up to 4.2 mm/s occurred near
the pool walls at a distance of not more than 20 mm, and
low-intensity upward flows were dispersed in the central
part of the pool (Figure 3, 2). However, within 20 min
after the melt was cast, when a layer of frozen sodium
thiosulfate formed on the walls of the vessel, the flow

Figure 2. Structure of hydrodynamic melt flows: @ — without external impact; b — with ESH; ¢ — with ESH after the formation of a
solidified ingot layer (/ — vessel wall; 2 — liquid simulating the slag pool; 3 — solidified ingot layer)
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Figure 3. Distribution of flow velocity across the pool width (b) at
the horizon 0.75 thool for different modeling schemes: / — with-
out external impact; 2 — with ESH; 3 — with ESH within 20 min
after casting; 4 — with stirring when the tuyere is immersed along
the axis to 80 % of the pool depth; 5 — with stirring when the
tuyere is immersed asymmetrically at 50 % of the pool depth
structure changed significantly: the melt flow almost
completely stopped throughout the entire volume of the
pool (Figure 2, ¢; Figure 3, 3). In other words, under con-
ditions when the cooling effect of the vessel walls due to
the formation of a frozen layer of sodium thiosulfate on
them is significantly reduced, and heat is fed by ESH in
the upper layers of the pool, there are no factors for the
occurrence of thermogravity convection. Such condi-
tions of metal solidification without melt stirring cannot
be considered favorable for overcoming liquation phe-
nomena during the ingot solidification. In this case, it is
advisable to use forced stirring of the metal pool.
Figure 4 shows the structures of hydrodynamic
flows of the melt when using gas purging jet. The ob-
tained data indicate that gas purging creates intense
toroidal melt flows with upward flows spreading from
the gas supply nozzle and downward flows near the
vessel walls. This is created by the upward motion of
gas bubbles that propagate from the nozzle and in turn
bring the melt into motion. In this case, melt flows are

Figure S. Structure of hydrodynamic flows during gas purging
of the pool after 2 hours from the beginning of the experiment:
a — immersion of the tuyere (1) to 70 % of the pool depth; b — at
28 %

formed mainly in the horizons above the gas supply
nozzle. In other words, when gas flow rates do not
lead to an unacceptable excitation of the free surface
of the pool, the gas jet does not spread significantly
below the nozzle. As a result, when the tuyere was
immersed to a depth of 30 % of the total pool depth,
forced melt stirring occurred only in a small volume
concentrated in the upper layers in the centre of the
vessel (Figure 4, a). At the same time, melt flows did
not reach the crystallization front.

As the immersion depth of the tuyere increased,
the volume of the melt involved in the toroidal mo-
tion increased (Figure 4, b), and only when the tuyere
was immersed to a depth of at least 70-80 % of the
total pool depth, the toroidal motion was formed in its
entire volume (Figure 4, ¢). Under these conditions,

a b

d

Figure 4. Structure of hydrodynamic flows during gas purging of the pool: @ — tuyere immersion to 30 % of the pool depth; b — at

50; ¢ — at 80; d — asymmetric tuyere immersion; / — tuyere
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Figure 6. Temperature distribution over the height of the model i

forced melt flows washed the crystallization front
along its entire length. The maximum velocity of up-
ward flows along the pool axis was 17.0 mm/s, and
9.5 mm/s for downward flows near the walls of the
vessel (Figure 3, 4).

A flow structure which similar to that described
above was observed when pool stirring was applied
after 2 hours from the start of the experiment, when
about 50 % of the ingot volume was formed (Fig-
ure 5, a, b).

The asymmetric arrangement of the tuyere in the
vessel created an asymmetric toroidal melt motion
(Figure 4, d). At the same time, melt flows washed
the crystallization front on the one side of the ves-
sel, but not on the opposite side. Such a flow struc-
ture cannot be considered effective to influence the
ingot structure formation and liquation processes at
the crystallization front. An exception may be made
when at the purging process, it can be provided that
the tuyere could move in a circle at a certain distance
from the casting mold wall.

