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Introduction. There is a growing demand for eco-friendly cutting fluids in machining due to their non-toxicity,
sustainability, high performance, and ability to improve surface quality. These fluids support green manufacturing
practices and promote a safe working environment. Copper oxide-based nanofluids offer the combined benefits
of enhanced heat transfer, increased safety, and reduced tool wear and cutting forces. The purpose of the work.
This research focuses on evaluating the performance of copper oxide-based cutting fluids in turning processes to
support sustainable and eco-conscious manufacturing. The study investigates the turning of SS 304 steel using
varying concentrations of copper oxide nanofluids. The methods of investigation. In this study, the turning process
was tested under various machining conditions using different concentrations of copper oxide nanoparticles (0.3
%, 0.6 %, 0.9 %, 1.2 %, and 1.5 %). Corn oil was selected as the base oil, and the copper oxide nanoparticles
were dispersed in the corn oil to prepare the nanofluid. Machining trials were conducted under different lubrication
environments: dry, wet, minimum quantity lubrication (MQL), and nano-enhanced MQOL (nMQL). A comparative
study was performed to assess cutting temperature and cutting forces. Results and discussion. The results showed
that the use of 1.2 % copper oxide nanofluid led to significant reductions in cutting force and cutting temperature,
by approximately 17.54 % and 29.53 %, respectively, compared to traditional dry and wet machining environments.
Furthermore, the nanofluid was observed to form a protective film at the tool-workpiece interface, reducing tool
wear. These findings highlight the potential of copper oxide-based green cutting fluids to improve turning operation
efficiency and promote environmentally sustainable practices.

For citation: Manikanta J.E., Ambhore N., Murthy K.B., Thellaputta G.R., Agrawal D. Machining performance evaluation of eco-friendly
copper oxide-based nanofluids in turning operations. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and

Material Science, 2025, vol. 27, no. 4,

pp. 6—15. DOI: 10.17212/1994-6309-2025-27.4-6-15. (In Russian).

Introduction

In traditional machining operations, chemical-based cutting fluids are typically used to reduce friction
and improve the efficiency of machining processes by providing cooling and lubrication [1]. However, the

use of these fluids has raised

substantial environmental concerns and poses health hazards to workers due

to their toxicity [2]. Therefore, there is an increasing demand for sustainable manufacturing approaches
that reduce or eliminate the use of conventional cutting fluids [3]. Consequently, a promising alternative
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in this regard is MQL, which delivers a small, controlled amount of lubricant mixed with compressed air
directly to the cutting zone, thus offering both ecological and economic benefits [4-5]. This technique not
only reduces lubricant consumption but also improves machining performance [6].

Recent advancements have demonstrated that the addition of nanoparticles to biodegradable vegetable
oils in MQOL systems significantly enhances cutting performance while eliminating health and environmental
risks [7]. Nanoparticles like graphene have been shown to reduce tool wear and improve surface finish
during machining operations [8]. For example, studies have reported better machining outcomes with nano-
SiO>-enhanced lubrication compared to conventional systems [9-10]. Similarly, Emami et al. [11] observed
improved grinding performance of ceramics using MQOL. Furthermore, vegetable oil-based MQL fluids
demonstrated enhanced tool life and surface finish when machining /nconel alloys [12]. Studies utilizing
different vegetable oils, such as sunflower and neem, in MQL applications have also shown improved
machining performance [13].

During metal cutting, tool tip temperatures often rise, accelerating tool wear and machine downtime.
Selecting the right cutting fluid and lubrication strategy is essential to reduce such effects and prolong
tool life [14]. Studies have shown that nanofluids enhance both heat dissipation and lubrication due to
superior wettability and thermal conductivity [15]. Estelle et al. [16] studied carbon-nanotube-based water-
based nanofluids and found enhanced thermal conductivity and viscosity. Mia et al. [17] compared dry,
conventional, and MQL methods during hardened steel machining and observed lower cutting forces with
MQL. Additionally, extreme pressure (EP) additives in vegetable-oil-based lubricants reduced cutting
forces in A1S1 304L steel machining, although higher EP concentrations led to increased surface roughness.
Nevertheless, vegetable-based cutting fluids were still considered a viable alternative to hazardous
petroleum fluids. Srikant et al. [18] demonstrated that copper oxide nanofluids in water-based systems
significantly reduced tool tip temperatures due to enhanced heat extraction capabilities. Padmini et al. [19]
also confirmed the tribological and thermal advantages of properly formulated nanofluids in metal cutting.
Shrivastava and Gangopadhyay [20] conducted microdrilling tests under compressed air, pure vegetable
oil MQL, and nanodiamond-enhanced vegetable oil MOL. The best performance was achieved with a
2.0 vol% nanodiamond mixture. Azami et al. [21] observed improved milling performance with 0.1 wt%
graphene nanoparticle (GnP)-enhanced vegetable oil compared to plain oil. Sharma et al. [22] emphasized
the application of nanofluid-based MQOL for machining ultra-hard materials. Manikanta et al. [23] reported
that the material removal rate and surface finish during S§304 machining are significantly influenced by
both cutting speed and nanofluid concentration. Virdi et al. [24] demonstrated improved surface finish and
lower temperatures in Ni-Cr alloy grinding using MQL with 0.5-1 wt% CuO nanofluids. Gaurav et al. [25]
evaluated jojoba-oil-based nanofluids in MOL machining of titanium and observed reduced cutting forces
and improved machining quality due to enhanced cooling and lubrication.

A review of the literature reveals that researchers have explored the use of various nanofluids in
machining. However, the application of copper oxide-based nanofluids appears to be limited in turning
operations. Therefore, the objective of this study is to investigate the impact of varying concentrations of
CuO nanofluids under dry, wet, MOL, and nMQL conditions.

Methods

A stainless steel bar served as the workpiece material for the experiments. Machining processes
were performed using a Turn Master 35 lathe. The lathe was operated under the following parameters:
a speed of 900 rpm, a feed of 80 mm/min, and a depth of cut of 0.30 mm, following standard machine
specifications.

The turning operation was performed under four lubrication conditions: dry, wet, MQOL, and nano-
enhanced MQL. For wet machining, a commercially available traditional cutting fluid was used. For the
MOQL setup, a cutting fluid was applied at a flow rate of 450 mL/hr. The nMQL experiments used a green
cutting fluid based on corn oil, containing copper oxide nanoparticles at concentrations of 0.3%, 0.6%,
0.9%, 1.2%, and 1.5% by volume.
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During the machining operation, the temperature at the tool tip was measured using a digital pyrometer.
A piezoelectric dynamometer was used to measure the cutting forces produced during the turning operations.

Fig. 1. SEM image of copper oxide nanoparticles

The diffusion process was carried out at different weight concentrations of CuO. Fig. 1 presents a field
emission scanning electron microscope (FESEM) image of the copper oxide nanoparticles used in the study.
To achieve a homogeneous blend, magnetic stirring was applied to uniformly disperse the nanoparticles
throughout the base fluid. Moreover, to improve dispersion stability and inhibit nanoparticle agglomeration,
lauryl sodium sulphate (LSS) was added at a quantity equal to 0.1% of the nanoparticle weight. Fig. 2
illustrates the appearance of the prepared copper-oxide-based nanofluids.

Fig. 2. Copper-oxide-based nanofluids

Experimental setup details

Parameter Description
Machine tool Center lathe machine, Turn-master-35, (Kirloskar)
Workpiece material SS 304 alloy
Workpiece size 50 mm diameter, 200 mm length
Tool holder PSBNR2525 M-12
Cutting tool SNMG 120408 NSU (coated carbide)

Results and Discussion

Extreme cutting forces during turning can accelerate tool wear, reduce tool life, increase the need for
frequent tool changes, and degrade surface quality due to vibration and chatter. Fig. 3 shows the cutting
forces recorded under various machining conditions, including dry, conventional (wet), MOL, and nano-
enhanced MQL modes, using different cutting fluids such as conventional cutting fluid (CCF), green cutting

Vol. 27 No. 4 2025 %
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fluid (GCF), and GCF blended with copper oxide nanoparticles at concentrations of 0.3 wt.%, 0.6 wt.%,
0.9 wt.%, 1.2 wt.%, and 1.5 wt.%. The highest cutting force, 120.7 N, was observed under dry conditions
due to the absence of lubrication. In contrast, conventional wet machining using CCF resulted in a reduced
cutting force of 103.2 N. An additional decrease was noted under MQOL conditions with GCF, where the
cutting force measured was 99.2 N. The application of copper oxide-based nanofluids in MQL led to a
further reduction in cutting forces, indicating improved lubrication and reduced tool-workpiece friction.
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Machining environment

Fig. 3. Cutting forces under different machining environments

The use of 0.3 wt.% CuO-based nanofluid resulted in a decrease in cutting force to 86.7 N at the cutting
zone. Further increases in CuO concentration to 0.6 wt.%, 0.9 wt.%, and 1.2 wt.% yielded cutting forces of
82.8 N, 87.7 N, and 81.3 N, respectively, compared to the 0.3 wt.% condition. This reduction was attributed
to enhanced lubrication, as the nanoparticles formed a stable lubricating film on the workpiece surface,
thereby promoting efficient heat dissipation. The improved thermal conductivity and lubricating properties
at higher CuO concentrations helped diminish friction and reduce heat generation at the cutting zone.
However, when the concentration reached 1.5 wt.%, the cutting force increased to 85.9 N, a value higher
than that observed at 1.2 wt.%. This was due to nanoparticle agglomeration, which negatively affected the
dispersion stability and diminished the overall effectiveness of the nanofluid.

Elevated cutting temperatures accelerate tool wear by softening the tool material, which contributes to
rapid deterioration and a significant reduction in tool life. Moreover, high temperatures can adversely affect
the surface finish due to thermally induced vibrations and instability during the turning operation. In extreme
cases, the heat generated during cutting can change the microstructure of the workpiece material, potentially
damaging its mechanical properties, such as hardness, tensile strength, and residual stress distribution. Fig.
4 shows the cutting temperatures recorded under various turning conditions, including dry (conventional),
MQL, and nMQL modes. The tests were conducted using different cutting fluids such as conventional cutting
fluid (CCF), green cutting fluid (GCF), and GCF blended with copper oxide nanoparticles at concentrations
of 0.3 wt.%, 0.6 wt.%, 0.9 wt.%, 1.2 wt.%, and 1.5 wt.%.

Under dry machining mode, the highest cutting temperature was noted at 84 °C, primarily due to the
absence of any cooling medium. When conventional cutting fluid (CCF) was used in wet machining, the
cutting temperature decreased to 52 °C. A further decrease to 50 °C was detected with MQL using green
cutting fluid. The use of copper oxide nanofluids under MQL conditions demonstrated enhanced cooling
effectiveness, as evidenced by the significant temperature reductions measured during the turning operations.

With the application of 0.3 wt.% CuO nanofluid, the cutting temperature at the tool-chip interface was
reduced notably to 45 °C. As the CuO concentration increased to 0.6 wt.%, 0.9 wt.%, and 1.2 wt.%, the
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Fig. 4. Cutting temperature under different machining environments

identified temperature reductions were 41 °C, 38 °C, and 32 °C, respectively, compared to the 0.3 wt.%
baseline. This consistent decline in temperature was mainly attributed to improved lubrication and higher
thermal conductivity offered by the nanofluids. The dispersed nanoparticles formed a stable and sturdy
lubricating film on the metal surface, while the characteristic high thermal conductivity of CuO facilitated
fast heat dissipation. Moreover, the increased nanoparticle concentration provided additional lubrication,
reducing frictional forces and consequently decreasing heat generation.

However, at 1.5 wt.% CuO concentration, the cutting temperature rose to 54 °C, which is higher than
that observed at 1.2 wt.%. This increase was attributed to nanoparticle agglomeration, which adversely
affected dispersion stability and reduced the cooling and lubricating performance of the nanofluid.

Fig. 5 shows the tool wear in different machining environments. Dry, wet, and nMQL metal cutting
methods significantly affect tool wear during machining operations, particularly when nanofluids are
used. In dry machining, the absence of lubricant leads to high cutting temperatures, accelerating tool wear
due to thermal stress and poor chip removal. Wet machining, using conventional flood coolants, reduces
heat and friction but raises environmental and disposal concerns. MOL, particularly when enhanced with
biodegradable nanofluids containing nanoparticles such as copper oxide, offers a sustainable alternative.
These nanofluids improve lubrication and thermal conductivity, forming a protective film at the tool-
workpiece interface, which reduces abrasion, adhesion, and diffusion wear. As a result, MQL with nanofluids
significantly reduces tool wear compared to dry and even traditional wet machining, enhancing tool life and
machining performance.

a b c

Fig. 5. Tool wear in (@) dry, (b) MOL, and (¢) nMQL machining environments
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Conclusions

In this study, an investigation was conducted on corn oil-based cutting fluid with variable concentrations
of copper oxide nanoparticles. A relative evaluation has been reported for various cooling systems such as
conventional dry, wet, and MQOL. The findings reveal that the integration of copper oxide nanoparticles at
concentrations of 0.3%, 0.6%, 0.9%, 1.2%, and 1.5% into the corn-based green cutting fluid significantly
improved machining performance under the tested conditions. The use of nMQL using the copper oxide-
enhanced green cutting fluid led to notable reductions in both cutting force and cutting temperature,
contributing to prolonged tool life. The greatest favorable results were observed at a concentration
of 1.2 wt.% CuO, where the lowest cutting force and temperature were recorded. The 1.2% nMQL is
proposed as the ideal lubricant for machinability improvement and reduced tool wear. These findings will be
helpful for real-time process monitoring using a simple controller to maintain force and cutting temperature
within targets.
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Introduction

The key driver of modern industry is the active development and implementation of novel heat-resistant
materials possessing a specific set of mechanical and physical-chemical properties. These characteristics
ensure the retention of strength properties in structural components of equipment and machinery throughout
their service life. Numerous research teams are dedicated to investigating the effects of various processing
methods on the characteristics of heat-resistant alloys, which are critical for key industries such as
aerospace engine manufacturing, power generation (including nuclear power), and the automotive industry.
High resistance to corrosion and oxidation, enhanced ductility, heat resistance, mechanical strength, and
excellent fatigue and creep resistance even at elevated temperatures — these properties make heat-resistant
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alloys superior to other classes of materials. Most heat-resistant alloys are primarily nickel-based. Due to
their excellent high-temperature mechanical and chemical properties — including high heat resistance,
thermal shock resistance, enhanced fatigue strength, high fracture toughness, phase stability, superior
erosion and corrosion resistance, improved ductility and toughness, and high melting point — nickel-
based alloys can operate for extended periods in aggressive service environments. Active research into
heat-resistant materials stems from their strategic importance for critical technological development, the
continuous demand for improved material characteristics, and the expansion of their application areas in
modern industry. International research primarily focuses on the nickel-based superalloy /nconel [1-7] and
its various grades, which differ in the type and concentration of alloying elements. The properties of heat-
resistant materials are tailored by specific alloying elements:

— Nickel, as the primary base, contributes to the alloy’s ductility, toughness, and heat capacity.

— Molybdenum and tungsten enhance creep resistance and high-temperature mechanical strength.

—Vanadium, typically in small quantities, improves overall high-temperature properties.

— Niobium prevents intergranular corrosion.

— Titanium enhances corrosion resistance.

— Cobalt increases relaxation resistance.

As reported in studies [8—15], nickel-based alloys are widely used in many critical components of
aerospace engines and gas turbines, particularly in parts exposed to high temperatures, such as jet turbine
blades, turbocharger vanes, and combustion chambers. Nickel-based alloys can account for approximately
half of the total mass of aircraft engines. Beyond the aerospace sector, nickel-based alloys are also employed
in nuclear reactors, food processing, shipbuilding, environmental protection facilities, and petrochemical
industries, among others. Current research on heat-resistant alloys emphasizes compositions containing re-
fractory transition metals (molybdenum, tungsten, tantalum, rhenium, and ruthenium). Promising domestic
heat-resistant alloys include

— VV751P (Cr-56 %Ni-Co-V-Mn-Ti-Al-B);

— ZhS6 (Cr-57% Ni-V-Co-Al-Ti-Mn-B),

— KhN70Yu (Cr-70% Ni-Al)

— KhN6OVT (Cr-60% Ni-V-Ti),

— KhN65VMTYu (Cr-65% Ni-V-Mn-Ti-Al),

— KhN55VMTKYu (Cr-55% Ni-V-Mn-Ti-Co-Al),

— KhN78T (Cr-78% Ni-Ti),

— EP741INP (XH51KBMTIOB Cr-51% Ni-Co-B-Mn-Ti-Al-B),

— E1698 (Cr-73% Ni-Mn-B-Ti-Al) [16—18].

The machining of heat-resistant alloys is complicated by several inherent properties, including low
thermal conductivity, high melting points, significant work hardening effects, susceptibility to burr formation,
the generation of high cutting forces, chemical affinity with tool materials, and the presence of abrasive
carbide particles in their microstructure. These properties are exacerbated by elevated temperatures during
machining, which significantly increase the load on the cutting edge, intensify tool wear, and necessitate
wear compensation in the machine’s control program. Furthermore, plastic deformation of these materials
is challenging due to their austenitic face-centered cubic (FCC) crystal structure, which exhibits low yield
strength despite possessing high ultimate tensile strength. Their inherent abrasiveness, often intensified
by the presence of hard carbide inclusions and other abrasive particles, leads to severe tool wear and
significantly reduced tool life. Heat-resistant alloys are classified as difficult-to-machine materials. The
combination of these issues severely limits the achievable precision and overall efficiency in the machining
of such alloys [19-24].

Electrical discharge machining (EDM) has emerged as a promising method for processing heat-resistant
materials, drawing significant interest from scientific communities. This paper presents a review of scientific
literature focused on the electrical discharge machining (EDM) process of heat-resistant alloys.
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The purpose of this work is to conduct a literature review of existing research on modern methods for
ensuring and improving the efficiency and quality of electrical discharge machining (EDM) of heat-resistant
materials.

To achieve this purpose, the following research fasks were undertaken:

— Classification of key EDM process parameters and modern methods for their optimization;

— Determination of the advantages, disadvantages, and limitations of these modern methods for
enhancing the efficiency and quality of electrical discharge machining of heat-resistant materials;

— Identification of current development trends for these methods.

Research methodology

A comprehensive literature review has been conducted on research in the field of electrical discharge
machining (EDM) of heat-resistant materials, focusing on methods for ensuring surface integrity and
improving EDM efficiency. Various methods for increasing EDM efficiency and enhancing surface
integrity are described, along with their limitations, advantages, and disadvantages. The main trends in
the development of modern methods for ensuring and improving EDM efficiency during the machining of
heat-resistant alloys are identified.

Results and Discussion

The main advantages of EDM are presented in Fig. 1.

Consistent surface finish

Preservation of
the heat-resistant properties

Processing of materials
containing refractory compounds

Advantages of EOM
for heat-resistant alloys

Confrolled

No mechanical impact
heat-affected zone (HAZ)

Processing of high-melting-point alfoys
(=1000°C) without deformation

Fig. 1. Advantages of the EDM process

Table presents an analysis of research trends focusing on the output parameters of wire electrical
discharge machining (WEDM) and copy-piercing electrical discharge machining (EDM) of heat-resistant
alloys. EDM of heat-resistant materials often results in crack formation on the machined surfaces and
the transfer of particles from the tool electrode and working fluid to the surface, thereby altering the
characteristics of the surface layer. This redeposition of tool electrode particles and working fluid degradation
products compromises the operational properties of the machined products. This is attributed to the non-
uniform surface microstructure (including microcracks and other surface defects) and the softening of the
surface layer.

Consequently, a critical review of modern solutions for ensuring surface integrity and preserving
operational properties during electrical discharge machining of heat-resistant alloys is a crucial undertaking.

The main research trends concerning the EDM process of heat-resistant alloys are presented in Fig. 2.

A literature review on modern EDM studies revealed that authors’ attention is primarily focused on
investigating the influence of parameters such as current in the interelectrode gap (/EG), the duration of
the electrical pulses (¢,), voltage (U), polarity, tool electrode material, tool electrode geometry, the size
of the machined surface, as well as the working fluid characteristics (e.g., type, purity, feed rate, filtration
system). These parameters are studied for their impact on processing quality indicators, specifically surface
roughness and the modified surface layer (recast layer).
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Directions of scientific papers studying the WEDM and EDM processes of heat-resistant alloys

No. Variation parameters Output parameters Paper number
T .,T _h

on’ “off "’

1 Working fluid Surface roughness 25-41

2 T, LP Wear coefficient 32,4247

3 T, Tg,h Cutting width for WEDM 48-51

4 Tow TOﬁ”. LU Size of defective (white) layer 32, 3940, 54-60
Polarity

5 ET Material, I, T | Quality indicators (presence of cracks) 39, 43-45, 57, 69

6 Flushing of IEG Surface roughness, precision of EDM processing, 75_77

productivity

Surface quality indicator after EDM:
roughness (Ra)

The studies of the WEDM process in [25-31]
investigated the processing of Inconel 625 using
an orthogonal experimental design, where various
processing parameters were selected: current (1),
pulse-on time (), and pulse-off time (z ;). Response
models were developed, and the authors found that
the greatest influence on surface quality, specifically
Ra roughness, is exerted by parameters such as
pulse-on time (¢, ) and current (). In [25, 29], it was

s Sty recnass noted that a low discharge current contributes to the

Processing accuracy formation of a smoother machined surface, which is
w Weor of T attributed to a more accurately controlled process of
® Hodkied ceiective [wibiel loyw single discharge formation. Furthermore, adjusting
. 5,:3{?::’,\‘, ol o o foek the pulse-on time with a correctly selected mode
w Eftect of Hushng

promotes uniform melting of the material on the
workpiece surface, evaporation, and removal from
the processing zone, which has a favorable effect on
Fig. 2. Main trends in scientific research of the EDM  gyrface finish. In all studies, the best roughness values
process of heat-resistant alloys were obtained with a pulse-on time of 100 to 110 ps,

while the current was 7-9 A.

In [32], it was noted that to ensure the required surface roughness with minimal tool electrode wear in
the EDM process, it is necessary to use minimal peak current and the shortest pulse duration. The authors
found that the pulse duration had an insignificant effect on the surface roughness.

In [33-37], the authors investigated the influence of the input parameters of the EDM process on process
productivity and surface roughness (Ra). Factorial experiments were conducted, and response functions
were obtained, which showed that the pulse current had a greater influence on these parameters. With an
increase in the current, process productivity increased, while the surface quality deteriorated compared to
lower current settings.

In [38], experiments were conducted using the Taguchi-Gray analysis method for the WEDM of Inconel
825. The experiments showed that the pulse-on time and spark gap voltage had the greatest effect on surface
roughness. It was found that the optimal parameters for /nconel processing were: pulse-on time of 105 ps,
pulse-off time of 40 ps, and spark gap voltage of 30 V.

In [39], the authors investigated the effect of inclusions in the working fluid on surface roughness (Ra).
The inclusions used were graphene and multi-walled carbon nanotubes. The studies were carried out in a

Surface qualily (presence of depressins, cracks/
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single processing mode at a pulse-on time of 35 ps, a current of 12 A, and a voltage of 40 V. The paper
shows that with the addition of nanocarbon particles to the dielectric fluid, a smoother surface finish was
achieved (Ra = 4.836 um with the addition of graphene and Ra = 4.96 um with the addition of carbon
nanotubes) compared to conventional dielectric fluid (Ra = 6.2 pm). A comparative analysis of the results
allows us to conclude that it is necessary to use a modified working fluid to improve the surface quality.

In [40], the authors conducted a study of the influence of the working fluid on the quality and topography
of the surface (Fig. 3).

=
3
i
3

e T TR T T YT TS

@ ®* ¥ 3 ¥ W ¥ ¥ & X B E B G

B

'-a:.n;u‘:suar'nanannk’nia

LA

Fig. 3. Surface topography after EDM of AISi 1045 steel using deionized water as a dielectric (a, ¢, e):

a) at a current of 9 A and a pulse on-time of 100 s, ¢) at a current of 3 A and a pulse on-time of 100 ps, e) at a current

of 6 A and a pulse on-time of 100 ps; and using kerosene as a dielectric (b, d, f): b) at a current of 6 A and a pulse

on-time of 100 ps, d) at a current of 9 A and a pulse on-time of 100 pus; f) at a current of 3 A and a pulse on-time
of 100 ps [40]
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The authors noted that current has the greatest impact on the formation of the surface characteristics
and the incidence of surface defects. A direct correlation was observed: an increase in current resulted in
a deterioration of all surface quality indicators. To achieve a smoother surface finish, minimum values of
current and pulse duration should be employed.

In [41], the effect of processing parameters on surface roughness (Ra) was investigated. It was noted
that an increase in pulse duration, peak current, and voltage led to increased roughness. After optimizing
the processing parameters (pulse-on time: 0.5 ps, pulse-off time: 16 ps, current: 6 A) based on experimental
results, the authors were able to reduce the surface roughness from 4.2 um (Fig. 4, a) to 0.396 um (Fig. 4, d).
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Fig. 4. Surface topography after WEDM of Inconel 718 using:

a)T, =12 ps, TLﬁFO.S pus, I=12A;b) T =12 ps, Tz,ﬁ=7.5 pus, I=15A;¢) T =45 ps, 7:;1f27-5 us, I=10A;
dT, =2 ups, 7;}:7‘5 pus,I=8A;¢e) T =0.5ps, TnﬁF 16 us, I=6 A[41]
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The authors note that the improvement in roughness occurs primarily due to a significant difference
between the pulse-on and pulse-off times. It is noted that, compared to other material groups, the machining
of heat-resistant materials requires more careful adjustment of processing parameters due to alloying
elements and a higher tendency to form intermetallic phases. When machining heat-resistant materials,
a lower single pulse energy is employed than when machining other material groups (steels and stainless
steels) to achieve low roughness.

EDM process performance

In [42], an experiment was conducted on the material removal rate during EDM. The experiments
were conducted using three tool electrode materials: copper, graphite, and aluminum. It was found that
the graphite electrode demonstrated the highest material removal rate (MRR), followed by copper and
aluminum electrodes. The graphite electrode also exhibited the lowest wear rate, which is attributed to its
high melting point, while the aluminum electrode yielded the best roughness in the experiments. It was
noted that when processing heat-resistant materials, non-uniformity of tool electrode wear occurs. This
is due to the non-uniform composition of heat-resistant materials and the presence of refractory material
inclusions (tungsten, molybdenum), which lead to varying erosion resistance in the machined surface areas.
Areas with molybdenum and tungsten are characterized by increased melting thresholds and different
thermal conductivity compared to other areas. In contrast, when processing materials from other material
groups, such as steel or stainless steel, uniform tool electrode wear and material removal are characteristic,
attributed to the homogeneity of the processed material areas.

In [32], it is noted that to achieve minimal tool electrode consumption in the EDM process, the lowest
peak current and the shortest pulse duration should be employed. In [43], it is noted that the main parameter
affecting EDM quality is the current, which determines the material removal rate, while the pulse duration
is a key indicator primarily influencing tool electrode wear. Studies have shown that an increase in the
discharge current of a single pulse leads to a stronger spark and the melting of a larger amount of material
per single pulse.

In [44], the authors investigated the effect of inclusions in the working fluid on process productivity.
The inclusions used were graphene and multi-walled carbon nanotubes. It was observed that the addition
of nanocarbon particles slowed the material removal rate from the workpiece by an average of 15-17%.
This effect is associated with an increase in liquid viscosity and a deterioration in sludge removal from the
processing zone.

A comparison of the effect of the environment using oil and high-carbon liquid as the working fluid
is presented in [45]. The results demonstrated a significant increase in discharge energy density, leading
to intensified material removal from the
workpiece surface.

The tool electrode material plays an Other
important role in EDM process productivity. e —
The main tool electrode materials are Bross ——
presented in Fig. 5. Graphife we—
Recent studies have been conducted on Tungsten e
the effect of the tool electrode material on (aaper-Tungsten Alloy e
process productivity in [46—47]. It has been Tungsten Carbyge W
established thatthe copper electrode exhibits Tifarium Carbide =
a higher material removal rate (up to 10.7  S{ver-lungsien Alloy ™=
mm?/min) and the lowest tool electrode Molybdenum =

Titamum

wear (13—-14%). Copper electrodes are used
(omposite Electrode

for finishing passes when processing heat-
reSIStant alloysj ensurlng hlgh quallty Ofthe 0,00% 5,00% 10,00% 15,00% 20,00% 25,00% 30,00% 35,00%

machined surface with minimal formation Fig. 5. Types of tool electrode materials used in the EDM
of surface defects. Copper tool electrodes process
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are characterized by high electrical conductivity, which ensures effective electrical current flow, and
excellent thermal conductivity, which facilitates rapid heat removal from the processing zone, especially
when machining areas containing refractory materials.

Accuracy of the EDM process

In the case of WEDM of heat-resistant alloys, one of the key accuracy parameters is the interelectrode gap
(IEG). The stability of the WEDM process depends on the /EG value — an increase in the gap leads to uneven
pulse energy distribution, resulting in process instability and deviations in geometric dimensions [48].

Fig. 6 shows the results of studies on the cutting width of heat-resistant materials [49-51].

SEl  25kV WD9Smm S835 x1,000 0 pm

I"_ bk ""i:*f‘.u

Fig. 6. Investigation of the cutting width in WEDM:
a) Inconel 718 [49]; b) Inconel 617 [50]; ¢) VV751P [51]
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The authors of [49-51] investigated the effect of processing parameters—current (), pulse-on time (),
and pulse-off time (¢, 5 on the cutting width and the interelectrode gap (/EG) size in WEDM, using a 0.25
mm diameter wire as the tool electrode. The developed empirical models indicate that with an increase in
current and pulse-on time, single discharge intensity increases, leading to more intense material melting.
In [49], the smallest cutting width was obtained at the highest processing power. The authors note that
this is attributed to the fact that at higher power, the tool electrode melts the material faster and traverses
the machining path more quickly, thereby transferring less thermal energy to the workpiece. The results
obtained from these studies enable rationalization of processing parameters and control of the cutting width
with minimal thermal impact on the workpiece, thereby minimizing surface defects. A comparative analysis
of the results from three independent studies suggests that the results are consistent and demonstrate a high
degree of reproducibility under identical electrical discharge machining conditions. The consistency of the
output parameter — the cutting width — when machining various heat-resistant materials indicates that the
machining parameters are universally applicable to heat-resistant materials, allowing their use for a wide
range of such alloys.

Deformed (white) layer

It has been established that during electrical discharge machining (EDM), when removing material in
the spark gap between the tool electrode and the workpiece, part of the material is flushed away by the
working fluid, while the remaining molten metal re-solidifies and hardens in the presence of a dielectric
fluid. This re-solidified material forms the recast layer, often referred to as the white layer. The white
layer typically possesses a fine-grained, hard, and brittle microstructure due to local thermal action. As
the cooling rate from the surface into the bulk material is very high, a steep thermal gradient is created,
influencing the microstructure of this layer. Residual stresses, inherent to the EDM process, often lead
to the formation of voids and microcracks, which adversely affect the product’s operational properties.
This layer must be minimized by careful selection of processing parameters due to the presence of voids,
micropores, and surface microcracks that can extend deep into the base material. Each material exhibits
unique characteristics of white layer formation, which are associated with its operational properties and
chemical composition [52-53].

It is noted that there are few studies by research teams investigating the formation and influence of
the altered (white) layer during the processing of heat-resistant alloys. This is primarily attributed to the
complexity of studying and obtaining high-quality samples for research, as the layer’s formation results
from intricate and often difficult-to-predict thermal processes. Furthermore, the authors [32, 54] note
that the formation of a recast (white) layer on the surface of heat-resistant alloys is affected by numerous
factors, including the processing mode, the workpiece material, and the working fluid parameters, which
complicates the research process. The authors of these works note that when a white layer forms on heat-
resistant materials after processing, a more intense formation of a deformed layer with greater depth is
characteristic compared to processing other material groups (e.g., steel or stainless steel). This is attributed
to the high heat resistance of the material and its thermal properties. The uneven distribution of the white
layer is due to the complex nature of heat-resistant materials, characterized by heterogeneity of both their
chemical composition and structural components.

In [55], the authors found that the size of the recast (white) layer during WEDM is affected by the
processing parameters, namely, the current at constant voltage and the pulse duration. It is noted that when
using minimum parameter settings, the size of the white layer is stable and continuous, which is important
for post-processing and product operation. In [54], the authors drew attention to the influence of not only
the duty cycle but also the polarity on the consistency of the resulting modified layer. It is noted that
when using direct polarity, the modified layer is more stable, and the machined surface exhibits a smooth
and uniform structure, in contrast to reverse polarity, which is characterized by cracks and craters on the
machined surface.

Fig. 7 shows the results of studies by the authors [56-59] on the modified layer during WEDM of
various heat-resistant materials.
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Fig. 7. Modifications of the (white) layer on different materials:

a) Monel 400 (a nickel-copper alloy) [57]; b) Monel 400 with aluminum powder added to the working fluid [57]; ¢) high-
strength low-alloy steel [56]; d) Inconel 706 [58]; e) VV751P at minimum mode [59]; f) VV751P at maximum mode [59]

The authors of [56] conducted a factorial experiment on the recast (white) layer and found (Fig. 7, ¢) that
under a specific processing mode with a pulse-on time of 96 s, the layer thickness was unevenly formed,
measuring 14—17 um. This was attributed to unstable interelectrode gap conditions and current instability.
They also suggested that this layer is formed by molten material not fully removed from the /EG zone
during processing. In [57], a study investigated the effect of adding aluminum powder to the working fluid
on the formation of a recast (white) layer. It was found that the thickness of the white layer using distilled
water ranged from 7 to 9 um (Fig. 7, a), and the addition of aluminum powder to the working fluid had a
positive effect, reducing the layer thickness to 5 pm.
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In [58], it was established that during WEDM processing of the material, the thickness of the modified
layer was 39.6 um (Fig. 7, g), attributed to the high energy of single pulses in the selected mode. The large
thickness of the modified layer led to the formation of numerous microvoids and microcracks and resulted
in lower hardness due to thermal alteration of this layer. In [59], studies investigated the influence of
WEDM parameters, namely the current intensity and pulse timing, on the formation of the modified layer.
It was established that the size of the modified layer was consistently about 10 pum over the entire area
(Figs. 7,d and 7, e). In [58, 59], residual stresses in the modified layer were studied. It was established that
tensile stresses were observed during the processing of Inconel 706, as well as VV'751P. Residual stresses
arise due to significant local thermal impact and can lead to a decrease in the hardness of the surface layer.
The relationship between residual tensile stresses and microhardness is discussed in [60].

In [39], the authors investigated the influence of inclusions in the working fluid on the formation of a
recast (white) layer. The inclusions used were graphene and multi-walled carbon nanotubes. The authors
found that when using graphene during the processing of Inconel 825, the thickness of the modified layer
was 21.5 um, and when using multi-walled carbon nanotubes, the layer thickness was 29.5 um, which is
significantly less than that obtained with conventional processing (42.21 um). The observed difference in
recast layer formation may be attributed to an increased thermal energy transfer rate due to the improved
dielectric medium. It is the presence of conductive nanocarbon particles in the dielectric medium that acts
as an additional discharge channel, facilitating heat dissipation.

In [40], the authors conducted a study of the influence of the working fluid on the formation of the recast
(white) layer. Deionized water was found to be the most effective dielectric, attributed to its lower viscosity
and density, which favorably impact multiple discharges in the interelectrode gap and reduce the altered
(recast) layer thickness (Fig. 8). This effect is most noticeable when using the maximum power mode (at a
current of 9 A): in deionized water, the altered layer thickness was 16 um, compared to 18 um in kerosene.
The altered layer structure obtained with deionized water was also noted to be smoother, lacking sharp
phase transitions, whereas in kerosene, individual areas of uneven recast layer distribution were observed.
In conclusion, it is worth noting that although kerosene is a common commercial dielectric, the use of
deionized water has a favorable effect on surface quality.

In [61], the authors conducted experimental studies to analyze the role of the thermal conductivity of
the workpiece material in the electrical discharge machining process. The workpieces used were aluminum,
brass, and Inconel 617. Under the same machining conditions, a comparatively thicker recast (white) layer
(16 um—17.4 um) was formed on aluminum than on brass (6.4 um—8.5 pum), while the thinnest recast
layer was formed on Inconel 617 (1.5 pm—2.1 pm). This phenomenon can be attributed to the fact that
materials with lower thermal conductivity struggle to dissipate the heat generated during electrical discharge
machining. This results in a localized temperature increase, which in turn contributes to the formation of
thinner layers, as the heat becomes concentrated over a smaller area.

Surface quality: cracks and depressions

In[43], it was observed that an increase in the discharge current of a single pulse leads to an intensification
of crack formation on the surface of samples and an increase in the thickness of the recast (white) layer.

A modern and promising method for improving surface quality and significantly increasing the
productivity of the electrical discharge machining process is powder electrical discharge machining
(PEDM). The essence of this technology is that fine particles (metal powders, carbon allotropes) are added
to the working fluid. Fine particles dispersed in the liquid form conductive chains within the fluid, thereby
enhancing the electrical breakdown efficiency. This enhanced breakdown efficiency leads to an increase in
the material removal rate (MRR) from the tool-electrode (7E) surface. The authors of [62—63] found that,
upon applying an appropriate voltage, an electric field is created that induces positive and negative charges
on the powder particles. These charged particles migrate rapidly in a zigzag pattern, effectively bridging the
inter-electrode gap and enhancing the localized electric field strength. This enhanced localized electric field
strength, resulting from the reduced effective gap, facilitates efficient inter-electrode breakdown. When the
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Fig. 8 Modified layer after EDM of AISi 1045 steel using deionized water as a dielectric:

a) at a current of 9 A and a pulse on-time of 100 ps; ) at a current of 6 A and a pulse on-time of 100 ps; ¢) at a current of 3 A
and a pulse on-time of 100 ps using air; d) at a current of 9 A and a pulse on-time of 100 ps; e) at a current of 6 A and a pulse
on-time of 100 ps; f) at a current of 3 A and a pulse on-time of 100 ps [40]

critical breakdown voltage is reached in the region of minimum inter-electrode gap, an electrical discharge
occurs, which leads to material removal from the workpiece.

In [64], the author investigated the effect of adding aluminum, chromium, and copper powders to the
dielectric fluid on the material removal rate (MRR) and tool wear rate during electrical discharge machining.
The authors concluded that the particle concentration, particle size, particle density, electrical resistance,
and thermal conductivity of the powders play an important role in improving the efficiency of electrical
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discharge machining. Proper selection of powder type and concentration can lead to an increased material
removal rate and reduced tool wear. Based on the results of the research, the authors concluded that powder
with a small particle size can improve both the material removal rate (MRR) and the surface quality.
However, with a small particle size, a relatively thick recast (white) layer was found, while the thickness of
the recast layer decreased as particle size increased. Additionally, silicon powder-mixed electrical discharge
machining was employed, with varying powder concentration and flushing rate. It was concluded that
the use of a silicon powder-mixed dielectric can significantly improve the surface morphology in terms
of reducing the size of craters, obtaining a thin recast layer, and an excellent surface finish. The authors
also emphasized that the powder concentration and flushing rate must be carefully selected to improve
machining efficiency and surface quality. This is attributed to the significant impact of the working fluid’s
rheological properties on flushing efficiency in electrical discharge machining. Different types of particles
have different effects on the viscosity of the fluid, which, in turn, influences the optimal flushing parameters.