Figure 6 shows the temperature distribution of the
model liquid across the cross-section of the vessel in
the experiments without melt stirring and with (with
the tuyere immersed to a depth of 70 % of the pool
depth). As shown in the given data, melt stirring leads
to a equalizing of the temperature over the height of
the pool (Figure 6, 2). This redistribution of tempera-
ture in the bottom part of the pool should reduce the
length of the two-phase zone and, accordingly, the
propagation of the liquation processes occurring at
the ingot solidification.

quid without (/) and with stirring (2)

In general, the obtained results confirm the pros-
pects of using a gas jet for melt stirring, equalizing the
temperature in the pool volume and influencing the
liquation processes at the ingot solidification in a cast-
ing mold. For effective stirring of the entire volume
of the metal pool and influencing the crystals grow-
ing at the crystallization front, it is advisable to place
the tuyere along the pool axis and choose its immer-
sion depth within 70-80 % of the pool depth. Under
these conditions, downward flows of the melt reach
the bottom of the pool and then spread upwards along
the entire crystallization front. At the same time, the
maximum admissible gas flow rates, which are deter-
mined by its pressure and nozzle diameter, are limited
by the excitation of the free surface of the pool, melt
spattering and deterioration of process stability.

The obtained results will be used in further studies
to optimize the parameters of gas purging while cast-
ing model steel ingots in a casting mold.

CONCLUSIONS

1. A physical model was developed to study hydrody-
namic processes in the metal pool during ingot casting
in a mold under conditions of electroslag heating and
stirring with a gas jet.

2. It is shown that using the conventional casting
scheme, downward flows of the melt are formed near
the walls of the casting mold, while upward flows are
dispersed throughout the whole central part of the
pool and have a lower velocity. As a solidified layer
of the metal forms on the walls of the casting mold,
the velocity of hydrodynamic flows throughout the
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pool volume decreases significantly, until it stops
completely.

3. It was found that the use of ESH does not lead
to a noticeable change in the structure and velocity of
hydrodynamic flows of the melt.

4. It is shown that gas purging creates intense to-
roidal melt flows with upward flows spreading from
the gas supply nozzle and downward flows near the
mold walls. In this case, the melt flows are formed
mainly in the liquid volumes above the gas supply
nozzle.

5. It was established that for effective stirring of
the entire volume of the metal pool and impact on
the crystals growing at the crystallization front, it is
advisable to place the tuyere along the pool axis and
choose its immersion depth within 70-80 % of the
pool depth.
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ABSTRACT

An analysis of existing methods for evaluating the welding and technological properties of electrode materials used in arc
surfacing (welding) has been conducted. The fundamental principles for assessing the stability of the arc process have been
reviewed. Key approaches to investigating the properties of electrode materials and the list of controlled parameters most fre-
quently utilized for this purpose have been identified. It has been demonstrated that quantitative evaluation criteria are more
advantageous compared to qualitative ones. Based on the analysis, a comprehensive methodology for evaluating the welding
and technological properties of flux-cored wires has been developed, comprising three main components. The first component
includes a visual expert assessment of the arc surfacing process and the quality of the deposited metal formation, performed
using a differential scoring system. The second component focuses on evaluating the melting characteristics of flux-cored
electrode wires based on experimentally determined melting rates, deposition rates, and material loss coefficients. The third
component involves assessing the stability of the arc process, which is conducted using experimentally determined coefficients
of variation for current and voltage fluctuations in the arc. The advantages of the proposed comprehensive methodology have
been demonstrated through the evaluation of the properties of real flux-cored wires for arc surfacing. It has been established that
this methodology provides more informative results compared to approaches relying solely on qualitative indices. The study
confirmed that the type and granulometric composition of the metallic components in the core of flux-cored wires influence the
stability of the arc surfacing process. The use of chemically purer and more homogeneous metallic granular powders in the wire
core, compared to ferroalloy powders, improves the stability and productivity of the surfacing process by 15-30 %.

KEYWORDS: arc surfacing, flux-cored wire, deposited metal, welding and technological properties, surfacing stability, co-

efficients of variation

INTRODUCTION

It is known that flux-cored wire is a highly productive
material, capable of solving a wide range of tasks, in
particular those related to manufacture or restoration
by arc surfacing methods of parts used in various sec-
tors of industry [1-3].

Flux-cored wire consists of a metal sheath (from
soft steel, nickel, titanium strip, etc) and core, filled
with powder components. The core composition in-
cludes alloying components (ferroalloys, pure met-
als, carbides, borides, etc), which ensure the required
chemical composition and properties of the deposited
metal [1-3]. In addition to alloying elements, deoxi-
dizing, gas- and slag-forming components are often
added to the core composition, which promote shield-
ing and refining of the molten metal. Light ioniz-
ing additives, stabilizing the arc discharge, can also
be added to the core, which improves the surfacing
(welding) process efficiency [1-5].

The advantages of flux-cored wires are their ver-
satility, wide possibilities for deposited metal alloy-
ing, as well as high productivity, which ensures a
significant reduction in material costs [1, 5, 6]. Due
to that the flux-cored wires are used successfully in
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the processes of mechanized and automatic surfacing
(welding). By their operational characteristics, they
are practically not inferior to solid wires, so that serial
equipment can be used for surfacing [6].

Compared to flux-cored wire surfacing, however,
application of solid electrode wires allows producing
metal of a more homogeneous chemical composition
and properties. This is due to higher stability of the
deposition process in the second case.

The high stability of the surfacing process, and,
thus, greater homogeneity of the deposited metal by
its composition and properties are particularly im-
portant during deposition of corrosion-, gas-erosion-
and wear-resistant layers on critical parts, operating
in the chemical, oil and gas, metallurgical and other
industries. In such cases, during selection of elec-
trode materials, there arises the need for evaluation
of their welding and technological properties, as well
as studying the influence of numerous factors, among
which the composition of the flux-cored wire filler
(core) is of key importance.

THE OBJECTIVE OF THE WORK

is analysis of the available procedures for evaluation
of welding and technological properties of electrode
materials, used in surfacing (welding), as well as de-
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velopment of the respective methodology for arc sur-
facing methods with application of flux-cored elec-
trode wires.

ANALYSIS OF REFERENCE SOURCES

Stability of the surfacing (welding) process is one
of the key parameters of welding and technological
properties of electrode materials. At the same time,
it is a complex and multifactorial concept, for which
there is no unified standardized evaluation methodol-
ogy [4, 7]. Stability depends on the parameters of the
object of study. The researchers choose or develop the
methodology for stability determination in each spe-
cific case, depending on the defined tasks.

Various technological measures are applied to in-
crease the uniformity of melting of the flux-cored wire
core and sheath, in order to improve the homogeneity
of the obtained deposited metal. Among them are in-
crease in the fraction of metallic powders in the core
composition, selection of low-melting compositions
for slag-forming components, reduction of sheath
thickness, etc [3].

The welding and technological properties of elec-
trode materials are often evaluated by visual exam-
ination of the produced samples and analysis of the
quality of formation of the deposited bead or weld
[8—11]. Visual examination is conducted using a mag-
nifying glass with magnification of x2-5, with re-
cording of the controlled parameters. They include:
correspondence of the geometrical dimensions of the
deposited bead (or weld) to technical documentation;
dimensional stability along the entire length of the
controlled segment; absence of undercuts or visible
defects, etc. Such a methodology, however, allows
only indirect evaluation of the arc process stability.

In the opinion of the authors of [3, 4, 6], the arc
process stability can be effectively evaluated using
quantitative indices. The process is considered to be
stable, if deviation of its parameters from the average
values does not exceed the specified level. A measure
of stability in this case is the parameter deviation from
its average value. Dispersion, mean-root-square devi-
ation or coefficient of variation can be used as such a
measure [12].

So, in [6] the following criteria were selected,
in order to determine and optimize the welding and
technological characteristics of coated electrodes and
welding wire: average and critical short-circuiting
frequency, coefficients of variation of the respective
frequency, as well as the average and maximal weight
of the metal drop.

In [5, 13] devoted to welding with self-shielded
flux-cored wires, the process stability was assessed
by analyzing the coefficients of variation of the weld-

ing current and voltage, as well as the average time
and frequency of short-circuits determined using a
system equipped with a high-speed analog-to-digital
converter. Slag crust separability, presence of defects
and metal losses due to spattering were assessed ad-
ditionally.

Welding and technological properties of the elec-
trodes were evaluated in [14] using a comprehensive
point scoring system, taking into account the follow-
ing controlled parameters: ease of arc excitation, weld
formation quality, degree of metal spattering, cover-
ing property and ease of slag separation and presence
of defects. Arcing stability was assessed using an
automated complex of diagnostics and monitoring of
the welding process parameters, also converting the
derived data into final points.

In [15, 16] during surfacing with flux-cored wires
and strips a methodology of evaluation of the welding
and technological properties was used, which is based
on determination of the quality of the deposited metal
formation, melting and deposition rates, coefficients
of spattering losses and arc burning stability. The
quality of formation was assessed by the ratio of the
deposited bead width (b) to its height (%). In the opin-
ion of the authors of the mentioned works, the greater
value (b/h), the higher is the quality of formation. Sta-
bility was determined by the value of the coefficients
of variation by voltage and current: they smaller they
are, the more stable is the process of arc burning.