For example, tungsten powder when mixed with the dielectric fluid provides an increased material
removal rate and reduces tool electrode wear [65]. Silicon carbide powder dispersed in the dielectric fluid
improves surface finish [66] and increases the recast (white) layer thickness [67]. The authors of [68]
investigated the inclusion of silicon and chromium powder in the working fluid. The results indicate a
significant improvement in the material removal rate and a reduction in tool electrode wear rate. Chromium
exhibits high wear resistance and resistance to abrasion, thereby promoting high-quality surface treatment.
Its high temperature resistance makes it an ideal candidate for inclusion in the working fluid. Chromium
powder mixed with a dielectric fluid improves the material removal rate, reduces tool wear, and the electrode
wear ratio.

In [57], the authors noted the positive effect of aluminum powder inclusions on surface morphology,
leading to a smoother surface texture with fewer craters and cracks. They explained that cracks are formed
due to cavitation shocks that occur when the vapor-gas bubble collapses. These shocks are attributed to
significant thermal differences (at the discharge zone, the temperature reaches 10,000 °C, while the working
fluid temperature is 20 °C) [43-45].

In [39], the authors investigated the effect of inclusions in the working fluid on surface quality. The
inclusions used were graphene and multi-walled carbon nanotubes. They noted that the use of these materials
in the working fluid reduces crack formation during processing by 20-25%.

For example, in [57], the authors provide an explanation for the reduction in crack density when
adding carbon nanoparticles to the dielectric fluid. According to their research, the addition of microsilicon
containing carbon nanopowders improves the thermal conductivity of the dielectric medium, which
enhances the rate of heat transfer within the dielectric medium and facilitates heat removal from the /EG
zone. Consequently, the improved heat transfer rate reduces the energy density in the channel of a single
discharge, thereby reducing the crack density on the surface of the samples. Based on this analysis, it
is evident that the use of conductive nanoparticles is promising for this industry and requires additional
attention from research teams.

The features of the processed surface were investigated by scanning electron microscopy in [69]. It was
found that samples processed in a dielectric fluid with added titanium powder had fewer cracks, depressions,
and micro-holes, as well as less deposition of material from the working fluid and electrode, compared to
samples treated in a medium with added graphite powder. However, this study did not include a comparison
with an oil-based dielectric medium. Hydrocarbon-based dielectric fluid is recognized as the most suitable
for high-energy single discharges. However, it was also found that the density of defects (cracks and micro-
holes) increased with increasing discharge energy. The thickness of the recast layer also increased with
increasing fluid viscosity due to inefficient removal of debris from the interelectrode gap zone, which led to
re-solidification of the material in the processing zone.

In [70], a study was conducted on the effect of A/,0, inclusions in the working fluid during EDM of
Inconel 825 alloy. The surface characteristics were compared between treatment with Al,O, inclusions in
the working fluid and processing in a pure working fluid. The authors note that during conventional EDM
(i.e., with pure working fluid), many micro-holes, micro-cracks, and material redeposition are concentrated
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on the surface, which arise due to uncontrolled deposition of material from the working fluid. In contrast,
when 47,0, was added to the working fluid during processing, these defects were largely absent.

In [40], the authors conducted a study of the effect of pulse duration and the type of working fluid on
crack formation during machining. They noted that an increase in pulse duration intensifies microcrack
formation. This is attributed to the fact that a longer pulse duration leads to an increased energy input into
the single discharge zone, which, in turn, raises localized temperatures and the temperature gradient on the
processed surface, consequently increasing crack density.

When using kerosene as a working fluid, a greater number of cracks were observed on the surface.
Deionized water, due to its distinct discharge characteristics (e.g., more frequent but lower energy
discharges), generates lower spark power and discharge energy. Accordingly, lower spark intensity and a
reduced temperature gradient on the processed surface result in a lower probability of microcrack formation
when machining with deionized water. Another reason for the higher crack density on the processed surface
when using kerosene is the difference in thermal conductivity between the two dielectric types, which
affects the cooling rate in the discharge zone. The high cooling rate of deionized water effectively dissipates
heat from the molten material and limits microcrack formation.

Moreover, during the EDM process with kerosene as a dielectric, carbonization leads to carbon residues
adhering to the electrode surface, which eventually results in carbide formation on the workpiece surface.
This condition results in unstable machining in the discharge zone, accompanied by increased impulsive
forces, which, in turn, leads to a greater tendency for crack propagation during machining with kerosene.

In [71], the authors conducted a comprehensive study of the effect of machining parameters and the
addition of carbon nanotubes to the working fluid on crack formation during the machining of Inconel-718
alloy. The machining was carried out at a current of 2 to 8 A. They found that with an increase in the peak
current up to 6 A, the density of surface cracks tended to increase. However, with a current ranging from 6
to 8 A, the density of cracks on the processed surface decreased sharply (fig. 9).

This phenomenon may be due to the fact that an increasing peak current removes protruding material
particles from the processed surface. However, a further increase in current leads to an intensification
of single-pulse discharges and a larger volume of material removal, which, in turn, reduces the flushing
efficiency of the dielectric liquid in the interelectrode gap. Upon the termination of discharges, when
the electrode retracts to clean the interelectrode gap, due to the large temperature difference, unremoved
particles remaining on the surface re-solidify, forming a secondary layer. Subsequently, the machining
process is repeated, and the molten material can potentially fill these pores and cracks. Thus, it becomes
difficult to assess and detect the presence of surface cracks.

Most studies are aimed at investigating the processed surface with the addition of inclusions, but the
issue of the effect of the added powder on the properties of the working medium and the relationship between
the change in dielectric properties due to the addition of powder has not been fully studied, as emphasized
by the authors of [72]. They compared the addition of a conductive micropowder (graphite) and a non-
conductive micropowder (aluminum oxide) to the working fluid (WF). The dielectric breakdown voltage
values measured for kerosene, a mixture of kerosene with graphite powder, and a mixture of kerosene
with aluminum oxide powder were 1,521.74 V, 26 V, and 1,652.17 V, respectively. It was found that the
dielectric breakdown voltage is minimal in the presence of graphite powder and maximal in the presence
of aluminum oxide powder.

This may be due to the fact that graphite powders possess electrical conductivity, and therefore, when
graphite powder is added to a dielectric, its insulating capacity decreases, consequently reducing the dielectric
breakdown voltage. Since aluminum oxide powder is not electrically conductive, its addition to a dielectric
can increase the dielectric breakdown voltage even more than in the uncontaminated state of the dielectric.
It was concluded that the choice of powder additives requires a careful approach, considering not only their
effect on the processed surface but also their impact on the dielectric properties of the working medium.

Inclusions in the surface layer after machining

One of the parameters that are difficult to predict is the surface alloying of heat-resistant alloys with
tool electrode material particles. This difficulty arises from the fact that it is extremely difficult to develop
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Fig. 9. The surface after EDM of AISi 1045 steel using deionized water as a dielectric (a, c, e):

a) at a current of 6 A and a pulse on-time of 150 ps, ¢) at a current of 6 A and a pulse on-time of 100 ps, ¢) at a current of 6 A
and a pulse on-time of 50 ps and kerosene (b, d, f): b) at a current of 6 A and a pulse on-time of 150 ps; d) at a current of 6 A
and a pulse on-time of 100 ps, f) at a current of 6 A and a pulse on-time of 50 ps [40]

a mathematical model describing the processes occurring on the machined surface, particularly considering
the mass transfer of erosion products. Currently, there is no unified thermodynamic model of the process,
nor have fundamental studies been conducted on the formation processes of surface modified layers.
Microstructural changes in the processed surface of heat-resistant materials after EDM are represented
by residual electrical discharge machining debris, tool electrode material particles, erosion products,
and closed pores containing the working fluid. The mechanical characteristics of the processed surface
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significantly depend on the nature and extent
of inclusions. The presence of inclusions in the
surface layer reduces the fatigue strength of the
product.

In [58], the authors also investigated the
modified layer after WEDM for the presence of
inclusions and revealed the presence of inclusions,
including oxygen (12.96 %) in the surface layer,
which confirms the formation of an oxide film on
the machined surface, as well as copper and zinc

- L G on the layer’s surface (Fig. 10).
X1 0 m ee U'@ ge 57 S In [73], the authors established that in the heat-
affected zone, there was a change in chemical

Fig. 10. Inclusions in the surface layer after WEDM CompOSiti.on rhelative to the base material: a “

of Inconel 706 [44] decrease in nickel content, a 1% dpcrease in the

concentration of cobalt and aluminum, and the

appearance of foreign elements not inherent to the original chemical composition — 9 % sodium, 4 %
chlorine, and approximately 1 % potassium.

Analysis of point 2, which was located on the recast (white) layer, revealed more significant changes in
the main elemental composition of this alloy: a reduction in nickel to 50 %, a 9 % decrease in chromium
content, and a 3 % decrease in aluminum. Complete removal of cobalt, molybdenum, tungsten, and
vanadium from the surface layer was also observed. This layer was also characterized by the appearance of
up to 47 % chlorine and up to 31 % sodium, which is attributed to the use of distilled water as the working
fluid. The change in the concentration of

alloying elements is associated with the high | T

s : 13 B Aisting cut
machml’ng .temperature gnd 'thelr. solu‘t>'111Fy | B i
in the liquid phase, their migration within 50 W /cting + grinding
the crystallizing material, and the directional
crystallization of the recast layer, which 4d

collectively accelerate the thermal diffusion

of the elements. ‘é =+
In [74], the authors conducted a study of 5 a5
the influence of machining parameters on of

inclusions in the surface layer and changes
in the chemical composition (Fig. 11).

The experiments were conducted across 0
various machining operations, including
rough machining, finishing, grinding, and Fig. /1. Inclusions in the surface layer after WEDM of Nimonik
grinding with etching. It was found that C263 material
the surface after rough WEDM showed the
presence of oxygen due to oxidation of various alloying elements. Finishing resulted in a slight 10-12 %
decrease in oxygen content on the workpiece surface. The surface layer contained elements such as zinc
and copper, which diffused from the tool electrode during machining. The surface obtained by multi-pass
cutting exhibited a higher retention of the original alloy elements.

a Al 7 r (o M Ma tu 2n

Influence of tool electrode configuration and material

Scientific studies of the efficiency of the EDM process less extensively investigate the influence of
flushing in the interelectrode gap (IEG). The authors of such studies often note the influence of /EG flushing
on increasing process productivity and improving surface quality.

In [75-76], the authors designed tool electrodes with internal channels for more efficient removal of
debris from the machining zone and enhancing the cooling efficiency of the tool electrode. This resulted in
a 40—45% increase in process productivity.
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In [77], the authors conducted a comparison of a solid tool electrode and a porous electrode (Fig. 12).

The use of a hollow porous electrode resulted in a three-fold increase in machining efficiency compared
to a solid electrode. The machining time was reduced by 47%, which is attributable to better cooling of the
tool electrode and a more efficient flow of working fluid.

Carbon flm

Fig. 12. Copper electrode tool used in EDM :

a) before processing; ) after processing [53]

In [78-79], the authors manufactured tool electrodes using a reinforcing matrix of graphene. The unique
properties of graphene (high electrical and thermal conductivity, superior to copper’s) make it a promising
material for use as a tool electrode in EDM. However, due to the high cost of the material, it is advisable
to use it as a reinforcing matrix or as inclusions in the manufacture of tool electrodes. The authors found
that the use of composite tool electrodes made it possible to reduce the wear of tool electrodes during
machining. This is associated with enhanced heat dissipation in the machining zone and a reduction in the
tool electrode temperature experienced during
machining. The use of these matrices enables
a significant increase in the service life of the
tool electrodes.

In [80], the authors conducted research on
the use of a spiral tool electrode. The study
particularly focused on the removal of debris
from the processing zone and the supply of
working fluid to the processing zone when
machining Inconel-718. The electrodes used
were cylindrical and spiral tool electrodes
(Fig. 13), which were rotated at the same speed
during machining.

The efficiency of the spiral electrode in
EDM exceeds that of traditional cylindrical
electrodes due to the higher axial speed. With

an increase in the rotation speed, the maximum a b
axial speed of the spiral electrode increases, Fig. 13. Axial velocity contours of @) cylindrical and b) spiral
thereby significantly increasing the circulation tool electrodes [80]
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of the working fluid in the machining zone. Additionally, the spiral tool electrode has a lower electrode wear
rate than the cylindrical one, which positively impacts the efficiency of using these electrodes.

On the side wall of the slot, the surface roughness of the workpiece machined with the spiral electrode is
only 11 pm, which is better than 28 pum of the cylindrical electrode. The spiral electrode shows superiority
over the traditional cylindrical electrode in discharge stability, electrode life, slot dimensional accuracy, and
surface quality.

Under the same machining conditions, the thickness of the recast layer was reduced from 107.82 um
to 44.37 um for the spiral electrode compared to the cylindrical electrode process, while in some areas the
recast layer was absent.

The analysis shows that the spiral electrode has significant advantages in the debris removal system
compared to the cylindrical one. This is due to its design features, which provide more efficient movement
and removal of debris particles from the machining zone. The spiral geometry of the electrode creates
unique conditions, specifically: the formation of vortex flows of the working fluid, improved circulation
of the working fluid in the machining zone, an optimized and ordered trajectory for the removal of debris
particles, and the prevention of stagnant zones, which can lead to secondary remelting.

In [81-83], the authors conducted research on micro-electrode erosion drilling using three different
electrodes: a solid tungsten carbide cylindrical electrode, a carbide-tipped drill electrode, and a brass tool
electrode. After analyzing the results, the authors established that with the use of the cylindrical electrode, a
cone was formed at the exit of the through-hole, attributed to inefficient debris removal from the machining
zone during electrical discharge drilling. The geometry of the carbide drill, however, improved debris
removal from the interelectrode gap, stabilized the temperature in the machining zone, and reduced the
machining time. The choice of tool material significantly affects the productivity of electrical discharge
machining: brass provides the most accurate micro-holes (with the least wear, overcut, and taper), though it
requires extended machining time. Conversely, tungsten carbide provides high wear resistance but results
in larger overcut and taper angles with a moderate machining time. Carbide drills provide a balance of wear
resistance, machining time, and overcut/taper angles.

In [84-90], the authors investigated the effects of cryogenic treatment of the tool electrode on the
quality and efficiency of electrical discharge machining. Based on the results obtained, it was found that the
cryogenically treated tool electrode provides superior machining performance (maximum material removal
rate and improved surface roughness) compared to a conventional tool electrode. The authors noted an
increase in the electrical conductivity of the brass wire during shallow cryogenic treatment. In addition, it
was found that the grains became finer.

These results are directly related to the effect of cryogenic treatment on the structural changes in the tool
electrode: the formation of a more uniform structure, the elimination of pores and structural defects, and the
reduction of internal stresses. Consequently, the wear resistance of the tool electrode is enhanced.

The effect of cryogenic treatment was further investigated by conducting studies of the machinability of
electrical discharge machining on /nconel 601 using cryogenically treated copper as the tool electrode. Tool
wear was reduced by 33% by cryogenic treatment compared to untreated copper tools. The work focused
on the influence of current, gap voltage, and pulse duration on material removal rate, electrode wear, and
surface roughness. It was found that current was the most important control factor.

Conclusions

This paper reviews the current state of research in the field of electrical discharge machining of heat-
resistant alloys. It presents current trends and research interests of scientific teams engaged in this area.
A literature analysis of experimental studies was conducted, which revealed the lack of generalized and
comprehensive research results. EDM is a complex process, the outcome of which is influenced by a
multitude of factors, and currently, there are no comprehensive technological or recommendation databases
for the machining of heat-resistant alloys.
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Based on the conducted literature analysis, the following key findings were established:

1. It is relevant to conduct experimental studies on the influence of various material components added
to the working fluid to improve surface quality indicators after EDM, and to investigate the impact of
alloying the surface layer of heat-resistant materials with these materials.

2. It has been established that the current strength and pulse duration are the main technological
parameters determining the quality of the treated surface and the material removal rate. However, exceeding
the optimal pulse duration leads to accelerated wear of the tool electrode and excessive melting of the
workpiece, which, in turn, leads to difficulty in efficiently removing debris from the interelectrode gap.

3. The efficiency of using a modified working fluid (e.g., containing graphene and carbon nanotubes) for
improving surface quality in the machining of heat-resistant materials has been established.

4. It has been established that inclusions in the working fluid have a significant impact on the process
parameters and quality of electrical discharge machining. Analysis shows that the correct selection of
material and concentration of inclusions can significantly improve the results of the process.

5. It has been established that the geometric parameters of the tool electrode are one of the determining
factors influencing the result of electrical discharge machining. Analysis of the literature shows that the
correct configuration of the tool electrode can significantly improve the quality and efficiency of the process.
A correctly selected tool electrode design ensures more intensive removal of erosion products from the
interelectrode gap, which directly affects the quality of the machining.
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ARTICLE INFO ABSTRACT

Article history: Introduction. Hybrid metal matrix composites (HMMCs) are increasingly used in the aviation and automotive
Received: 13 August 2025 industries due to their low density, high stiffness, and exceptional specific strength. Among aluminum MMCs, A17075-
Revised: 02 September 2025 based composites are gaining wider acceptance. Continuous research and development in this field focuses on improving
Accepted: 09 September 2025 the durability and performance of these advanced materials. Purpose of the work. Machinability of 4/7075 is a significant
Available online: 15 December 2025 challenge because the abrasive reinforcement phase causes rapid tool deterioration, increased machining forces, and a poor

surface finish. Moreover, the industrial focus on green manufacturing has led to a shift from traditional coolant-based
machining to sustainable alternatives. In this context, researchers have optimized machining performance using advanced
technological advancements and techniques. However, limited work is reported on modeling the machining performance
of 417075 nanocomposites during turning under compressed air cooling. Methods of investigation. Manufacturers can
gain a better understanding of increasing the effectiveness of turning processes for 4/7075 nanocomposites by creating a
comprehensive model. Therefore, this work models the machining performance of hybrid 4/7075 nanocomposites during
ANFIS turning under compressed air-cooling conditions with an artificial neuro-fuzzy inference system (4NFIS) to predict tool wear
Machining performance (TW), surface roughness (Ra), and cutting force (Fc) as a function of process parameters. Results and discussion. In this
work, an ANFIS model was developed to predict the machining performance considering the effect of process parameters
such as cutting speed, feed rate, and depth of cut for different 4/7075-based nanocomposites. These nanocomposites were
prepared using silicon carbide (30-50 nm) and graphene (5-10 nm) nanoparticles as reinforcements by the stir casting
process. Reinforcement materials affect the mechanical and physical properties of composites. For engineering applications,
SiC and graphene are preferred reinforcements with distinctive features. ANFIS models were developed to predict Ra, F,,
and TW based on the experimental results. The Sugino method was used to represent fuzzy rules and membership functions,
as it utilizes weighted averages in the defuzzification process and offers better processing efficiency. The MATLAB ANFIS
toolbox was used to design and tune fuzzy inference systems. The developed ANFIS model predicts machining responses
effectively and offers a practical approach for optimizing process parameters with high reliability. The results of this research
show good agreement between the experimental results and the predicted ANFIS outcomes, with an average prediction error
below 8%. Specifically, the ANFIS model yielded errors of 5.1% for Ra, 13.45% for F,, and 7.92% for TW. The model
exhibited excellent agreement with experimental data, demonstrating high prediction accuracy and generalization capability.
3-D graphs are plotted for a better understanding of the effect of process parameters on F,, Ra, and TW for different
nanocomposites. The findings affirm the efficacy of compressed air cooling in improving machinability while minimizing
environmental impact. Furthermore, the developed ANFIS model serves as a reliable tool for optimizing turning parameters
for A17075 composites, supporting the advancement of green manufacturing strategies. This research warrants further
investigation into the application of ANFIS in machining processes, specifically exploring various metal matrix composite
types and rigorously assessing the long-term effects of compressed air cooling on both environmental sustainability and
tool life.
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Introduction

Hybrid metal matrix composites (HMMCs) are increasingly found in the aviation and automotive
industries because of their extraordinary properties, including low density, high stiffness, outstanding specific
strength, and a low coefficient of thermal expansion. The growing demand for advanced materials in the
aerospace, automotive, and defense sectors has driven the widespread adoption of aluminum metal matrix
composites (MMCs), particularly 417075, due to its excellent specific strength and corrosion resistance [1].

However, the machinability of 477075 composites presents a significant challenge due to their abrasive
reinforcement phase, which accelerates tool wear, increases cutting forces, and degrades surface finish.
Concurrently, the industrial shift towards green manufacturing has emphasized a move away from traditional
coolant-based machining to sustainable alternatives. One such method is compressed air cooling, which not
only reduces the environmental impact but also improves chip removal and provides localized cooling at
the tool-workpiece interface.

Intelligent modeling techniques have proven highly effective in addressing the nonlinear and multi-
parametric nature of the turning process under compressed air cooling. Traditional flood cooling relies
heavily on mineral-based fluids, which have adverse effects on the environment, operator health, and
operational costs due to fluid disposal. Consequently, alternative methods such as minimum quantity
lubrication (MQL), nanofluids, cryogenic cooling, and compressed air techniques have gained significant
demand in machining. These sustainable alternatives address not only environmental concerns but also key
machinability aspects, including tool wear, cutting force, and surface finish [2, 3].

Studies have shown that turning A/7075 under MQL with a coolant chilled to —20°C significantly
improves surface finish and reduces cutting force compared to other cutting environments [4]. Furthermore,
research indicates that tool nose radius has a more substantial influence on surface finish than most other
process parameters. In recent decades, manufacturing has heavily relied on empirical data from previous
studies. To achieve superior machining outcomes, the application of advanced cutting techniques combined
with scientifically validated approaches, such as artificial intelligence (A7), is essential. Precise modeling is
critical for obtaining desired results in machining processes. Owing to their fuzzy logic rules, self-learning
capability, and ability to process complex, non-linear data, soft computing techniques are now extensively
employed for modeling [5].

The literature suggests that the adaptive neuro-fuzzy inference system (ANFIS) often outperforms
other computational methods in estimating machining responses [6, 7]. Comparative studies indicate
that while gene expression programming (GEP) may surpass artificial neural networks (ANN) in specific
applications, ANFIS frequently yields more accurate predictions. Furthermore, both ANN and ANFIS have
been demonstrated to provide superior results compared to response surface methodology (RSM) in several
investigations [8—12]. The application of optimization approaches is crucial for enhancing surface quality
and advancing machining technology [13]. For instance, genetic algorithms (GA) have been successfully
applied to optimize the milling of A/7075-T6, with the developed models proving adequate for predicting
cutting forces [14]. Similarly, studies utilizing ANN to forecast the tribological properties of A/7075-A1:0;
composites have reported close agreement between experimental data and model predictions [15].

Researchers have also modeled machining responses using nanofluids under minimum quantity lubrication
(NFMQL) [16, 17]. Among various modeling techniques, ANFIS has been widely adopted in most studies due
to its superior capability in capturing the complex, non-linear dependencies among machining parameters
[18-21]. However, a significant research gap remains: few investigations have considered the effect of
varying the weight percentage of nanoparticles within the 4/7075 matrix on machinability. Furthermore,
ANFIS modeling of the machining performance for hybrid A/7075 nanocomposites under compressed air
cooling conditions is virtually unreported. To address this gap, the present work develops an ANFIS model to
predict the machining performance of hybrid 417075 nanocomposites, with a specific focus on quantifying the
influence of nanoparticle weight percentage and cutting parameters on key output responses.

Accordingly, in the present study, nine distinct A/7075-based nanocomposites were fabricated with
varying weight percentages of silicon carbide (SiC) and graphene reinforcements. For each nanocomposite
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specimen, nine turning experiments were conducted under compressed air cooling. An adaptive neuro-fuzzy
inference system (4ANFIS) model was developed to predict cutting force, flank wear, and surface roughness,
accounting for the influences of both turning parameters and nanocomposite composition. Finally, additional
validation trials were performed to verify the predictive accuracy of the developed ANFIS model.

Methods

This section details the experimental methodology employed to develop adaptive neuro-fuzzy inference
system (ANFIS) models for predicting surface roughness (Ra), cutting force (F,), and tool wear (TW) during
the turning of 4/7075 nanocomposites. The experimental setup, including the machining configuration
and conditions, is described, followed by a comprehensive explanation of the ANFIS model development
process.

The workpieces were cylindrical bars (300 mm in length and 30 mm in diameter) made from A/7075-
based nanocomposites. Turning was performed using a CNMG120408MS carbide insert mounted on a
PCBNR2525M12 ISO-coded tool holder. All cutting experiments were conducted on a precision CNC
lathe to ensure consistent tool positioning and geometry throughout the operation. The machining setup is
illustrated in Fig. 1. The chemical composition of the base 4/7075 alloy is provided in Fig. 2, while Table 1
summarizes the specifications of the different composite specimens fabricated via the stir casting process.

Cutting

insern

Fig. 1. Appearance and components of the lathe setup

Si: Fe: Cu: Mg cr. Ni: zn: Ti: Zr. Al:
0.1 023 @ 1.48 2.1 0.22 0.01 5.29 0.07 0.02 balance

Fig. 2. Elemental composition of A/7075 alloy

The input parameters were selected based on a comprehensive analysis of the literature, preliminary
experimental trials, the operational limits of the machine tool, and technical specifications from the tooling
manufacturer. The finalized parameter ranges were chosen to optimize machining performance and extend
tool life. A full factorial design of experiments was employed, resulting in a total of 81 turning trials
conducted across the nine distinct composite specimens, as summarized in Fig. 3.

The trials involved varying the cutting speed (V) from 100 to 200 m/min, the feed rate (f) from 0.1 to
0.3 mm/rev, and the depth of cut (d) from 0.2 to 0.8 mm. For each machining experiment, the output
responses — surface roughness (Ra), cutting force (F), and tool wear (TW) — were recorded. The cutting force
(F,) was measured using a pre-calibrated dynamometer. Tool wear (TW), specifically flank wear (FW), was
measured after each pass using a Dino-Lite digital microscope. Surface roughness (Ra) was measured using
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Table
Al7075 aluminum alloy nanocomposites with different types
of reinforcement
Specimen Types of reinforcement
S1 Unreinforced 4/7075
S2 Al7075 + 0.5 % SiC + 0.1 % graphene
S3 Al7075 + 0.5 % SiC + 0.2 % graphene
S4 Al7075 + 0.5 % SiC + 0.3 % graphene
S5 Al7075 + 0.5 % graphene + 1 % SiC
S6 Al7075 + 0.5 % graphene + 2 % SiC
S7 Al7075 + 0.5 % graphene + 3 % SiC
S8 Al7075 + 1 % graphene + 2 % SiC
S9 Al7075 + 1 % graphene + 4 % SiC

Fig. 3. Nine samples of various composite materials

a surface profilometer. Tool wear was monitored in
accordance with ISO 3685:1993 standards, with the
tool life failure criterion defined as either 0.2 mm of
average flank wear or the occurrence of catastrophic
tool failure.

Adaptive neuro-fuzzy inference system (ANFIS)

The adaptive neuro-fuzzy inference system
(ANFIS) is ideally suited for modeling complex
systems characterized by uncertainty and imprecise
information, while maintaining model transparency
and interpretability. This machine learning technique
synergistically combines the intuitive reasoning of
fuzzy logic with the learning capabilities of artificial
neural networks. The ANFIS approach constructs
an adaptive network that maps inputs to outputs by
integrating fuzzy inference mechanisms with neural

learning rules. The ANFIS architecture comprises five distinct layers, each consisting of interconnected
nodes, as illustrated in Fig. 4 [8]. Input data is processed sequentially through these layers, with each

stage executing a specific function within the overall
inference mechanism.

The first layer, the fuzzification layer, converts
crisp input values into fuzzy membership grades using
predefined membership functions. In the subsequent
product layer, the firing strength of each fuzzy rule is
computed by multiplying the incoming membership
grades. The third layer, the normalization layer,
calculates the relative contribution of each rule by
dividing its firing strength by the sum of all firing
strengths, thereby ensuring that the total influence
of all rules is unity. The normalized firing strengths
are then processed in the defuzzification layer, where
each is used to weight a linear function to generate
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the output of individual rules. Finally, the output layer aggregates all the weighted rule outputs to produce
a single, crisp value representing the system’s final prediction.

Results and Discussion

This section presents the development and analysis of adaptive neuro-fuzzy inference system (ANFIS)
models for predicting the turning performance of A/7075-based nanocomposites under compressed air
cooling. The models were constructed to evaluate the influence of key process parameters and varying
nanocomposite compositions on surface roughness (Ra), cutting force (), and tool wear (TW). Experimental
data were gathered, and distinct ANFIS models were established for each output response. The model’s
decision-making logic is encapsulated in its fuzzy rules and membership functions, the parameters of which
were optimized through a data-driven learning process.

The Sugeno fuzzy inference method was selected for this study due to its computational efficiency
and straightforward implementation, as it utilizes weighted averages during the defuzzification process. A
principal advantage of the Sugeno method is its ability to represent complex nonlinear systems through a set
of linear equations. The ANFIS modeling was conducted using the MATLAB environment, which provides
a dedicated toolbox offering a user-friendly interface for designing, training, and tuning fuzzy inference
systems, making it accessible for researchers in artificial intelligence.

The procedure for creating the ANFIS models in MATLAB is illustrated in Fig. 5. Since the ANFIS
architecture is designed for single-output systems, three separate models were developed and analyzed
independently to predict surface roughness (Ra), cutting force (F,), and tool wear (TW). Each model utilized
cutting speed (F), feed rate (f), and depth of cut (d) as input variables. The initial step in constructing each
ANFIS model involved defining the input-output variables, their respective value ranges, and partitioning
the relevant experimental data for model training and testing.

Initialize : Evaluate _
Prepare _ _ thefuzzy TE\';}‘:,EEE o the | _ \ﬁStLIl-]ahZE
the data interface e ANFIS o Lﬁts
system model

Fig. 5. Stages of ANFIS modeling

The initial fuzzy inference system (F1S) was generated using the grid partitioning method available
in the MATLAB ANFIS toolbox. Grid partitioning was selected as it simplifies the rule base and enhances
the interpretability of the resulting FIS model. Triangular membership functions were chosen for the input
variables, while constant membership functions were assigned to the outputs. The model was then trained
using a hybrid optimization algorithm to fine-tune its parameters, including the membership function shapes
and rule weights. The training was conducted over 10 epochs. The specific hyperparameters configured for
the ANFIS models predicting Ra, F_, and TW are detailed in Fig. 6.

Fuzzy interface

Membership Membership :
functions (Mfs); functions output; system (FIS):
Triangular (trimf) Constant Takagi-Sugeno
fuzzy model
Number of nodes: Number of linear Té':”b:’e’a‘;f
193 parameters: 81

parameters: 36

No of epoch: 10
and
weight of rules: 1

Number of training Number of fuzzy
data pairs: 81 rules: 81

Fig. 6. ANFIS model parameters
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Fuzzy inference system (FIS) training was terminated once the predefined target epoch was reached
and the minimum root mean squared error (RMSE) for the developed model was achieved. Specifically,
the RMSE values for the ANFIS models predicting Ra, F, and TW were found to be 1.56637, 1.56637,
and 3.31021, respectively, when utilizing triangular membership functions (MF's). In this study, a total of
eighty-one fuzzy rules were employed for each model. The ANFIS structures developed for predicting Ra,
F_ and TW are illustrated in Fig. 7.

output

output mnput - inputmf

—

> oulputmf
——

Surface

Cutting
rm!gi'u'tess

force

Logical Logical

operations operations
® and ® and
® or @® or

0000 VTR
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Logical
operations
® and
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Fig. 7. Developed ANFIS model structure

Following model development, the prediction errors for both the training and testing datasets were
evaluated for Ra, F_ and TW. Fig. 8 illustrates the correlation between the F1S outputs and the experimental
data for training and testing, achieved using the triangular membership function configuration. The resulting
training and testing errors were 0.057 and 0.086 for surface roughness (Ra), 1.55 and 0.82 for cutting force
(F,), and 3.310 and 4.15 for tool wear (TW), respectively.

To better understand the concurrent influence of process parameters on the responses, three-dimensional
surface plots for Ra, F, and TW were generated, as shown in Figs. 9-11. These plots facilitate a more
intuitive analysis of machining performance by providing visual clarity on the effects of input parameters.
Each plot illustrates the variation of an output response with two input parameters, while the third parameter
was held constant at its central value (¥, = 150 m/min, f'= 0.2 mm/rev, d = 0.5 mm).

Analysis of the surface plots in Figs. 9-11 indicates that a lower surface roughness (Ra) is achieved
by employing a higher cutting speed (V) in combination with moderate to low feed rate (f) and depth of
cut (d) settings. Similarly, cutting force (F,) is minimized by using a higher cutting speed with lower feed
and depth of cut. Tool wear (TW) is also reduced at higher cutting speeds, even when maintaining feed rate
and depth of cut settings.

To validate the ANFIS-predicted results, additional turning experiments were conducted using parameter
combinations not included in the original training dataset. A comparison between the experimental results
and the ANFIS predictions is presented in Table 2. These validation trials allowed for a detailed assessment
of model performance across an expanded range of input variables. The experimental values for Ra, F,_ and
TW represent averages from three separate trials to minimize the influence of outliers.

The ANFIS model demonstrated reliable predictive accuracy, with an average prediction error below
8 % across all responses, showing strong agreement with the experimental data. Specifically, the model
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Table 2
Validation experiments
V (m/min), f(mm/rev), d (mm) Ra (pm) Fe @) TW (pm)
Expt. ANFIS Expt. ANFIS Expt. ANFIS
110; 0.12; 0.4 0.854 0.843 51.39 55.7 83.47 87.5
130;0.17; 0.45 0.875 0.835 55.92 63.1 86.19 91.7
165; 0.23; 0.65 0.836 0.841 58.38 49.7 94.88 103.7
180; 0.27; 0.75 0.812 0.896 48.33 57.7 112.32 122.7
200; 0.15; 0.35 0.701 0.759 39.89 44.6 94.95 104.3

yielded errors of 5.1% for surface roughness (Ra), 13.45% for cutting force (F,), and 7.92% for tool wear
(TW). These results confirm the potential of ANFIS as a robust and effective tool for predicting machining
performance in the turning of A/7075 metal matrix composites.

Conclusion

This study successfully demonstrates the application of an adaptive neuro-fuzzy inference system
(ANFIS) for modeling the turning performance of 4/7075 hybrid nanocomposites under compressed air
cooling. The key findings are summarized as follows:

— Compressed air cooling is confirmed as a viable and environmentally sustainable alternative to
conventional flood cooling, effectively enhancing machinability in the turning of 417075 nanocomposites.

— The developed ANFIS model provides a highly reliable and practical methodology for predicting key
machining outputs enabling the optimization of process parameters.

— The ANFIS model exhibited strong predictive accuracy with the average prediction error remaining
below 9%, with errors of 5.1% for Ra, 13.45% for F_, and 7.92% for TW, demonstrating a high degree of
alignment with experimental validation data.

— This research establishes a framework that integrates sustainable cooling technology with intelligent
modeling, presenting a significant advancement for green machining strategies in the manufacturing of
metal matrix composites.

Furthermore, the study underscores that the specific composition of the nanocomposite (i.e., reinforcement
percentage and type) is a critical input variable for accurately modeling machining performance, a key
insight for industrial application.
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Introduction. Wire arc additive manufacturing (WAA4M), due to its “design as manufacturing” characteristic,
is gradually becoming one of the most promising technologies. However, at present, there are no comprehensive
comparative studies on the microstructure and mechanical properties of deposited samples made from austenitic
stainless steel at different locations of the sample. In addition, their machinability remains insufficiently investigated.
The purpose of this study is to compare the microstructure and mechanical properties of samples made of austenitic
stainless steel ER321 (analogues — AISI 321, 0.08% C-18% Cr-10% Ni-Ti) obtained by the WAAM method at differ-
ent locations within the sample and to assess their machinability by the magnitude of the components of the cutting
force during end milling and the roughness of the machined surface. The properties and microstructure of samples
obtained by wire-arc additive technology are investigated, and milling forces are investigated. The effect of the feed
on the components of the cutting force and the roughness of the machined surfaces during conventional milling of
ER321] steel workpieces using 12 mm diameter cemented carbide end mills with a wear-resistant A/7iN coating ap-
plied by physical vapor deposition (PVD) is determined. Research methods. The content of elements and the solidi-
fication pattern in various parts of the workpieces were determined using X-ray microanalysis. The microstructure of
the samples was studied by a metallographic method. Stress-strain diagrams were obtained by tensile tests, and the
microhardness of the samples was also measured. In comparison with the pattern of conventional milling of rolled
workpieces, a pattern of changes in cutting forces and surface roughness was established depending on the feed rate
during milling of deposited workpieces. Results and discussion. During deposition, ferrite with a vermicular mor-
phology is primarily formed in the lower region of the sample, whereas austenite with a dendritic ferrite structure is
observed in other regions. The microhardness values of the deposited and rolled samples are close, averaging around
230 HVO.1. The ultimate tensile strength of the rolled samples is 666 MPa, which is approximately 40 MPa higher
than that of the deposited samples. During milling of the deposited workpieces, the lateral cutting force acting per-
pendicular to the feed direction is greater, and the surface quality is poorer. During milling of deposited workpieces,
the lateral cutting force acting perpendicular to the feed direction is greater, and the surface quality is poorer. During
milling of deposited workpieces, the feed force acting in the feed direction is greater under high feed rates.

For citation: Zhang Q., Klimenov V.A., Kozlov V.N., Chinakhov D.A., Han Z., Qi M., Ding Z., Pan M. Milling of a blank from austenitic
stainless steel AISI 321, deposited using wire-arc additive manufacturing (WAAM). Obrabotka metallov (tekhnologiya, oborudovanie,
instrumenty) = Metal Working and Material Science, 2025, vol. 27, no. 4, pp. 62-79. DOI: 10.17212/1994-6309-2025-27.4-62-79. (In Russian).
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Introduction

Wire arc additive manufacturing (WAAM) offers high deposition rates (up to 800 g/min), low
production costs (approximately an order of magnitude lower than powder-based additive methods), and
significant advantages for the 3D prototyping of complex structures and the on-demand fabrication of
functional materials. These benefits position WAAM as a leading direction in the development of additive
manufacturing (AM) [1-7]. Among welding techniques, cold metal transfer (CMT) is particularly notable
due to its controlled short-circuiting process. This method significantly reduces heat input, promotes grain
refinement, and is widely used in WAAM when dimensional accuracy and surface roughness requirements
are moderate [6, 7].

Austenitic stainless steel, valued for its high ductility, excellent strength, and good corrosion resistance,
has become a primary material for additive manufacturing in engineering and medical applications [8].
However, the complexity of AM thermal cycles complicates the prediction of microstructure and mechanical
properties in fabricated parts. For instance, AISI 308LSi stainless steel specimens produced by electric-
arc deposition using graphite sliders in an argon atmosphere exhibit more uniform structural growth and
an average 12% increase in hardness due to a more intensive o-ferrite to austenite transformation [9].
Variations in cooling conditions can lead to a 10% difference in ultimate tensile strength between the upper
and lower sections of AISI 304 stainless steel specimens [10]. Similarly, a direct heat transfer in A1S7 316L
steel results in a 10% anisotropy in tensile strength [11].

Furthermore, the surface quality of AM-produced parts, particularly those made by WAAM, is often low.
High heat input causes instability and spreading of the weld pool, accompanied by spatter adhesion to the
specimen surface. According to [ 12], the lateral surface roughness of WAAM products, defined by weld bead
geometry, can reach 1.06 mm. Consequently, mechanical post-processing is typically required to improve
surface finish [13]. The machining of stainless steel is complicated by its high ductility, which promotes
significant work hardening, chip adhesion to the tool, built-up edge formation, and micro-voids on the
machined surface. While Dabwan et al. [14] investigated cutting forces and surface quality in additively
manufactured 3/6L stainless steel under different printing parameters, and Guo et al. [15] studied these
parameters for high-power direct laser deposition at various milling rates, neither study compared additively
manufactured specimens with conventionally rolled counterparts. Given the prevalent use of wire from
the People’s Republic of China (PRC) in wire-feed electron beam additive manufacturing, it is crucial to
compare products fabricated in Russia and the PRC, considering differences in synthesis processes and the
chemical composition of the feedstock wire.

Current research predominantly focuses on the machinability of refractory nickel and titanium alloys
produced by AM, while the machinability of austenitic stainless steels remains largely unexplored [16].
Therefore, investigating the machinability of austenitic stainless steel specimens, especially those fabricated
by WAAM, and comparing them with rolled specimens is necessary.

The purpose of this work is to determine the microstructure and mechanical properties of a WAAM-
fabricated specimen in different regions and to compare its machinability with that of a rolled specimen.
The following investigations were conducted:

— Determination of the solidification mechanism based on the chemical composition in different regions
of the WAAM-fabricated specimen.

— Analysis of the relationship between mechanical properties (hardness, ultimate tensile strength,
ultimate elongation) and microstructure in different regions of the fabricated specimen.

— Comparison of changes in cutting forces and surface roughness as a function of feed rate during the
milling of WAAM-fabricated and rolled specimens.

Notation

A — thermal conductivity, W/(m-°C)
C — heat capacity, J/(kg'K)
Y — austenite
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o — ferrite

L —liquid

Y. — face angle of a cutter, deg.

a . — back angle of a cutter, deg.

z —number of teeth of a cutter, pcs.

B — milling width, mm

t — milling depth, mm

s, — feed rate, mm/min

s, — feed per tooth, mm/min

n — rotational speed of a cutter, rpm

v — cutter speed, mm/min

y — engagement angle, deg. It indicates the angular location of the cutting edge of the cutter tooth tip from the
pierce point to its location at opposed milling

P,(F) — feed force, N. It is oriented along the feed per minute direction. In opposed milling, the feed force is
directed to the specimen in the opposite direction of the feed per minute. In cutdown milling, this force is directed to
the specimen and coincides with the direction of the feed per minute

Pv(Fy) — lateral force, N. It is directed normal to the direction of the feed per minute

P (F) — axial force, N. It is directed along the cutter axis

P —radial force, N. It is directed normal to the cutter speed vector and from the axis of rotation to the point con-
sidered on the cutting edge

P_— tangential force, N. This force coincides with the direction of the cutter speed vector

N —normal force. This force is dlrected from the cut surface to the back surface of the cutting edge

P, —total force P, and P,N. P, = (P L p 2)1/2

P — total force P and P, N. P = (Ph2+ P, )1/2

T temperature, °C

R, — surface roughness, um. It means arithmetic mean from absolute values of the surface profile deviation within
the specimen length

P, —total milling force, N. P, = (thJerersz)l/2

hp — height of protrusion not removed by a cutter, pm

Methods
A specimen measuring 194x80%34 mm was fabricated using WAAM with CMT, employing a KUKA
R1810 robot and a Fronius TPS 400i power source. To minimize specimen distortion during WAAM, the
substrate was made of 02358 steel (analogous to rimmed low-carbon steel S¢3), selected for its lower cost.
The potential influence of the substrate on the deposited metal’s structure and properties is governed primar-
ily by differences in thermal conductivity A and, to a lesser extent, specific heat capacity C [17]. While the

specific heat capacities are nearly identical (CQ23SB 498 J/(kg'K), Cyraz (AISI321) — =494 J/(kg'K)), there is a
significant difference in thermal conductivity O‘Qz3sB 54 W/(m-°C), hypas (AISI 321) =18 W/(m-°C) at 200°C.

This difference significantly affects heat transfer only for the initial 2-3 deposited layers. Afterwards, this
difference dissapeared due to the high temperature and thickness of deposited layers that served as a heat
barrier, thus making insufficient thermal conductivity of the substrate with increasing distance from it [10,
18]. This aligns with standard WAAM practice, where a substrate of common, low-cost steel like rimmed
low-carbon steel S¢3 is typically used. The substrate thickness was 10 mm to ensure sufficient strength and
prevent deformation during the printing process.

A shielding gas mixture of 98% Ar and 2 % CO- was used. The feedstock was 1.2 mm diameter ER321
austenitic stainless steel welding wire. The same grade was used for the rolled specimen to ensure scientific
consistency and comparability of the obtained data. The chemical compositions of the wire, substrate, and
rolled specimen are provided in Table 1.

Table 2 summarizes WAAM + CMT process parameters, and Fig. 1 presents a photograph and a process
chart of the WAAM + CMT system.

The specimens were etched in a mixture of 67 wt.% HNOs and 33 wt.% HCI, and their microstructure
was examined using an Axio Observer AIm inverted microscope (Carl Zeiss, Germany). The ferrite
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Table 1
Chemical composition of the wire, substrate, and rolled product
Materials Elemental composition, wt.% . .
C Si Mn | P S Cr Ni Mo | Cu Ti
Wire 0.06 | 0.49 | 1.52 | 0.021 | 0.002 | 18.9 | 9.08 | 0.08 | 0.13 | 0.17
Substrate 0.18 | 0.16 | 0.45 | 0.019 | 0.019
Rolled product | 0.08 | 0.45 | 1.51 | 0,023 | 0.002 | 18.2 | 9.12 | 0.05 0.16
Table 2
WAAM + CMT process parameters
Wire feed speed, m/min 4.5 Shielding gas rate, L/min 20
Printing speed, m/min 0.6 Voltage, V 19.1
Temperature, °C 200 Current, A 121

Wire

__ Substrate

Shielding gas _
Specimen

Fig. 1. WAAM + CMT system:
full view (a), process chart (b)

content was determined from micrographs using the /mageJ image analysis software. Scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM/EDS) was performed on different regions
of the WAAM-fabricated specimen using a Quanta 200 3D SEM (FEI Company, USA) equipped with an
energy-dispersive X-ray analyzer.

The schematic in Fig. 2, b illustrates the specimen sections and their orientation. The OX axis is aligned
with the scanning direction, the OY axis is aligned with the transverse direction, and the OZ axis is aligned
with the layer-building direction (normal to the deposition plane). Microhardness was measured using a
DuraScan-10 hardness tester (EMCO TEST, Austria) with a 0.1 kgf'load and a 10 s dwell time.

Tensile tests were performed at room temperature on an MIM 4 testing machine at a crosshead speed of
2 mm/min. The dimensions of the 2 mm thick dog-bone specimens are shown in Fig. 2, c. Although milling
involves high-strain-rate deformation, stress-strain curves obtained at room temperature provide relevant
insight into the material’s mechanical properties [19]; therefore, high-temperature tensile testing was not
conducted in this study.
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Fig. 2. Photograph of the WAAM-fabricated specimen (a), samples cut from the specimen (), dimensions
of 2 mm thick dog bone specimens, mm (c):

1 — for metallographic analysis, 2 — for tensile strength testing, 3 — for milling, 4 — dog bone specimens, 5 — for other
analyses

The locations for metallographic observation, tensile test specimen selection, and hardness measure-
ments were in the lower part of the WAAM-fabricated specimen (approximately 3 mm from the substrate)
and in the upper part (approximately 3 mm from the top surface).

The specimen was milled on a Concept Mill 155 CNC milling machine (EMCO, Austria). A photograph
of the milling setup is shown in Fig. 3, a. As illustrated in Fig. 3, b, a Kistler 9257BA (Switzerland) three-
component dynamometer (1) was used to measure the three components of the milling force: the feed force
Fx = Ph, acting along the feed direction s_; lateral force Fy = Py, acting normal to the s direction; axial
force Fz = Px, acting along the cutter axis. In the Kistler 9257BA software, the directions of the Fx, Fy and
Fz axes were aligned with the direction of forces acting during the axial turn process. Within the measured
range, the dynamometer’s sensitivity was 7.5 N, with a measurement error of £0.005%.

Fig. 3. Photograph (a), three-dimensional model (b) of dynamometer, cutter, specimen, cutter tooth geometry installed in
the main section plane (c), and position of the infrared thermometer beam, specimen and cutter along A arrow. B — milling
width, # — milling depth, n — rotational speed of a cutter, s,, — feed per minute (d)

A mounting plate (2) is used to secure the machine vice (3) to the dynamometer (1). A fixture (4),
attached to the vice jaw (3), features a shallow longitudinal groove into which the specimen is inserted to
prevent displacement of the 80x35%34 mm WAAM-fabricated or rolled specimen (5) relative to the vice
jaws. The rolling direction of the specimen was aligned parallel to the feed direction s, .

The end mill (6), with a 12 mm diameter, four teeth, and a 35° lead angle, was made of VK10 hard alloy
coated with an AITiN layer applied by physical vapor deposition (PVD). The tool’s face angle (y,,) and
back angle (o) are indicated in Fig. 3, c¢. The infrared beam path (7) from a YCR-D2080AR single-beam
IR thermometer (Wuxi Youtian Environmental Technology, China) was oriented tangentially to the cutter,
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forming a 45° angle with the machined surface (Fig. 3, d). The temperature measurement point 7 was set at
the average height of the machined surface. The thermometer’s emissivity was set to 0.39.

Surface roughness Ra was measured using a TR200 profilometer (JI74, China) at the average height of the
vertical machined surface (i.e., at the center of the milling width B). A GP-304K microscope (KSGAOPIN,
China) was used to examine the machined surface. The reported values for the Ph, Pv and Px forces, the
cutting temperature 7, and the surface roughness Ra represent the average of three measurements.

The milling parameters are given in Table 3. These parameters, commonly used for conventional (non-
CNC) milling machines, were selected to ensure practical relevance. In this work, conventional (up) milling
was employed, a technique often used for machining rough surfaces with uneven topography, such as those
typical of WAAM-fabricated specimens after deposition. The cutter overhang was maintained at 35 mm.

Table 3
Milling parameters
Parameters Feed per mlpute S, Rotational speed n, Milling width B, Milling depth ¢,
mm/min rpm mm mm
Values 25, 50, 80, 125, 160, 200 315 7 1

Results and Discussion

The chemical composition of different regions in the WAAM-fabricated specimen is presented in
Table 4. The carbon content in both the upper and lower regions is comparable to that of the initial wire.
A slightly higher carbon content in the lower region is attributed to carbon diffusion from the substrate into
the first (lower) deposited layer. The diffusion of iron (Fe), present in high concentration in the substrate,
into the deposited layer also reduces the Cr and Ni content in the lower region of the specimen.

Table 4
X-ray microanalysis results for different regions of WAAM-fabricated specimen
) Chemical composition, wt.%
Regions ) ;
Cr Ni C Si Mn Fe Other elements

Lower 17.86 8.02 0.18 0.31 1.3 70.21 2.12

Central 18.75 9.18 0.05 0.51 1.61 68.33 1.57

Upper 18.97 9.12 0.06 0.53 1.62 68.14 1.56

Based on the elemental composition of the austenitic stainless steel, Egs. (1) and (2) [22] can be used to
calculate the chromium (Creq) and nickel (Nieq) equivalents, and Eq. (3) is used to determine the solidification
mechanism in different regions of the WAAM-fabricated specimen. The different solidification mechanisms
result in a different sequence of y-ferrite and d-austenite formation:

Cr,, = wt.% Cr+ wt.% Mo + 1.5 x wt.% Si + 0.5 x wt.% Nb (1)
Ni = wt.% Ni+ 0.5 x wt.% Mn + 30 x wt.% C+ 30 x wt.% N (2)
Order 4 (Creq/Nieq <1.25):L—(L+y)—>v,
Order AF (1.25 < Cr,/Ni, <1.48): L —> (L +vy) > (L +y+8) — (v +9),

Order FA (1.48 < Cr, /Ni, < 1.95): L — (L +8) > (L +3+7) > (5 +7),
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Order F (Creq/Nieq >195):L—>(L+d5)—9 3)

where Cr, /Ni,_is the ratio of chromium to nickel equivalents.

Although Eq. (3) does not account for the cooling rate effect, it provides a reliable approximation [23].
The calculated Creq/Nieq ratios for different regions of the WAAM-fabricated specimen are presented in
Table 5.

Table 5
CreqﬂVieq ratio for different parts of WAAM-fabricated
specimen
Regions Creq Nieq Creq/Nieq ratio
Lower 18.32 14.07 1.30
Middle 19.51 11.49 1.70
Upper 19.77 11.73 1.69

The low 7i content was omitted from the calculations due to its negligible influence on the solidification
mechanism. As shown in Table 5 and Eq. (2), solidification in the upper and central regions corresponds to
order AF, while in the lower region it corresponds to order F4. This shift in solidification order in the lower
region is caused by carbon diffusion from the substrate into the deposited layer, which stabilizes austenite.

The microstructure of the lower region of the WAAM-fabricated specimen is shown in Fig. 4, a.
Vermicular ferrite is observed, which is typical for solidification order AF [22]. The initial ferrite content is
low. Furthermore, carbon diffusion within the deposited layer is limited during the eutectic reaction due to
the high cooling rate inherent to the deposition process, which is particularly rapid near the substrate. This
further suppresses ferrite formation and reduces its content. Carbon atoms diffusing from the substrate into
the deposited layer increase the carbon content in the lower region, thereby enhancing its hardness.

As seen in Fig. 4, b, the central region of the WAAM-fabricated specimen consists of ferrite with a
dendritic morphology. Multiple thermal cycles in this region promote elemental diffusion that favors ferrite
formation, resulting in increased ferrite thickness and the highest ferrite content [23].

Fig. 4, ¢ shows the microstructure of the upper region. The limited number of thermal cycles provides
insufficient diffusion of ferrite-promoting elements, leading to the formation of fine ferrite precipitates.
Nevertheless, the overall ferrite content remains high. The fine and closely spaced ferrite impedes dislocation
slip at phase interfaces, enhancing the hardness of this region. Concurrently, the limited thermal cycling
results in insufficient remelting in the upper region, generating numerous pores that reduce hardness but
increase ultimate elongation.

At the specimen periphery (Fig. 4, d), the microstructure is similar to that of the upper region. Both the
ferrite content and hardness are comparable to the upper region and remain high. This microstructure is
primarily attributed to a higher cooling rate. Furthermore, the peripheral area with distinct microstructural
properties was of insufficient size to cut off standard-sized tensile specimens. Therefore, tensile testing was
not performed on the peripheral material.

For the rolled specimen (Fig. 4, e), the ferrite is finer and its content is lower compared to the WAAM-
fabricated specimen. The ferrite morphology is elongated along the rolling direction. The hardness of the
rolled specimen is similar to that of the upper region and periphery of the WAAM-fabricated specimen.
However, both the hardness and ultimate elongation of the rolled specimen are higher.

As shown in Table 6 and Fig. 5, the microstructure and mechanical properties of regions within the
WAAM-fabricated specimen — excluding the lower region — exhibit certain variations. These variations
are comparable to data reported for wire-feed electron beam additive manufacturing [10]. However, the
differences are minor and do not significantly affect milling machinability. Consequently, the milling
machinability of different specimen regions was not investigated separately. The lower region of the
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Fig. 4. Microstructure at lower (a), central (), upper (c¢) and periphery (d) parts of WAAM-fabricated
specimen and rolled specimen (e)

Table 6
Hardness and ferrite content in WA4AM-fabricated and rolled specimens
WAAM-fabricated
Lower region | Central region | Upper region Pifgilzfal Rolled
Hardness HV 226.7+4.6 227.6+53 231.4+9.2 230.1+4.1 230+3.1
Ferrite content @, % 58+14 17.56+5.2 1621 £4.8 15.89+£6.3 32+1.2

specimen, along with the substrate, was removed by wire electrical discharge machining (EDM). As EDM
falls outside the scope of this paper, the milling machinability of the lower region is not included in this

study.

Fig. 6 shows the key parameters in a cross-sectional view of the cutter and workpiece (specimen)
during conventional (up) milling. The values for s _, n, Ph and Pv correspond to those defined in Fig. 3.
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Fig. 5. Tensile stress-strain diagrams, ultimate tensile strength, and ultimate elongation of WAAM-fabricated
and rolled specimens

-
- \
-

Cutter -

Fig. 6. Direction of forces Ph, Py, Pz, and Py
in conventional milling

The engagement angle (y) indicates the angular position of the cutter tooth tip relative to its point of entry
into the workpiece (specimen). The cutting speed is denoted by v, and the instantaneous thickness of cut
by a,. The tangential force (P) acts along the direction of the cutting speed, while the radial force (Py) acts
perpendicular to the cutter axis. P_and P are derived from Egs. (4) and (5) with minor simplification based
on geometrical relations. The normal force (/V), acting on the tool back surface, arises from the interference
of uncut material with this surface and is a component of the radial force P,

P =P, xcosy—P xsiny 4)

Py=Ph><sin\|1+Pv><cosw (5)

The cutting speed v, thickness of cut a,, tangential force P, and radial force P vary with the engagement
angle y. The resultant force P, is derived from P, and P, while P, is derived from P, and P, These

resultant forces are calculated as:
2 2
B, =\(P2+PY), (©)

P, = (P +P}). @)
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The total cutting force P, is calculated from:

2 2 2
Pur = (PR + B2+ PE). ®)
Fig. 7 shows the variation of these parameters with feed rate s, . The feed per tooth s, is obtained from:
s,=s, /| (nxz). )

where z =4 is the number of cutter teeth.

A
1600F —=— Phi(Fx), printed
1400 E [ Pv(Fy), printed
—&— Px(Fz), printed
1200 F [—=— Ph(Fx), rolled
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Fig. 7. Dependences of the feed rate s, on the feed force Ph, lateral force Pv and axial force Px (a)
and maximum resultant force P,, temperature 7, and surface roughness Ra (b) during milling
of fabricated and rolled specimens

Fig. 7, a shows the dependence of the feed force components P,, P, and P_ on the feed rate s,, during
milling of the WAAM-fabricated and rolled specimens. All force components increase with s, due to the
greater thickness of cut a,. The feed force P, is the largest and most sensitive to changes in s,,. This behavior
is attributed to the use of conventional milling in this experiment, combined with a low depth of cut # (only
8.3% of the cutter diameter). In conventional milling, when the cutter tooth engages the workpiece, the
resultant force P_ acts primarily in the feed direction. The low depth of cut prevents significant changes in
the direction of P before the tooth exits the cut. Consequently, P has the greatest influence on the feed
force P, [24], making P, the largest and most sensitive component to variations in s, . As a result, the total
force P, , follows a trend similar to P,, albeit slightly exceeding it (Fig. 7, D).
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The lateral force P, is lower for the rolled specimen than for the WA A4M-fabricated one. This is because
less material is displaced beneath the cutting edge due to the higher tensile strength of the rolled material
(see Fig. 5, b). This phenomenon is examined in greater detail in [25]. The cutting edge radius of a fresh tool
ranges from 1 to 5 um, depending on the hard alloy grain size and the face and back angles [26].

At high s values, the growth of P, with further increases in s, slows during milling of the rolled
specimen, whereas this effect is not observed for the WAAM-fabricated specimen. The differences in P and
P, between the two materials can be explained by their distinct properties (Table 6, Fig. 5) and the effect of
s, on cutting temperature T (Fig. 7, a).

The lower hardness of the WAAM-fabricated specimen allows more material to be displaced beneath
the rounded cutting edge. In the cutting and indentation zone, this material undergoes work hardening due
to plastic deformation, increasing its yield strength. During elastic recovery of the machined surface, this
hardened material contacts the tool back surface, generating a high normal force N and, consequently, a
higher passive force P (Fig. 6) [27]. These two factors account for the elevated P, during milling of the
WAAM-fabricated specimen.

Atlow s, the cut thickness a; is also small, promoting greater material displacement beneath the cutting
edge and, as noted, leading to increased P, and temperature.

At high s _, the increased cut thickness facilitates material removal over the back surface and reduces
indentation beneath the cutting edge, lowering the temperature. The significantly lower ductility of the
WAAM-tfabricated specimen also promotes chip fracture and removal, reducing the radial force on the
face surface. This diminishes the elastic strain in the primary deformation zone and the subsequent elastic
recovery against the back surface. According to Das and Ghosh [28], reduced contact lengths on both the
face surface and back surface enhance heat dissipation and lower cutting temperatures. The absence of a
slowdown in the increase of P, at higher feed rates is due to the larger volume of material removed and the
lower temperatures [13].

As shown in Fig. 8, b, surface roughness increases with feed rate (s, ). This relationship is explained in
Figs. 8, a and 8, b: the higher feed per tooth (s)) resulting from an increased s,, (see Eq. 9) leads to a greater
height of the residual material protrusion (4 , red areas in Fig. 8, a, b), which consequently increases surface
roughness. Furthermore, surface roughness is higher for the WAAM-fabricated specimen than for the rolled
specimen, with the difference becoming significant at higher s, values. This difference is attributed to
the lower hardness but higher yield strength of the WAAM-fabricated specimen, meaning it offers greater
resistance to plastic deformation. Fig. 8, ¢ shows the machined surface of the WA4A4M-fabricated specimen.

Protrusion | Cutter / ! ' * ( Cittes
height A, i / Protrusion /
height A,

a b
Ideal Réai X I" Ideal > ] \
protrusion iy Cutter / protrusion Real. Cutter . /
) protrusion ) / . protrusion Yy
height height /;z height

_________________________ 2 “ (

Ideal
protrusion

Fig. 8. Profiles of the machined surface at low (@) and high (b) feed per minute s, and machined surface
during opposing milling of WAAM-deposited (c) and rolled (d) specimens
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The upper region of the protrusion is forced against the tool back surface due to the material’s low hardness,
undergoing severe plastic deformation. The lower region deforms less due to the higher yield strength.
Consequently, in milling the WAAM-fabricated specimen, the protrusion height (hp) is greater, resulting in
higher surface roughness.

Conversely, the rolled specimen has higher hardness and lower yield strength, offering less resistance to
plastic deformation. Its machined surface is shown in Fig. 8, e. The protrusion deforms more readily due to the
lower yield strength, while less material is displaced beneath the tool back surface due to the higher hardness.
Thus, in milling the rolled specimen, the protrusion height is smaller, leading to lower surface roughness.

The difference in protrusion height between the two materials becomes more pronounced with increasing
feed rate, which correspondingly amplifies the difference in their surface roughness.

Conclusion

1. The lower region of the WAAM-fabricated ER32] austenitic stainless steel specimen solidified
according to order FA4, influenced by the 0235B steel substrate.

2. A vermicular ferrite microstructure was observed in the lower region, while dendritic ferrite
characterized the central and upper regions. The hardness (~230 HVO0.1) was similar in all regions and
comparable to that of the rolled specimen.

3. The ultimate tensile strength was below 631 MPa in all regions of the WAAM-fabricated specimen,
compared to 666 MPa for the rolled specimen.

4. At low feed rates, the feed force was similar for both specimens. However, as the feed rate increased,
the feed force became lower for the rolled specimen than for the WAAM-fabricated specimen due to thermal
effects.

5. During milling, the surface roughness of the WAAM-fabricated specimen was higher than that of the
rolled specimen, due to the former’s combination of higher yield strength and lower hardness. This differ-
ence became more significant at higher feed rates, reaching approximately 1 pm.
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Introduction. Currently, many mathematical approaches exist for approximating surface profile curves. Most
employ volumetric mathematical expressions to describe surface profile parameters after various types of processing.
Purpose of the work is to select a mathematical apparatus that is simple enough from an engineering perspective to
approximate the surface profile of V722 titanium alloy samples after surface plastic deformation (SPD) and various
electromechanical processing (EMP) modes, with the possibility of eliminating random technological errors. The
paper investigates the effect of EMP modes using alternating and direct current at densities of 100, 300, and 600
A/mn’, considering both the application of force by the deforming tool-electrode (150 N) and its absence (10 N),
on the surface geometry of V722 titanium alloy samples. The electromechanical processing of metal alloys used
in this work can significantly change the geometric profile, structure, and operational properties of the surface. Its
distinctive feature is the creation of both microdeviations (roughness) and macrodeviations and relief (waviness,
“oil pockets”, build-ups from metal surfacing to the repair size) on the surface. Research methods. Profilometric
analysis was performed using a PM-7 device, followed by processing of the roughness measurement results using the
fast Fourier transform (FFT) on the surface of a cylindrical sample made of V'722 titanium alloy with a diameter of
16 mm after electromechanical rolling with an tool-electrode, previously subjected to semi-finish turning. The error
of the model curves of the surface profile was estimated using the Pearson correlation coefficient (R). Results and
discussion. The use of high-density direct current helps to obtain a surface with a high relative support length of the
profile (98.8%), a low arithmetic mean deviation of the profile (1.9 um), and an average step of profile irregularities
(56 um). Based on the FFT, the considered modes of electromechanical processing contribute to the formation of
profile waviness with different pitch and height. The greatest correlation is observed for modes 2, 4, and 9 (R > 0.7),
while the lowest correlation coefficient was noted for EMP with a direct current density of 100 and 300 A/mm®
(modes 5 and 6, R < 0.25).

For citation: Romanenko M.D., Zakharov .N., Bagmutov V.P., Barinov V.V., Nguyen M.T. Mathematical analysis of the titanium alloy surface
profile under various modes of electromechanical treatment. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working
and Material Science, 2025, vol. 27, no. 4, pp. 80-95. DOI: 10.17212/1994-6309-2025-27.4-80-95. (In Russian).

Introduction

The ability to control the macro- and microgeometry of metal alloy surfaces following various processing
methods is a critical objective throughout the entire lifecycle of machine components in mechanical
engineering — from manufacturing and assembly to operation, such as ensuring durable contact interaction

between surfaces.
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The theory of technological inheritance plays a significant role in mechanical engineering in forming the
required quality of a part’s surface layer. In manufacturing, to achieve a specified set of surface properties, all
operations and their respective technological stages are taken into account. Quantitative assessment typically
employs empirical coefficients of inheritance, which include factors for their mutual influence [1-3].

High-energy surface treatment of metal alloys induces significant restructuring of the crystal lattice
and microstructure, alters the stress-strain state, and modifies surface geometry [4—6]. For instance,
electromechanical processing (EMP) using alternating current on steel alloys can reduce the arithmetic mean
deviation of the profile (R ) to 0.2-0.63 um in a smoothing mode with a moving tool (roller). Using direct
current can reduce Ra by a factor of 2-3 compared to the preceding value [7]. Direct current application,
compared to alternating current, enables a higher degree of micro-roughness smoothing (eliminating
“noise”) [8]. According to [9—14], several surface hardening technologies can substantially improve surface
micro-geometry parameters, for example, through high-speed plastic deformation (ultrasonic treatment
[12—-13]), local melting (laser treatment [13—14]), and positively impact the static and fatigue strength of
metal alloys.

Applying mathematical models and methods allows for a detailed analysis of component surface profiles,
identifying patterns in their geometry formation, and assessing the contribution of each technological
operation to the final quality [15-22].

Most publications utilize combined models based on contact mechanics and fractal theory [15, 16], the
geometry of hardening/cutting tools and Hertz theory [17, 18], regression and statistical models (linear and
stepwise regression, pairwise correlation matrix, particle swarm optimization), discrete Fourier transform,
and machine learning [19-22].

The purpose of this work is to determine the principal components of the surface profile geometry
and to identify the patterns of microgeometry formation on a V722 alloy sample subjected to various
electromechanical processing (EMP) modes using mathematical processing of discrete signal data (fast
Fourier transform).

To achieve this purpose, the following research tasks were defined:

1) Prepare a sample from V722 titanium alloy and strengthen it according to specified processing modes.

2) Obtain surface profiles and key roughness parameters using an “ABRIS PM7” profilograph-
profilometer.

3) Perform FFT analysis to obtain the main harmonics of the surface profile for each processing mode.

4) Construct model curves of the surface profile for each mode.

5) Classify the model curves and their harmonics according to the type of longitudinal surface profile
deviation.

6) Use the correlation coefficient to identify the electromechanical processing (EMP) and surface plastic
deformation (SPD) modes that most accurately represent the surface profile of the sample.

Methods

Cylindrical sample preparation through turning (final diameter 16 mm) and subsequent electromechanical
processing (EMP) was performed on a /6K20 lathe (Fig. 1). Machining was conducted at a minimum feed
rate of 0.125 mm/rev, with two sequential passes removing a 0.2 mm layer from the diameter.

The process of setting up and adjusting the devices for electromechanical treatment is described as
follows.

The titanium sample (1) is secured in the chuck jaws (2). The tailstock quill (3) with the current collection
unit (4) and a centering cone is advanced toward the sample (1).

The spring-loaded EMP device (6) is clamped with the bolts of the tool holder (5) through current-
insulating gaskets. The tool-electrode (7) is manually brought into contact with the sample with the required
force (calibrated via the device’s spring).

The coolant supply tube (8) is attached to the tool holder (5), and power cables with terminals (9) are
connected to the current collection unit (4) and the EMP device (6). A coolant collection container (10) is
positioned beneath the processing zone.
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Fig. 1. Schematic of the experimental device for conducting EMP on a 16K20
lathe. Key components:

1 — titanium workpiece; 2 — chuck; 3 — tailstock quill; 4 — current collection device;
5 — toolholder; 6 — device for EMP; 7 — tool-electrode (roller); 8 — coolant supply tube;
9 — power cables with tips; 10 — container

Electromechanical processing involves passing a high-density electric current through the small con-
tact area between the working tool and the part surface (Fig. 2), with continuous coolant (technical water)
supply. This process is characterized by: high local heating and cooling rates (10°-10°¢ °C/c), high current
density (up to 1,500 A/mm?), and low voltage (2—6 V). Coolants used include machine oil, specialized
emulsions (as in turning/milling), and technical water for achieving hardened microstructures [23].

Service water
(cutting emulsion)
sample hardened

/=0...1000 A
U=15...6V

contact zone

Fig. 2. Schematic of electromechanical processing

Constant parameters for both alternating current (4C) and direct current (DC) EMP were: Longitudinal
feed (0.4 mm/rev), rotating frequency (13 rpm).

The tool-electrode was a toroidal roller made of VK6C hard alloy (94% WC, 6% Co) with a 60 mm
diameter and a 5—6 mm profile radius. Variable mode parameters are summarized in Table 1.

For all modes, the initial surface was the semi-finish turned surface. Higher initial roughness does not
qualitatively improve with additional EMP passes [23]. Current densities exceeding 600 A/mm? (regardless
of type) were excluded as they caused surface burning and cavity formation. Low current density EMP
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Table 1
Electromechanical treatment modes with alternating and direct current
Mode No.
1 2 3 4 5 6 7 8 9 10
Parameters of EMP
Current density, A/mm? | — - 600 | 600 | 100 | 300 | 600 | 100 300 600
Tool pressing force, N - 150 10 10 150 150 150 150 150 150
Note: mode 1 represents the initial state after turning. The symbol “~” denotes alternating current, “— denotes direct current.

(100 A/mm?) is recommended for surface smoothing without altering microstructure or hardness [23]. Tool-
electrode forces below 10 N were deemed impractical, as they prevented reliable contact and led to micro-
arcing.

Surface roughness parameters were measured five times per processing mode using an ABRIS PM-7
profilometer-profilograph.

The fast Fourier transtform (FFT) was employed to determine the duration of periods and amplitude-
phase characteristics of height and step irregularities. This method decomposes the original discrete
profile signal into a series of harmonic (spectral) components — sinusoids defined by amplitude, phase, and
frequency, ordered by magnitude [24].

For constructing predictive models, a general equation (1) describes the dynamics of the studied
parameter.

When constructing predictive models of various quantities, a general equation (1) is used to determine
the dynamics of the studied quantity: D(7)

D@)=T()+C@{)+ R(), (1)

where 7(?) is the main trend; C(?) is the cyclical component; R(?) is the random component (“noise”).

The primary equation (2) for constructing the time series y,, incorporating harmonics identified via FFT, is:

n n
S(t) = % + [ai cos%t +b sin%t} =%, D¢ sin[%t + (pi} )

izl 2 g 7

] 1

where qp is the constant component (zero harmonic); ¢; = \/a,-2 + b,-2 is the amplitude of the i-type harmonic;
T; = N /i is the period of the i-type harmonic oscillation; N is the number of original data in the time se-
ries; a;, b; are the Fourier time series coefficients [24].

FFT and graph construction were performed in Microsoft Excel. The analyzed data series was limited to
2,048 points due to the FFT requirement for data length to be a power of two (2'' = 2,048). Subharmonics
were selected based on Pearson’s correlation coefficient, maximizing its value for each specific case — a
method aligned with prior work [25]. A maximum of five harmonics were used in the equations describing
the time series.

Following established literature [26], macro- and micro-deviations of a part’s longitudinal surface
profile are classified by the ratio of the step length to the height of the protrusion (//H):

Macro-deviation: I/H > 1,000

Waviness: 50 <I/H < 1,000

Roughness: 0 <I/H < 50

A diagram illustrating these scale levels of longitudinal profile deviations is shown in Fig. 3. These
ratios were used to classify the model curves by their deviation scale.

A diagram explaining the difference in scale levels of profile deviations of longitudinal sections is
presented in Fig. 3.
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Hi H-

Fig. 3. Scheme of differentiation of surface quality parameters of parts:

H, — shape deviation (barrel shape), H, — surface waviness (second-order shape
deviation), H, — surface roughness (third-order shape deviation, microroughness), / —
base length

These ratios were used to classify the model curves by their deviation scale.

Results and Discussion

Electromechanical processing (EMP) of a V'T22 titanium alloy sample under eight distinct modes yielded
surfaces with varied macro- and micro-geometric parameters and discoloration (Fig. 4).

‘-—MM i1 Wl

2 ol

Fig. 4. Micrographs showing the surface morphology of V722 titanium alloy sample
following different electromechanical processing (EMP) modes. Modes:
1 - 150 N; 2 — 100 A/mm’, 150 N; 3 — 300 A/mm’, 150 N; 4 — 600 A/mm’, 10 N;
5- 600 A/mm’, 150 N; 6 — 100 A/mm® 150 N; 7 — 300 A/mm” 150 N; 8 — 600 A/mm”, 10 N;
9— 600 A/mm?’, 150 N; 10 — initial (conventional turning, feed: 0.125 mm/rev)

The reference state was the initial surface after semi-finish turning, with the following roughness
parameters: R = 12.42 um; S, = 128 um; z,, (60%) = 44.7%. The section level of the profile’s support
length was chosen to be 60%. The arithmetic mean deviation of the profile (R ) was used as the primary
height parameter due to its informativeness. Surface processing analysis revealed that modes No. 3, 7,
and 9 were optimal in terms of height, step, and structural surface layer parameters (Fig. 5).

The mode of electromechanical smoothing (EMS) with high-density direct current (600 A/mm’,
Mode 3) reduced the indicators: R, by a factor of 6.52, S, by a factor of 1.27, and 7, increased by a
factor of 2.21.

EMP with direct current of the same density with a pressing force of 150 N (Mode 7) reduced R, S,
by factors of 4.43 and 2.28, respectively, and practically doubled the .

Alternating current with a density of 600 A/mm’ during EMP (Mode 10) resulted in the appearance of
secondary roughness due to the higher amplitude of AC compared to Mode 9 [8], while the step parameter
(8,,) for these modes decreased by 6%, and the # , parameter increased by 1.58 times (Fig. 5).
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Rolling without current (Mode 2) and EMS with low current density (100 A/mm?) using either AC
(Mode 5) or DC (Mode 8) did not qualitatively alter the surface profile (Fig. 5).

Despite the low processing speed and low deformation force (10 N) in Modes 3 and 4, R, decreased
significantly (to 1.9 pm) and ¢, increased to 98.8% (Figs. 5 and 6, Mode 3), a similar effect was observed
in the prior research [27].

i, relative umt
0 LR/ Ra ] Swc1y/ Sy B o/ 11y
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2 3 6 7 8 9 10
s 0, O TTI0(5 m—-

Fig. 5. Comparison of different processing modes (1-10) for three types of roughness
parameters (R, S, t)
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Fig. 6. The surface layer profilograms of titanium alloy after different processing
modes (1-10)
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Profilogram analysis (Fig. 6) indicated that AC-based processing promotes pronounced waviness and
a high-rigidity profile (Fig. 6, Mode 10). DC causes greater heating of the initial micro-protrusions from
turning, reducing their deformation resistance and minimizing vibration during smoothing (Fig. 6, Mode 7)
[8]. EMP with DC of 300 A/mm? showed partial technological inheritance of the semi-finish turning profile
(Fig. 6, Mode 6).

Profiles from Modes 4 and 7, despite their concave shape and lower rigidity, and load-bearing capacity,
possess adequate oil retention and can be suitable for specific friction pair applications [7, 8].

Applying the fast Fourier transform (FFT) yielded characteristic profilograms representing the
main amplitude-frequency components of the discrete signal, excluding subharmonic “noise” (Fig. 7,
Modes 1-10).

\ / \ 4 \ /S M \ / LY W, N v\ J o = \ ~l
50N/ | 2 o3 \ /4 50 \ /1 )\ 3 4 50V P2
15 15 15

Fig. 7. The surface model profilograms of titanium alloy V722 after FFT by fundamental harmonics

For the initial state and modes involving simple running-in or low-current-density processing (100 A/
mm?), the dominant harmonic corresponds to the semi-finish turning (Fig. 7, Modes 1, 2, 5, 8).

EMP with high current density (Modes 3-4, 6-7,9-10) generated profiles with a prominent low-frequency
component and smoother irregularities (reducing R, by up to 9.2 times and §,, by 2.28 times). Fig. 7 shows
that increasing current density during EMP suppresses high-frequency profile components, giving rise to a
dominant (“carrier”) frequency.

Fig. 8 presents the curves of relative bearing surfaces for different levels of P Modes 1-10. Based on
these curves, microprofiles are classified as:

Low-rigidity: Modes 1-6

Medium-rigidity: Modes 8 and 9

High- rigidity: Modes 7 and 10.

For applications requiring reliable interference fits (resistant to premature loosening from asperity
crushing) and low wear in friction pairs, DC EMP at 300 or 600 A/mm’ — in either smoothing (10 N) or
deformation (150 N) modes — is recommended. The improvement stems from increased actual contact
area [26].

The strength of the interference fit and the tightness of the connections are achieved due to larger actual
contact support areas [26].
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Fig. 8. Profile reference line curves for modes 1-10

For example, model surface profile curves for Modes 2, 4, and S are decomposed into their constituent
harmonics (Figs. 9, a—f).

As shown in Fig. 9, d, it is evident that despite the plastic deformation of the surface by the roller, the
prevailing period remained the feed rate of the cutter during semi-finishing, i.e., 0.125 mm.

For DC EMP with a current density of 600 A/mm? (Fig. 9, e, Fig. 6,9, Mode 7), the main harmonic shifts
toward longer periods, indicating profile waviness. The large roller radius caused overlapping processing
tracks, which broadened (blurred) the main peak in the spectrogram (Fig. 9, e). A similar effect is observed
for Mode 10 (Fig. 9, f), where a minimum of five harmonics were required to achieve a visually accurate fit
to the original profilogram and the highest correlation coefficient (Fig. 9, c).

To classify the scale of longitudinal profile deviations for the model curves, the ratio of the step length
to the height of the protrusion (//H) was calculated for each mode and harmonic (Fig. 10).
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Fig. 9. Example of harmonic decomposition of model surface profile curves for modes 2, 7, and 10 (a—c). Numbers
in a—c indicate harmonics (in order of decreasing amplitudes), d—e — spectrograms (periods are indicated in brackets)
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Fig. 10. Example of a diagram for determining the type of deviation of the longitudinal profile

Fig. 10 illustrates the determination of the //H ratio and the corresponding deviation scale using five
harmonics from Mode 10 as an example.