In [17] the welding and technological properties
of flux-cored wire microalloyed with boron, were
assessed by a complex methodology, which incorpo-
rated the following quality parameters: mode of arc
excitation (light, medium, complicated); arc burning
stability (stable, satisfactory, unstable); quality of the
deposited bead formation (high-quality, satisfactory,
poor); type and presence of defects in the deposited
metal (absent, isolated, considerable quantity); qual-
ity of slag crust separation (easy, satisfactory, com-
plicated); compliance of the chemical composition
and hardness of the deposited metal with the technical
requirements (compliance, non-compliance). Melting
characteristics were also evaluated by quantitative
characteristics: melting and deposition rates and co-
efficient of losses.

DEVELOPMENT OF THE
METHODOLOGY FOR EVALUATION
OF WELDING AND TECHNOLOGICAL
PROPERTIES OF FLUX-CORED WIRES
FOR ARC SURFACING

Summing up the data presented, one can state that
evaluation of the welding and technological prop-
erties of electrode materials for surfacing should be
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comprehensive, in order to increase the informative-
ness and validity of their selection. Such key param-
eters should be taken into account as: characteristics
of electrode wire melting, presence of defects, qual-
ity of deposited metal formation, and quality of slag
crust separation (if the methods of submerged-arc or
self-shielded flux-cored wire surfacing are used).

In our opinion, it is rational to evaluate the quality
of deposited metal formation using a differential scor-
ing system. Application of mathematical expressions
for such an assessment, based on the relationship of its
parameters [15], has no practical benefit, as the depo-
sition modes are usually selected, taking into account
the requirements to ensuring the specified penetration
depth, width and height of the deposited bead [1].

It is rational to perform evaluation of the arc pro-
cess stability on the base of quantitative characteris-
tics. This is particularly important with application of
electrode materials with similar characteristics, when
visual determination of the arc process stability is
greatly complicated. The most accurate and informa-
tive assessment can be achieved by analysis of inte-
gral values, which determine the energy state of the
arc process. Examples of such values are arc voltage
and current, which are recorded multiple times during
the process [4].

Based on the conducted analysis and results of our
own experimental research [17, 18], we developed
the following methodology of comprehensive assess-
ment of the welding and technological properties of
flux-cored wires for surfacing, which consists of three
components.

The first component includes visual expert eval-
uation of the arc surfacing process and the produced
deposited metal, using the differential scoring system
(Table 1). The controlled parameters used by this com-
ponent are as follows: mode of arc excitation, quality
of the deposited metal formation, presence of visible
defects, correspondence of the deposited metal chem-
ical composition to the requirements and quality of
the slag crust separation (provided the submerged-arc
or self-shielded flux-cored wire surfacing method is
used).

The second component contains evaluation of the
melting characteristics (productivity) of flux-cored
electrode wires, which is determined by the rates of
melting and deposition and coefficient of losses. The
melting rate (o ) characterizes the specific (referred
to one ampere of welding current) productivity of the
wire melting process. The deposition rate (a.,) charac-
terizes the specific productivity of the deposition pro-
cess. Losses of electrode metal (allowing for burnout
and spattering losses) are characterized by the coeffi-

Table 1. Monitored values of welding and technological properties of flux-cored wires for surfacing with point score by the differential

method
Monitored parameter | Point score Brief characterization of the parameter
0 Poor. Ignition not from the first touch of the electrode to the workpiece or absence of ignition
Mode of arc excitation 1 Satisfactory. Ignition without electrode sticking
2 Good. Ignition right after the first touch of the electrode to the workpiece
0 Poor. Bead is non-uniform by width and height, surface is coarse-scaled
ality of the deposited . . . .
Quality p 1 Satisfactory. Isolated unevenness by the width or height, also at the edges, surface is finely-scaled
metal formation
2 Good. Bead is uniform, with a smooth transition to the base metal, surface is smooth
. 0 One or more cracks > 5 mm long and/or chains, clusters of pores
Presence of visible defects
(pores, cracks, lack-of-fu- 1 No cracks. Isolated pores at > 100 mm distance
sion)
2 No defects
Does not comply. Deviations of the weight fraction of any element by more than = 10 % from its
0 specified value or deviation of the weight fraction for two or more elements by more than = 5 from
Compliance of the chemical their specified values
ition of the depos- . . . . . .
COMPOSILON 0 FC (epos Partial compliance. Deviation of weight fraction for any element by more than + 5 % of its
ited metal with technical . . . .
. 1 specified value or deviation of the weight fraction for two or more elements by more than + 2.5 %
requirements . .
of their specified values
2 Complies. Chemical composition of the metal is in the specified range by all the elements
0 Poor. After completion of the surfacing process the crust does not separate
lity of sl t - . . .
Quality of s A8 CTust sepd 1 Satisfactory. Separates at partial mechanical impact
ration
2 Good. Separates after deposition without additional mechanical impact
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cient of losses (). The above coefficients are calcu-
lated using the following expressions [17, 18]:

Gn
U =, 1)
a,, :i; 2)
It
v :MIOO%’ (3)
o

m

where G_ is the molten metal weight; g; G, is the de-
posited metal weight, g; / the welding current, A, ¢ is
the deposition time, h.