The I/H ratios calculated for all processing modes of the V722 titanium alloy sample are presented in
Fig. 11.

Harmonics corresponding to surface roughness are evident in Modes 1, 2, 5, 6, and 8 (Fig. 11). These
are inherited from the preceding semi-finish turning operation (0.125 mm/rev feed rate) and persist on the
profilograms (Fig. 6) due to the weak thermomechanical impact of the working tool under these conditions.
In contrast, these roughness-related harmonics are entirely absent in modes processed with higher current
densities (Modes 3, 4, 7, 9, and 10), regardless of current type (Fig. 11). The lowest //H ratios were recorded
for Modes 5 and 8.

As noted in prior studies [7, 8, 28], surface engineering technologies such as vibro-rolling and
electromechanical processing can create specific micro-reliefs designed to enhance lubrication. This is
achieved by forming artificial micro-wedges between friction pairs, which can initiate a hydrodynamic
lubrication effect. For instance, electromechanical processing was shown to increase the wear resistance
of Steel 45 (0.45% C) and V722 titanium alloy by factors of 5 and 100, respectively, compared to their
initial states. This significant improvement is attributed to the formation of oil-retaining pockets and a high-
strength surface layer [29, 30].
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Fig. 11. Diagrams of the //H ratio of modes 1-10 (the numbers above the columns
are the //H harmonic values). Note: the ordinate axis is given on a logarithmic scale
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Analysis of the correlation coefficients (Table 2) reveals a strong correlation (R > 0.7) for the surface
layer hardened by roller tool processing (Mode 2) and for electromechanical smoothing/processing with
alternating current (Modes 4 and 9). A moderate correlation (0.5 <R <0.7) is observed for Modes 1 and 3.

Table 2
Correlation coefficients between experimental data and model profile curves

Mode No. 1 2 3 4 5 6 7 8 9 10
Correlation coefficient |R| 0.57 0.71 | 0.51 | 0.73 | 0.20 0.23 0.37 | 0.26 | 0.74 | 0.40

In contrast, a weak correlation between the model curves and experimental data is found for EMP using
direct current with a 150 N force at densities of 100, 300, and 600 A/mm? (Modes 5, 6, 7), as well as for
alternating current EMP at 100 and 600 A/mm? with the same force (Modes 8 and 10).

The low correlation coefficient for Mode 5 may result from spectral amplitudes falling into adjacent
frequencies, which can distort or mask lower-amplitude peaks [31]. The authors attribute the small R-value
for Mode 6 to the absence of a distinct cyclic component over more than one-third of the profile length,
indicating the limited sensitivity of this mathematical approach to localized signal variations.

Optimum interference fits for movable joints require surfaces with low height parameters. High-profile
asperities promote premature loosening and wear via plastic deformation, compromising joint sealing and
accelerating corrosion [32]. Furthermore, increasing the bearing length ratio (tp) and mean spacing of profile
irregularities (S, ) reduces the friction coefficient and enhances wear resistance. A high §  combined with
a low R significantly mitigates the stress-concentrating effect of surface irregularities, thereby improving
fatigue strength and durability [33].

Proper selection of EMP and SPD modes, coupled with precise process control and analytical techniques
like FFT, enables the production of high-quality surface profiles. This approach minimizes artifacts
from sample vibration, fluctuating contact pressure against the current collector, and other experimental
variabilities.

Conclusion

1. Analysis of surface profilograms for the V722 titanium alloy demonstrated that all applied processing
modes reduced height parameters (achieving R, as low as 1.35 pm) and improved the surface finish grade
from 3 to 6. Electromechanical processing (EMP) with high-density direct current was particularly effective
in qualitatively suppressing profile “chatter” inherited from the preceding semi-finish turning.

2. Electromechanical processing and smoothing (Modes 3, 6, 7) significantly reduce the profile step
parameter by up to a factor of 2.28 and increase the relative bearing length to 98.8%, producing “oil-pockets”
profiles with varying rigidity levels and waviness characterized by different step and height parameters.

3. The application of the fast Fourier transform (FFT) enabled the identification of principal components
resulting from the complex multi-stage processing, isolation of the profile’s cyclic component, generation
of profile irregularity distribution graphs based on approximation models, and filtering of random artifacts
from the process (e.g., potential vibration, low system rigidity, and sample flapping in the chuck) for correct
interpretation of the results obtained. The highest correlation coefficient (R > 0.7) was observed for surface
plastic deformation (SPD) and alternating current electromechanical processing (EMP), attributable to the
combined dominance of the trend from the preceding semi-finish turning and the waviness induced by EMP
(Modes 2, 4,9).

4. Fast Fourier transform (FFT) can be used as an express assessment and classification by the scale
factor of longitudinal deviations of the machine parts’ surface profile after various types of processing.

5. As the most optimal processing mode in terms of surface microgeometry parameters for a mechanical
engineering technologist, Mode 3 is recommended. It effectively reduces height and step parameters and
significantly increases the structural parameter responsible for the load-bearing capacity of mating parts.
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Introduction. Tungsten inert gas (7/G) welding has gained widespread popularity due to its advantages, including
effective shielding, a stable arc, easy heat input adjustment, reduced metal spatter, and an attractive weld appearance.
However, relatively shallow penetration and low efficiency limit its application. To improve welding efficiency and expand
its scope of application, researchers both domestically and internationally have conducted significant studies aimed at
increasing the energy density of the traditional TIG arc. This includes activating T/G (4-TIG) arc welding, which utilizes
a flux applied to the weld surface. Further investigation of the mechanism for increasing arc energy density in A-TIG
welding will allow us to propose new ideas and methods for highly efficient 7/G welding technology. The purpose of this
study is to evaluate the technological potential of using oxide activators 7i0, and SiO, to improve penetration efficiency
and weld quality of carbon and low-alloy steels. Methods. This work involved comparative 4-7/G welding tests. The tests
included the use of 3.5 mm and 8 mm thick plates (300 mm x 300 mm) made of unalloyed (carbon) steel St3 and low-
alloy steel 0.09 C-2Mn-Si. Welding tests included the use of single-component fluxes in the form of oxides (7iO,, SiO,).
All experimental welds were performed under the same conditions, without the use of filler metal (77G welding), with
a current in the range of 10-200 A and a welding speed of 150 mm/min. Arc voltage was maintained in the range of 10.4 V
to 12.8 V; heat input was in the range of 0.499 kJ/mm to 0.614 kJ/mm. All welds were subjected to visual inspection of the
surface condition and macrostructural studies to determine their dimensions. Results and discussion. Most tests observed
significant differences in arc shape compared to traditional 7/G and A-TIG processes. Results of 4-TIG welding tests on
unalloyed and low-alloy steels showed that penetration depth increased slightly in steels characterized by a higher degree of
deoxidation and metallurgical purity. Evidently, not every activator was responsible for the increased penetration depth, but
the use of 7iO, and SiO, oxides was undoubtedly beneficial. An arc constriction mechanism is proposed, which is widely
applicable to 4-T1G welding of steel with various types of fluxes studied. Arc constriction occurs due to the formation of
negative ions in the outer region of the arc or due to the flux coating on the surface. Thus, arc constriction increases the
current density and heat intensity at the root of the anode. This increases the force and pressure of magnetic constriction,
resulting in a strong downward convection flow. The use of silicon and titanium oxides (7i0, and SiO,) increases penetration
depth during 4-TIG welding, regardless of steel type and grade. The degree of penetration increase was limited to a range
of 40% to 200%.

For citation: Karlina A.I., Kondratiev V.V., Gladkikh V., Vitkina G., Kononenko R.V. Evaluation of the melting ability of oxide fluxes in
A-TIG welding of carbon and low-alloy steels. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material
Science, 2025, vol. 27, no. 4, pp. 96-115. DOI: 10.17212/1994-6309-2025-27.4-96-115. (In Russian).

Introduction

Welding is the preferred method for joining different grades of steel, allowing for strong, continuous
joints with superior corrosion resistance compared to bolt or rivet joints. 7/G (tungsten inert gas) or GTA
(gas tungsten arc) welding is often used due to its precision and excellent weld quality. It uses an electric arc
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and an inert gas (such as argon) to protect the weld pool from contamination. This method is highly effective
for thin or fragile materials, providing low deformation, excellent control, and a polished surface, making it
suitable for applications in machine parts and mechanisms that require both strength and precision.

Despite its advantages, 7/G welding has limitations, especially in terms of weld penetration depth.
Typically, T/G welding of stainless steels in argon environments limits full weld penetration to seams
no thicker than 3 mm and relatively low welding speeds. Although welding speeds can be significantly
increased (up to 160%) by using helium or helium-argon mixtures with hydrogen additions as shielding
gas, the weld penetration depth increases only slightly (1-2 mm) [1-3]. The ability to improve penetration
by selecting a protective mixture is further limited by the need to use inert or weakly reducing gases, which
limits the choice to argon and helium and their mixtures.

As mentioned above, a single pass of butt joints with square edges provides a penetration of about 3
mm, which leads to the need for additional passes for thicker materials, increasing the welding time and
cost. Additional passes generate even more heat, expanding the heat-affected zone (HAZ) and potentially
altering both the metallurgical and microstructural characteristics of the weld. Thicker components require
wider root gaps and more filler material, resulting in increased material consumption and welding time
[1-3].

Preparing the edges for 7/G welding, especially for thick materials, is a time-consuming and laborious
process. The ISO 9692-1:2013 standard requires beveling or grooving the edges to reduce the thickness of
the weld at the root, ensuring sufficient penetration. However, this procedure increases the labor intensity,
welding time, and overall costs [1-5].

To eliminate these limitations, the technology of activated 7/G welding (4-TIG) was developed,
which involves applying a thin layer of activating flux (usually oxides or halides in combination with
solvents such as acetone or ethanol) to the base material before welding [1, 2]. 4-TIG welding (4-GTAW)
with activated flux is a welding method that was first used at the E. O. Paton Institute of Electric Welding,
Ukraine, in the late 1950s and early 1960s [1-3]. Initially, the A-TIG method was used for welding
titanium, then for welding high-strength martensitic steels (R, = 1,500 MPa), and finally for welding
stainless steels [3—10].

The free-burning argon arc is compressed into a plasma arc through mechanical, thermal, and magnetic
compression. The energy density of the plasma arc is 1-2 orders of magnitude higher than that of a
conventional free-burning arc, making plasma arc welding (PAW) one of the three high-energy-density
welding methods. The arc compression mechanism provides a new method for increasing the energy
density of the TIG arc. Based on this mechanism, many methods have been developed to increase the
energy density of the TIG arc. These include activating 7/G arc welding (4-T1G), double-electrode TIG
welding (DE-TIG), keyhole TIG welding (K-TIG), high-frequency pulse 7/G welding (H-TIG), hybrid TIG
arc welding with ultrasound (U-TIG), magnetic field controlled 7/G welding (M-TIG), and hollow tungsten
electrode negative pressure arc welding (HWP-TIG).

In recent years, researchers [3—19] have paid great attention to the A-7/G welding technology of various
metals and alloys. Many research articles by domestic and foreign authors have been published on TIG
welding of steel with various activated fluxes and their combinations [8-25].

Many authors [8-16] have investigated the effect of five different oxide fluxes, MnO,, TiO,, MoO,,
Si0,, and A1,0,, on weld geometry changes, microstructural behavior, and hardness changes during 7/G
welding of 6-8 mm thick stainless steel. All fluxes, with the exception of 47,0, increase weld penetration
due to a combined effect of the reverse Marangoni effect and arc constriction, thereby reducing the angular
deformation of the welded joints. In addition, the SiO, flux facilitated the penetration of the root pass. The
difficulty in dissolving aluminum oxide leads to a lack of arc constriction, resulting in a shallow weld in the
case of A/,0,. Another study was conducted [16] on stainless steel using SiO,, TiO,, Cr,0,, and CaO fluxes.
They also noted that the SiO, flux had the most significant impact on penetration and proposed a mechanism
for arc constriction for deeper penetration.

The authors of [16-22] analyzed the microstructure, mechanical properties, and corrosion resistance of
A-TIG welds, which revealed the mechanism for improving the microstructure of 4-T1G welds.
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In [5-9, 18-22], the composition of a composite nanoparticle-based activator was developed and
optimized, further clarifying the relationship between the activator and the formation and quality of the
weld. Many studies [4—16] have shown that most activators can significantly compress the arc, increase the
penetration depth, and reduce the width of the weld bead.

According to studies [17-22], it is not clear whether the Marangoni effect in the molten pool is the main
reason for increased penetration, but arc compression is not an inevitable phenomenon in 4-7/G. Some
activators can compress the arc, while others do not affect the arc state. However, arc compression will
inevitably lead to increased arc energy density.

The effect of activating fluxes Cr:0s, TiOa, SiO-, Fe:0s, NaF', and AlF3s, both individually and as binary
fluxes such as SiO:-TiO:, has been studied in many articles [5-29], where the depth of penetration was used
as a criterion for evaluation. In some cases, activating fluxes (especially oxides) have a positive effect on
the depth of penetration, increasing it by 40—-50% [15-25], while in other cases, they have a negligible effect
[4, 5, 30-38]. This is due to the fact that most of the studies [15-39] have been conducted under various
conditions of the welding process (current value, arc voltage, welding speed, coating thickness, type of
binder used in the preparation of the flux, particle size of the flux, etc.). According to the authors [1, 2], all
of these factors will affect the penetration capability of the welding arc and, as a result, the effectiveness and
application of the activating flux.

The purpose of the work is to evaluate the penetration capability of 4-T/G welding using 7iO, and

SiO, oxide fluxes on carbon and low-alloy steels. To achieve this purpose, the following tasks were solved

during the research:

— determination of technological parameters of the 4-TI/G welding process using 7iO, and SiO, oxide
fluxes (current value, coating thickness, welding speed) affecting the penetration capability;

— conducting metallographic studies of welds during 4-7/G welding using 7iO, and SiO, oxide fluxes;

— conducting visualized studies of the process using photo documentation of individual stages of the
process.

Research methods and materials

For the experiments, plates of dead-melted steel St3 (4ASTM A283 Grade C) with dimensions of 5500
mm % 100 mm and thicknesses of 3, 5, 8, 10, 12, and 25 mm, as well as low-alloy steel 0.9% C-2% Mn-1%
Si, were used. The welding tests included the use of single-component fluxes in the form of oxide powders
(TiO:z, SiO:), with particle sizes of 40 and 80 micrometers, produced by Real-Dzerzhinsk LLC, Russia.
The components were ground in a ceramic mortar and then sieved through a laboratory sieve with a mesh
size of 0.056 mm. Before application, the powder was mixed with a fast-evaporating liquid (acetone) to
create a paste-like suspension. The prepared flux was then applied to the surface of the plates using a brush.
This method of applying the activating flux is currently used in most studies related to the A-7I/G process.
A bonding varnish and double-sided conductive tape were also used. To achieve consistent flux thickness
and minimize the impact of this factor on the test results, the paste consistency was kept constant.
The coating thickness was monitored using a 7P-34 thickness gauge based on an eddy current transducer.
The methodology adopted for the experimental work is presented in Fig. 1.

All experimental welds were performed under the same conditions, without the use of filler metal
(autogenous 77/G welding), with a current range of 10-200 A and a welding speed of 150 mm/min. The arc
voltage was in the range of 10.4 V to 12.8 V, and the linear energy input was in the range of 0.499 kJ/mm
to 0.614 kJ/mm. The welding experiments were conducted using a 7/G 250P AC/DC welding machine,
which consists of a 7/G welding power supply, a welding fixture, a 7/G torch, and an argon cylinder.
The TIG welding equipment has a current range of 10 to 200 A, an open-circuit voltage of 75 to 85V, a
frequency of 50/60 Hz, and forced air cooling. The are length (distance between the tungsten electrode and
the workpiece), the welding speed, and the welding current are the most influential variables that require
optimal control to obtain accurate and repeatable experimental results. The welding fixture was developed
in-house to securely hold the torch and workpiece and accurately control the welding speed and the arc
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Fig. 1. Methodology [29] for the preparation of activating fluxes:

a —weld parameters; b — (W — weld width; DP — penetration depth; HAZ — heat-affected zone; Weld — weld)

length during welding. It holds the base plate for welding and sets the desired welding speed between
40 and 200 mm/min. The flow rate of the shielding argon was maintained between 10 L/min and 15 L/min.
A tungsten electrode (¢ 2.4 mm) doped with thorium oxide (grade WT20 according to EN ISO 6848) was
used. All welds were subjected to visual inspection of the surface condition and macro-structural studies
to determine their dimensions. Samples for macrostructural studies were cut, mounted, ground, polished
and etched with a 4% Nital reagent. The width of the welds was measured every 10 mm along the entire
length of the welds. For statistical processing of the results, 3 experiments were carried out for each welding
condition, then the results were averaged.

Samples for macrostructural studies were selected from the central part of the weld. The arc burning
process was recorded by a digital SLR camera -¢ SONY 350 and a high-speed camera PCO. 1200s according
to the method described in [15]. A Tektronix TDS-1012B digital oscilloscope was used to measure current
and voltage.

Research results

The results of macrostructural tests of welds performed on the respective steel grades using various
activated fluxes (7i0-, SiO:) are presented in Figs. 2—4, and the results of measurements of the penetration
depth and weld width are presented in Table 1.

Macroscopic images of weld geometry at 50% magnification are shown in Fig. 2 with calibrated
measurements of weld penetration and weld width. The weld penetration depth, weld bead width, and weld
depth-to-width (D/W) ratio are three key metrics that describe the geometric characteristics of welds.

The geometric characteristics of the A-7/G welds obtained with the selected combinations of current,
speed, and flux are shown in Table 1 and Figs. 2 and 3. The penetration depth and bead width of the A-TIG
weld varied significantly depending on the flux and application method parameters. Different combinations
of flux and application method resulted in variations in penetration depth and bead width compared to the
conventional 77G process. The effect of increasing the penetration depth for a given welding current is
clearly visible when an activated flux is used during the welding process (Table 1, Figs. 2—4).

The experiments showed that the maximum penetration depth is achieved at high welding currents
during A-TIG welding, but the increase in penetration depth is limited for conventional 7/G welding, as
shown in Fig. 4.

An increase in current also leads to a wider weld bead (Fig. 4). The flux layer thickness has a strong
effect on the weld penetration, as a thicker flux layer can increase the weld penetration. The weld penetration
depends on the welding current, but the optimal flux layer thickness is crucial for a high-quality weld.
Fig. 5 shows the weld penetration as a function of coating thickness, and Fig. 6 shows the weld penetration
as a function of steel chemical composition.
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Fig. 2. Cross sections of steel:
a — without flux and without surface melting (current 100 A); b — without flux and with surface melting (current 120 A);
¢ — silicon oxide (current 120 A); d — titanium oxide (current 120 A); e — silicon oxide (current 150 A); f— titanium oxide
(current 150 A); g — silicon oxide (current 160 A); /4 — titanium oxide (current 160 A)
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The influence of the composition of activating fluxes of different particle size on the width and depth

of penetration
Current, A Flux applied to S¢3 steel Depth of penetration, | Penetration width,
mm mm
100 Without flux 1.15 53
100 Si0,0.04 mm part{cle size (double-sided conductive 164 537
tape, bonding varnish)
100 S$i0, 0.08 mm particle size (bonding varnish) 2.66 5.35
100 Si0, 0.04 mm particle size (bonding varnish) 2.52 4.98
100 Si0, 0.08 mm.partlcle.mze (double-sided conductive 12 43
tape and bonding varnish)
100 Aerosil® (bonding varnish) 1.96 1.96

d e f
Fig. 3. Cross sections (current 100A):
a — without flux; b — Si0, 0.04 (double-sided conductive tape, bonding varnish); ¢ — $i0, 0.08 (bonding varnish); d — Si0O, 0.04
(bonding varnish); e — SiO, 0.08 (double-sided conductive tape, bonding varnish); f— 4erosil (bonding varnish)

Figs. 7-10 below show photographs of the melting process of different types of activating fluxes on the
surface of S¢3 steel during conventional 7/G and A-TIG welding. The welding process without flux is visu-
alized in Fig. 7. A diffuse combustion mode of the welding arc without distinct anode and cathode spots is
visible. The arc column has a conical (bell-shaped) form.

Fig. 8 shows the welding process with a 0.08 mm layer of SiO: flux applied using acetone as a carrier. It
can be seen that the intense vaporization of the activating flux causes the arc column to constrict, resulting
in a more concentrated anode region directed towards the cathode. The electric arc enters a constricted (or
focused) attachment mode, forming a concentrated anode spot.

The heating time of the surface with the activated flux applied was increased compared to the heating
of the surface without the activated flux. This leads to a constriction of the arc column and a deviation of
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Fig. 4. Change in the geometric dimensions of the melting zone on a steel S¢3 plate,
20 mm thick (penetration depth and weld width) with changing current during 7IG
and 4-TI1G welding

Fig. 5. Effect of changing coating thickness
on penetration depth

Penetration Depth, mm

A-TIG

Penetration Depth, mm
N W A g @ =~ m

Fig. 6. Dependence of penetration depth on chemical
composition of steel (plate thickness 10 mm, current 200 A)

St3

St3

0.9% C-2% Mn-1% Si
0.12% C-18% Cr-10% Ni-1% Ti
0.9% C-2% Mn-1% Si
0.12% C-18% Cr-10% Ni-1% Ti

0.10% C-1% Cr-1% Si-1% Ni- 1% Cu
0.10% C-1% Cr-1% Si-1% Ni- 1% Cu
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b
d
Fig. 7. The process of welding steel-3 without flux:
a, b, ¢, d — stages of movement of the welding arc along the sample

b
d

Fig. 8. The process of welding steel S¢3 with applied flux SiO,, particle size 0.08 mm, using acetone as a binder:

a, b, ¢, d — stages of movement of the welding arc along the sample

the anode spot from the arc axis. This causes an increase in the arc length and, as a result, an increase in the
arc voltage, which is accompanied by an increase in the effective arc power (P=UxI). The same situation
is presented in Fig. 9, which shows photographs of the melting process of the activated flux SiO: with a
particle size of 0.08 mm using a bonding varnish.
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-
a

Fig. 9. The process of welding steel S¢3 with applied flux SiO, particle size 0.08 mm using a bonding varnish:

a, b, ¢, d — stages of movement of the welding arc along the sample

Fig. 10 shows photographs of the process of melting the SiO: activating flux with a particle size
of 0.04 mm using a bonding varnish. Similarly to the 0.08 mm fraction, the heating time of the surface
with the activated flux applied compared to the heating of the surface without the activated flux increased,

a b

Fig. 10. The process of welding steel S¢3 with applied flux with 7iO, particle size of 0.04 mm using a bonding
varnish:

a, b, ¢, d — stages of movement of the welding arc along the sample
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which led to the arc column constriction and the anode spot deviating from the axis of the column moving
at a speed of 3.3 mm/sec. At the initial moment of arc ignition, the column has a typical spatial position;
after 0.24 seconds, intensive vaporization of the activating flux begins and the arc column constricts, a
more concentrated anode region appears, directed towards the cathode. The anode region length is
20-30 % greater than for the 0.08 mm fraction. The noted features of vaporization of activating fluxes and
the behavior of the arc column in Fig. 8-10 are also observed for other flux compositions.

Fig. 11 shows the oscillograms of the arc burning process without flux and with flux. It can be seen that
the arc burning over the flux layer has higher voltage values due to the constricted mode of arc attachment.

Fig. 12 shows the welding process of St3 steel samples with 7iO: flux, which is applied in a 1.5 mm
thick layer using a bonding varnish, and a 0.5 mm thick layer in Fig. 13.

M Pas: 40,505 CH1 1 Pas: 40,505 CH1

Tun Ed0da

TN B¥04a

Mopar n.n, Mopor nn,

CH1+20.0%  CH2 100mY s CH1 J~ ooy
-15 11:53 =10Hz

a b
Fig. 11. Oscillograms of current and voltage of the welding arc:

CH1+200%  CH? 100mY

a — without flux; & — with flux

c d
Fig. 12. The process of welding steel S¢3 with 7iO, applied in a 1.5 mm layer using a bonding varnish:

a, b, ¢, d — stages of movement of the welding arc along the sample
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c d
Fig. 13. The process of welding steel S¢3 with 7iO, C flux applied in a 0.05 mm layer using a bonding varnish:

a, b, c, d — stages of movement of the welding arc along the sample

The results of the experiments show that the penetration depth increased in almost all cases where
activating flux was applied. A comparison of the effect of activated fluxes on the penetration depth during
A-TIG welding of low-alloy steels and stainless steel revealed a similar effect of 7iO: and SiO: oxides on
both groups of steels. The effect of oxides, or rather the oxygen supplied by the oxides to the weld pool, can
be explained by Marangoni convection, as has been reported in many scientific publications [3—29].

Arc images obtained during some tests are presented. In most tests, there were no significant differences
in the arc shape compared to the conventional 7/G process. In some tests using SiO: flux, the electric arc
exhibited a tendency to deviate forward. This type of flux also caused the most significant changes in arc
voltage, which were at least twice as high as those observed with other fluxes.

It is observed that the flux layer thickness has a very strong effect on the weld penetration (Fig. 5). The
weld penetration initially increases linearly with the flux layer thickness up to 50—70 pum, and then shows a
downward trend (Fig. 5). The Conventional 7/G weld penetration corresponds to zero coating thickness and
ranges from 1.4 to 1.9 mm for the investigated welding currents of 100 to 150 A. Depending on the weld-
ing current, the maximum penetration in 4-77G is achieved for a flux layer thickness of 40 to 70 pum. The
observed maximum weld penetration values are 4.8 mm, 3.9 mm, and 2.9 mm, respectively, for welding
currents of 150, 125, and 100 A. The optimal thickness appears to increase with increasing welding cur-
rent. For example, the maximum penetration depth is achieved at about 40 um at 100 A and about 70 um at
150 A. Thus, the optimization of flux layer thickness depends on the heat input of the welding arc.

When the flux layer thickness exceeds the optimal value, the penetration is significantly reduced.
This rapid decrease can be explained by the higher energy consumption required to overcome the flux
barrier. Silicon dioxide is essentially a non-conductive material, providing high electrical resistance to the
arc. A stable arc can only be established once the flux becomes liquid or is completely removed through
vaporization. As the energy consumption for this effect increases with the flux layer thickness, the proportion
of the incident energy that is effectively utilized for creating the weld pool decreases significantly.

In addition, as the flux layer thickness increases, the electric arc becomes unstable due to the unmelted
flux, which provides higher electrical resistance on the advancing side. This causes a change in the arc pro-
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file, which then stretches back towards the molten pool (Fig. 7-9). This lagging effect becomes increasingly
important as the flux layer thickness increases for a given current or as the welding current decreases for a
given thickness. Even with an optimal flux layer thickness of about 50 um (Fig. 7-9), the lagging effect is
observed when comparing TIG and A-TIG video frames. The lagging effect is associated with the higher
electrical resistance of silicon oxide, which decreases with increasing temperature, especially when it enters
the liquid phase. Since melting occurs at a higher temperature on the advancing side, the arc tends to lag
behind the tip of the tungsten electrode. This arc lag increases the effective arc length and partially contrib-
utes to the increased arc voltage, as described later in this paper.

In the A-TIG process, there is an improvement in the depth-to-width (D/W) ratio, which is achieved
through the combined effect of arc constriction and “reverse” Marangoni convection, also known as surface
tension-induced convection or thermocapillary convection. In Marangoni convection, when the activating
flux is applied to the workpiece, it delivers surface-active elements (e.g., oxygen) to the weld pool. This
changes the surface tension gradient to become positive (dy/dT > 0), and the oxygen content therefore af-
fects the flow of the liquid in the weld pool [5].

The relationship between surface tension and temperature has been studied in [6—21]. It has been found
that when welding low-sulfur and low-oxygen steel, the surface tension decreases with increasing tempera-
ture, resulting in a negative surface tension gradient. This leads to a radially outward flow in the weld pool.
This phenomenon is discussed in detail in [22]. The authors believe that concentrations of surfactants above
50 ppm affect the direction and magnitude of thermocapillary forces [22], which changes the surface ten-
sion gradient in the weld pool from negative to positive [6—12].

The flow in the weld pool occurs from a region of higher surface tension (cooler liquid weld pool) to a
region of lower surface tension (warmer liquid weld pool), causing the molten metal on the upper surface
to flow outwards. However, in the presence of surface-active elements like oxygen, this gradient reverses,
causing an inward flow towards the center. This internal flow results in deeper penetration and a narrower
weld bead. This change in the direction of the surface tension gradient explains the change in the direction
of the Marangoni flow.

In the arc constriction mechanism, the electron affinity (electronegativity) of the flux plays an important
role [6, 7]. The arc, which exists on the surface of the flux-coated workpiece, produces a large number of
positive ions at the temperature of the arc column [4]. It can be concluded that electrons are absorbed by
the flux vapors around the weld pool, resulting in a decrease in the number of charged particles present in
the arc. The highly electronegative vapor pushes the arc column inward in a radial direction. The resulting
ions attract the free electrons present in the arc column, creating a constriction of the arc, and the base metal
melts, promoting deeper penetration [5-22].

The electromagnetic Lorentz force also contributes to increasing the D/W ratio in the A-T/G mechanism.
As the welding current increases, the magnitude of the Lorentz force increases. The smaller the radius of
the arc root, the higher the Lorentz force [18-20]. The greater Lorentz force acts vertically downward
in the center of the molten weld pool and increases the penetration. The electromagnetic Lorentz force
and Marangoni force control the convection of the weld pool and increase the D/W ratio. The weld pool
experiences driving forces such as buoyancy, aerodynamic shear stress, and plasma-induced reaction forces
on the surface. All of them effectively improve the penetration in the A-TIG process, but their role is
minimal compared to the Marangoni force, and therefore they can be neglected in the micro-scale analysis.

The research conducted has shown that the geometry of the weld is certainly influenced by variable
parameters that must be precisely controlled to achieve the best weld quality. Some of these parameters that
affect the 4-TIG process are discussed below.

Many studies have shown [5-26] that the vaporization/decomposition of flux depends on the rate of its
reaction, which in turn depends on the specific surface area of the particles. Therefore, it has been experi-
mentally established [5—22] that flux particles with a size of 0.8 to 4 um improve the penetration of the
weld. However, this effect is not observed when using larger particles (25 um) because they have a lower
vaporization rate. Smaller flux particles have a higher specific surface area compared to larger particles,
which results in better vaporization [12]. As the flux layer thickness increases, so does the heat required to
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overcome the flux barrier, which reduces the depth of penetration at a given current value. Although it is
known that penetration depends on the welding current, the optimal flux layer thickness is still important
for achieving a high-quality weld [4-16].

It is important to understand that before applying a flux layer, it is converted into a paste by mixing
the powdered flux with a suitable solvent, which must be evaporated before the welding process begins.
Acetone and alcohol are the most commonly used carriers. Experiments have shown that acetone is the
solvent that provides the best results, resulting in maximum penetration [ 10—14]. However, many studies do
not pay close attention to the influence of the solvent type, which may affect the results obtained.

The welding current directly affects the geometric characteristics of the weld, such as the cross-sectional
area, width, and depth of penetration. When comparing conventional 7/G and A-TIG welding, there is
almost a twofold difference in the depth of penetration when the current is increased. For conventional 7/G
welding with higher current values, the increase in weld width is very slight, while it increases significantly
for A-TIG welding.

Increasing the welding speed leads to a decrease in the heat input to the weld and results in a shallower
weld. The depth of penetration is inversely proportional to the welding speed at a given welding current.

The arc energy density is directly dependent on the arc length, which is a critical factor in A-T1G welding
[3-9]. Generally, shorter arcs are preferred to prevent the dissipation of arc heat into the environment and
to ensure that the maximum arc heat is transferred to the workpiece. However, a minimum distance must
be maintained to ensure arc stability and minimize electrode contamination [5—12]. For A-TIG welding of
stainless steel, a 2-4 mm arc length is typically used [4—6].

When maintaining a constant travel speed and welding current and using an activating flux, there is a
slight increase in arc voltage. It is known that the flux vapors attract electrons during vaporization, which
leads to a constriction of the arc and an increase in voltage. The degree of increase depends primarily on the
composition of the oxide flux. Experiments have clearly shown that there is an obvious correlation between
the measured arc voltage and the resulting arc constriction, so higher voltage values will result in a more
pronounced arc constriction, as confirmed by other authors [16-29].

Experiments by various authors [1-8] show that the depth of penetration depends on the oxygen content
in the weld pool during welding, as it contributes to the development of reverse Marangoni convection. The
oxygen content can be precisely controlled by using a suitable flux composition and optimizing the welding
parameters [1, 2].

Research by various authors shows [5—7] that the addition of nitrogen to the shielding gas increases arc
energy and has a positive effect on the geometry and properties of the weld [22—-29]. For example, the depth
of penetration and cross-sectional area of the weld increase when nitrogen is added to an argon environment
[26-31]. Angular deformation is also minimized when nitrogen is added, as it is directly related to the width
of the weld, and nitrogen promotes complete penetration, which reduces angular deformation [24-28]. It
has been found that hardness, tensile strength, and resistance to hot cracking can increase significantly
when nitrogen is added [27-29].

It is known [ 1-6] that hydrogen-based shielding gas has high thermal conductivity at temperatures close
to the dissociation of hydrogen molecules. Therefore, the addition of hydrogen has a significant impact
on the volume of molten material in the weld pool [26-29]. An increase in arc voltage, penetration depth,
melting efficiency, heat input, and cross-sectional area has been observed, while oxide formation tends to
be reduced when hydrogen is added [5-7, 10-16].

Conclusions

The main results can be summarized as follows:

1. The use of silicon and titanium oxides (7i0- and SiO-) increased the weld penetration depth during
A-TIG welding, regardless of the type and grade of steel. The increase in weld penetration depth ranged
from 30% to more than 200%.

2. The flux layer thickness is an important parameter in 4-7/G welding. This study shows significant
variations in the weld penetration for a thickness range of 0—200 um. It has been found that the optimized
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thickness in the 4-TI1G process ranges from 40 to 70 um, depending on the welding current, and results in
a twofold increase in weld penetration at a given current level.

3.. The welding current directly affects the geometric characteristics of the weld when using 7i0- and
Si0O: fluxes, such as the cross-sectional area, width, and depth of the weld. When comparing conventional
TIG and A-TIG welding, there is almost a twofold difference in the depth of penetration for the same in-
crease in current.

4. The effect of the type and grade of steel on the penetration capability when using activating fluxes
has not been clearly identified. Only minor changes in the depth of penetration have been recorded between
low-alloy and stainless steels.
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Introduction. Unlike traditional manufacturing processes, additive manufacturing (4M) offers
improved efficiency while being environmentally friendly. A significant limitation hindering the adoption
of wire-based electron beam additive manufacturing (EBAM) technology is the relatively low quality and
high surface roughness of 3D-printed parts. The purpose of this study is to establish the optimal values
of milling process parameters (rotational speed, feed rate, and milling width) based on the simultaneous
evaluation of the surface roughness of the machined surface and the material removal rate. Methods and
materials. This study investigated specimens fabricated using EBAM technology. Uniaxial tensile tests were
conducted on an electromechanical testing machine. Cutting forces were determined with a Kistler 92578
dynamometer. Milling studies of EBAM 321 steel workpieces were performed on a semi-industrial CNC
milling machine. Results and discussion. It was shown that in order to increase the material removal rate and
reduce the cutting force on a milling machine without the use of coolant, it is recommended to increase the
milling speed, but not to increase the feed rate. To investigate the relationship between material removal rate
and surface roughness relative to milling parameters on a semi-industrial machine (with an average stiffness
of the portal frame), multiple linear regression models and nonlinear models based on feedforward neural
networks were employed. It was demonstrated that linear regression models are sufficient for predicting
optimal milling parameters. However, it should be noted that the study was conducted within a narrow range
of gentle machining conditions, with short processing times and without accounting for tool wear. Under
these constraints, the optimal milling parameters for EBAM 321 steel were predicted as follows: spindle speed
of 4,500 rpm, feed rate § = 404 mm/min, and cutting depth B = 0.43 mm, resulting in a predicted surface
roughness (Ra) of 0.648 pm and a material removal rate of 695 mm?/min.
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* Corresponding author

Panin Sergey V., D.Sc. (Engineering), Professor
Institute of Strength Physics and Materials Sciences SB RAS,

2/4 per. Academicheskii,
634055, Tomsk, Russian Federation

Tel.: +7 3822 286-904, e-mail: svp@ispms.ru

Vol. 27 No. 4 2025 %



% OBRABOTKA METALLOV TECHNOLOGY

Introduction

Traditionally, stainless steels are classified into five categories: (/) austenitic, (//) ferritic, /I]) martensitic,
(V) duplex, and (V) precipitation-hardened. Among them, the austenitic steels are the most widely used
in terms of fabricated metal products [1]. 41ST 321 steel possesses excellent resistance to intercrystalline
corrosion and maintains stable functional properties at elevated temperatures. Therefore, it is often used
under severe conditions, such as high pressures, radiation exposure, and corrosive environments [2—3].

Unlike traditional subtractive manufacturing technologies, additive manufacturing (4M) offers several
advantages: reduced production time, increased material utilization rate, and the ability to create complex
internal structures within components. When applied to metallic materials, AM includes various methods:
Selective Laser Melting (SLM), Electron Beam Selective Melting (EBSM), Wire Laser AM (WLAM),
Wire Arc AM (WAAM), and Electron Beam Wire-Feed AM (EBWAM) [3—16]. Compared with WLAM and
WAAM, electron beam wire-feed AM (EBWAM) is characterized by a higher production rate (up to 12 kg/h
[7]), as well as reduced atmospheric contamination [8] and spatter of molten material [9, 10].

In recent years, additive manufacturing (4M) has rapidly expanded its application scope due to a range
of advantages. This production method enables the fabrication of complex-shaped parts with high precision
using various materials, from plastics to metals, while significantly reducing time and costs compared to
traditional manufacturing technologies [ 1-4]. Depending on the requirements for the final product, different
AM technologies are employed. Active development of AM leads to a reduction in product cost. It makes
rapid production possible for parts and workpieces with not only complex geometries but also simpler
shapes made of expensive materials [5—6]. Flanges made of heat-resistant materials are an example of such
parts. When using AM, there is no need to create holes through drilling; moreover, the volume of material
removed through subtractive processing is reduced. This economically justifies the application of AM. The
use of AM for manufacturing flanges allows them to be tailored to specific sizes, resulting in even greater
time and cost savings compared to the production of similar parts from wrought stock [7-9].

A specific limitation hindering the adoption of wire-based additive manufacturing technology is the
low dimensional (shape) accuracy and high surface roughness of as-built parts [14]. Powder-based additive
manufacturing technologies (specifically SLM) enable the production of parts with high dimensional
accuracy and low surface roughness. However, even they cannot match the surface roughness achieved by
finish turning and/or finish milling [16], necessitating post-process machining.

On the other hand, compared to powder-based processes, the wire-based AM methods, particularly the
EBWAM method, offer higher production rates and are better suited for manufacturing large-sized products
[6-10]. Consequently, parts produced by wire-based AM inevitably require subsequent machining. Thus,
the development of hybrid technologies that combine additive and subtractive manufacturing processes is
receiving significant attention in scientific and technical literature [16].

Additive manufacturing also offers advantages in customization, prototyping, and the fabrication of
complex geometries; however, it is generally unsuitable for large-scale mass production, which often requires
the use of expensive, dedicated multi-axis machining equipment. In contrast, semi-industrial (light-duty,
universal) milling machines are cheaper and more flexible to reconfigure compared to traditional industrial
equipment. They are typically used for small-batch, custom production or can be effective during the stage
of optimizing process parameters for post-additive machining.

Given the demand for wire-based AM technologies, the use of semi-industrial (light-duty, universal)
CNC milling machines within a unified technological cycle alongside 3D-printing systems appears
promising. This approach would not only allow for the adaptive selection of machining parameters for the
printed workpiece, primarily based on criteria for improving accuracy and reducing surface roughness,
but also enable the establishment of a correlation between the process parameters of AM and the resulting
machinability. The latter could also minimize the scope of required metallurgical investigations.

In this context, it is relevant to study the machinability of wire-feed electron beam additively manufactured
(EBAM) austentitic stainless steel 4151 321 and to determine the optimal cutting parameters when machining
on both industrial (including dry machining) and semi-industrial (universal, easily reconfigurable) CNC
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machines, for which the corresponding recommendations from cutting tool manufacturers cannot always
be directly applied.

The purpose of this study was to select the optimal values for the process parameters of finish milling
(spindle speed, feed rate, and depth of cut / cutting width) based on a simultaneous evaluation of the
machined surface roughness and material removal rate (MRR) during the machining of workpieces made of
EBAM AISI 321 austenitic stainless steel. To address the aim, the following objectives were set:

— assessment of mechanical properties of EBAM AISI 321 stainless steel;

— establishing a correlation between cutting speed and feed rate and the cutting force during dry
machining on a conventional (industrial) machine;

— establishing the relationship between the MRR and surface roughness and milling parameters during
machining on a semi-industrial large-format CNC milling machine with coolant, employing both multiple
linear regression models and non-linear models based on feedforward neural networks (FFNN).

Methods

AISI 321 steel wire with a diameter of 1.2 mm was used as the feedstock. In all cases, AISI 321 steel
plates, 5 mm thick, were used as substrates, which were initially ground and cleaned with acetone.

Samples were fabricated using an electron beam wire-feed additive manufacturing (EBWAM) facility
with a vacuum chamber volume of 8 m?, developed by
the Institute of Strength Physics and Materials Science
SB RAS [17]. A thick wall with dimensions of 85 mm
% 20 mm % 25 mm (Fig. 1) was built from the 1.2 mm
diameter wire at an accelerating voltage of 30 kV, a
chamber pressure of 5 x 107 Pa, a beam travel speed
of 400 mm/min, and a wire feed rate of 1,768 mm/
min. A circular beam oscillation pattern was applied
with a beam diameter of 4 mm at a frequency of 1 kHz.
The beam current was 75 mA for the first layer and

50 mA for all subsequent layers, with a layer height of Fig. 1. Photographs of the 3D-built
1 mm. The chemical composition of the wire is shown EBAM 0.12C-18Cr-10Ni-Ti sample
in Table 1.
Table 1

Chemical composition of the 0.12C-18Cr-10Ni-Ti stainless steel wire

Chemical composition, wt%
Fe Cr Ni Mn Ti Si Cu Mo Co
65.3 19.6 11.5 0.8 0.7 0.7 0.5 0.32 0.7

Microhardness was measured using an automated system based on an EMCO-TEST DuraScan-10
microhardness tester. Measurements were conducted according to the Vickers method under a load of 1 kgf
with a dwell time of 10 seconds. Uniaxial tensile tests were performed on a UTS-110M-100 electromechanical
testing machine. The crosshead speed was 2 mm/min.

Milling of the additively manufactured blanks under dry conditions was performed on a FU-251 (Russia)
milling machine. The cutting force was measured using a Kistler 9257B (Switzerland) dynamometer
(Fig. 2, a). Data analysis was conducted using DynoWare software. The dynamometer’s resolution is
7.5 N, with a linearity error of £0.005 %. Across multiple experimental runs (involving workpiece or tool
repositioning) under identical parameters, the measured force variation did not exceed 15%. In machining
processes, this represents acceptable repeatability, considering the complexity of the cutting process and
potential inhomogeneity of the workpiece material.
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Milling cutter
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Fixture

Dynamometer

a b
Fig. 2. General view of the setup fixed on the milling machine (a); milling scheme ()

Fig. 2, b shows the milling parameters, including feed per tooth (f)), cutting speed (v,), depth of cut (ap),
width of cut (B), and the resultant cutting force (F). Solid carbide end mills (GESAC UP210-54-12030)
with a diameter of 12 mm were used. The helix angle was @ = 35°, the flute length was 30 mm, the overall
length was 75 mm, the rake angle (y) was 7°, and the clearance angle (o) was 5°.

Research on milling workpieces made of EBAM AISI 321 stainless steel with coolant was conducted
on a large-format PureLogic RM0813 CNC milling machine (Russia) (Fig. 3, a). This machine is designed
for milling, drilling, engraving, and cutting parts from non-ferrous metals and plastics, with the follow-
ing specifications: spindle power of 2.2 kW, working volume (X x Y x Z) of 1,300 x 800 x 200 mm, and
a positioning accuracy of 0.1 mm over 100 mm. Solid carbide end mills (ZC-CCT VSM-4E-D8.0) with
a diameter of 8 mm were utilized. The variable helix angle was @ = 38°/41°, the flute length was 20 mm,
the overall length was 60 mm, the rake angle (y) was 7°, and the clearance angle (a) was 10°. The surface
roughness (R)) of the milled side faces of the workpieces was measured using a TR200 (China) stylus pro-
filometer (Fig. 3, b). To enhance productivity and reduce cutting force when using coolant, higher values of
cutting speed and feed rate were employed.

The Taguchi method was used for designing the machining experiments. This method employs the
signal-to-noise ratio (S//V ratio) as an optimization criterion to evaluate the robustness and reliability of
output parameters (primarily surface roughness) and utilizes orthogonal arrays to minimize the number
of experimental runs [18, 19]. The Taguchi method is widely used to analyze the influence of various
process parameters on output quality characteristics [20]. An Ly orthogonal array was selected. The milling

I

Fig. 3. The RM0813-0152 CNC machine (a); an example of the surface profile after milling (b)
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process parameters (factors: spindle speed n, feed rate S, and width of cut B) and their levels are presented
in Table 2. Three levels were chosen for each factor, which also determine the material removal rate (MRR).
The key output response was surface roughness (R ).

Table 2
Mechanical properties of the EBAM 0.12C-18Cr-10Ni-Ti sample
Samples Tensile strength, MPa | Yield strength, MPa | Elongation, % | Hardness, HV
EBAM 0.12C-18Cr-10Ni-Ti 570£10 208+10 70+2 19145
Wrought 0.12C-18Cr-10Ni-Ti 700 £ 10 250+10 63 +3 230 £5

Results and Discussion

The hardness and other key mechanical properties of the investigated samples are presented
in Table 2. The EBAM AISI 321 stainless steel exhibited high ductility (70 %), tensile strength (570 MPa),
and hardness (191 HV). The strength properties of the wrought 4IS7 321 steel were higher than those of
the additively manufactured sample, which is attributed to the wrought condition, characterized by higher
ferrite content, finer grain, and a higher dislocation density [21]. For the EBAM sample, the layer-by-layer
deposition process involved multiple thermal cycles, leading to the formation of columnar grains. However,
the corrosion rate of the wrought A1S7 321 steel was approximately twice as high as that of the additively
manufactured steel.

Machinability Studies on a Stationary Milling Machine. As shown in Table 3, nine milling modes
were used to investigate the variation in cutting force for the EBAM AISI 321 stainless steel workpieces.
These modes included combinations of low speed with high feed, high speed with low feed, and medium
speed with medium feed.

The selection of milling parameters was based on the tool manufacturer’s recommendations. It should
be noted that using a high-performance milling regime (a high width-to-depth ratio, see Table 3) helps
reduce rapid tool wear.

Fig. 4, a shows the influence of different milling regimes on the cutting force for the EBAM AISI 321
stainless steel workpiece. The resultant cutting force (nyz), calculated as the vector sum, was used for
evaluation according to Equation (1):

Fyy = \/(F)I(nax)z . (}(ﬂ;rlax)2 . (FénaX)z , O

where Fis the maximum force value within the analysis interval.

Table 3

Parameters applied for studying the cutting forces during milling using the industrial machine
Number | Cutting speed V, m/min | Feed rate S, mm/min Width B, mm Depth t, mm

1 25 50

2 25 160

3 25 250

4 50 50

5 50 160 8 0,5

6 50 250

7 75 50

8 75 160

9 75 250
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Fig. 4. The effect of different cutting modes on the cutting force (a); the effect of cutting speed and feed
rate on the cutting force during machining (b)

It was found that Mode No. 4 resulted in the smallest cutting force (nyz =188 N).

Fig. 4, b shows the influence of cutting speed (v,) and feed per tooth (f)) on the cutting force during
machining of the EBAM workpiece. It is evident that the strength and hardness of the additively manufactured
steel significantly affected the cutting force. Low cutting speed combined with high feed rate led to an
increase in cutting force, while high cutting speed with low feed rate reduced it.

Overall, two trends were observed: the cutting force decreased with increasing cutting speed and
increased with increasing feed rate. When the depth (ap) and width (B) of cut remain constant, a higher feed
rate increases productivity. Therefore, to machine EBAM AISI 321 steel with increased productivity and
reduced cutting force, a higher cutting speed should be used, while the feed rate should not be increased
excessively.

Machinability studies on the large-format RM0813 CNC milling machine. It is known that surface
roughness depends on numerous parameters, including cutting speed, feed rate, depth of cut, and tool wear
[22]. Table 4 shows the milling parameters used to investigate surface roughness (R,) and MRR, including
spindle speed (n), feed rate (S), and width of cut (B).

As noted earlier, machining on large-format CNC milling machines may be performed using regimes
that differ from the cutting tool manufacturers’ recommendations. Therefore, developing approaches to

Table 4

Milling parameters for the semi-industrial machine, determined using the Taguchi method and
machinability assessment results

Number | SPEERSIN | e | mm || roughness g,y | VR /i
1 1,000 200 0.1 0.46+0.02 80
2 1,000 400 0.3 1.2940.04 480
3 1,000 600 0.5 2.57+0.23 1200
4 2,500 200 0.3 0.59+0.03 240
5 2,500 400 0.5 4 1.01+0.04 800
6 2,500 600 0.1 0.88+0.04 240
7 4,000 200 0.5 0.63%0.03 400
8 4,000 400 0.1 0.40+0.01 160
9 4,000 600 0.3 0.75+0.03 720
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determine optimal milling parameters with minimal time and cost is highly relevant. Determining optimal
cutting parameters can be considered a task of finding milling regimes that satisfy an optimality condition.

The optimality criterion should provide a comprehensive assessment of both the milling process efficiency
and the finished product quality. Among the process characteristics, the material removal rate (MRR) was
analyzed, while product quality was characterized by the post-processing surface roughness (R,). Tool
wear, another critical characteristic, was excluded from these experiments as the selected regimes were
conservative and the testing duration was short. Consequently, the optimality criterion can be formulated as
a system of boundary expressions:

Ra(S,B,N) — min,
MRR(S B) — max. 2)

Based on expression (2), a more formal suboptimality criterion can be derived as a system of inequalities:

{ Ra(S,B,N) < R,,

MRR(S,B) > MRR. ©)

where E and MRR are the maximum allowable roughness and minimum required MRR, respectively.

The range of parameters (S, B, n) satisfying the system of inequalities (3) defines the region of subop-
timal parameters (SOP) [23].

The results of the acceptable milling parameters analysis are presented in Table 5. The used linear
regression (“Regress”) model had the following statistics: coefficient of determination R?=(0.884, normalized
mean square error NMSE = 0.214, and significance level p = 0.0089. Based on this model, predicted
roughness values were calculated within the allowable parameter range, the SOP satisfying condition (3)
was identified, and a response surface graph for this region was plotted (Fig. 5, a, ¢). Despite the obtained
high-quality metrics of the regression model, the hypothesis of a non-linear relationship between roughness
and milling parameters was subsequently tested.

Based on the data from the Lo Taguchi design experiments (see Table 4), the coefficients for the
multiple linear regression were calculated using the least squares method [24-26]. The resulting roughness
equation is:

R, =0.2014 - 0.00028 N +0.0021S +2.059B. (4)

As a non-linear modeling approach capable of generalizing experimental results, feedforward neural
network (FFNN) modeling was chosen [27-28]. The network architecture was selected following the
principle “from simple to complex”. The training dataset was formed from experimental data (Table 4)
with normalization of input and output values within the limits specified in Table 5. The best convergence

Table 5
Limiting ranges and suboptimality boundaries for the milling parameters
and analyzed characteristics
Permissible limits Suboptimality boundaries
Min Max Min Max

Parameter

Spindle speed &, rpm 500 5,000

Feed rate S, mm/min 100 800

Width B, mm 0.1 1
Characteristics

Surface roughness Ra, pm 0 4 - 0.8

MRR, mm’/min 0 2,000 300 -
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Width

Feeg

Width

Fagg

Fig. 5. Milling parameters and the SOP regions plotted using the linear regression model (a, c)
and the FFNN model (b, d) at p =300 mm’/min; Ra = 0.8 um (a, b) and Ra =0.6 pm (c, d)

rate during training was achieved using the logarithmic tangent activation function and the Levenberg-
Marquardt optimization algorithm. The number of layers and neurons per layer was chosen based on the
analysis of the resulting model’s SOP.

Among all considered variants, a network with one hidden layer containing three neurons was selected,
as it demonstrated the simplest and most plausible SOP (Fig. 5, b, d). This model showed better agreement
with the training dataset compared to the regression model: MSE = 0.00049061, R?= 0.99504.

Comparing the obtained results, it was concluded that the FFNN model constrained the SOP region
from above with a surface that was close to linear but had a steeper slope for high roughness values

(E > (.65 um). In other words, the FFFNN model included milling parameters with higher width of cut and

MRR values in the low-feed SOP region. For low roughness values (R_a < 0.65 pum), this non-linear surface

had the opposite effect: parameters with high width of cut and spindle speed were excluded from the SOP.

To verify the identified discrepancies, the developed models were validated through physical experiments
by comparing predicted and actual surface roughness measurements. The experimental parameters were
selected according to the following conditions: values outside the predicted SOP (No. 10, Table 6), boundary
values of the SOP (No. 11, Table 6), and an internal point within the SOP (No. 12, Table 6). Table 6 also
includes the predicted and experimental roughness values.

It was established that both models provided errors within an acceptable range, but the linear regression
model demonstrated higher accuracy in terms of mean deviations. Its prediction for the optimal milling
parameters is: spindle speed n = 4500 rpm, feed rate S = 404 mm/min, and width of cut B = 0.43 mm, with
a predicted roughness R = 0.648 um and a material removal rate MRR = 695 mm?*/min.

Holkar, H., et al. [29] selected optimal cutting parameters for milling A7S7 321 stainless steel using the
Taguchi method. The study considered the effect of spindle speed, feed rate, and depth of cut on surface
roughness, tool wear, and MRR. Arlyapov, A., et al. [30] compared various tool geometries, cutting speeds,
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Table 6
Milling parameters for model verification, along with experimental and predicted results
Milling parameters Characteristics
No. | Spindle speed N, | Feedrate S, | Width B, MRR, Surface roughness Ra, um

Tpm mm/min mm mm”/min Experiment Regress | FFNN

10 4,000 100 0.5 200 0.333 0.3117 0.6115
11 4,000 600 0.5 1200 1.193 1.3617 1.0429
12 4,500 400 0.3 480 0.425 0.3889 0.5224
Average deviation 0.0753 0.1753

feed rates, and depth-to-width of cut ratios to evaluate tool wear and cutting force. It was shown that
selecting milling parameters is a complex multi-criteria problem requiring extensive experimentation. A
promising direction of the present research is the evaluation of factors affecting the surface roughness of
EBAM AISI 321 samples while ensuring a high MRR.

In summary, comparing the machinability assessment data for the industrial (dry) and the semi-industrial
large-format CNC (with coolant) milling machines during finish milling of EBAM AISI 321 stainless steel
indicates that to achieve a higher MRR, reduced roughness, and lower cutting force, the cutting speed
should be increased, while the feed rate should not be raised proportionally.

Furthermore, the developed regression and FFNN models for the semi-industrial machine enable the
prediction of optimal process parameters, which is highly relevant for optimizing 3D-printing parameters
that influence the microstructure and mechanical properties of layer-by-layer fabricated workpieces. Tool
wear remains an important factor in assessing material machinability, as surface roughness increases with
machining time due to cutting tool wear.

Future research plans include using the linear regression model to determine the optimal parameter
range, followed by investigating the influence of machining time on tool wear and surface roughness.

Conclusion

1. Additively manufactured (EBAM) AISI 321 stainless steel, fabricated with the utilized process
parameters, exhibited high ductility (70 %), tensile strength (570 MPa), and hardness (191 HV).

2. It was established that to increase the material removal rate and reduce the cutting force during dry
milling on a conventional milling machine, it is recommended to increase the cutting speed, while avoiding
a proportional increase in the feed rate.

3. To investigate the relationship between material removal rate, surface roughness, and milling
parameters on a semi-industrial large-format CNC milling machine (with a portal frame of moderate
stiffness) under coolant supply, both multiple linear regression and non-linear feedforward neural network
(FFNN) models were employed. It was shown that a linear regression model provided sufficient accuracy
for predicting optimal milling parameters under the given conditions. However, the study was conducted
within a narrow range of conservative regimes, with short machining times and without accounting for
tool wear. Within these constraints, the following optimal milling parameters for the EBAM AISI 321 were
identified: spindle speed of 4,500 rpm, feed rate § = 404 mm/min, and width of cut B = 0.43 mm, yielding
a predicted surface roughness of R, = 0.648 pm and a material removal rate of 695 mm?/min.
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Introduction. This paper is devoted to the study of the thermal loading of the turning process for metal—
composite systems (MCS) consisting of a thin-walled, additively manufactured metal shell and a metal-
polymer filler. The purpose of this study is to investigate the influence of technological turning parameters
on the temperature in the cutting zone of metal-composite systems (MCS) with a 2 mm thick metal shell and
to determine the permissible machining conditions that prevent thermal degradation of the metal-polymer
filler. Methodology. For experimental modeling of the MCS, a hardware-software complex was developed,
including a replaceable metal sleeve made of 0.12CI8Cr-10Ni-Ti steel, ferrochrome metal-polymer
(TU 2257-002-48460567-00), three thermocouples with MAX6675 analog-to-digital converters, and
a wireless data transmission module based on an ESP32. The temperature at the metal-metal-polymer interface
was recorded in real time. The results were verified using a non-contact method with a FLUKE Ti400 thermal
imager (error of 3—5 °C). The experiment was conducted according to a full factorial design 2%+ n, with
variation of cutting speed V (m/min), feed rate S (mm/rev), and depth of cut # (mm), including central points
for assessing the curvature of the response surface. Results and discussion. Based on the experimental data
obtained for the 2 mm shell, a second-order regression model (273) was constructed, demonstrating high
adequacy. Analysis of the model coefficients showed that the depth of cut t has the greatest influence on the
temperature increase, followed by the feed rate .S, while the cutting speed V has the least effect within the
studied range. Using the model, response surfaces and contour maps were constructed, allowing visualization
of safe machining regions that satisfy the constraint T < 170 °C — the heat resistance limit of the metal-
polymer. The obtained dependencies provide a basis for standardizing finishing turning parameters for tooling
components with additively formed shells and metal-polymer fillers.

For citation: Lyubimyi N.S., Chetverikov B.S., Klyuev S.V., Zagorodniy N.A., Polshin A.A., Maltsev A.K., Bytsenko M.V. Investigation
of the thermal loading during turning of a metal-composite system as a function of cutting speed, feed rate, and depth when machining a
thin-walled 2 mm metal shell. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2025,
vol. 27, no. 4, pp. 131-147. DOI: 10.17212/1994-6309-2025-27.4-131-147. (In Russian).

Introduction

Manufacturing of components with intensive heat exchange, such as injection-molding dies for
thermoplastics and solid-body cutting tools, has increasingly relied in recent years on metal-composite
systems (MCS) [1], which combine a thin-walled metallic shell with a filler made of metal-polymer
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composite material (MPCM). This approach allows integrating the high strength and stiffness of the metallic
framework with the damping properties and processing advantages of MPCM, while simultaneously
reducing the overall weight and production cost.

The key enabler behind the development of metal-composite systems (MCS) is the capability of additive
manufacturing (4M) [2], particularly selective laser melting (SLM), to produce curvilinear (conformal)
cooling channels within metallic shells [3]. For molding dies, this enables directed heat extraction from
zones of maximum thermal load, uniform temperature distribution, a reduction in the molding or stamping
cycle time, and improved dimensional stability.

From a technological standpoint, the process can be described as follows: a pocket is machined in the
metallic base plate of the die to accommodate a replaceable forming insert; the forming insert itself is
produced as a thin-walled metallic shell with integrated curvilinear cooling channels; after assembly, the
cavity between the shell and the base plate is filled with a metal-polymer composite material (MPCM),
which secures the insert, enhances thermal contact, and ensures load transfer during die operation.

A similar design and technological concept can be implemented in cutting tools [3], for example, in a
composite drill: the metallic SLM-manufactured shell of the drill body, featuring specially designed internal
cooling channels, delivers the cutting fluid (CF) directly to the cutting zone, while the internal cavity formed
as a result of topology optimization (70) [4] is filled with metal-polymer composite material (MPCM). The
filler absorbs volumetric loads and enhances the vibration damping of the tool. This configuration increases
the durability of the carbide cutting head by improving heat removal from the cutting area.

Inrecent years, additive manufacturing (4 M) has become a powerful technological solution for producing
complex thin-walled shells and hollow components with integrated cooling channels. For example, the
review [5] emphasizes that during the machining of AM-produced parts, post-processing operations such as
turning play a crucial role, since the layered structure, residual stresses, and altered thermal conductivity of
the material significantly affect chip formation, dimensional accuracy, and thermal loads. For a thin-walled
metallic shell filled with MPCM, this means that turning requires consideration not only of the cutting
parameters but also of the shell geometry, specific features of the additively manufactured structure, and the
thermal behavior at the metal-polymer interface.

Fig. 1, a shows a digital model of the drill body after topology optimization (70), which allowed for a
40 % reduction in metal consumption — an essential factor for ensuring the economic feasibility of applying
SLM-based additive manufacturing (4M) technology in industrial production [6]. Fig. 1, b presents a
physical sample of the topology-optimized metal-composite drill body with its internal cavities filled with
MPCM, forming a complete metal-composite system (MCS).

A critical technological stage in manufacturing MCS is the mechanical finishing (including turning) of
the outer and seating surfaces after the internal cavities have been filled with MPCM. Unlike homogeneous
metallic workpieces, the heat flux in this case is constrained by the metal-MPCM interfacial boundary,
while the MPCM itself exhibits lower thermal conductivity and limited heat resistance. Overheating during
turning can lead to local thermal degradation of the polymer matrix, loss of strength, and weakened adhesion
at the interface, which in turn causes deterioration of dimensional accuracy and reduced service life of the
product. Meanwhile, engineering recommendations for selecting turning parameters for such hybrid shells
with composite fillers remain scarce [7]. Most available data [8, 9] refer either to monolithic metallic parts
or to polymer-based composites without a metallic shell.

One of the key challenges in machining thin-walled and metal-composite systems is the increase in
temperature in the cutting zone and the resulting thermal loading, which leads to thermal deformations,
deterioration of surface quality, and reduced dimensional accuracy of the workpiece. For instance,
the study [ 10] demonstrated that during dry turning of aluminum-based composites reinforced with dispersed
phases, thermal loading increases significantly compared to monolithic alloys: higher cutting speeds
and feeds cause temperature spikes in the cutting zone. In the context of machining metallic shells
with fillers — especially thin-walled ones (with thicknesses of about 2 mm or less) — the effect of
thermal loading is further aggravated by reduced structural stiffness and limited heat dissipation through
the workpiece.
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a b

Fig. 1. (a) Digital model of the drill body with topology
optimization applied (the middle part of the chip grooves is
conventionally omitted):

1 — shank area (metal); 2 — load-bearing structural elements formed
by topology optimization (metal); 3 — cooling channels (metal);
4 — mounting seat for a replaceable carbide cutting head (b) Physical
sample of the topology-optimized metal-composite drill body
manufactured using SLM technology: 1 — turned metal-composite
shank; 2 — chip grooves; 3 — cutting head of the drill body

The design features of thin-walled shells and their interaction with the metal-polymer filler are important
aspects of the design of metal-composite systems (MCS). The review [11] emphasizes that thin-walled
components possess low stiffness and unstable thermal-mechanical characteristics, which impose significant
constraints on cutting parameters as well as on the requirements for tooling and fixturing. When a metal-
polymer filler is introduced inside the shell, an additional thermal and phase interface — metal-MPCM — is
formed. This interface requires detailed analysis of the temperature distribution precisely at this boundary
to prevent thermal degradation of the filler and to ensure that surface quality requirements are maintained.

Studies have also focused on the influence of cutting tool design and machining technology on thermal
load and cutting quality. For example, the work [12] demonstrates how variations in the material and
coating of the cutting insert can reduce both tool and workpiece temperatures during the turning process.
It is increasingly recognized that not only the cutting parameters (speed, feed, and depth of cut), but also
the tool geometry, insert material, and the applied cooling or lubrication system play a crucial role in
controlling thermal loading during machining.

In recent years, cooling and lubrication strategies have been considered among the key factors
determining the thermal state of the tool-workpiece system. The review [ 13] notes that the choice of coolant
and its delivery strategy — whether conventional emulsion supply, minimum quantity lubrication (MQL),
or the use of nanofluids — has a significant impact on cutting temperature, chip formation stability, and tool
wear. For the machining of thin-walled structures and composites, where the heat flux is limited due to the
low thermal conductivity and small mass of the workpiece, cooling efficiency becomes critically important.
Therefore, the correct selection of coolant composition, supply pressure, and flow rate is an essential
condition for obtaining reliable temperature measurements and provides an objective basis for constructing
regression models of thermal loading for the turning process of metal-composite systems (MCS).

It is also worth noting the studies devoted to the influence of protective and anti-friction coatings of
cutting tools on heat distribution and cutting temperature. For example, the paper [14] shows that the use
of PVD coatings significantly reduces both tool and workpiece temperatures, improves surface quality, and
decreases wear when machining thin-walled components. This confirms the necessity of considering not
only cutting speed, feed rate, and depth of cut in the study, but also the tool properties (insert material and
coating) as well as the cooling conditions.
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Therefore, for the reliable implementation of metal-composite systems (MCS) in industrial production,
a quantitative assessment of the thermal loading during the turning process is required, taking into account
the actual geometry and thickness of the metallic shell, the properties of the MPCM, and the cutting
parameters — cutting speed (V), feed rate (S), and depth of cut (#). Such an assessment should lead to
engineering-applicable models and allowable parameter domains that ensure the required surface quality
and preservation of the MPCM structure [15, 16].

The purpose of this study was to quantitatively assess the thermal loading during the turning of
metal-composite systems (MCS) consisting of a thin-walled additively manufactured metallic shell and
a metal-polymer composite filler, to develop a model describing the dependence of temperature at the
metal-MPCM interface on the cutting parameters (V, S, £), and to justify the acceptable operating range of
cutting conditions that ensure the required surface quality and prevent thermal degradation of the MPCM in
practical applications. To achieve this goal, the following research objectives were formulated:

— Development of a hardware-software setup simulating a metal-composite system (metallic shell +
metal-polymer filler), enabling temperature measurement at the metal-MPCM interfacial boundary during
external turning of a thin-walled metallic shell with a thickness of 2 mm;

— Execution of an experimental study on the turning of the simulated metal-composite model according
to a full factorial experimental design of type 2* + no;

— Construction of a regression model based on the experimental data, with evaluation of the statistical
significance of the coefficients and the adequacy of the model;

— Development of graphical representations of the regression model in the form of response surface
plots and contour maps, illustrating the dependence of interfacial temperature on cutting parameters for
analyzing the thermal state of the cutting process.

OBRABOTKA METALLOV TECHNOLOGY

Methods

To study the thermal loading during the turning
process, a specially developed hardware-software
device was used, simulating a metal-composite
system (metallic shell + metal-polymer filler). The
assembly consists of a steel housing with a battery
unit, a replaceable metallic sleeve, a metal-polymer
insert, and three measurement channels based
on MAX6675 modules (thermocouple-to-digital
converters) that transmit real-time data via Wi-Fi
(ESP32 microcontroller — PC). The digital model
of the experimental device is shown in Fig. 2.

The design allows for quick replacement of

/) 9 \2 1/ 32/ 4/ 5/ 6

Fig. 2. 3D model of the hardware—software device for
measuring temperature during turning of the metal-com-

posite system (MCS), simulating a metal shell filled with
MPCM:
1 — housing (0.4C steel); 2 — plastic holder for fastening
electrical components inside the housing; 3 — replaceable
sleeve (0.12C18Cr-10Ni-Ti); 4 — MPCM insert; 5 — plastic
holder for mounting thermocouples; 6 — holes for M8 nuts;
7 — fastening screws for securing the replaceable sleeve;
8 — microprocessor enclosure; 9 — prototyping board; 10 —
ESP32 microcontroller; 11 — 2,600 mAh rechargeable battery;
12 — MAX6675 thermocouples; 13 — cover

sleeves to vary the thickness of the metallic wall and
enables mounting of the workpiece in the chuck of
a 16K20 lathe. The consistency of readings from the
contact sensors was verified using a FLUKE Ti400
thermal imager, with discrepancies not exceeding
3-5 °C. To ensure proper thermal contact, KP7-8 ther-
mal paste was applied at the sensor mounting points.

Fig. 3 shows the physical model of the devel-
oped hardware—software device used for the experi-
mental study.

The replaceable metallic sleeves (Fig. 4) were manufactured from 0.12% C-12% Cr-18% Ni-1% Ti
(AISI 304) steel tubing, selected as an accessible material analog for high-alloy steel with low thermal

conductivity [17].
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a b
Fig. 3. Physical model of a device for measuring temperature data during turning Physical model
of a device for measuring temperature data during turning:

(a) assembled device body; (b) assembly of the microprocessor unit

Fig. 4. Replacement sleeves processed during the experiment

The thermal conductivity of 0.12% C-12% Cr-18% Ni-1% Ti steel is approximately 15-16 W/(m-K),
which is close to that of the EP648 heat-resistant alloy (12—-15 W/(m-K)) commonly used in additive
manufacturing. This ensured comparable heating conditions during the turning of the MCS.

The metal-polymer composite material (MPCM) “Ferro-Chrome” (TU 2257-002-48460567-00) [18]
was used as the filler. This material has lower thermal conductivity than steel and limited heat resistance,
necessitating temperature control during finish machining. The insert was formed by casting the compound
into a mold, followed by turning to match the inner diameter of the metallic sleeve.

For the experiments aimed at developing a temperature model at the MCS interface, Tungaloy
DNMG150408-TF AH6225 turning inserts designed for finishing operations were used. The dimensional
layout of the insert is shown in Fig. 5, and its geometric characteristics are listed in Table 1. The cutting tool
material was cemented carbide AH6225 (WC—Co—TiC-AIl:0s) with a TiAIN + TiN PVD coating, providing
high heat and wear resistance when machining steels.
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The tool holder used was DCLNR 2020K12 — M
RE S ; \ :
— (medium type, with a negative rake angle).
The summarized maximum temperature values
| | obtained for each experimental run are presented in
| Tablel.
l The machining was carried out on a /6K20
universal lathe using a coolant and lubrication supply
B L o system (CLSS). The working fluid was a mineral-based
- - water—oil emulsion of type I-204 with the addition
Fig. 5. Tungaloy DNMG150408-TF AH6225 cutting  of 5 % Emulsol ED-20, providing effective cooling
insert geometry diagram and friction reduction in the tool-workpiece contact
zone. The emulsion was supplied as a continuous jet
under a pressure of 0.25 + 0.05 MPa directly into the cutting zone, with an average flow rate of 2—3 L/min.
The selected coolant composition and delivery parameters correspond to the standard recommendations for
finish turning of structural steels.

O

Table 1
Geometrical and operational parameters of the cutting insert Tungaloy DNMG150408-TF AH6225

Designation Hapamemp / Parameter Meaning

RE Radius at the apex 0.80 mm

ic Inscribed circle 12.7 mm
S Plate thickness 4.76 mm

DI Hole in the center 5.16 mm
- Angle of the shape 55° (rhombic)
- Cutting edge type TF (thin, finishing)
- Class M (medium negative rake angle)

The measurement setup involved positioning three sensors near the metal-MPCM interfacial boundary
along the sample axis. A sampling rate of 200 ms ensured recording of the temperature response during
steady-state cutting. Data transmission was carried out via UDP protocol to a personal computer, while
visualization and data logging were performed using a custom Python application (Fig. 6).

Verification of the surface temperature distribution was performed using thermographic method [19],
and the analysis was based on the maximum cutting temperature values [20]. Fig. 7 shows the verification
of temperature measurement data obtained using the thermal imager.

The experiment was carried out according to a full factorial design of type 2* + no. The varying
factors were cutting speed V' (m/min), feed per revolution § (mm/rev), and depth of cut # (mm) [21]. The
experimental matrix included eight factorial points (levels —1 / +1 in coded form) and no = 5 central runs
(0, 0, 0) to estimate the reproducibility variance and to test the curvature of the response surface.

The selected range of variation for the depth of cut (# = 0.5-1.5 mm) was determined by the nominal
machining allowance per side. A typical finishing allowance of 0.5 mm is recommended, which corresponds
to a single finishing pass with a depth of cut of 0.5 mm, provided that a low feed rate and efficient heat
removal are maintained. Machining can also be performed in two passes — e.g., 0.3 mm roughing + 0.2
mm finishing — but this approach contradicts the principle of minimizing overall machining time. However,
considering the need to remove supports and surface defects associated with additive manufacturing, the
depth of the defective surface layer, and consequently the machining allowance, may increase up to 2 mm.
Therefore, the upper limit of the depth-of-cut range was set at 1.5 mm. Higher depths are not recommended,
as further increases would lead to deterioration of surface roughness.

The variation ranges for cutting speed (V) and feed per revolution (8) were selected to ensure the required
surface roughness of R, < 2.5 pm. The chosen parameter ranges implicitly account for this roughness
constraint across the entire domain of factor variation.
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Fig. 6. (a) Dialog box of the Temperature Monitoring program implemented in Python 3.12 for recording the
cutting temperature of the MCS; (b) System monitor console displaying transmitted temperature data in real time
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Fig. 7. Verification of temperature readings obtained from thermocouples using the
FLUKE Ti400 thermal imager:

(a) thermal imager measurement; (b) temperature diagram

For each parameter, three variation levels were selected — minimum, maximum, and central — as
presented in Table 2.

Table 2
Levels of variation of experimental factors
Factor Designation -1 0 +1
Feed rate, S (mm/rev) X, 0.05 0.10 0.15
Cutting speed, V' (m/min) X, 60 90 120
Depth of cut, # (mm) X, 0.5 1.0 1.5
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Table 3 presents the experimental design matrix (full factorial design 22 + no). The matrix includes eight
factorial points with coded levels (-1, +1) and five central runs (0, 0, 0), which allows for evaluating the
curvature of the response surface and verifying the adequacy of the regression model.

Table 3
Levels of variation of experimental factors

No. x,, (S, mm/rev) x,, (V, m/min) x;, (£, mm) Mode (code)
1 0.5 60 0.05 (-1.-1.-1)
2 0.5 60 0.15 (-1.-1.+1)
3 0.5 120 0.05 (-1.+1.-1)
4 0.5 120 0.15 (=1.+1. +1)
5 0.15 60 0.05 (+1.-1.-1)
6 0.15 60 0.15 (+1.-1. +1)
7 0.15 120 0.05 (+1.+1.-1)
8 0.15 120 0.15 (+1. +1.+1)

9—11 0.10 90 0.10 (0.0.0)

As aresult of each experimental run, time-dependent datasets of cutting temperature were obtained. For
every run, the maximum temperature 7 at the metal-MPCM interfacial boundary was recorded using three
Sensors.

The regression model was constructed using coded variables xi, xz, and x3 [22]. A second-order model
with pairwise interaction terms was considered:

T=by+bx1 +bxy+b3x3 +b4x12 +b5x§ +b6x32 +byx1x + By x1 X3+ by X X3 (1)

The coefficients were estimated using the least squares method. The statistical significance of the coef-
ficients was evaluated using the z-test (o = 0.05), and the model adequacy was verified using the F-test, with
calculation of the coefficient of determination (R?). For engineering visualization [23], response surfaces
T(V, S) were constructed at fixed values of .

Results and Discussion

Based on the series of experiments conducted for the MCS with a metallic shell thickness of 6 =2 mm,
simultaneous temperature measurements were taken using three sensors (7z, T2, Ts), resulting in a total of
39 observations (three temperature maxima per experimental run). Fig. 8 shows the temperature plot for the
second experimental run.

The summarized maximum temperature values for each experimental run are presented in Table 4.

The experiment showed that the characteristic temperature levels ranged from approximately 27 °C
to 190 °C, with peak values up to ~189 °C observed under the most aggressive combination of cutting
parameters (Run No. 2). This exceeds the technological heat resistance limit of the MPCM for finish
machining operations, confirming the critical importance of proper selection of cutting conditions for MCS
with this metallic shell thickness.

When constructing the model based on experimental data with thermocouples embedded at a depth of 2
mm, only the data obtained from thermocouple No. 3 were used. This model was designated as 273, where
‘2’ denotes the thickness of the metallic shell, and ‘T3’ refers to the thermocouple from which the valid
data were obtained. This decision was made because thermocouples No. 1 and No. 2 produced evidently
unreliable readings in certain trials. For example, in Run 8, thermocouple No. 1 recorded a maximum
temperature of 27.3 °C, which did not reflect the actual cutting conditions. Similarly, thermocouple No. 2
showed inconsistent readings during Runs 1, 4, 6, and 8.
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Fig. 8. Graph of temperature change during turning, experiment No. 2 (8 = 2 mm)

Table 4
Maximum temperature values from thermocouples for the 2 mm MCS metal shell
No. Thermocouple 1, C Thermocouple 2,C Thermocouple 3,°C Average, C
1 96.8 75 155.75 109.2
2 150.8 191 188.75 176.8
3 112.0 113 111.75 112.3
4 153.3 106.25 148.5 136.0
5 108.5 106.5 102.25 105.8
6 100.5 71.5 140.5 106.2
7 96.5 90.25 86.75 91.2
8 27.3 70 97 64.8
9 105.8 112 103 106.9
10 108.5 109.25 104 107.3
11 80.0 68.75 96.25 81.7
12 84.8 73.58 101.1 86.5
13 83.9 72.63 100.1 85.5

Table 5 presents the values of the calculated polynomial coefficients obtained from the physical data.
The least squares method was applied, which provides coefficient estimates through statistical procedures
that account for effects such as parameter correlations.