The higher the melting and deposition rates and
the smaller the losses coefficient, the higher is the pro-
ductivity of flux-cored wire surfacing.

The third component contains an evaluation of the
stability of the arc surfacing process, which it is pro-
posed to perform based on the dispersion of instan-
taneous values of arc current and voltage with their
multiple recording, using the calculated respective co-
efficients of variation. Application of the coefficient
of variation as a controlled parameter allows elimina-
tion of the influence of the scale of different samples
of the derived data.

To record the mode parameters during the depo-
sition process, it is necessary to use devices with
high-speed analog-digital converters and function of
saving the derived data. In our work a digital record-
ing multimeter ANENG AN9002, fitted with a high-
speed analog-digital converter, was used for this pur-
pose. The multimeter saves measurement results in
its memory in real time and allows transmitting them
to other devices, using the Bluetooth communication
technology.

Analysis of the derived instantaneous values of arc
current and voltage, using the calculated coefficients
of variation, can be performed with application of
standard tools, included into the programs for mathe-
matical analysis, such as for instance Microsoft Excel,
MathLab, etc. [19]. In this work, built-in functions of
mathematical analysis of Microsoft Excel program
were used.

To determine the coefficient of variation, it is nec-
essary to first calculate the standard deviation (S). For
this purpose we can use the built-in function STDEV
(number 1; ...), where number 1 is the first numeric
argument, which corresponds to a sample from the
population. Instead of the arguments separated by a
semicolon, an array or an array reference can be used.
STDEV function calculates the standard deviation by
the following formula:

N2
N ICSE @
n—1
where X is the sample mean; n is the sample size.

Then, it is necessary to determine the arithmetic
mean (X) using AVERAGE (numberl; ...) function,
where number 1 is the first number, reference to a
cell or range, for which it is necessary to calculate
the mean value. Here, it should be taken into account
that AVERAGE function calculates the mean value,
i.e. the center of the set of numbers in the statistical
distribution. There are three most common ways to
determine the mean value:

1. Arithmetic mean value is calculated by adding
up a set of numbers and then distributing the resulting
sum by their number.

2. Median is the number, which is the middle of a
set of numbers, i.e. half of the numbers have values
larger than the median, and half of the numbers have
values smaller than the median.

3. Mode is the number that occurs most often in
this set of numbers.

At symmetrical distribution of the set of numbers,
these values of evaluation of the degree of centraliza-
tion are equal. At asymmetrical distribution of a set of
numbers they can differ, which should be taken into
account in calculations.

The coefficient of variation is known to express
the extent of variation of the studied parameter, and it
is determined by the ratio of mean root square devi-
ation (S) to the mean value of parameter (X), i.e. it is
calculated by the following expression:

®)

where S is the standard (mean-root-square) deviation;
X is the arithmetic mean.

For the general case it is assumed that if the value
of'the coefficient of variation is smaller than 33 %, the
set is believed to be homogeneous, and if it is larg-
er than 33 %, the set is heterogeneous. In practice,
during determination of the arc process stability by
comparing the coefficients of variation by current and
voltage, the process for which these coefficients are
smaller, will be more stable. The coefficient of varia-
tion is usually expressed in percent.

Moreover, during statistical analysis of the data,
often it is rational to plot the histogram of a certain pa-
rameter distribution, which allows visual evaluation
of the magnitude and nature of the data scatter. In Ex-
cel program the distribution histogram is a bar chart,
in which each bar is a range of values (pocket), and
the bar height is proportional to the number of values
in it (frequency of observations). In order to construct
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Table 2. Comparative evaluation of welding and technological properties of experimental wires and stability of the process of arc

surfacing with experimental wires

No. | Composition of | Mode of |Quality of] Defects | Compli- |Quality off Total Coefficients, %
flux-cored wire | arc exci- |deposited ance of |[slag crust| score - . . T
core, fraction tation |metal for- deposited [separation melting (deposition) losses | variation | variation
size mation metal by currentby voltage
chemical
composi-
tion
1 PG-R6MS5S
powder, 2 2 2 2 1 9 17.1 16.8 1.75 14.12 4.73
50-300 pm
2 PG-R5MS5
powder, 2 1 2 2 1 8 16.2 15.8 2.47 14.71 4.99
200-250 pm
3 Mixture
of ferroalloy
2 1 2 2 1 8 13.6 12.6 7.35 16.18 6.08
powders,
50-300 pum

the distribution histogram in Excel, there should be
not less than 50 values in the data set. The histogram
proper is formed with application of “Analysis Pack-
age” add-on.