For the 273 model, the statistical metrics are: R?=0.98534, F=22.4,p=0.01336 (<0.05). The resulting
2T3 regression model has the following form:

273 = 292.497 —509.117S —1.433V — 134.602¢ — 98.16652 +0.005 12 +

+96.488¢% +2.104SV —106.2055¢ — 0.202V. 2)

The interpretation of the estimated coefficients in coded variables shows a consistent physical meaning
of the main effects: the linear terms for feed (x,), cutting speed (x,), and depth of cut (x,) are negative (i.e.,
an increase in S, V, and # within the investigated ranges leads to a decrease in 7). Nonlinearity is expressed
by the quadratic terms: one of the quadratic coefficients is significantly negative, while the other two are
positive. Another quadratic term (F?) lies at the boundary of statistical significance. The pairwise interaction
terms exhibit borderline significance, indicating a moderate but noticeable interdependence of the factors,
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Table 5
Evaluation of the significance of the coefficients of the 273 mathematical model
Symbol | Coefficient :;?(r)lrdgg t-statistic | p-value Interpretation
b, 292.49651 | 29.17582 | 10.02530 | 0.00017 | The coefficient is statistically significant (p < 0,05)
b, =509.11672 | 144.98610 | —3.51149 | 0.01707 | The coefficient is statistically significant (p < 0,05)
b, —1.43312 0.44609 | —3.21259 | 0.02366 | The coefficient is statistically significant (p < 0,05)
b, —134.60192 | 16.56281 | —8.12676 | 0.00046 | The coeflicient is statistically significant (p < 0,05)
b, —98.16642 | 28.83137 | —3.40485 | 0.01915 | The coefficient is statistically significant (p < 0,05)
b 0.00460 0.00233 1.97237 | 0.10560 | The coefficient is not statistically significant
b 96.48846 6.11772 15.77196 | 0.00002 | The coefficient is statistically significant (p < 0,05)
b, 2.10417 1.34301 1.56676 | 0.17795 | The coefficient has low statistical significance
b, —106.25000 | 80.58035 | —1.31856 | 0.24448 | The coefficient is not statistically significant
b, —0.20208 0.13430 | —1.50471 | 0.19273 | The coefficient is not statistically significant

primarily between cutting speed and depth of cut, and between feed and cutting speed. Taken together, this
means that for 6 = 2 mm, the temperature is most sensitive to changes in depth of cut, followed by feed, and
to a lesser extent cutting speed, which is consistent with the observed heating behavior in the experiments.

The constructed 273 model is presented in real physical units for engineering applications. Validation of
the model using the full set of experimental observations demonstrated good agreement [24]. The maximum
deviation between the calculated and experimental temperatures did not exceed 5 °C, which falls within
the established allowable range. Overall, the level of discrepancy was deemed acceptable for predicting the
threshold of 170 °C and for constructing temperature distribution maps [25, 26].

Visualization of the response surface 7(V, ) at fixed values of # demonstrates a monotonic decrease in
temperature T with increasing V and §, as well as a shift of the isotherms toward more restrictive regions

with increasing ¢ (Fig. 9).
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Fig. 9. Temperature surface graphs for model 273:
(a) cutting depth of 1 mm; (b) cutting depth of 1.5 mm
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On the contour map for a cutting depth of = 1.5 mm (Fig. 10), which corresponds to the most thermally
loaded condition, an acceptable zone of cutting parameters can be identified, along with regions where the
temperature potentially exceeds 170 °C.
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Fig. 10. Temperature contour graph for model 273, with a cutting
depth of 1.5 mm

Further research should be aimed at expanding the applicability of the obtained results:

1. Parametric investigation of the influence of shell thickness (8) on the thermal response during turning;

2. Validation of the developed models on alternative grades of metal-polymer composites with different
thermal conductivities and temperature limits, as well as on various structural steels;

3. Coupled analysis of the “temperature-surface roughness-tool wear” relationship, including the re-
cording of cutting forces and vibroacoustic signals to construct integrated maps of permissible cutting
conditions;

4. Although the experiment was conducted with the application of coolant and lubrication fluids (CLF),
it is advisable to investigate the role of advanced cooling and lubrication techniques (such as minimum
quantity lubrication (MQL) and cryogenic cooling) and their effect on reducing peak temperatures;

5. Identification and monitoring of heat transfer at the interfacial boundary, including the effect of adhe-
sion degradation under cyclic thermomechanical loading;

6. Development of numerical 3D thermomechanical models and digital twins, calibrated using experi-
mental data, to enable rapid prediction of optimal cutting conditions in industrial applications.

The implementation of these directions will allow the proposed approach to evolve into a standardized
methodology for determining machining parameters for metal-composite systems (MCS) in tool engineer-
ing applications.

Conclusion

A hardware—software device has been developed and experimentally validated, accurately simulating
a metal-composite system (MCS) comprising a thin-walled metallic shell and a metal-polymer composite
filler. This setup enabled the direct measurement of the temperature response at the metal-MPCM interfacial
boundary during the turning process.

The implemented full factorial experimental design 2° + no yielded statistically reliable data, allowing
for the identification of the main effects and interactions of the cutting parameters (¥, S, ) and accounting
for nonlinear dependencies through the inclusion of central points.
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The constructed second-order regression model for a shell thickness of & = 2 mm (designated as model
2T3) adequately describes the temperature at the interface and is consistent with the results of thermal im-
aging verification.

It was established that, within the investigated parameter ranges, the depth of cut (¢) has the greatest
influence on the temperature rise, the feed rate (§) has a moderate effect, and the cutting speed (V) has the
least effect.

Based on the developed model, response surfaces and contour maps have been constructed. These al-
low for the identification of acceptable machining parameter regions that satisfy the condition T < 170 °C,
corresponding to the heat resistance threshold of the metal-polymer composite.

It was demonstrated that maintaining the technological constraint 7< 170 °C is achievable through a ra-
tional combination of parameters V, S, and . This confirms the feasibility of finish turning metal-composite
systems without causing thermal damage to the polymer matrix of the filler.

The obtained results provide a scientifically grounded basis for standardizing the machining parameters
of tool-engineering components, such as forming dies with conformal cooling channels and composite drill
bodies, thereby reducing the risk of defects and improving product quality repeatability.
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confirmed by a number of studies. The following current areas of development of complex-shaped tool-electrodes
and methods for their manufacture are highlighted: topological optimization of tool-electrodes, use of modern
high-tech casting methods; expansion of the range of tool-electrodes materials with improved electrical discharge
properties; optimization of powder metallurgy modes, DM printing, and selective laser melting; increasing the
thickness and quality of tool-electrodes coatings obtained using rapid prototyping technologies.
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Introduction

Currently, accelerated scientific and technological progress is affecting all sectors of production. Modern
mechanical engineering enterprises are forced to operate in a highly competitive environment [1-2].

To maintain competitiveness, enterprises need to ensure flexible operations and a wide range of
manufactured products, as well as the ability to respond quickly to changes in market requirements [3-5].

With intensifying competition and the rapid expansion of production portfolios, minimizing the time
required to bring products to market is essential. At the same time, it is essential to maintain high quality

* Corresponding author

Shilykov Evgeniy S., Ph.D. (Engineering), Associate Professor
Perm National Research Polytechnic University,

29 Komsomolsky prospekt,

614990, Perm, Russian Federation

Tel.: +7 961 759-88-49, e-mail: Kruspert@mail.ru

Vol.27No. 42025 G



% OBRABOTKA METALLOV EQUIPMENT. INSTRUMENTS

standards for engineering products throughout their entire life cycle. In pilot production, companies design
and develop new products and prepare for their mass production [6]. Customer requirements and product
quality are key factors in the creation of a prototype.

During the technical and economic assessment stage of manufacturing technology optimization,
considering the specific features and complexities of pilot production, prototype manufacturing methods
are analyzed and selected [6]. As a rule, traditional manufacturing methods for mechanical engineering
products are not optimally suited for prototype production. The high level of equipment utilization for
traditional processing methods, the complexity of the part profile, and the high physical and mechanical
properties of the product material all necessitate the use of alternative prototype manufacturing methods
[7-9].

When machining complex structural elements (such as hard-to-reach surfaces, curved and narrow
grooves, blind holes, and thin-walled structures), as well as complex-profile pilot parts manufactured in
flexible production flows, electrical discharge machining (EDM) is widely used [10]. This machining
method is based on copying the shape of the tool-electrode (7F) onto the workpiece-electrode (WE) through
the action of electrical discharges between the TE and WE [11-12].

High machining accuracy and the non-contact nature of the process (absence of mechanical force on
the TFE) enable the EDM method to be used in machining complex structural elements. This method is often
used in the production of various tools, such as casting molds, injection molds, and dies [13—17]. This
method is widely used in the machining of blind curved grooves, deep, small-diameter holes, and internal
splines and teeth [18].

A volumetric profile electrode tool serves as the tool in EDM. In copy-piercing machines, the volumetric
profile electrode undergoes translational motion at speed V, towards the WE (Fig. 1) [11].

IEG

i/lii'l i: ETE/
WE T 13 4
7

Fig. 1. Schematic of copy-piercing EDM process

Due to the ever-increasing complexity of structural components processed using the EDM method, the
need arises for the use of 7Es with complex geometries. One of the most time-consuming stages in this
process is the manufacture of 7Es. Machine-building companies are faced with the challenge of choosing
a manufacturing method for 7Es that maximizes economic efficiency by ensuring maximum productivity
and minimizing time and material costs.

The problem of manufacturing tool electrodes for electrical discharge machining has been known
practically since the advent of electrical discharge machining. Research into these methods remains relevant
due to trends in modern mechanical engineering toward ever-more complex geometries, reduced mass and
size characteristics, and other improvements to workpieces.

Currently, there are many studies in the field of electrical discharge machining (EDM) devoted to the
methods of manufacturing TF.

The purpose of this paper is to review existing research on modern methods of manufacturing electrode
tools for electrical discharge machining.
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The following tasks were solved during the research:

— classification of methods for manufacturing 7E, definition of methods alternative to traditional blade
processing;

— determination of the advantages, disadvantages and limitations of modern methods of manufacturing
TE in comparison with traditional methods;

— determination of development trends of the selected methods.

Resear ch methodology

This paper presents a literature review of electrical discharge machining (EDM) research on electrode
tools, primarily conducted over the past 20 years. Various configurations of structural components machined
using EDM technology, as well as the configurations of WEs used for their machining, are described. The
influence of the geometric parameters of simple EDM configurations on the output parameters of EDM is
demonstrated. Key groups of EDM manufacturing methods are identified. The limitations, advantages, and
disadvantages of alternative methods to traditional ones are described. Key trends in the development of
modern EDM manufacturing methods are identified.

Results and Discussion
The configuration of the tool electrodes is determined by the geometric parameters of the structural
elements being processed. A wide range of structural elements processed using the EDM method is
extensively discussed in [19-23]. Fig. 2 shows examples of such structural elements.

Fig. 2. Examples of structural elements processed by the CPEDM method

TE configurations

The design of complex-profile surfaces requires appropriate geometric parameters for the 7E. Currently,
numerous studies describe the design features of the 7E.

Simple form TEs

In real-world production settings, the simplest 7E configurations are rarely used, as the structural
components processed with them can generally be machined using mechanical methods without any
technological difficulties. However, there are a number of studies examining the influence of 7E geometric
parameters on the output parameters of EDM. In such cases, TEs with round, square, triangular, and other
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simple cross-sections are typically used. These TEs are manufactured using traditional blade-cutting
methods without any difficulties.

The paper [24] presents a study of the performance of EDM depending on the configuration of the
electrode shape. Simple configurations of TE with round, triangular, square and rhombic cross-sections
were investigated. It was found that, with the same cross-sectional area, machining with a round 7E is
characterized by the highest material removal rate and the least wear of the TE. EDM with a thombic TE,
on the contrary, exhibits the greatest wear and the lowest material removal rate. This is due to the fact
that rhombic electrodes have the largest peripheral area, which allows for faster heat dissipation into the
environment. As a result, less thermal energy is available for material removal compared to other electrodes.
However, in the sharp corners of these electrodes, a high heat concentration is observed, which leads to
intense melting and evaporation processes of the electrode, which increases its wear. The graphs of the
dependence of the material removal rate (MRR) and tool electrode wear rate (EWR) on its configuration are
presented in Fig. 3.

30+ 104
28-_ [N Rounde 94 [M Rounde
| E= Square 1 E Square
24 EXY Triangular s Triangular
~ | @M@ Diamond L T Diamond
g ]
£ E
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g :
2, 35 5
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Fig. 3. Influence of TE configuration and current intensity on:
a) material removal rate (MRR); b) tool-electrode wear rate (EWR) [24]

The best performance of TE with a round cross-section among TE with a simple configuration was also
confirmed by the authors of the study [25]. In this work, the performance of cylindrical 7E was compared
with electrodes of triangular and rectangular cross-section.

The work [107] also presents a study of the influence of the geometric parameters of rotating TE of the
simplest configurations on the output parameters of the EDM. The study used TE of eight configurations,

4ol Joi 4o Jeit
(e QL

e
a) cylindrical; b) cylindrical with a groove; c) triangular; d) triangular with rounded corners; e) square; f) square

f g h
with rounded corners; g) hexagonal; /#) hexagonal with rounded corners [107]

Fig. 4. Configurations of tool-electrodes:
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Of all the possible cross-sections, triangular, square, and hexagonal shapes were chosen because they
were the easiest to design and manufacture for EDM testing. Electrode cross-sectional profiles were chosen
based on the fact that non-cylindrical shapes — triangular, square, and hexagonal — are the easiest to
machine. In these cases, cross-sections with sharp and rounded corners were tested. A cylindrical electrode
with slots was also analyzed. A cylindrical electrode was also tested for comparison.

In all cases, the rotating outer diameter of the electrode cross-section was 14 mm. Therefore, all electrodes
used in these tests had the same effective area. All radii used for electrodes with rounded corners were 4
mm, and for the slotted cylindrical electrode, the slot width was 2 mm and the depth was 5.5 mm. For
electrodes with sharp corners, no radius was used. All these electrodes were manufactured on a machining
center using a simple milling operation.

According to the results of this study, the use of profiled electrodes yields better results in terms of MRR,
but not EWR and taper angle, compared to the characteristics of a simple cylindrical electrode. Moreover,
the more intricate the electrode geometry, the lower the 7WR and taper angle values can be. EWR will
increase due to the difference in electrode volume, which depends on the shape of the electrode used. The
discrepancy between the obtained data and the results of studies [24] and [25] is due to the rotation of the
ET during machining.

TEs of the simplest configurations are rarely used in production settings, but they have high practical
applicability in research and development. Data on the influence of the geometric parameters of ETs of the
simplest configurations on the output parameters of the EDM can be used in the design of complex and
modular Els.

TE for deephole machining

Electrical discharge drilling is a technique for hole machining, also known as EDM drilling (EDD)
[26-28]. EDD 1is used with cylindrical electrodes to create holes, especially those with small diameters
and large aspect ratios, in difficult-to-machine materials without the expense of expensive cutting tools.
However, problems with deephole machining or deep drilling often lead to undesirable surface quality and
geometry issues.

The main problem with deephole EDD is its low productivity compared to blade machining. This is
largely due to the low efficiency of fine material removal from the machining zone. When machining deep
holes, fine material removal is difficult. Furthermore, secondary fine material is created, which returns to the
TE and is re-thrown onto the hole wall, resulting in a rough inner wall [103—104] and a loss of hole shape.

Electrode configuration has a significant impact on the performance of the EDD. Insufficient flushing
1s a major problem, causing clogging of the machining zone with fine material and leading to short circuits
[29-30, 62]. Flushing efficiency can be improved by using electrodes with different shapes. Changing the
external and internal shape of the electrode can alter the behavior of the dielectric flow in the machining
zone, thereby increasing flushing efficiency.

Researchers from the University of Melbourne conducted a major review study [31] in the field of
electrical discharge machining. They described the TE configurations for EDD and their effects on the
machining process. The spiral electrode, side-cut electrode, notch electrode, and step electrode can be
combined with electrode rotation and vibration to significantly alter the dielectric flow behavior and
provide a channel for fine material removal. The hollow electrode is one type of electrode commonly used
in the EDD process. The dielectric can be delivered to the machining zone through the internal hole of the
electrode, which helps in removing fine material [32-34]. The use of a slot electrode provides additional
removal of gases and fine material from the machining zone, reduces side sparking and conicity [35-37].
In addition to the step electrode, spiral electrodes can also be used to improve the productivity of the EDD
process. The spiral grooves provide channels for fine material removal and can reduce the amount of fine
material in the machining zone and, as a result, reduce the relative wear rate of the tool [38].

Thus, the use of electrodes of various shapes improves the efficiency of the electrical discharge machining
system. Electrodes of a certain shape provide additional channels for the evacuation of electrical erosion
products and also help prevent short circuits and arcing.
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Modular (composite TEs)

Modular electrodes are also widely discussed in numerous studies. For example, studies [39—41] present
modular TEs consisting of a set of rods secured to a rotary table. Several small cylindrical copper electrodes
are placed on the rotary table, rotating around a vertical axis. A large rotary table with multiple electrodes
increases material removal. EDM products are easily removed from the gap due to the space between the
electrodes. Similar TE designs can also be used to machine multiple holes in a single process step [42].

Another area of application for modular 7Es is the machining of curved holes. Modular 7Es have now
been developed consisting of conductive segments mounted on elastic guides. This design allows for the
machining of curved holes that are virtually impossible to process using traditional blade methods and the
EDM method with electrodes of simple configurations [32, 43—46].

Complex-profile TEs

The diversity of TE configurations is dominated by electrodes with unique profiles designed to machine
complex structural elements in a single process step [20]. These TEs are designed based on the geometric
parameters of the elements being machined and are typically dedicated to a single product type. A wide range
of products processed by EDM and the TEs used to machine them are presented in [47—48]. A distinctive
feature of this group of 7TEs is the complex profiles of their active surfaces [49].

Topologically optimized TEs

Topologically optimized TEs deserve special mention. 7Es used for machining dies, casting molds, and
other complex structural components are often large in size and, therefore, heavy. Machining with such TEs
places high loads on the machine’s guides and drives, and also requires high material consumption during
manufacture. Currently, topological optimization is widely used in mechanical engineering to reduce the
mass and size characteristics of critical components while maintaining strength [50-53].

Incorporating topology optimization into the initial stage of the 7F design process can speed it up
several times over the traditional approach. This speedup is due to the minimal initial data required for
optimization.

In works [54—-61], the possibility of using topological optimization methods in the design of TESs is
noted, and modern methods of their manufacture allow them to be manufactured without structural defects
that reduce the strength and rigidity of their design.

Table 1 presents a summary of the characteristics of TEs, based on the analysis of studies devoted to 7TE
configurations.

Table 1
Tool electrode configurations for CPEDM
TEs configuration References Application Image
Simple-Form TEs [24], [25] Process1ng of strgctura% elements with a Fig. 5, a
simple cross-section (circle, square, etc.)
58%’ EH’ %% gg}’ Deep hole machining, where the machi-
TEs for deep hole machining ’ ’ ’ > | ning depth significantly exceeds the hole Fig. 5, b
[34], [35], [36], [37], | .
diameter
[38]
[32], [39], [40], [41], : -
Modular (composite) TEs [42]. [43]. [44], [45]. Processing of an array of holes. Processing Fig. 5, c-d
[46] of curved holes
i [20], [47], [48], Processing of complex profile shaped . 3
Complex-profile TEs [49] surfaces in one step Fig. 5, e-f
. o [54], [55], [56], [57], . . .
Topologically optimized TEs (58], [59]. [60]. [61] Processing of large-sized products Fig. 5, g
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Based on an analysis of Table 1 and fig. 5, it can be concluded that the vast majority of 7Es for EDM
feature complex-shaped working surfaces. These surfaces make it possible to machine the corresponding
structural elements, but the issue of 7E manufacturing becomes pressing.
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Fig. 5. Tool-electrode configurations for CPEDM
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Electrode manufacturing is one of the key stages in the technological cycle of EDM. In pilot production,
electrode manufacturing accounts for more than 50% of the financial and time costs [17]. This is due to the
ever-increasing complexity of the profile of the structural elements being processed and the configuration
of the electrodes.

An analysis of studies [11, 19] showed that, under conditions of serial production at modern mechanical
engineering enterprises, when using electrophysical complex-profile machining technologies, traditional
blade machining technologies and the use of press molds are employed for the manufacture of TEs. Thus,
high-precision TEs obtained by high-precision blade machining methods are used for finishing EDM [70].
The use of these TFEs is characterized by the removal of minimal allowances from the machined surfaces
of the product during the EDM process, while the wear of the 7TEs is insignificant, which makes the use of
high-precision blade machining technology in the manufacture of finishing 7Es cost-effective.

The use of blade technologies in the production of roughing and semi-finishing electrode sets does not
provide the required economic benefits. Excessive wear of the electrodes during the EDM process, as well
as the low material utilization rate during electrode production, significantly impacts the cost-effectiveness
of the final component manufacturing process.

Implementing approaches for rapidly adaptable pilot production of components requires new approaches
to developing and refining process modes using cost-effective technologies for creating tool electrodes.
Difficult-to-machine surfaces and complex geometries of modern components lead to complex tool
electrode shapes and a significant increase in their manufacturing costs. This raises the challenge of finding
alternative, cost-effective methods for manufacturing tool electrodes for EDM of prototypes.

Currently, the most common methods for producing 7Es are additive manufacturing, casting,
electroforming/electrodeposition, and powder metallurgy.

Powder metallurgy

Powder metallurgy (PM) technology for electrode fabrication is a simple and controllable method
offering advantages over other methods, according to a study [69].
A study by Garba, Abdul-Rani, Yunus et. al. [70] provided a comprehensive

e —

C Start ) review of the research on 7TF manufactured using powder metallurgy. TE can
“Twﬂ” influence both macro- and microvariables in electrical discharge machining,
and their properties can be significantly controlled by varying the sintering and
Material selection | compaction conditions. Powder metallurgy offers many advantages over traditional
i manufacturing methods, including better control of electrode properties, improved
Preparation productivity, and lower costs.
of material This paper describes numerous studies devoted to the influence of TE material
. on the EDM process and the output parameters of the workpiece. A wide range
! ~of materials suitable for 7E manufacturing using the PM method is presented.
Powder sintering A schematic of TE manufacturing using the PM method is shown in fig. 6.
f ' Despite its advantages, the PM method has a number of limitations. The most
3 significant among these are the difficulty of manufacturing large-sized parts and
Seal | the limitations of profile curvature. Furthermore, this method is prone to structural
_L_ defects and inhomogeneity in the properties of the resulting product, which is
(/fEnd i unacceptable for critical parts or for EDM using large-sized TEs.

Fig. 6. Schematic of tool- Investment casting/burnt-out casting

electrode manufacturing Numerous studies show that investment casting (/C) offers significant
by powder metallurgy 3 dvantages for electrode manufacturing, allowing for the production of complex
(PM) method [71] shapes, shorter production times, and lower production costs [64].
The IC method involves producing shell molds using wax or polymer 3D
models of the product and a sprue system, removing the models from the mold, and then pouring the melt
of the product material into the mold [49].
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IC allows the production of TE with high surface cleanliness, thin-walled structures and complex
geometry [63].

The manufacturing scheme of the finished product using the TE obtained by the /C method is shown in
Fig. 7.

larget part => Creating a 3D model of a part => (“"’I"m:l!;'.i.l)m“d"l |$ (’“\';:":I’EI‘:‘::?’_'I‘_""

&

e ) _— Casting and Filling Obtaining a lost
Finished part @ EDM @ finishing ET @ the form @ wax model of ET

Fig. 7. Schematic of finished product manufacturing using an investment cast tool electrode

The authors of [64] conducted a study of the influence of the TE material obtained by the /C method on
the roughness of the treated surface. Models for obtaining shell molds, as in many other studies [49, 65-67],
were made by the stereolithography (SLA) method from liquid photopolymers (Fig. 8).

e

Fig. 8. Prototyping process using SL4A method [64]:

a) Zongheng SLA-600 3D printer; b) HONY-01 epoxy resin; ¢) model support design; d)
model in 3D printing process; ¢) UV curing, f) finished models

The resulting 7Es were found to have a shrinkage of 0.8—1.9% and a surface roughness of Ra 3.20-6.35
um, depending on the material. These 7Es allow for a roughness Ra of 10 pm on the machined surface.

A significant disadvantage of the /C method is the defects characteristic of casting processes and
described in [68], such as pores, shrinkage cavities, and cracks. To minimize these defects, it is rational to
use modern casting methods, such as injection molding or centrifugal casting [64].

Additive manufacturing methods for electronic components

Currently, there is active development of additive technologies in the creation of complex TE for pilot
production [72].

In the manufacture of TE, traditional manufacturing methods are limited by complex geometry and local
integration of channels [106]. A comparison of the process chains of tool manufacturing using additive and
traditional manufacturing methods is presented in Fig. 9.
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Fig. 9. Comparison of technological chains of additive manufacturing and traditional production
of tool electrodes [106]

Modern additive manufacturing methods are characterized as promising production technologies,
enabling the production of complex electronic components with high precision, including those with complex
geometric shapes and spatial configurations. Additive technologies enable the production of components
with complex geometries and spatial configurations in the shortest possible time. This eliminates the need
to develop specialized tooling and fixtures or a separate process plan for each component [73-74].

Additive manufacturing methods for EDM tools offer a number of advantages:

1) the possibility of using the equipment in both pilot and serial production without retooling;

2) energy efficiency of production;

3) flexible reconfiguration of equipment for the production of 7TF of various configurations for the EDM
of various products;

4) high level of automation of the technological process;

5) reduction of time costs for technological preparation of production and manufacturing of 7FE;

6) high level of repeatability of the characteristics of the technological process and manufacturing of
TE and equipment;

7) a wide range of materials used, as well as the possibility of combining them and using them on one
piece of equipment;

8) high level of predictability of time and material costs at all stages of production;

9) reduction in the number of personnel for equipment maintenance, low required qualifications of
operators;

10) the possibility of varying the physical and mechanical properties of the 7F material depending on
the required output parameters of the EDM.

Currently, from the wide range of additive manufacturing methods, the following technologies are most
widely used in the production of electronic components:

e F'DM (fused deposition modeling) is the production of products from thermoplastic materials (for
example, ABS or PLA plastic) by layer-by-layer application of material heated to a highly elastic state in
the form of a thread;
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e SLS/SLM (selective laser sintering/selective laser melting, respectively — selective laser sintering/
melting) is production of products from metal powder materials by sintering/melting them with a laser
beam;

e SLA (stereolithography apparatus) is the layer-by-layer growth of a product through the crystallization
of liquid photopolymer materials by a laser beam.

Fused deposition modeling (FDM) is a widely used 3D printing method that can be used to produce
electrodes for EDM. FDM involves melting a thermoplastic material (7PM) and extruding it through a
nozzle to create a 3D object layer by layer. To produce electrodes using FDM, the thermoplastic material is
mixed with an electrically conductive material (ECM) to enhance the electrical conductivity of the finished
TE [75-80].

The stages of creating TE using the FDM method are shown in Fig. 10.

Fig. 10. Schematic of manufacturing tool electrodes by FDM method

Research in the field of additive manufacturing methods for 7Es has shown that the FDM method
allows for the efficient production of electrodes that meet the technological requirements of EDM [75, 76].
However, the question remains regarding the relationship between the electrical discharge properties of TEs
obtained by this method and those of ETs made from solid material, manufactured using a blade cutting tool
or by casting.

The authors of [77] investigated the conductivity of TEs based on PLA and ABS produced by FDM.
It was found that the conductivity of the materials increased with increasing deposition time, reaching
maximum conductivity after 48 hours. However, the results were not confirmed using real-time processing
and therefore require further verification.

Fefar and Karacagikar [ 78] compared the electrical discharge properties of metallized FDM electrodes
with solid copper electrodes in the EDM of EN-19 alloy steel workpieces. The study showed that under
identical machining conditions, the performance of the metallized FDM electrode was not different from
that of the solid copper electrode.

A study [79] confirmed these findings. The experiment showed that the electrode produced using FDM
performed better than the solid copper electrode.

Danad et al. [80] investigated the feasibility of machining an ABS part manufactured using FDM that
was subsequently coated with copper to provide electrical conductivity. These 7Es were found to have a
lower mass than metal ones with comparable performance values.

The disadvantages of the FDM method for manufacturing 7Es are described in detail in a review study
[70]. The most significant ones are the multi-stage production, low processing accuracy, and technological
difficulties of metallization.
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Selective laser sintering (SLS) is an additive manufacturing method that enables the production of three-
dimensional, complex-shaped parts directly from their CAD models. SLS creates parts layer by layer by
consolidating successive layers of powder material. Consolidation is achieved by selectively fusing or
sintering each layer using thermal energy delivered by a focused laser beam, which, using a mirror deflection
system, scans the layers according to the cross-section of a mathematically sliced CAD model of the object.
The main characteristic of SLS is the ability to produce complex-shaped parts without the need for tooling.
It helps eliminate labor-intensive pre- and post-processing compared to traditional manufacturing processes
[81-83].

The SLS method is one of the most widely used alternative methods for manufacturing complex-shaped
TEs, as it helps reduce the time to final product and processing costs. This is confirmed by numerous
studies [84].

An important factor in the SLS production of 7FEs is the deposited material. A study [85] described the
production of electrodes for electrical discharge tools using the SLS method with four materials: copper, a
bronze-nickel alloy, a steel alloy, and a combination of copper and a bronze-nickel alloy. Cross-sectional
micrographs were used to analyze the porosity and compaction behavior of the electrodes. The steel alloy
and the bronze-nickel alloy demonstrated improved compaction behavior and the lowest porosity compared
to Cu and mixtures of Cu and these alloys. It was concluded that the addition of the bronze-nickel alloy to
pure copper improved the compaction process.

The authors of [86] conducted an experiment to study SLS electrodes made from powdered bronze-nickel
alloys, copper-bronze-nickel alloys, pure copper, and steel alloys. The materials were selected based on their
electrical discharge properties and the feasibility of fabrication by the SLS method. It was concluded that
the productivity of 7Es manufactured by the SLS method is significantly lower compared to mechanically
processed copper TEs. Among TEs obtained by the SLS method, bronze-nickel TEs demonstrated the best
performance indicators for EDM. It was also found that the use of copper as a material for laser sintering
is irrational.

In addition to traditional materials used in EDM (copper, graphite, brass), a number of fundamentally
new composite materials are currently being used that rival standard materials in terms of EDM process
output parameters. However, products made from these materials are virtually impossible to produce using
subtractive processing methods.

L. Amorim et al. compared copper powder and a new 7iB,~CuNi metal matrix composite electrode
fabricated by SLS. In the EDM experiments, it was found that the 7iB,-CuNi electrode significantly
outperformed the copper powder electrode [87].

In the study [88], three new metal matrix materials were presented: Mo—CuNi, TiB,~CuNi, and ZrB ,~
CuNi. Electrodes were fabricated using the SLS method. Experiments were conducted at different discharge
energy levels, and the output characteristics of the EDM were represented by the material removal rate
and tool wear. The results showed that the new composite materials are rational for use as EDM electrode
materials. Electrodes made from these materials demonstrated excellent stability of the EDM process over
a range of variable process parameters.

There are a number of studies reflecting the shortcomings of 7Es obtained by the SLS method, among
which one can highlight the porosity and discontinuity of the obtained T7FESs, as well as their increased
wear.

Diirr et al. [81] investigated TEs produced by selective laser sintering (SLS) from a powder mixture of
bronze and nickel. The porosity of the resulting TEs reached 20%. The authors found that the wear of such
electrodes was comparable to that of massive copper electrodes; however, the wear was unstable, which
negatively affected the shape of the TEs and the workpiece. A repeat experiment was conducted in which
the TEs were impregnated to reduce porosity. The use of such TEs resulted in a significant reduction in
relative wear.

The authors of [82] also encountered difficulties in the EDM of TEs produced by the SLM method. TEs
made from powders of pure copper, bronze-nickel alloy, copper-bronze-nickel alloy, and steel alloy were
studied. The steel alloy electrode produced by the SLS method removed virtually no material from the
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workpiece, while the performance of the remaining TEs Model of the ET
produced by the SLS method was lower compared to
solid copper electrodes.

As noted earlier, the possibility of using topological
optimization methods in the design of electrical
discharge components (7Es) (Fig. 11) is noted in
[54—61]. SLM technology is one of the few methods
that allows the production of topologically optimized
electrical discharge components. During electrical
discharge machining, electrical discharge components
are subjected to the complex action of thermodynamic,
electrophysical, hydromechanical, and other forces.
Therefore, it is necessary to ensure the absence of
defects in the internal structure of the electrical discharge
components, which is achieved by using appropriate
growth modes.

It has been established that during the production of
TEs using SLS and SLM methods, the appearance of structural defects is observed, which directly depend
on the parameters of the growth process. The most significant manufacturing parameters influencing the
quality of the final product are laser power, scanning speed, hatching distance, layer thickness, chemical
composition of the powder material, and the atmosphere in the growth chamber [82]. The most common
and difficult to eliminate defect arising in products manufactured using SLS and SLM methods is porosity.
The formation of pores is determined by many parameters: the physicochemical properties of the powder
material, the parameters of the SLM/SLS equipment, and the sintering/melting process parameters [83].

The deposition modes also directly affect the quantity and size of pores. Due to insufficient power
density, the powder layer is not fully melted, spherodization is observed, and interlayer lack of fusion and
particle fusion occur [84]. The appearance of lack of fusion and increased porosity can also be caused by
insufficient overlap of individual tracks. During the cladding process, areas of lack of fusion form between
individual tracks, where the powder particles are not fully exposed to the laser beam [85].

In the opposite case, when the current power density value is too high, voids are also formed due to the
evaporation of the material or alloy components with a lower melting point.

The presence of pores and lack of fusion negatively impacts the performance of the TFE, significantly
increasing its wear during the EDM process. Furthermore, structural defects that arise during manufacturing
reduce the stability of the spark generation process during EDM and, consequently, the performance
parameters and quality of the finished surface.

Based on the analysis of the research, it can be stated that the SLS method is rational to use in the
production of complex-shaped TEs, however, the use of this method requires additional research to optimize
the surfacing modes and minimize structural defects, as well as the selection of materials that simultaneously
satisfy the processes of EDM and SLS.

Another group of current methods for producing complex-profile 7Es involves the use of rapid
prototyping technologies, such as electroforming or SLA (layer-by-layer growth of a product by curing a
photopolymer with a laser beam) followed by the application of a conductive coating. This combination of
methods can be used to simultaneously produce multiple electrodes, offering a cost advantage.

In die and mold manufacturing, the EDM cycle can account for 25 to 40% of the tool shop’s development
time. In today’s manufacturing environment, cost reduction is a primary goal, with significant emphasis
placed on reducing task completion times. Advances in rapid prototyping have enabled significant time
savings in ongoing research.

The use of these non-traditional manufacturing methods is explored in [10], where these methods are
compared with traditional methods of producing electroformed electrodes in terms of processing time,
material removal rate, tool wear, and surface roughness under several standard machining settings. It was

Microporosity

Topology optimization

Fig. 11. Optimization of tool electrode geometry
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found that traditionally manufactured electrodes perform similarly to non-traditional (electroformed)
electrodes. If the electrodes could be manufactured with a much more uniform shell thickness, this could
reduce the randomness of defects. Electroformed electrodes perform, on average, comparable to solid
electrodes.

Research groups are conducting research in many areas of rapid prototyping of electronic components.
This research shows that significant opportunities still exist for potential research to improve manufacturing
technologies for complex electronic components.

Harris et al. [89, 90] found that low volume part production could be accomplished in much less time
and at a lower cost using additive manufacturing technologies such as additive manufacturing of 7Es and
rapid tooling.

Noguchi and Nakagawa, and Chan [91-92] showed that the combination of SLA and rapid forming
metallization processes is a rational method for producing TEs.

The studies [93] and [94] showed comparisons between non-traditional electrodes produced by
electroforming and conventional machined electrodes. Jensen et al. [94] showed a general comparison
of non-traditional electrodes with machined electrodes, but did not provide a detailed insight into the
performance of the electrodes. The studies of Leu et al. [93] show a more detailed comparison of different
electrodes in terms of material removal rate as well as the roughness parameter Ra, but this work is based
on the EDM process of TEs produced by conventional methods.

A key step in manufacturing 7Es using rapid prototyping technologies is the metallization of their non-
conductive housings. The applied coatings must meet the requirements of conductivity, uniformity, electrical
erosion resistance, and adhesion strength. Several coating methods are currently used on components made
from non-conductive materials.

Non-conductive materials, partially or completely coated with metal deposited on their surface, possess
unique characteristics due to the combination of beneficial properties of conductive and non-conductive
materials. These materials are widely used in many branches of mechanical engineering [95-96].

Currently, metallization methods are classified into three main groups: mechanical, physical, and
chemical. Each group includes several methods, used individually or in combination. More detailed
classifications of metallization methods also exist,
based on the type of combined materials and the
technological specifics of the metallization process.

Traditional and most basic mechanical methods
of metallization, when the metal coating is formed
in advance and in finished form is attached to the
surface of the product, are shown in Fig. 12 [97-98].

Despite the high labor intensity of these
mechanical metallization methods, they are widely
used in the manufacture of small-sized parts. The
main limitation of these methods is the high metal
consumption required for the target coating and the large amount of waste generated. Furthermore, coatings
obtained by mechanical methods require post-processing, which is typical for metal parts.

Physical methods, which involve melting or evaporating the metal followed by deposition on the target
surface (Fig. 13), are characterized by the use of more complex specialized equipment, but are also widely
used in modern mechanical engineering enterprises [99].

One of the physical methods widely used for metallization of plastic and fabric products is liquid metal
spray metallization. This method allows for the production of coatings from a wide range of metals, such
as aluminum, zinc, lead, copper, nickel, tin, and various alloys. The method involves melting the deposited
material in a gas torch flame, an electric arc, or a plasma stream, followed by spraying it onto the surface to
be metallized using streams of compressed air or gas.

Electrolytic metallization methods (galvanotechnics) are generally used to create a wide range of
coatings with various mechanisms of action (e.g., anti-corrosion, protective and decorative, wear-resistant,

Fig. 12. Mechanical methods of metallization:

1 — wrapping; 2 — bending; 3 — riveting; 4 — gluing; 5 — hot
stamping or pouring [97-98]
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anti-friction, reflective), as well as for the production
of metal copies of products (electroplating). ) S~

. “
P 2T TSN,

These metallization methods require preliminary
surface preparation, depending on the coating’s
intended purpose. Before cadmium or zinc plating,
the target surface must be degreased and etched.
In the case of chromium or nickel plating, in
addition to removing grease and oxides, mechanical
surface preparation by grinding and polishing is
also necessary. This is because surface defects
are revealed during the coating process due to the
correlation between current density and surface

microrelief. Fig. 13. Physical methods of metallization:
In the electroplating process, the workpiece | _ dipping; 2 — smearing; 3 — spraying; 4 — blasting; 5 —
serves as the cathode, and plates made of the coating spraying (steaming); 6 — painting [99]

material serve as the anode. When applying an alloy
coating, separate anodes are used (e.g., copper and zinc for brass plating).

In the work [100] two types of technological schemes for applying galvanic coating are presented:

1) the scheme with full immersion of samples (Fig. 14, a) is used to apply a coating to all surfaces of the
metallized product and is characterized by a high metallization rate;

2) the gradual immersion process (Fig. 14, b) is designed for metallization of complex-shaped parts. It
allows for maximum metallization of individual structural elements (grooves, cavities, etc.).
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Fig. 14. Schematics of galvanic metallization for non-conductive substrates
with pre-applied conductive coatings:

a) complete immersion; b) gradual immersion. 1 — sample; 2 — electrodes; 3 —
electrolyte bath; 4 — magnetic stirrer [100]

To increase the productivity of the copper metallization process, it is recommended to perform additional
rotation of the metallized product during the processing.

The use of methods for applying conductive coatings in the production of 7F using rapid prototyping
methods is presented in the work [70]. It is shown that electrolytic and galvanic methods are mainly used
in the production of 7E.

The technology for fabricating 7Es using the SLA method from non-conductive polymeric materials
with subsequent application of a conductive coating is presented in detail in the study [101]. A comparison
was made of the output parameters of EDM using TEs made of photopolymer resin with an applied copper
coating and solid copper TEs processed mechanically. The stages of TE fabrication using the SL4 method
are shown in Fig. 15. Based on the experiments conducted, the authors identified the possibility of using

Vol.27No. 42025 G



% OBRABOTKA METALLOV EQUIPMENT. INSTRUMENTS
a b c
i
J
e
. N . -
d e f

Fig. 15. Stages of tool-electrode creation by SL4 method and subsequent coating [101]:

a-b) creation and preparation of 3D model; c—d) obtaining and preparing tool-electrode for metallization; e) coating;
f) post-processing

polymer 7Es with an applied copper coating. However, these TEs were characterized by low durability.
This is due to the thinning of the conductive coating.

The widespread use of TEs produced by rapid prototyping methods is hampered by a number of
shortcomings associated with the applied conductive coatings. The authors of a critical review study [102]
clearly presented (Fig. 16) and described the defects of metallic 7E coatings. It was shown that the majority
of TE defects arise from uneven heat dissipation and insufficient coating thickness.

Electroforming and SLA technologies with subsequent application of a conductive coating are applicable
for the production of 7Es for EDM, but further research is needed to improve the thickness and quality of
these coatings.

Based on the analysis of research into methods for manufacturing tool electrodes for EDM, a summary
Table 2 has been compiled.

Fig. 16. Defects of conductive coating: a) delaminations and ruptures; b) deformations [102]
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cutting methods
(turning, milling,
abrasive machining)

[11],[19], [62]

enterprises.

Possibility of obtaining TEs with
high roughness and accuracy
indicators for finishing EDM

Table 2
Methods for manufacturing tool electrodes
Method Research Advantages Flaws
Wide processing capabilities. Difficulties in processing complex 7Es.
A wide range of equipment High costs for cutting tools and
Traditional blade in mechanical engineering equipment.

High level of equipment utilization.
High wear of cutting tools during the
production of TEs from materials with
improved physical and mechanical

method (FDM)

conditions.

Reduced mass and dimensional
characteristics of the TEs.

Low cost of equipment

properties

Wide range of TE materials. Difficulties in manufacturing complex-

The ability to control the profile TEs.

properties of the electrode by The complexity of manufacturing large-
Powder metallurgy [69],[70] |changing the composition of the |[sized parts.

material and sintering conditions. |Structural defects and inhomogeneity in

High performance the properties of the resulting product.

High cost of equipment
Possibility of obtaining complex- |Limited range of 7F materials.
profile and thin-walled TEs. High cost of equipment.
[49], [63] High level of adaptability of Casting defects (pores, shrinkage
Investment casting 6 4]’ 6 5]’ the method in pilot production cavities, cracks).
0 6 6], [ 67]’ conditions. High cost of equipment
’ Possibility of obtaining 7Es with

high roughness indices.

High performance

Possibility of obtaining complex- |Difficulty in manufacturing large-sized

profile and thin-walled TEs. products.

(701, [75] High level of adaptability of Low accuracy and roughness of 7Es.

Fused deposition 7 6]: [77]: the method in pilot production Technological difficulties in

metallization

Possibility of obtaining complex-

Structural defects and heterogeneity of

characteristics of the TEs.
Low cost of equipment

[81], [82], |profile and thin-walled TEs. properties of the resulting product.
Selective laser [83], [84], [|High level of adaptability of High cost of equipment.
sintering (SLS) [85], [86], |the method in pilot production Low accuracy and roughness of 7Es
[87], [88] |conditions.
Wide range of TE materials
Possibility of obtaining complex- |Difficulty in manufacturing large-sized
[10], [89] profile and thin-walled TEs. products.
. ’ > |High level of adaptability of Technological difficulties in
Stereolithography [90], [91], .. . .S
the method in pilot production metallization.
(SLA), [92], [93], iy
electroformin (941, [101] conditions. Low resource of TEs.
& [i 02] > |Reduced mass and dimensional Coating defects

Based on an analysis of research into tool electrode manufacturing methods for EDM, it can be
concluded that the use of additive and other methods, as alternatives to traditional subtractive machining,
will improve the competitiveness of modern mechanical engineering companies utilizing EDM technology
in their production, by reducing the cost of manufactured products, decreasing EDM manufacturing time,
and expanding the range of products that can be processed. However, there is a need for more thorough
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development of technological processes using alternative manufacturing methods and their implementation
in a pilot production environment for EDM, taking into account the shortcomings and limitations of these
methods.

Conclusions

This paper provides a review of research on methods for manufacturing tool electrodes for wire-cutting
electrical discharge machining (EDM). Current trends in the development of tool electrode configurations
are presented. Challenges in manufacturing complex-shaped tool electrodes using traditional methods are
identified. It is established that among alternative methods for manufacturing tool electrodes, investment
casting, powder metallurgy, and additive manufacturing are of greatest interest to modern scientists. Each
method is shown to have advantages and disadvantages, confirmed by a number of studies. The analysis
revealed several relevant areas for research.

Directions for future research

1. Topological optimization of tool electrodes to reduce their mass and dimensional characteristics,
while maintaining strength and electrical discharge properties.

2. Investigating modern high-tech casting methods (die casting, centrifugal casting) for the manufacture
of tool electrodes.

3. Expansion of the range of new powder materials with improved electrical discharge properties;
optimization of processing parameters; and development of specialized equipment for obtaining complex-
profile products in the manufacture of tool electrodes using powder metallurgy.

4. Optimization of FDM printing parameters for tool electrodes to improve the accuracy and roughness
of the resulting tool electrodes.

5. Expansion of the range of 7PM and ECM for FDM printing of tool electrodes.

6. Expansion of the range of new powder materials with improved electrical discharge properties to
ensure the performance of tool electrodes obtained by the SLS method comparable to tool electrodes
obtained by traditional methods.

7. Optimization of SLS printing parameters to reduce porosity and, consequently, wear of the tool
electrode, as well as to improve the manufacturing accuracy.

8. Increasing the thickness and quality of coatings on tool electrodes obtained using rapid prototyping
technologies to increase their service life by stabilizing heat dissipation and increasing strength and electrical
discharge characteristics.
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ARTICLE INFO ABSTRACT
Article history: Introduction. Photochemical machining (PCM) is a non-traditional machining method capable of developing
Received: 26 October 2025 burr-free and stress-free biomedical components. A stent is a small meshed tube used to remove blockages and open
Revised: 28 October 2025 blood passages in arteries and veins. SS3/6L is one of the recommended materials for stents due to its biocompatibility
Accepted: 15 November 2025 and machinability with photochemical processes. Vascular stents are made from metal mesh, fabric, silicone, or
Auvailable online: 15 December 2025 combinations of materials. The purpose of this work is to investigate the effect of process parameters on the PCM
process during the machining of SS3/6L and to manufacture an SS3/6L stent as a substrate using photochemical
Keywords: machining. The manufactured stent is used in larger arteries, such as the aorta, to provide a stable channel for blood
PCM flow. Methods of investigation. The process parameters for the photochemical machining process were optimized
Phototool using the Taguchi method with an L, experimental array (DokE). The effect of process parameters on responses was
Taguchi investigated using F-values. An ANN was employed as a predictive tool for observing deviations in the responses.
Etching Results and discussion. The optimum set of machining parameters was obtained and utilized for manufacturing
Stent the vascular stent. A phototool with the required stent strut size was developed using CAD software. Controlled
Vein blockage etching with ferric chloride generated the mesh, and laser seam welding was performed to develop the tubular stent

for placement in blockages. The dimensions of the developed stent were measured with SEM, and the stent strut size
was found to vary from 312 pm to 900 pm.

For citation: Agrawal D., Patil S., Washimkar D., Ambhore N., Agrawal D. Investigation of the effect of process parameters on photochemical
machining of SS3161 for manufacturing vascular stents. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and
Material Science, 2025, vol. 27, no. 4, pp. 180—-193. DOI: 10.17212/1994-6309-2025-27.4-180-193. (In Russian).

Introduction

One of the significant risks to human health is vascular disease. Cerebrovascular stents are primarily of
two types: self-expanding and balloon-expandable. However, both have been associated with issues such
as stent migration, vascular injury, and complications related to sudden expansion and contraction within
the vessel. While balloon-expandable stents offer precise placement, ease of use, and high radial force, their
flexibility in navigating tortuous arteries is limited. There is a clinical need to establish a permanent blood
flow pathway in branch vessels through the placement of a permanent vascular stent. The stent implantation
procedure involves deploying a mesh-like device into the diseased or occluded segment of the blood vessel.
Once positioned at the target lesion, the stent restores and maintains patency by providing mechanical
support to the narrowed or blocked lumen, ensuring sustained blood flow.
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Because human vasculature varies significantly among individuals, a standard stent often does not
conform precisely to a patient’s specific vascular anatomy. The conventional tubular mesh may require
customized sizing. Although self-expanding stents offer flexibility and good wall apposition, their complex
deployment procedure can lead to prolonged operation times and an increased risk of embolic stroke.
Vascular stents can be fabricated from metals, polymers, or composites and typically feature uniform unit-
cell designs, sizes, and shapes. Alizera et al. designed and developed three innovative hybrid auxetic stents
and analyzed their behavior under quasi-static loading. The stents were fabricated using the fused deposition
modeling (FDM) additive manufacturing technique. A comparison between experimental and finite element
simulation results showed good agreement [1].

Canic et al. developed a novel mathematical and computational framework for geometrically optimized
mesh-like stents. These stents are modeled as a network of one-dimensional curved rods, approximated by
piecewise straight rods to simplify computation [2]. Ebrahimi et al. explored the tailoring of metamaterial
stents for biomedical applications. These findings hold considerable potential for advancing stent technology,
ultimately benefiting patients with conditions such as arterial stenosis [3]. Pang et al. established a micro-
milling process route for magnesium alloy cardiovascular stents and evaluated the machined stents’
mechanical properties and quality [4].

Li et al. investigated the fabrication of vascular stents using various AM techniques and materials,
including cost-effective bio-inert metals, bioresorbable polymers, and bioresorbable metals. The study
highlighted the potential of AM to produce patient-specific stents with unique unit-cell designs, leading
to improved conformability and crimping-expansion performance [5]. Yan et al. developed stents for
curved arteries and performed multi-objective optimization of process parameters to enhance overall stent
performance [6].

Roxanne et al. investigated the influence of FDM process parameters — such as line width, print speed,
and travel speed — on stent quality. By controlling these parameters, stents could be produced in close
compliance with the original CAD designs. The study concluded that FDMs ability to process medical-
grade materials offers promising prospects for 3D-printed stents [7]. Demir et al. provided an overview
of metallic stent manufacturing using laser-based processes, including additive laser powder bed fusion
and subtractive laser cutting. The authors emphasized the potential for enhanced collaboration between
engineers and clinicians in the biomedical implant industry [8].

Antonio et al. studied the effect of the dip-coating process on the properties of PCL/PLA composite
tubes for stent fabrication. Dynamic mechanical analysis and degradation studies revealed the limitations
of pure PCL and PLA, while the composite tube exhibited behavior more aligned with stent require-
ments [9].

Despite these advances, the aforementioned methods present certain constraints, including high cost,
multi-stage processing, residual stress formation, specialized environment and operator skill requirements,
material limitations, and the need for post-processing. To address these challenges, photochemical
machining (PCM) — a non-traditional microfabrication technique—has been employed for the development
of vascular stents. PCM has emerged as an efficient alternative to conventional machining for producing
thin components with complex geometries [10]. The process involves selective etching of a substrate using
a photoresist and etchant [11]. Fadaei et al. reported improved surface quality and material removal rate
during PCM of stainless steel 304 using triethanolamine (7EA) as an etchant [12]. A/len et al. established
performance criteria and metrics for industrial etchants [13]. Cakir investigated the parametric effects of
etching aluminum with ferric chloride (FeCl) etchant [14]. Agrawal et al. optimized PCM parameters for
machining $5304 with FeCls etchant, identifying ideal conditions for fabricating microfluidic channels and
micromolds with features down to 100 pm [15].

The literature indicates that PCM offers several advantages: it is burr-free and stress-free, eliminating
the need for post-machining treatment. It is a unique method for machining thin, complex profiles at low
cost. The process can be controlled by optimizing parameters, and it leaves the metallurgical properties
of the material unaffected. To explore PCM s capabilities, the authors have applied it to vascular stent
fabrication.
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In the present study, the authors attempt to manufacture a vascular stent using the photochemical ma-
chining process. All steps — including centrifugal photoresist coating, drying, controlled etching, and UV’
exposure — were conducted in the laboratory. A phototool with stent strut dimensions was designed using
CAD software and printed using a high-DPI precision printer. Ferric chloride etchant was used with pa-
rameters optimized via Taguchi analysis to produce a mesh with specified dimensions. An artificial neural
network (ANN) model was developed to predict output parameters, and prediction errors were estimated.
Laser seam welding was employed to join the mesh edges into a tubular structure. Stent dimensions were
measured using scanning electron microscopy (SEM), revealing strut sizes ranging from 312 pm to 900 pm.
The manufactured stent is intended for use in larger arteries, such as the aorta, to provide a stable conduit
for blood flow.

Methods

SS316L is a widely recommended material for biomedical implants due to its excellent corrosion
resistance, biocompatibility, favorable mechanical properties, and broad applicability. It is also well-
suited for the photochemical machining (PCM) process. The chemical composition of SS37/6L includes:
Mo (2-3 %), Si (0.75 %), N (0.10%), P (<0.045 %), C (<0.03%), Ni (10-14%), Cr (16—18 %), with the
balance being Fe. The PCM process involves several steps: material selection, phototool and specimen
preparation, photoresist coating (masking), drying, controlled etching, stripping, and inspection, all
conducted in a darkroom and laboratory environment. For this study, SS3/6L sheets with dimensions of
30 mm %X 30 mm and a thickness of 0.08 mm were used. The phototool consisted of a black circular pattern
with a diameter of 10 mm. The artwork was designed using CAD software and printed with a high-DP/
printer. The key process parameters for evaluation were etching time (min), etchant temperature (°C), and
etchant concentration (g/L) [16].

Preliminary experiments were conducted using a one-factor-at-a-time approach to determine
appropriate parameter levels for the design of experiments (DoE), with three replicates for each condition
[17]. The resulting parameter levels are shown in Table 1. Measurements from the DoE are presented
in Table 2.

Table 1
Process parameters and their levels
Parameters Level 1 Level 2 Level 3
Concentration (g/L) 300 400 500
Time (min) 2 3 4
Temperature (°C) 50 55 60
Table 2
Experimental design matrix
Sr. Conc. . . Temp. 2, . Undercut Depth Etch
No. (g/L) Time (min) (°O) MRR (mm’/min) (mm) of cut (mm) Factor
1 300 2 50 2.88 0.018 0.0366 2.0333
2 300 3 55 3.12 0.058 0.0396 0.6843
3 300 4 60 3.88 0.098 0.0493 0.5037
4 400 2 55 491 0.031 0.0623 2.0045
5 400 3 60 5.12 0.033 0.0651 1.9860
6 400 4 50 5.28 0.039 0.0671 1.7223
7 500 2 60 5.15 0.033 0.0655 2.0037
8 500 3 50 5.78 0.035 0.0732 2.0857
9 500 4 55 6.12 0.038 0.0823 2.1466
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Undercut (Uc)

Undercut is an undesirable machining artifact in PCM, resulting from isotropic etching beneath the
photoresist mask. As illustrated in Fig. 1, while etching is intended for area A, the process extends laterally
under the mask, effectively machining area B. This excess removal is termed undercut (Uc) and is quantified
using Equation. U, was measured using a video measuring machine (VMM) (Fig. 2). The VMM image
(Fig. 3) clearly shows two concentric circles: the inner circle corresponds to the phototool dimensions,
while the outer circle represents the undesired material removal due to undercut.

Uc = 1/2(B-A)

PCM for stent manufacturing

An optimal set of parameters — namely, an etchant temperature of 50 °C, a concentration of 500 g/L,
and an etching time of 2 minutes — was used to achieve the best results. To maintain a uniform etchant
concentration throughout the tank, compressed air was bubbled through the solution from the bottom.

Photoresist

A K- A3 L1
) Fig. 1. Definition of undercut (Uc), where:
U 5 A is the area for machining; B is the actual machined area
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During etching, the specimen was held in a polymer mesh bag. All necessary safety precautions were
observed during the drying, UV exposure, and controlled etching stages. Gentle rinsing was employed
to remove the etchant and the exposed photoresist. A mesh pattern (stent strut) matching the dimensions
specified in the phototool was etched onto the specimen. Any remaining photoresist was removed via soft
cleaning with water. A view of the phototool used for stent fabrication is shown in Fig. 4.
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Fig. 4. Phototool used for stent manufacturing

To form a tubular structure, the flat, etched mesh specimen was wrapped around a cylindrical mandrel
with a diameter corresponding to the desired stent diameter (ranging from 100 pm to 1,000 um). The edges
of the mesh were aligned and overlapped. A continuous, micro-seam weld was then created along the joint
line using laser welding technology. This laser-welded tube ensures a seamless joint. Upon expansion, the
stent provides a stable conduit, allowing blood to flow through the stent lumen and its struts within the
vessel.

Results and Discussion

The parameter effects and ANOVA analysis for undercut are shown in Tables 3 and 4. The ANOVA
results indicate that etching time is the most significant parameter affecting undercut, followed by etchant
concentration. The rate of interaction between the solute (active species in the etchant) and the solvent
(substrate) increases with time. The dissolution of material along grain boundaries in the heterogeneous
substrate is more pronounced over longer durations. Material removal proceeds more rapidly in the lateral
direction (beneath the photoresist mask) than in the vertical direction. Consequently, undercut increases
with etching time.

Table 3
Undercut parameters and their levels
Parameters Level 1 Level 2 Level 3
Concentration (g/L) 0.0580 0.0343 0.0353
Temp. (°C) 0.0306 0.0424 0.0545
Time (min) 0.0272 0.0419 0.0584
Table 4
ANOVA table for undercut
Factor D.F. S.S. M.S. F P
Concentration (g/L) 2 0.00107 0.00053 1.14 0.467
Temp. (°C) 2 0.00145 0.00072 1.54 0.394
Time (min) 2 0.00084 0.00042 0.90 0.526
Error 2 0.00094 0.00047
Total 8 0.00432
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The parameter effects and ANOVA analysis for MRR are presented in Tables 5 and 6. It is observed that
etchant concentration is the most significant process parameter for MRR, followed by etching time [18]. The
density of active ferric ions increases with higher etchant concentration. A greater quantity of these ions
accelerates the reaction rate. As the frequency of collisions between active ions and the metallic substrate rises,
the diffusion of active atoms is enhanced. This directly influences the MRR as a key response characteristic.
Therefore, as the concentration gradient of the etchant increases, the MRR exhibits an upward trend.

Table 5
MRR parameters and their levels
Parameters Level 1 Level 2 Level 3

Concentration (g/L) 2.368 4.712 4.716

Temp. (°C) 4.310 4.673 5.093

Time (min) 3.293 5.102 5.681

Table 6
ANOVA table for MRR

Factor D.F. S.S. M.S. F P
Concentration (g/L) 2 9.3246 4.6623 53.53 0.018
Temp. (°C) 2 0.9144 0.4572 5.25 0.160
Time (min) 2 0.0098 0.0049 0.06 0.947
Error 2 0.1742 0.0871
Total 8 10.423

The parameter effects and ANOVA analysis for the etch factor are shown in Tables 7 and 8. Etchant
concentration is identified as the most significant parameter for the etch factor. The etch factor is defined
as the ratio of depth of cut to undercut. Since the increase in depth of cut with rising concentration is
more pronounced than the corresponding increase in undercut, the etch factor shows an increasing trend
with higher etchant concentration. Based on the ANOVA analysis, the optimum machining parameters for
SS316L using ferric chloride etchant are determined as: etching time of 2 minutes, etchant temperature of
50 °C, and etchant concentration of 500 g/L.

Table 7
Etch factor parameters and their levels
Parameters Level 1 Level 2 Level 3

Concentration (g/L) 1.0737 1.9042 2.0786

Temp. (°C) 1.9471 1.6117 1.4977

Time (min) 2.0138 1.5853 1.4574

Table 8
ANOVA table for etch factor
Factor D.F. S.S. M.S. F P

Concentration (g/L) 2 1.7300 0.8650 2.79 0.264
Temp. (°C) 2 0.5094 0.2547 0.82 0.549
Time (min) 2 0.3273 0.1636 0.53 0.655
Error 2 0.6208 0.4908
Total 8 3.1875
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Regression and artificial neural network (4ANN) models were developed to predict process performance.
The percentage error between experimental and predicted values was found to be satisfactory for all
response parameters (as shown in Fig. 5) [19]. The error between experimental and predicted results was
less than 15 % (as illustrated in Figs. 6, 7, and 8). The maximum error values were 1.781, 0.001, and 0.170,
and the minimum error values were 0 for MRR, undercut (Uc), and etch factor, respectively (as detailed in
Tables 9, 10, and 11).
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Output Layer
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Fig. 5. ANN Architecture for undercut
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Fig. 8. Implementation of the ANN model for prediction

of Etch Factor (EF)
Table 9
Comparison of actual and predicted MRR values and calculated errors
Actual (MRR) 2.88 3.12 3.88 491 5.12 5.28 5.15 5.78 6.12
Predicted (MRR) 3.29 3.29 3.29 491 5.12 5.28 5.68 5.68 5.68
Error 1.25 0.52 1.781 0 0 0 0.93 0.17 0.76
Table 10
Comparison of actual and predicted undercut (Uc) values and calculated errors
Actual (Uc) 0.01 0.05 0.09 0.03 0.03 0.03 0.03 0.03 0.03
Predicted (Uc) 0.01 0.05 0.09 0.03 0.03 0.03 0.031 0.03 0.03
Error 0 0 0 0 0 0 0.001 0.001 0
Table 11
Comparison of actual and predicted etch factor (EF) values and calculated errors
Actual (EF) 2.033 0.684 0.503 2.003 1.986 1.722 2.003 2.098 2.146
Predicted (EF) 2.033 0.684 0.503 2.003 1.986 1.722 2.003 2.122 2.146
Error 0 0 0 0 0 0 0 0.170 0

A stent in tubular form was manufactured in the laboratory using photochemical machining. Various
measurements were performed using scanning electron microscopy (SEM), and the stent observations were
recorded. A stent strut is a part of the stent designed to open a narrowed or occluded artery. The strut’s shape
and thickness are crucial for the stent’s durability and influence the risk of restenosis. It was observed that
the etching process produces a mesh with vertical and horizontal gaps, which is capable of withstanding
blood pressure and providing a conduit for blood flow. The undercut generated during etching contributes
to weight reduction without compromising the stent’s strength. Vessel wall injury is also reduced due to
the decreased contact area between the stent and the vein wall. Stent expansion is maintained owing to the
work hardening/strain hardening effect induced during the transformation of the flat specimen into a tube.
The flat ends provide a suitable surface for laser seam welding.

In Fig. 9, the stent mesh structure — comprising vertical and horizontal struts and the gaps between
them — is observed under scanning electron microscopy. Measurements indicate a maximum horizontal
strut width of 994.1 um and a vertical mesh gap of 361.1 um. The etched specimen shown in Fig. 9 was
subsequently formed into a tubular shape.
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As shown in Fig. 10, the dimensions of a reference (commercial) stent are measured as 340 pum
and 1.1 mm. The dimensions of the PCM-manufactured stent closely resemble those of stents produced
by conventional methods. Fig. 11 (SEM image) reveals that in the tubular (deployed) form, the stent
struts align accurately with each other, ensuring unimpeded blood flow through all sections of the stent.
The strut width measured across the side edge is 352.8 um. Due to symmetric double-sided exposure and
etching, the mesh pattern is consistent and matches perfectly along the stent’s edge. Fig. 12 illustrates
the elliptical cross-section of a vertical stent strut, with a major (vertical) axis dimension of 1.137 mm
and a minor (horizontal) axis dimension of 318 um. For comparison, the dimensions of a standard stent
strut are provided in Fig. 10.

Undercut
Contacl edge

Side edge for
seam welding

Fig. 9. Observation of vertical and longitudinal Fig. 10. Standard-sized stent used in vein blockages.
stent struts in tubular mesh (Courtesy of [20])

Fig. 11. Observation of longitudinal stent strut Fig. 12. Observation of vertical stent strut

Conclusion

The key finding of this study is that photochemical machining (PCM) can be successfully applied to
biomedical applications, such as stent manufacturing. The optimal set of machining parameters for SS3/6L
steel was determined to be an etchant temperature of 50 °C, an etchant concentration of 500 g/L, and an
etching time of 2 minutes. Through precise phototool fabrication, UV exposure, and controlled etching on
biocompatible material, a tubular mesh structure (stent struts) was produced, designed to fit within arterial
blood vessels to restore or maintain blood flow through blocked veins. The authors achieved a stent strut
width of up to 994.1 um in the vertical direction and a mesh gap of 361.1 um in the horizontal direction.

For future work, formal medical certification of the stent will be required, adhering to stringent
manufacturing and quality control standards. This approach holds significant promise for patients, as the PCM
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process offers high cost-effectiveness in mass production. Consequently, stent costs could be substantially
reduced, improving affordability and accessibility. The application of PCM in stent development marks
a significant milestone in the advancement of non-traditional machining techniques for medical device
fabrication.
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Introduction. One of the crucial criteria for evaluating the effectiveness of the chosen strategy for machining
blanks is the tool wear intensity. Reducing the intensity of tool wear leads to a reduction in production costs related
to cutting tool expenditures and an improvement in overall productivity. The purpose of this work is to reduce
tool wear intensity during the machining of a blank manufactured from the shape memory alloy titanium nickelide
TN-1. Methods. As part of this research, a complete three-factor turning experiment was conducted on the alloy
blank to determine the cutting insert wear intensity over a wide range of cutting conditions. During the tests, the
geometric parameters of the resulting chips, specifically thickness and width, were measured. By constructing graphs
representing the dependencies of the chip parameters, approximating these dependencies, and assessing the reliability
of each approximation, a key parameter was identified for developing a methodology to predict tool wear intensity.
Results and discussion. The study demonstrates that for predicting the cutting insert wear intensity when turning
a titanium nickelide 7N-/ blank, it is advisable to use the dependency on the resulting chip thickness. The established
mathematical dependency is described by a system of equations that allows for the determination of the cutting insert
wear intensity and the calculation error. The probability of accurately predicting the true value of tool wear intensity
within the specified range is at least 87.5% at a 95% confidence level, which indicates sufficient practical accuracy.
The essence of the methodology developed within this study for predicting the cutting insert wear magnitude lies in
performing a test cut to obtain a chip whose thickness is then used to calculate the wear intensity magnitude and the
most probable absolute error based on the established dependencies. Additionally, the study establishes that the wear
intensity dependency exhibits a minimum point. This circumstance allowed for the establishment of the minimal
possible wear intensity during 7N-/ alloy machining, as well as the associated calculation error: 5, . = (0.432 +
+0.096)-10° mm °. For an optimal chip thickness of @ = 0.34 mm, the closest tested mode yielding a comparable
wear intensity of 0.475-107° mm” is: cutting speed 5 m/min, feed rate 0.2 mm/rev, depth of cut 0.3 mm. The chip
thickness for this mode was 0.4 mm.

For citation: Kisel’ A.G., Bobrovskij N.M., Podashev D.B., Tselikov P.V., Kamenov R.U. Prediction of tool wear intensity during machining
of titanium nickelide TN-1. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2025,
vol. 27, no. 4, pp. 194-205. DOTI: 10.17212/1994-6309-2025-27.4-194-205. (In Russian).

Introduction

The intensity of tool wear during manufacturing processes in mechanical engineering plays a crucial
role in evaluating the efficiency of selected machining strategies. Low wear intensity indicates that the
machining conditions are rationally chosen in terms of tool life. A decrease in tool wear intensity reduces
production costs related to tool expenses and increases overall productivity [1].

Therefore, manufacturers strive to minimize tool wear through various methods:

— using rational cutting parameters [2, 3, 4];
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— applying tools made from wear-resistant materials with optimized geometry and coatings [2, 5-8];

— lowering the temperature in the cutting zone [9, 10—-13];

— physical and chemical treatment of tools or workpieces to alter their properties prior to or during
machining [14-18].

However, tool wear intensity depends on numerous factors, making it variable even under constant
machining conditions. Despite its unpredictability, research efforts have been directed towards forecasting
it. Possible approaches include:

— empirical relationships derived from preliminary experimental studies [20—22];

— artificial intelligence and machine learning applications [23, 24];

— experimental identification of dependencies between controlled factors and wear intensity for specific
machining scenarios [25-27].

The first approach suffers from low accuracy due to random influences such as material composition,
coating quality, equipment performance, and coolant characteristics. The second option is costly. Thus, the
third approach was adopted in this study as the most reasonable.

As an example of the processed material, titanium nickelide (nitinol) grade TN-1 was selected because
of its limited research coverage and importance in industries requiring shape memory alloys, particularly
aerospace. Dry turning was used to eliminate external influences and align with industrial practices.

In view of the above considerations, the purpose of this study was to reduce tool wear intensity during
the machining of titanium nickelide 7N-/. To achieve this goal, the several following fasks were addressed:
— Conduct experimental investigations of tool wear intensity under different machining conditions.

— Select a parameter for analyzing process behavior and identifying its correlation with tool wear
intensity.

— Establish a dependency between tool wear intensity and the chosen parameter.

— Develop a methodology for predicting tool wear intensity and provide recommendations for selecting
efficient machining settings.

Methods

The chemical composition and properties of the material used for the research are presented in Tables 1
and 2 respectively [28-30].

An example of an aerospace product where the 7N-/ alloy is applied is a single-use valve shown in
Fig. 1 [31]. The operating principle of this valve is based on restoring the original shape of a pre-deformed
(compressed) pusher 5 when heated, causing the tailpiece 8 to rupture at its groove. As a result, the working
medium (gas or liquid) flows through the resulting gap towards the nipple 4.

From Fig. 1, it can be seen that the pushers 5 are bodies of rotation. Therefore, their manufacture in-
volves turning operations.

Table 1
Chemical composition of the TN-1 alloy, under TU 1-809-394-84 (% by weight)
Ni i Impurities (not more than) Sum of other impurities
C Co | Fe Si N o H (not more than)
53.5-56.5 Bal. 0.1 | 02 | 03 | 015 | 005 | 02 | 0.013 0.3
Table 2

Mechanical properties of the 7NV-1 alloy

P, kg/m3 6 ,MPa | 6,,, MPa | 8, % E, GPa HV T, °C A, W/(m-K) ¢, J/(kg-'K)

1,250-
1,310

6,450-6,500 588 294 >10 33 331442 8.6-18 456
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5 \6 8\ 9 1
Fig. 1. Single-acting valve

The evaluation of wear intensity was carried out on a UTS6 bench-type lathe with a computerized CNC
system. Turning was chosen as the most common method for manufacturing products from the 7N-1 alloy.
A cutting tool with indexable cemented carbide inserts CCMT09T308-EM with a multilayer PVD coating
of total thickness of 4 um based on A/7iN (aluminum titanium nitride) (ZCC Cutting Tools, China) was
used. The substrate material of these inserts is an ultrafine-grained cemented carbide YBG205 consisting of
cobalt, tungsten carbides, and titanium carbides. The percentage content of each component is a trade secret
of the manufacturer. These cutting inserts are intended for machining the following groups of materials up
to 55 HRC hardness: carbon steels, alloy steels, corrosion-resistant steels, titanium alloys, and heat-resistant
alloys.

The geometric parameters of the tool were as follows: y =0°, a = 7°, ¢ = 90°, ¢ = 80°, = 0.4 mm. The
diameter of the workpiece was 10 mm.

Cutting conditions during testing were selected based on those commonly employed in finishing and
semi-finishing operations in production, specifically:

— cutting speed: from 5 to 30 m/min;

— feed rate: from 0.03 to 0.2 mm/rev;

— depth of cut: from 0.1 to 0.3 mm.

It should be noted that since determining the direct relationship between cutting parameter settings and
the wear intensity of the insert was not part of the study objectives, it was decided to limit the number of ex-
periments by using only the extreme levels of factor variation. However, different combinations of selected
factors provided varying cutting conditions, leading to different values of the characteristic parameter de-
scribing the process. This allowed for constructing a graph showing the dependence of tool wear intensity
on the chosen parameter.

Thus, a full three-factor experiment was conducted. During the tests, the controlled parameter was the
wear of the cutting insert on the rear face, which was measured using a calibrated digital microscope. The
limiting value of wear was set at 0.3 mm, corresponding to the average criterion for wear under finishing
and semi-finishing conditions. Since the adopted limiting wear value significantly exceeds the thickness of
the coating on the cutting insert, durability assessment was performed for the entire tool assembly without
considering the influence of the coating layer. Subsequently, the results obtained were used to determine
the wear intensity d, of the cutting insert relative to the volume of material removed from the workpiece:

Sy =
vy o (D
where £ _is the tool wear on the rear face, mm; V  is the volume of removed stock material, mm’.
However, conducting durability tests is labor-intensive and resource-consuming, so it is reasonable to
derive a mathematical dependency that allows predicting wear intensity based on a parameter that is easily
measurable during processing and does not require expensive equipment for its measurement.
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One such factor characterizing the cutting process is the generated chip. Its main parameters —
thickness (a) or width (b) — in this study were measured using a calibrated digital microscope.

During the investigations, a specific machining mode was established. After completing a tool pass, the
cutting insert was removed from the tool holder, and the wear on the rear face was measured. For the chip
produced, its thickness and width were also measured. The recorded values were entered into a table, after
which the insert was reinstalled into the holder, and another pass was executed. Testing continued until the
maximum permissible wear level was reached, after which another machining mode was set.

To enhance the reliability of the experimental findings, each test was repeated five times, followed by
calculating the arithmetic mean values of wear intensity and chip parameters, which were then recorded in
the table.

Results and Discussion

The test results, including values of insert wear intensity and measurements of chip thickness (a, mm)
and width (b, mm), are summarized in Table 3.

Based on provided data, graphs representing the dependencies 6, = f(a) and 3, = f{b) were constructed,
as depicted in Fig. 2.

Table 3
Test results
Experiment number V, m/min S, mm/rev t, mm Oy, 10° mm> a, mm b, mm
1 5 0.03 0.1 0.594 0.260 0.685
2 30 0.03 0.1 3.271 0.092 0.541
3 5 0.2 0.1 1.435 0.167 0.514
4 30 0.2 0.1 3.723 0.129 0.455
5 5 0.03 0.3 1.45 0.471 0.892
6 30 0.03 0.3 3.444 0.111 0.628
7 5 0.2 0.3 0.475 0.400 0.863
8 30 0.2 0.3 1.377 0.237 0.879
Oy 103 mm2 0, 10 mm
4 4
'-_ ® [ ]
o S A N R bt
3 3 .
2.5 2.5
2 : 2
15 ® ° [ ] 15 [ ] ..
1 1 ,
0.5 AR . 0.5 o .
0 0
0 0.1 02 03 04 a mm 04 05 06 07 0.8 b mm
a b

Fig. 2. Dependence graphs 6, = fla) (a) and 6, = f(b) (D)
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Evaluation of these dependencies using MS Excel tools yielded the coefficient of determination (R?),
which amounted to:

— for the graph 6, = f(a) — R?= 0.8653;

— for the graph 6, = f(b) — R? = 0.4943.

Therefore, for forecasting wear intensity, it is advisable to use the first dependency — o, = f{a) — since it
provides greater calculation accuracy. The established dependency is described by the empirical formula:

8y = 54.07854" — 36.8231a + 6.7004. 2)

To estimate the error, previously measured chip thicknesses were substituted into Equation (2); wear in-
tensity was calculated, and the relative error € compared to experimental data was determined. The obtained
data are presented in Table 4.

Table 4
The results of calculations of the wear intensity
Experiment number a, mm o, (experimental), 10 mm 0, (calculated), 10° mm €%
1 0.260 0.594 0.782 31.67
2 0.092 3.271 3.784 15.68
3 0.167 1.435 2.059 43.49
4 0.129 3.723 2.862 —23.14
5 0.471 1.45 1.354 —6.65
6 0.111 3.444 3.292 —4.42
7 0.400 0.475 0.621 30.63
8 0.237 1.377 1.016 —26.18

Evaluation of the calculation results indicates that determining AB,, 107 mm->
specific wear intensity values using the derived dependency yields (.9
significant errors ranging from 4.42 to 43.49 %. This discrepancy (.8
arises from the relatively small dimensions of the measured chips, (.7 .
low values of wear intensity, and heterogeneity of both tool and (¢ "!__
workpiece materials, influencing their properties. Consequently, it (5 ’
is essential not only to establish the dependency of wear intensity (.4
but also to assess the error associated with its calculation using (3
the derived formula. To achieve this objective, absolute errors A3, (.2 .
were computed, and a graph illustrating their dependency on the ¢ ]
thickness of the formed chips was plotted, as displayed in Fig. 3.

Points exhibiting significant deviations from the constructed de- 0.1 0.2 0.3 0.4 < mm
pendency were discarded and excluded from further analysis as er-
roneous outliers.

The evaluation of the obtained dependence showed that its
coefficient of determination is R> = 0.9697. The graph presented in the figure is described by the formula:

..........

Fig. 3. Dependency graph Ad,, = fla)

A3, =11.1794° —8.7612a + 1.7833. 3)

Thus, the final dependency for predicting tool wear intensity when machining a titanium nickelide 7N-1
workpiece can be described by the following system of equations:

dy = 54.0785a% — 36.8231a + 6.7004,

4
ASy = 11.179a% — 8.7612a + 1.7833. @
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Graphically, the established system of equations can be represented as curves bounding the scatter of
values of cutting insert wear intensity during turning of a titanium nickelide TNN-1 workpiece (Fig. 4).

Evaluation of this figure through comparison with

3;, 103 mm?2 experimental results has shown that the probability of an actual

5 value of tool wear intensity falling within the given area is no

4.5 less than 87.5% at a confidence level of 95 %. This indicates
4 sufficient accuracy for practical use.

3.5 o® Furthermore, it is evident that the wear intensity dependence
3 exhibits a minimum point. This suggests the possibility of

2.5 determining an optimal or range of optimal values for wear
2 intensity if the maximum permissible value is known.

1.5 To determine the optimal wear intensity value, Equation (2)
1 was differentiated with respect to chip thickness a and set equal

0.5 to zero. Solving the resulting equation allowed for establishing
0 the minimal wear intensity value for the case under consideration,

0.05 0.15 025 035 a, mm along with the calculation error according to expression (3):

Fig. 4. Variation in tool wear intensity during
turning of titanium nickelide 7N-1/

8, = (0.432 £0.096)- 10 mm .
The optimal chip thickness value is @ = 0.34 mm.

Among the tested modes, the one providing comparable wear intensity of the cutting insert (0.475 x 103
mm2) was found to be: cutting speed of 5 m/min, feed rate of 0.2 mm/rev, depth of cut of 0.3 mm, leading
to a chip thickness of 0.4 mm.

In summary, the methodology for forecasting tool wear intensity during machining of titanium nickelide
TN-1 or similar alloys is as follows. Prediction involves performing a trial pass of the tool to obtain chips
whose thickness will allow calculating both the magnitude of wear intensity and the most probable absolute
error using the dependencies provided above (Equation 4). Performing such operations significantly reduces
testing time and expenses on cutting tools.