As an example, this work gives an assessment of
welding and technological properties of experimental
flux-cored wires, which was conducted by the devel-
oped methodology. Comparison of the properties of
flux-cored wires with different granulometric com-
position of the core material was performed, with
granular metallic powder PG-R6MS5 of two different
fractions being applied as the core material in experi-
mental wires (Table 2). Used as the standard was flux-
cored wire with a core of a mixture of ferroalloy and
other components, with their content calculated so as
to ensure producing deposited metal of one chemi-
cal composition. The samples were produced by the
method of submerged-arc surfacing under a layer of

AN-26P flux. The modes of surfacing and heat treat-
ment of all the samples were the same, and the sam-
ples were surfaced in five layers. The idea of the re-
search is described in more detail in [18].

Results of evaluation of welding and technological
properties of experimental flux-cored wires are given
in Table 2. The appearance of the surfaced samples is
shown in Figure 1, and the histograms of distribution
of instantaneous values of arc current and voltage are
presented in Figure 2.

As one can see from the derived data, evaluation
of the welding and technological properties of flux-
cored wires, having similar characteristics, by just
the qualitative parameters according to the proce-
dure of [17], without taking into account the data
on productivity and stability of the process, yields
practically the same results (see the total number of
points in Table 2).

Figure 1. Appearance (@) and transverse macrosections (b) of samples surfaced in five-layers with wires Nos 1-3. Wire designations

according to Table 2
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Figure 2. Histograms of distribution of current and voltage (a, ¢, e) and voltage (b, d, f) during surfacing with wires: No. 1 (a, b), No.

2 (¢, d), No. 3 (e, f). Wire designations according to Table 2
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Performance of comprehensive analysis by the de-
veloped methodology, allowing for the melting and
deposition rates, and the coefficient of losses, as well
as the coefficients of variation by voltage and current
and their distribution histograms, allowed determina-
tion of the increase in productivity and stability by
15-30 % during surfacing with experimental flux-
cored wires (Nos 1, 2), compared to the wire-standard
(No. 3).

CONCLUSIONS

1. A comprehensive methodology of comparative
evaluation of the welding and technological proper-
ties of flux-cored wires for arc surfacing was devel-
oped, which is based on determination of the quality
of deposited metal formation, parameters of process
productivity and stability.

2. Application of the proposed methodology allows
performing a comprehensive evaluation of the men-

tioned properties of flux-cored electrode wires, using
quantitative characteristics, without application of com-
plex and expensive software-hardware systems.

3. It was confirmed that the type and granulomet-
ric composition of metallic components of the core
of flux-cored wires in electric arc surfacing influence
the parameters and stability of the process, in partic-
ular, application of metallic granular powders of high
chemical purity and homogeneity by physical prop-
erties, for instance of the type of R6MS, instead of
the traditional ferroalloys, improves the welding and
technological properties of flux-cored electrode wires.
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ABSTRACT

The use of methods and means for excitation ultrasonic pulses of transverse waves using electromagnetic-acoustic transducers
is becoming increasingly widespread in industry. However, transducers based on permanent powerful magnets have disadvan-
tages, which consist in their strong attraction to ferromagnetic products and in the adhesion of ferromagnetic particles, which
leads to distortion of the results of non-destructive testing and a decrease in sensitivity. Over time, such magnets gradually lose
their magnetic properties. The known transducers with a pulsed magnetization can only operate with low probing frequencies
due to heating. It is proposed to use permanent magnets with a relatively low magnetic field induction and additional pulsed
magnetization simultaneously. Such a technical solution increases the sensitivity of the inspection and significantly reduces
the attraction of the transducer to a ferromagnetic product, and also makes it possible to significantly increase the frequency of
probing the test object.

KEYWORDS: ferromagnetic product, non-destructive testing, ultrasonic pulses, electromagnetic-acoustic transducer, mag-

netic field, pulsed magnetization

INTRODUCTION

Ultrasonic wave pulses are often used for non-destruc-
tive testing of metal products, most often ferromag-
netic ones [1]. In conventional testing using a contact
fluid, it is necessary to remove rust, paint, dirt, etc.
from the surface of objects [1-3], which leads to sig-
nificant material losses. The problem can be solved by
using the electromagnetic-acoustic (EMA) method of
excitation and reception of ultrasonic pulses [2, 4-6],
which does not require special cleaning of the surface
of metal products such as pipes, sheets, billets, etc.

It is known that the sensitivity of the EMA meth-
od of excitation and reception of ultrasonic pulses is
quadratically dependent on the magnitude of mag-
netic field induction [4-5]. That is why many experts
develop EMA transducers (EMAT) with high-power
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magnetic field sources [7]. However, a contradiction
arises. On the one hand, the sensitivity of the EMAT
increases, and on the other hand, the force of attrac-
tion of the EMAT to the test object (TO) made of fer-
romagnetic material grows significantly. In addition,
exfoliated ferromagnetic particles, such as scale, ad-
here to the EMAT, which leads to the formation of
powerful interference [8]. To eliminate the mentioned
disadvantages, many researchers propose the use of
pulsed magnetic field sources [9—-16], which have the
ability to obtain a powerful magnetic field at pulsed
magnet supply currents of 2-3 kA. However, the coils
of the pulsed source heat up quickly [9], which makes
it impossible to perform flaw detection and thickness
measurement of the TO with the required frequency
of probing a metal product.

Figure 1. Simplified image of a magnetic field source with an induction vector oriented normal to the surface of a ferromagnetic metal
product: design of the MFC (a) and its image (b); / — permanent magnet; 2 — pulsed magnetization coil; B, — magnetic field induc-
tion magnitude generated in the pulsed magnetization coil; B — pulsed magnetic field induction magnitude

Copyright © The Author(s)
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This paper presents the results of improving
EMAT by using a permanent magnet of low power
and a pulsed magnetization at powering the coils of a
magnetic field source with a current of less than 2 kA.
Such an approach can significantly reduce the above
disadvantages of the known EMAT.

AIM OF RESEARCH

is the comparative analysis of EMAT sensitivity with
a combined magnetization.

EMAT WITH A COMBINED
MAGNETIZATION
AND ITS RESEARCH PROCEDURE

Let us consider, as an example, a combined EMAT
for excitation and reception of ultrasonic shear wave
pulses in a ferromagnetic metal product normal to its
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Figure 2. Simplified design of EMAT with a permanent and
pulsed magnetization: / — ferromagnetic conductive metal prod-
uct; 2 — casing; 3 — permanent magnet; 4 — pole of a permanent
magnet 3; 5 — plane high-frequency inductance coil; 6 — dielec-
tric base; 7 — protector; 8§ — electrical connector for powering
high-frequency inductance coil 5; 9 — pulsed magnetization coil;
10 — electrical connector for powering pulsed magnetization coil
9; 11 — ultrasonic wave pulses in the TO

10
; - :
2 -‘\--‘ ‘.i_-' ) *
q t = < 3
T k)
4 ; » A 4
=T ] <+ » 8 P 9
= T
I A !FB[‘+BU
I
I
I

Figure 3. Test bench for studying capabilities of EMAT with a
combined magnetization
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surface. The base of the proposed EMAT is a magnet-
ic field source (MFS), which can be represented in the
way as shown in Figure 1. In the simplest version, it is
a permanent magnet and a pulsed magnetization coil.

Obviously, the MFC elements should meet a num-
ber of requirements: the permanent magnet material
should be resistant to heat and have low electrical
conductivity; the dimensions of the permanent mag-
net should provide a preferential orientation of the
magnetic field induction vector normal to the TO sur-
face (the cross-section of the magnet pole should be
in the range of 30x30-50x50 mm?, height 50-60 mm
[9]) and a specified working area of the magnet ac-
tion, which overlaps the working area of the high-fre-
quency inductance coil [4]; the pulse magnetization
coil should have a minimum inductance, which is
necessary to form a short magnetization pulse.

A simplified mock-up of a combined EMAT based
on a magnetic field source with a combined magneti-
zation can be made as follows (Figure 2). The arrows
in the volume of a ferromagnetic conductive metal
product show the directions of propagation of ultra-
sonic pulses.

To perform the research, a mock-up (simplified
unit) was made, the diagram of which is shown in
Figure 3. The magnetic field source consists of a per-
manent magnet / based on NeFeB metal-ceramic, on
which a magnetization coil 2 is wound (see Figure 1).
The coil is powered from the unit 3 by magnetization
current pulses. The high-frequency inductance coil 4
is powered by high-frequency current pulses from the
unit 5. The ultrasonic pulses 7 excited in the product
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Figure 4. Functional diagram of operation of the test bench with

a combined magnetization of the TO by one cycle of ultrasonic
pulse probing
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Figure 5. Realizations with sequences of bottom pulses reflected in the TO received in the absence of a pulsed magnetization («) and
with the combined operation of a permanent and pulsed magnetization (b)

6 are reflected from the metal volume and received
by the high-frequency coil 4. The ultrasonic pulses 7
received from the product 6 are amplified by the unit
8, from which they are transmitted to the unit 9, where
they are processed and visualized. The control and
synchronization of the bench elements is performed
by the unit 70. B +B, is the direction of the induction
vector of the resulting magnetic field.

During research, the dimensions of the perma-
nent magnet were 30x40x60 mm. The magnet ma-
terial was made on the base of NeFeB. The pulse
magnet coil had 21 turns of the wire with a diameter
of 2.4 mm. The distance from the pole of the mag-
netic field source to the TO surface made of 39 mm
thick st45 steel was 10.6 mm. The peak current in the
magnetization coil reached 270 A. The delay of the
high-frequency packet pulse relative to the start of the
magnetization pulse exceeded 50 ps. The duration of
the high-frequency packet pulse was equal to three
periods of the 2.3 MHz filling frequency.

Figure 4 shows a functional diagram of operation
of the combined magnetization test bench.

The test bench operates as follows. The EMAT is
placed above the surface of the TO 6, so that the dis-
tance from the pole of the permanent magnet / to the
metal product 6 amounts to /4 (usually several milli-
metres). A permanent magnetic field B, is formed in
the surface layer of the TO. The control and synchro-
nization unit /0 transmits a synchronizing pulse C, to
the unit 3 (Figure 4, a). The unit 3 excites a current
pulse in the magnetization coil 2 with a time duration
of several tens of microseconds, which excites the in-
duction B, in the surface layer of the TO. The mag-
netic fields generated by the magnetization coil 2 and
magnet / coincide in direction and consist of B +B,
(Figure 4, b). Next, the control and synchronization
unit /0 transmits a synchronizing pulse C, (Figure 4,
a) to the unit 5 with a delay 7, which excites a packet
pulse of high-frequency current in the high-frequency
inductance coil 4. As a result, a high-frequency eddy
current / . is excited in the surface layer of the TO

6 in the zone of action of B + B, (Figure 4, c). The
interaction of the magnetic field B + B, and the eddy
current /, - in the surface layer of the TO 6 due to the
electromagnetlc -acoustic conversion leads to the ex-
citation of ultrasonic packet pulses in a metal product
(Figure 3, position 7). The ultrasonic pulses reflect-
ed from the TO 6, e.g. bottom signals D, and D,, are
received by the high-frequency inductance coil 4 by
means of an inverse electromagneto-acoustic conver-
sion. The electric pulses received and converted by
the coil 4, which carry information about the quality
of the metal product 6, are amplified by a low-noise
unit § (Figure 3), from which they are transmitted to
the unit 9, where they are processed and visualized.

As a result, due to the additional magnetic field
Bp, the power of the excited ultrasonic pulse increases
significantly and, accordingly, the sensitivity of ultra-
sonic testing grows, since the ratio of the amplitude
of the useful signal to the amplitude of the noise in-
creases. This conclusion is confirmed by the results
of experimental studies (Figure 5) performed with the
use of the bench (Figure 3).

From the analysis of the data obtained during the
experimental studies, it was found that an increase in
the amplitude of the bottom pulses due to the use of a
pulsed magnetization reached 40 %. This means that
the sensitivity of testing ferromagnetic metal products
grows. In addition, the force of attraction of the mag-
net to the TO decreased, which improved the process
of scanning the surface of the ferromagnetic TO by
the operator using a portable EMAT.

CONCLUSIONS

It was found that in order to increase the sensitivity of
testing, it is advisable to apply a magnetic field source
with a simultaneous use of a permanent and a pulsed
magnetic field.

To ensure an increase in the amplitude of the use-
ful signal in relation to noise, it is necessary to delay
the action of a high-frequency pulse in relation to the
beginning of a magnetization pulse by at least 50 ps.
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The use of additional pulsed magnetization makes it
possible to increase the amplitude of the bottom pulses
in relation to interference by up to 40 % at gaps between
the TO and MFC surfaces of more than 10 mm.

Applying this technical solution, the force of at-
traction of the EMAT against the ferromagnetic TO is
reduced, which improved the process of scanning the
surface of the ferromagnetic TO by the operator using
a portable EMAT.
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