It should also be noted that the identified dependencies of tool wear intensity under dry machining
conditions without the application of coolant-lubricants correlate well with modern trends toward
environmentally safe mechanical processing technologies (dry machining, minimum quantity lubrication
— MQL). These findings may not only assist in selecting rational cutting parameters but also contribute to
forming the methodological foundations for modeling surface plastic deformation processes, particularly
burnishing. This opens up possibilities for integrating the proposed approach into tasks related to the
prediction of surface layer properties, including roughness and wear resistance.

Conclusions

The conducted research achieved the following results:

— Experimental determination of tool wear intensity values for various turning regimes of titanium
nickelide TN-1 workpieces;

— selection of chip thickness as the parameter characterizing the process due to its significant impact on
the precision of tool wear intensity calculations;

— establishment of an empirical relationship between tool wear intensity and chip thickness. The
dependence is parabolic in nature, allowing identification of the minimum point and the corresponding
minimum possible tool wear intensity;

— development of a method for predicting tool wear intensity based on chip thickness when machining
titanium nickelide 7N-7. The recommended machining regime is: cutting speed of 5 m/min, feed rate of
0.2 mm per revolution, depth of cut of 0.3 mm.

These results enable extrapolation of established cutting regimes to other types of cutting machining
methods applicable to titanium nickelide and its analogs, subject to certain assumptions. Additionally, the
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morphology and characteristics of chips serve as diagnostic indicators reflecting the mechanical properties
of the material, such as strength and ductility. The established correlations suggest the potential utilization of
these parameters for predictive analysis in surface plastic deformation (SPD) processes. Consequently, they
could act as criteria for choosing rational SPD regimes aimed at achieving desired surface-layer properties.
Considering also the influence of the surface condition after machining on subsequent SPD operations [32],
the presented outcomes might be integrated into reverse-modeling systems focused on geometrical product
specification (GPS) characteristics optimization during burnishing. Such integration ensures continuity and
systematicity in ongoing investigations.
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Introduction. Additive manufacturing (4AM) technologies, particularly wire arc additive
manufacturing (WAAM), offer a rapid and cost-effective approach for producing complex metal
components. However, WAAM can induce anisotropy in the resulting material’s physical and mechanical
properties. This anisotropy must be considered in design and application to ensure reliable performance
in service. The purpose of the work. This study aims to quantitatively assess the anisotropy of
mechanical properties in materials produced by WAAM to enhance the reliability of components used in
critical applications. Research methodology. Samples were fabricated from low-carbon alloyed steel
(0.08 C-2 Mn-1 Si), stainless steel (0.04 C-19 Cr-9 Ni), and aluminum alloy (97 4/-3 Mg) using the
WAAM process. These samples were then subjected to mechanical testing to determine their tensile
and impact toughness and hardness. Results were compared to those of the materials in the initial state
to determine the relative anisotropy of each property. Results and discussion. For 0.08 C-2 Mn-1 Si
steel, the tensile strength of WAAM-fabricated samples exhibited minimal variation across different
orientations, indicating relatively high isotropy (relative anisotropy of 1.3 %). A relative anisotropy of
33 % was observed for elongation, 21 % for impact toughness, and 16 % for hardness. The 0.04 C-19
Cr-9 Ni stainless steel exhibited a relative anisotropy of 15.1 % for tensile strength, 244 % for elongation,
33 % for impact toughness, and 4% for hardness. The 97 A/-3 Mg aluminum alloy showed a significant
relative anisotropy in tensile strength (83.6 %) and relative elongation (513 %) due to differences in
the “vertical” direction. Impact toughness exhibited only slight variations (28 %) depending on sample
orientation, while hardness can be considered isotropic. In general, hardness demonstrated the lowest
relative anisotropy, while elongation exhibited the highest.
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Introduction

Currently, additive technologies (47) open up new possibilities for manufacturing complex metal
products. Wire arc additive manufacturing (WAAM) combines the advantages of welding technologies
and additive manufacturing. The WAAM method uses a standard welding arc and filler wire [1]. In the
WAAM process, an electric arc melts the wire, which then deposits layer by layer, forming the desired
part or component. The advantages of using the WAAM method are high deposition speed, the ability to
manufacture large-sized parts, and relative cost-effectiveness [2]. However, like many AT based on layer-
by-layer deposition of material, WAAM technology leads to the formation of anisotropy of the physical and
mechanical properties of the synthesized materials [3, 4]. This is crucial for the practical application of such
a technology in the creation of critical, complexly loaded components.

Anisotropy in materials obtained by the WAAM method is a consequence of the specific thermodynamic
conditions of the process. One of these conditions is directional heat input, namely, when the arc successively
melts the wire, creating local volumes of melt (weld pools) that quickly solidify. This leads to the formation
of a pronounced columnar-dendritic microstructure [5], usually oriented upward from the substrate or
previous layer, and radially from the center of the bead [6]. Another condition is the inherent characteristics
of the layer-by-layer deposition process, which creates a layered macrostructure with boundaries between
beads and layers. These boundaries can be zones with altered chemical composition, grain size, defect
density, and residual stresses. Along the boundaries of beads or layers, the resulting defects (pores and
lack of fusion) can have an elongated shape and a preferred orientation [7]. Also, during deposition, the
synthesized material experiences complex thermal cycles, since each newly deposited layer subjects the
underlying layers to multiple heating and cooling, which leads to recrystallization, grain growth, phase
transformations in previously deposited layers, as well as the development of significant residual stresses
due to uneven heating and cooling [8].

Studies have shown that when using WAAM technology for various alloys, the mechanical properties of
the resulting materials, such as tensile strength and relative elongation, often depend on the manufacturing
direction. As a rule, these characteristics are higher in the horizontal direction compared to the vertical one
[9]; the difference varies depending on the material and can reach significant values [10—12]. However,
there are technological modes that allow for relatively isotropic behavior [13]. In addition, for some alloys,
such as magnesium AZ31, the opposite tendency is observed — the best mechanical properties are revealed
in the vertical direction [14], which also indicates a pronounced anisotropy of the structure and properties
of products obtained by the WAAM method.

The ability to direct the properties of a material in the desired direction allows us to optimize the product
and enhance its operational performance.

To control the anisotropy of the synthesized material properties by the WA4AM method, a whole range of
measures is used, for example:

— selection of modes with reduced heat input [15];

—use of pulsed or CMT (cold metal transfer) modes to reduce the volume of the weld pool and thermal
effects [16];

— application of strategies that change the deposition direction to disrupt the columnar structure [17];

— preliminary and concomitant heating of the substrate [18];

— heat treatment to relieve stress, homogenize the structure, and achieve the required set of properties [19];

—application of surface plastic deformation after (shot blasting) or during synthesis (ultrasonic treatment,
rolling, impact forging, wave strain hardening) of each or several layers to refine the grain and break down
the columnar structure, reduce porosity, and create compressive residual stresses on the surface [20].

The purpose of this work is to quantitatively evaluate the anisotropy of mechanical properties of
materials synthesized by wire arc additive manufacturing (WAAM). To achieve this purpose, the following
tasks were addressed during the study:

— synthesis of first-order samples from three materials commonly used in mechanical engineering,
exhibiting significantly different technological and mechanical properties: low-carbon alloy steel 0.08 C-2
Mn-1 Si, stainless steel 0.04 C-19 Cr-9 Ni, and aluminum alloy 97 A[-3 Mg, using WAAM,
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— cutting out second-order samples from the synthesized first-order samples, with specific orientations
relative to the direction of both feedstock feed and WAAM synthesis, to assess the mechanical properties;

— characterization of the mechanical properties of the synthesized material in several directions,
including tensile strength, relative elongation, impact toughness, and hardness;

— comparison of the mechanical properties of the synthesized material with those of the original material
(rolled product), determination of the relative anisotropy for each property parameter, and analysis of the
relationship between the level of anisotropy and the material grade, synthesis direction, and feedstock

supply.
Methods

To predict the reliability and optimize the process of achieving isotropic or controlled-anisotropic
properties, it is essential to study the anisotropy of the mechanical properties of materials obtained by the
WAAM method. For this purpose, the following properties were analyzed: tensile strength, tensile relative
elongation, impact toughness, and hardness of various materials with significantly different technological
and mechanical properties that are commonly used in A7 low-carbon steels, stainless steels, and aluminum
alloys. Specific samples from each category were selected for the analysis: low-carbon alloy steel 0.08 C-2
Mn-1 Si, stainless steel 0.04 C-19 Cr-9 Ni, and aluminum alloy 97 4/-3 Mg.

The concept of ‘relative anisotropy’ is proposed, which enables a quantitative assessment of not only
the variation of properties in different directions within the material synthesized by the WAAM method
(classical anisotropy), but also the deviation of these properties in characteristic directions from the known
values reported in the reference literature for rolled products of the same material grade — the ‘original
material’. This approach allows for the following:

— to evaluate the influence of the WAAM synthesis direction and feedstock movement direction on the
homogeneity of the material properties in the volume of the synthesized product and on the deviation of the
material properties of the synthesized sample from the properties of rolled products of the same material
grade, as well as the heterogeneity of these deviations depending on the characteristic direction within the
synthesized volume;

— to identify critical directions where the deviation of properties from the original material is the most
significant;

— to provide an integral assessment of the suitability of the material and technology for critical
applications; for instance, a high (especially negative) value of relative anisotropy in any direction for a
key property signals a potential weakness of the structure in that direction.

The relative anisotropy of the ultimate strength of the synthesized samples compared to the ultimate
strength of the material in its initial state was estimated as:

Ac, =2u0~Cu 1009,
Oy
where 6, and o are the ultimate strength values, with ¢, representing the ultimate strength of the material
in its initial state and o, representing that measured in the synthesized samples, in MPa.
The relative anisotropy of the tensile relative elongation of the synthesized samples compared to the
tensile relative elongation of the material in its initial state was estimated as:
€g — ¢

Ag = -100% ,

€

where where ¢ and ¢ are the tensile relative elongation values, with &, representing the tensile relative elon-
gation of the material in its initial state and € representing that measured in the synthesized samples, in %.

The relative anisotropy of the impact toughness of the synthesized samples compared to the impact
toughness of the material in its initial state was estimated as:

KCU, - KCU
KCU

AKCU = 100 %,
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where KCU, and KCU are the impact toughness values, with KCU, representing the impact toughness of
the material in its initial state and KCU representing that measured in the synthesized samples, in J/cm? (or
equivalent unit), with the calculated anisotropy expressed as a percentage.

The relative anisotropy of the hardness of the synthesized samples compared to the hardness of the
material in its initial state was estimated as:

HVy - HV

AHV = -100 %

where HV, and HV are the hardness values, with HV, representing the hardness of the material in its initial
state and HV representing that measured in the synthesized samples, in HV.

If Ae,, Ae, AKCU, AHV are positive, then the corresponding characteristics (o, €, KCU, HV) of the
material synthesized by the WAAM method are inferior to those of the original material. If the values are
negative, then the characteristics of the WAAM material are superior. The total relative anisotropy for the
first-order samples was calculated as the difference between the maximum and minimum values of the rela-
tive anisotropy values obtained from the second-order samples.

To conduct the research, first-order samples in prism form were synthesized using the WAAM method,
from which second-order samples were cot out for tensile strength tests according to GOST 1497-84, im-
pact toughness tests according to GOST 9454-78, and for Vickers hardness measurements. To conduct
strength and impact toughness tests, the samples were positioned within the synthesized prisms as shown
in Figs. 1 and 2.

horizontally, at

an angle of 45° vertically
parallel
perpendicular

X

220

Fig. 1. Schematic representation of synthesized samples arrangement on the substrate
(welding torch direction consistent for all samples)

The second-order samples were manufactured in the vertical direction (the synthesis direction) and
three horizontal orientations: parallel to the feedstock feed direction, perpendicular to it, and at an angle
of 45°. Hardness measurements were performed in three planes: vertical, parallel, and perpendicular to the
feedstock feed direction (Fig. 3).

Hardness measurements were performed with a step of 0.3 mm over a 10 mm base. In each direction,
at least three parallel series of such measurements were conducted. For each level (consisting of at least
three measurement points), the average hardness value was calculated. The height of each synthesized layer
for 0.08 C-2 Mn-1 Si and 0.04 C-19 Cr-9 Ni steels was 2.2 mm; for the 97 4/-3 Mg aluminum alloy, it was
2.5 mm.
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Fig. 2. Schematic representation of synthesized sample arrangement
for impact toughness testing on the substrate (welding torch direction
consistent for all samples)

Fig. 3. Hardness measurement scheme for synthesized samples

OBRABOTKAMETALLOV ~ CM

The synthesis modes were selected based on the conditions for obtaining high-quality samples with a

minimum number of pores (Table 1) [21].

Table 1
Synthesis parameters
Material
Parameter
0.08 C-2 Mn-1 Si 0.04 C-19 Cr-9 Ni 97 AlI-3Mg
Current, A 175 170 125
Voltage, V 19.6 18.3 18.7
Wire feed rate, m/min 5.64 6.37 7.3
Feedstock feed rate, mm/min 1,000 1,000 1,000
Wire diameter, mm 1.2 1.2 1.2
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Results and Discussion

It was found that for 0.08 C-2 Mn-1 Si steel, the ultimate strength of samples obtained by the WAAM
method is practically the same in all directions of orientation, measuring 486—492 MPa (Table 2), and is
practically not inferior to the ultimate strength of rolled products in the delivered condition (490-510 MPa).
The ultimate strength relative anisotropy was 1.3% (Fig. 4, a). Based on this parameter, the synthesized
material can be considered isotropic. The relative elongation of the “vertically” positioned sample is slightly
lower compared to the horizontally positioned sample, at 12% and 13%, respectively, and is significantly
inferior to the relative elongation values of rolled products made from this material in the delivered condition
(20-30%). The relative elongation relative anisotropy was 33% (Fig. 4, b).

The maximum impact toughness value of 192 J/cm? was recorded on samples with the “horizontal,
at an angle of 45°” cutting direction, while the minimum (154 J/cm?) was observed for samples with the
“perpendicular” cutting direction (Table 2). This exceeds the impact toughness of rolled products made of
this material in the delivered condition (130—-162 J/cm?). The impact toughness relative anisotropy was no
more than 21% (Fig. 4, ¢).

Table 2
Mechanical properties of synthesized materials
Second-order Sample cutoff direction Source mate- WAAM- Relative
Material Property sample position relative to feedstock feed rial (rolled fabricated anisotrony. %
within the prism direction stock) material Py, 7o
vertically - 486 2.9
at a 45-degree angle 490 2.0
o , MPa . - 500
" horizontally perpendicular 492 1.6
parallel 487 2.7
vertically - 10.8 131
at a 45-degree angle 12.6 98
g % . - 25
horizontally perpendicular 12.6 98
0.08 C-2
Mn-1 Si parallel 12.6 98
vertically - 166 -12
N at a 45-degree angle 192 —24
KCU, J/em ) - 146
horizontally perpendicular 154 -5
parallel 168 -13
vertically - 212 -10
HV, kgf/mm’ horizonall perpendicular 190 179 6
orizonta
Y parallel 202 6
vertically - 534 16.1
at a 45-degree angle 614 1.0
o , MPa . - 620
" horizontally perpendicular 537 15.5
parallel 562 10.3
vertically - 22 56
at a 45-degree angle 16.7 110
g % . - 35
horizontally perpendicular 9 300
0.04 C-19
Cr-9 Ni parallel 20.1 74
vertically - 177 -32
) at a 45-degree angle 125 —4
KCU, J/em . - 120
horizontally perpendicular 119 1
parallel 141 —-15
vertically - 355 —47
HV, kgf/mm2 horizontall perpendicular 190 318 —40
orizonta
Y parallel 336 43
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The EndTable 2
Second-order Sample cutoff direction Source mate- WAAM- Relative
Material Property sample position relative to feedstock feed rial (rolled fabricated anisotropy. %
within the prism direction stock) material Py, 7o
vertically - 129 78.3
at a 45-degree angle 230 0
o , MPa . - 230
" horizontally perpendicular 243 =53
parallel 220 4.5
vertically - 2 550
at a 45-degree angle 8.55 52
g % . - 13
horizontally perpendicular 9.03 44
97 AI-3 Mg parallel 9.47 37
vertically - 17 134
) at a 45-degree angle 16 145
KCU, J/em , , 40
horizontally perpendicular 18 117
parallel 18 128
vertically - 74 -39
HV, kgf/mm” _ perpendicular 45 74 -39
horizontally
parallel 73 -39
20 78,3 600 550
80 — ]
70 500
60 400
50
300
s, 40 x 300
v 30 )
~ 16,1 15,5 N 200
20 103 131 10 o o
10 4.5 ] 56 | ] 98 74
o 2,9 2010 16/ ; 5 2,7. 100 -2‘ w I -
-10 at an angle - 0 atanangle | yerpendicular arallel
. of 45° perpendicular | parallel . of 45° p
vertically vertically :
horizontally horizontally
a b
160 124 145 10 6
140 [ 117 128
120 o u 0
100 . i 6 ]
X g0 - 10750
) - S
o 60 ;h 20 ||
E 40 ]
20 ] - E -30 I
0 .
201+ 4 -5 B -40 -39 40 -39 -39
24 43
-40 -32 at an angl 50 =
gle i -
5 perpendicular arallel le of 45°
verti cally of 45 p Verﬁcally at an angle o parallel
horizontally horizontally
c d

Fig. 4. Relative anisotropy of synthesized samples measured in different directions:

tensile strength (a), relative elongation (), impact toughness (c), and hardness (d)
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The maximum average hardness value of 212 HV was recorded in the “vertical” direction, the
minimum — in the “perpendicular” direction (179 HV), and the average hardness value in the “parallel”
direction was 202 HV (Table 2). Therefore, the hardness measured in the “perpendicular” direction is
notably lower than in the “parallel” and “vertical” directions (Fig. 5, a). The obtained hardness of the
synthesized sample is comparable to the hardness of rolled products made from this material in the
delivered condition (180-200 HV). The relative hardness anisotropy was 16% (Fig. 4, d).
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Fig. 5. Hardness of synthesized samples measured in different directions:
0.08 C-2 Mn-1 Si steel (@), 0.04 C-19 Cr-9 Ni steel (b), 97 AL-3 Mg aluminum alloy (c)

Analysis of the obtained data on the hardness of all synthesized materials showed that the spread of
values in each of the three measurement directions is comparable to that observed when measuring the
hardness of alloys produced by casting or rolling.

For steel 0.04 C-19 Cr-9 Ni, the maximum tensile strength of 614 MPa (Table 2) was obtained with
the “perpendicular” arrangement of the sample, and the minimum of 534 MPa with the “parallel” one. The
obtained values are somewhat inferior to the tensile strength of rolled products made from this material in
the delivered condition (610—620 MPa). The tensile strength relative anisotropy was 15.1% (Fig. 4, a). The
maximum relative elongation of 22% was recorded for the sample with the “parallel” arrangement, and the
minimum value of 9% was recorded for the sample with the “horizontal, at an angle of 45°” arrangement.
This is significantly inferior to the relative elongation values of rolled products made of this material in the
delivered condition (33—-36%). The relative anisotropy of the relative elongation was 244% (Fig. 4, b).

The maximum impact toughness value was recorded for samples with the “vertical” cutting direction at
177 J/cm? (Table 2), and the minimum — with the “perpendicular” cutting direction (119 J/cm?). This value
corresponds to or exceeds the impact toughness of rolled products made from this material in the delivered
condition (120 J/cm?). The impact toughness relative anisotropy was 33% (Fig. 4, ¢).
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For stainless steel 0.04 C-19 Cr-9 Ni, as well as for steel 0.08 C-2 Mn-1 Si, the highest average hardness
value of 355 HV (Table 2) was recorded in the “vertical” direction, the lowest — in the “perpendicular”
direction (318 HV), and the average hardness value in the “parallel” direction was 336 HV. Therefore,
the hardness measured in the “perpendicular” direction is lower than in the “parallel” direction, and
approximately as much lower than in the “vertical” direction (Fig. 5, b). The synthesized sample’s obtained
hardness in all directions significantly exceeds the hardness of rolled products made from this material in
the delivered condition (160—180 kgf/mm?). The relative hardness anisotropy was 4% (Fig. 4, d).

For the aluminum alloy 97 4/-3 Mg, the maximum tensile strength of 243 MPa (Table 2) was obtained
with the “perpendicular” arrangement of the sample, and the minimum one of 129 MPa — with the “vertical”
arrangement. The tensile strength of the samples cut in all horizontal directions, in contrast to the sample cut
“vertically”, is not inferior to the tensile strength of rolled products made of this material in the delivered
condition (200-230 MPa). Specifically due to the “vertical” direction, the tensile strength relative anisotropy
was 83.6% (Fig. 4, a). The relative elongation with the sample positioned “vertically” is almost 4.5 times
lower than that of the samples cut in horizontal directions (2% vs. 8.6-9.4%, respectively). The values of
relative elongation in all directions are inferior to the relative elongation of rolled products made from this
material in the delivered condition (13%). The relative anisotropy of the relative elongation was 513%
(Fig. 4, b).

The maximum impact toughness value of 18 J/cm? (Table 2) was recorded for samples with the
“perpendicular” cutting direction, the minimum one — with the “horizontal, at an angle of 45°” cutting
direction (16 J/cm?). Impact toughness changes insignificantly depending on the location from which the
samples are cut out; the relative anisotropy was 28% (Fig. 4, c), but is significantly inferior to the impact
toughness of rolled products made from this material in the delivered condition (40 J/cm?).

The average hardness value in all directions of measurement was consistent, amounting to 74 HV (Fig.
5, ¢), which exceeds the hardness of rolled products made from this material in the delivered condition by
1.6 times (45 HV). In terms of hardness, the synthesized material can be considered isotropic (Fig. 4, d).

The relative anisotropy values of the studied materials in terms of tensile strength, relative elongation,
impact toughness, and hardness are presented in Table 3.

Table 3

Relative anisotropy values of the studied materials

Relative anisotropy, %
Material grade of the ultimate of the relative of the impact
. . of the hardness
tensile strength elongation toughness
0.08 C-2 Mn-1 Si 1,3 33 21 16
0.04 C-19 Cr-9 Ni 15,1 244 33 4
97 Al-3 Mg 83,6 513 21 0

It was found that during the synthesis of the studied metallic materials using the WAAM method, hardness
exhibits the smallest relative anisotropy, while relative elongation shows the largest. The low-carbon steel
0.08 C-2 Mn-1 Si is the most isotropic with respect to all the studied properties. In contrast, the aluminum
alloy 97 AI-3 Mg is the most anisotropic (due to samples cut in the vertical direction). The anisotropy of
steel 0.04 C-19 Cr-9 Ni is associated with the low relative elongation values obtained from samples cut in
the horizontal plane perpendicular to the torch feed during deposition.

Conclusion

Synthesis of three base materials was carried out using the WAAM method: low-carbon alloy steel 0.08
C-2 Mn-1 Si, stainless steel 0.04 C-19 Cr-9 Ni, and aluminum alloy 97 A[-3 Mg, in order to cover materials
with significantly different mechanical properties. Synthesis modes that make it possible to obtain samples
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with a tensile strength comparable to the tensile strength of rolled products made of the above materials
were identified.

The concept of relative anisotropy was introduced as a percentage deviation of the synthesized material
properties from the values for the original material (rolled product). This concept is proposed to evaluate
both the change in mechanical properties in different directions within the synthesized material and the
deviation of these properties from the rolled product.

It was established that for steel 0.08 C-2 Mn-1 Si, the smallest relative anisotropy was observed in ultimate
strength (1.3%), and the largest was in relative elongation (33%). Therefore, the material can be considered
practically isotropic in terms of strength. The strength of the synthesized steel 0.08 C-2 Mn-1 Si practically
corresponds to the strength of rolled steel, but the relative elongation is 2-2.3 times lower.

For 0.04 C-19 Cr-9 Ni steel, the relative anisotropy minimum level was determined by hardness, which
was 4%, and the maximum by relative elongation, which was 244%. This allows us to consider the material
to be practically isotropic in hardness. At the same time, the hardness of the synthesized steel 0.04 C-19
Cr-9 Ni is close to the hardness of rolled products, and the relative elongation is reduced by 1.5—4 times.

Due to the “vertical” direction, the aluminum alloy 97 4/-3 Mg demonstrates the greatest anisotropy in
tensile strength (83.6%) and in relative elongation (513%). However, anisotropy is absent in hardness, so
the obtained material can be considered isotropic in this parameter. Comparison with the initial material
shows that hardness is similar to that of rolled products. The tensile strength in the vertical direction is
reduced by 1.8 times (in other directions, it is comparable to rolled products), and relative elongation is
reduced by 1.4-6.5 times relative to rolled products.

In general, the minimum relative anisotropy is observed in hardness for all materials, which makes
hardness the most stable parameter in WAAM synthesis. The most significant directions are vertical and
horizontal (parallel and perpendicular to the feedstock feed direction during deposition).
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Introduction. Silicon bronzes are widely used in critical friction units due to their combination of corrosion resistance,
machinability, electrical conductivity, and satisfactory mechanical properties. Electron beam additive manufacturing (EBAM) is
promising for the production of complex parts, but it forms a large columnar grain structure, leading to anisotropy of properties
and limiting their practical application. Methods of severe plastic deformation (SPD), such as multi-axis forging and rolling, are
effective for refining the structure, eliminating anisotropy, and increasing strength. However, their effect on the overall properties of
silicon bronzes has not been sufficiently studied. Purpose of the work. The purpose of this study is a comparative analysis of the
effect of the structural state of silicon bronze on its mechanical characteristics and tribological properties under dry sliding friction.
Research methods. Samples in five structural states were obtained by electron-beam additive manufacturing (1), hot rolling (2),
multi-axis forging (3), rolling at room temperature (4), and low-temperature annealing after rolling (5). The structure of the samples
was investigated by optical metallography and transmission electron microscopy. Mechanical tests were carried out by tensile testing
of double-sided dog-bone samples and Vickers microhardness testing. Tribological tests for dry sliding friction against 52100 steel
were carried out with a constant load and speed. During friction, the friction coefficient (FC), vibrations in the normal and tangential
directions, and acoustic emission (4E) were recorded. A detailed analysis of the surface and subsurface layer of friction tracks
was performed using confocal laser scanning microscopy, as well as scanning electron microscopy with energy-dispersive X-ray
spectroscopy (EDS). Results and discussion. The microstructure of the samples after EBAM exhibits large columnar grains, while
after hot rolling it shows large equiaxed grains with twins. Multi-axial forging results in the formation of subgrains (lamellae) (<100
nm) with a high dislocation density. Rolling leads to further refinement of the original grains and the formation of elongated submicron
grains. Low-temperature annealing forms more equiaxed submicron grains (100-200 nm) with a reduced dislocation density and
high-angle boundaries. Samples with a coarse-grained structure have low strength and hardness. After SPD, the strength and hardness
increase significantly, and the relative elongation decreases compared to the original material. Low-temperature annealing provides
maximum strength with partial restoration of ductility and a decrease in hardness. The smallest and most stable friction coefficient,
as well as minimum vibration amplitudes (especially in the tangential direction), were recorded for samples after SPD. The greatest
wear occurred for the sample in the as-received condition (hot rolling). SPD reduces wear by 2.1-2.2 times compared to the hot-
rolled and EBAM samples. Low-temperature annealing increases wear by 10% relative to the sample after rolling. The predominant
wear mechanisms were determined to be: mixed (adhesive-oxidative) for bronze after EBAM; adhesive for hot rolled; and oxidative
for samples after SPD. Based on metallographic studies, it was found that the depth of subsurface deformation is maximum for
coarse-grained samples (145-155 um) and decreases by 3.3-4.7 times after SPD. Conclusion. A comprehensive study has revealed a
decisive influence of the structural state of 96% Cu-3% Si-1% Mn bronze on its key properties. The use of SPD methods (multi-axial
forging and rolling) has proven to be highly effective in dramatically improving the mechanical and tribological properties of silicon
bronze, regardless of the original production method (hot-rolled steel or electron beam additive manufacturing).

For citation: Filippov A.V., Shamarin N.N., Tarasov S.Yu. Study of tribological properties of silicon bronze in different structural states.
Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2025, vol. 27, no. 4, pp. 221-238.
DOI: 10.17212/1994-6309-2025-27.4-221-238. (In Russian).

Introduction

Silicon bronzes, a class of copper-based alloys containing 14 wt.% silicon, are widely used in various
industries due to their unique combination of high corrosion resistance, good machinability, excellent
electrical and thermal conductivity, and satisfactory mechanical and antifriction properties. These alloys
are commonly employed in the manufacture of plain bearings, bushings, gears, valves for aggressive media,
and electrical components [1]. Conventionally, silicon bronze products are produced via casting followed
by thermomechanical processing (e.g., rolling, forging, pressing) or through powder metallurgy routes.
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Binary Cu-Si alloys with silicon contents below 5 wt.% consist of a single-phase face-centered cubic
(FCC) a-Cu solid solution [2]. The addition of manganese refines the dendritic grain structure without
altering the phase composition, as demonstrated in cast Cu-3Si alloy [3, 4]. This grain refinement is accom-
panied by improvements in ductility, tensile strength, and hardness. It has been established that significant
alterations in solid-phase reactions can be achieved by modifying the processing scale, temperature, or
initial microstructure [5]. While heat treatment can influence the microstructure and phase composition of
silicon bronzes [6], the low-silicon a-Cu solid solution is not susceptible to phase transformations [7].

Recently, wire and electron beam additive manufacturing (WEBAM) has garnered significant interest for
fabricating silicon bronze components. This highly productive technique enables the creation of complex,
custom geometries with minimal machining allowances. However, an inherent characteristic of additively
manufactured metals, including those produced by WEBAM, is epitaxial solidification, which leads to the
formation of coarse columnar grains [8]. This microstructure results in pronounced anisotropy of mechani-
cal properties and can adversely affect tribological characteristics, thereby limiting the application of these
materials in highly-loaded friction units that require isotropic behavior.

Severe plastic deformation (SPD) techniques, such as equal-channel angular pressing (ECAP), multi-
axis forging, and rolling, are highly effective for mitigating these drawbacks and enhancing the mechanical
properties of alloys, including silicon bronze. SPD methods can significantly refine the coarse, columnar
grain structure, transforming it into an ultrafine-grained (UF'G) or nanocrystalline (NC) state with equiaxed
grains, thereby eliminating anisotropy. The resultant grain boundary strengthening leads to substantial im-
provements in strength and hardness. A subsequent short-term, low-temperature annealing step is often
employed to partially relieve internal stresses and improve ductility without sacrificing a significant portion
of the strength gained from strain hardening. This balance is critical for tribological applications requiring
a combination of high strength and wear resistance.

Previous research has demonstrated the efficacy of SPD; for instance, hydrostatic extrusion of C65500
bronze (an analog of 96% Cu-3% Si-1% Mn) increased its tensile strength and yield strength by 45% and
130%, respectively, compared to the commercial counterpart [8]. Similarly, the transformation of a colum-
nar grain structure into an equiaxed, twinned one was achieved in a 96% Cu-3% Si-1% Mn alloy through
drawing followed by softening annealing [9]. These findings confirm that SPD is a viable strategy for mi-
crostructural refinement and property enhancement in silicon bronzes. However, a review of the literature
indicates that the potential of specific SPD methods, particularly multi-axis forging and rolling, for process-
ing silicon bronzes remains insufficiently explored.

Therefore, the purpose of this work is to conduct a comparative study of the mechanical and tribologi-
cal properties of a silicon bronze in different structural states. The following zasks were defined to achieve
this purpose:

1. Perform microstructural characterization.

2. Conduct mechanical testing.

3. Perform tribological tests under dry sliding friction conditions.

4. Analyze the friction surface and subsurface deformation layers after sliding.

Methods

Silicon bronze samples were produced using a wire-feed electron beam additive manufacturing (WE-
BAM) machine to fabricate layer-by-layer deposits from a 96% Cu-3% Si-1% Mn wire onto steel substrates.
The printing parameters for these block-shaped samples were implemented in accordance with modes de-
tailed in reference [11]. These samples correspond to the first structural state, characterized by large colum-
nar grains, and are designated herein as Sample 1.

The second structural state comprises a material with large equiaxed grains and annealing twins,
characteristic of the microstructure found in commercial hot-rolled bar stock. Samples in this condition are
designated as Sample 2.

The third structural state features a subgrain structure consisting of submicron lamellae, formed by
subjecting the WEBAM-fabricated samples (Sample 1) to severe plastic deformation via multi-axial forging
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at room temperature. The process was conducted at a constant crosshead speed of 10 mm/s until a degree of
deformation of € = 0.5 was achieved along each of the three geometric axes of the sample. These samples
are designated as Sample 3.

The fourth structural state is a material with submicron grains, produced by further processing Sample
3 through multiple passes of room-temperature rolling to a total strain of € = 0.75. These samples are
designated as Sample 4.

The fifth structural state comprises a material with near-equiaxed submicron grains, produced by
subjecting Sample 4 to a low-temperature annealing at 200 °C for 30 minutes. The heat treatment was
conducted in a laboratory muffle furnace, followed by rapid quenching in a large volume of water. These
samples are designated as Sample 5.

The mechanical properties of the samples were determined by tensile testing standard double-sided
blade specimens on a Testsystems UTS-110M universal testing machine at a crosshead speed of 1 mm/min.
Vickers microhardness was measured using a Tochline-TBM hardness tester by indenting the samples with
a diamond pyramid under a load of 100 N (HV10).

Metallographic analysis of samples in the rolled and as-printed conditions was performed using an
Olympus LEXT 4100 laser scanning confocal microscope. The fine microstructure of samples after severe
plastic deformation was characterized by transmission electron microscopy (7EM) using a JEOL JEM-
2100 microscope.

For tribological testing, plate-shaped samples were prepared for sliding contact against 6 mm diameter
balls made of ShKhi15 (AISI 52100 equivalent) bearing steel. Tests were conducted under dry sliding
conditions at a velocity of 100 mm/s under a normal load of 20 N. During friction, acoustic emission signals
and vibration amplitudes were recorded. Vibration accelerations were measured in both the normal (parallel
to the applied load) and tangential (parallel to the friction force) directions. The morphology of the resulting
wear tracks was examined using scanning electron microscopy (Thermo Fisher Scientific Apreo S LoVac)
and laser scanning microscopy (Olympus LEXT 4100).

Results and Discussion

Wire and electron beam additive manufacturing (Sample 1) results in the formation of a large columnar
grain structure (Fig. 1, a). The grain width ranges from 150 to 600 pum, with lengths often significantly
exceeding 1 mm. This microstructure results from directional solidification under the pronounced thermal
gradient of the melt pool during layer-by-layer deposition. Samples in the as-received hot-rolled condition
(Sample 2) exhibit a microstructure of nearly equiaxed grains with annealing twins (Fig. 1, ), with grain
size ranging from 200 to 500 um.

Multi-axial forging (Sample 3) produces a highly deformed substructure characterized by significant
azimuthal misorientation, arising from strain-induced grain subdivision and refinement. The subgrain
structure consists of curved, submicron lamellae with thicknesses below 100 nm, formed during non-
uniform deformation in the forging process. This state is also characterized by a high dislocation density.
Subsequent rolling (Sample 4) further refines the structure into elongated submicron grains (Fig. 1, d). The
selected area electron diffraction (S4ED) pattern exhibits a substantial increase in azimuthal misorientation,
with reflections degenerating into nearly continuous rings, indicating extreme grain refinement. This grain
formation likely results from recovery and dynamic recrystallization processes during severe plastic
deformation [12].

Low-temperature annealing (Sample 5) after rolling reduces the dislocation density and promotes the
formation of nearly equiaxed submicron grains, ranging from 100 to 200 nm in size (Fig. 1, e).

Tensile testing revealed that the different structural states exhibit distinct combinations of strength and
ductility (Fig. 2, a—). The WEBAM-fabricated and as-received hot-rolled samples (Sample 1 and Sample 2)
demonstrated the lowest strength but highest ductility. Their ultimate tensile strength (U7S) was nearly
identical, at 340-346 MPa. However, their yield strength differed significantly, by approximately a factor
of two, with the WEBAM sample exhibiting a characteristically low yield stress, a known trait of structures
formed by electron beam printing [13].
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Fig. 1. Images of typical structure of 96% Cu-3% Si-1% Mn bronze samples.
Samples 1 (a), 2 (b),3 (c), 4 (d) and 5 (e)

Severe plastic deformation via multi-axial forging (Sample 3) and the associated microstructural
changes resulted in a significant increase in both ultimate tensile strength (Fig. 2, a) and yield strength
(Fig. 2, b) compared to the as-received hot-rolled and WEBAM-fabricated materials. This enhancement is a
consequence of strain hardening according to the Hall-Petch relationship [14]. The UTS increased to 525
MPa and 519 MPa and the yield strength to 403 MPa and 298 MPa, while the relative elongation decreased
from 70-100% to 18.1% (Fig. 2, ¢). Subsequent rolling (Sample 4) after forging further increased the UTS
by 88 MPa and the yield strength by 376 MPa (Fig. 2, a, b), but reduced the relative elongation from 18.1%
to 9.2%, compared with multi-axial forging (Fig. 2, ¢).

Low-temperature annealing (Sample 5) after rolling resulted in the highest strength values among all
samples, with a UTS of 1022 MPa and a yield strength of 1,008 MPa (Fig. 2, a, b). Furthermore, this
annealing improved the material’s ductility, increasing the relative elongation from 8.2% to 12.2%.

Hardness represents a mechanical characteristic equally as important as strength and ductility
(Fig. 2, e). The WEBAM-fabricated (Sample 1) and as-received hot-rolled (Sample 2) samples exhibit the
lowest microhardness values of 0.86 GPa and 0.96 GPa, respectively (Fig. 2, d), which can be attributed to
their coarse-grained microstructures [15, 16]. Severe plastic deformation via multi-axial forging (Sample 3)
resulted in a threefold increase in microhardness compared to the coarse-grained Sample 1 and Sample 2.
This enhancement stems primarily from grain refinement and the development of a high dislocation
density. At the microstructural level, these changes produce strengthening through dislocation interactions
and a substantial increase in dislocation density during deformation, directly reflected in the measured
microhardness. A higher degree of deformation achieved through subsequent rolling (Sample 4) after multi-
axial forging resulted in the maximum microhardness of 3.34 GPa among all investigated samples — 18%
greater than after forging alone.
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Fig. 2. Mechanical properties of 96% Cu-3% Si-1% Mn bronze samples

Low-temperature annealing (Sample 5) reduced the microhardness by approximately 7% relative to
Sample 4, due to dislocation density reduction through recovery and polygonization processes.

During sliding friction, the coefficient of friction (CoF) undergoes significant evolution (Fig. 3, a).
Initially, all bronze samples exhibited a high CoF, attributable to running-in processes within the steel-
bronze tribological pair. During this initial stage, pre-existing oxide films are removed, forming a clean
bronze surface. The interaction with this nascent surface results in significantly increased adhesion due
to the enhanced molecular component of the friction force [17]. Subsequently, as the surface layer wears
and sliding conditions evolve, the CoF may either increase or decrease, depending on the dominant wear
mechanism and the specific characteristics of wear track formation.

The recorded friction coefficient data show that the CoF decreased over the first 15-25 minutes. For
Sample 1 (WEBAM), this running-in stage transitioned into a period of steady-state sliding friction. The as-
received hot-rolled sample (Sample 2) exhibited a sinusoidal CoF dynamic with a period of approximately
25 minutes, indicating a cyclical process of friction layer formation and degradation. A similar pattern was
observed for the multi-axially forged sample (Sample 3), though with a longer period of about 30 minutes.
Both Sample 2 and Sample 3 were characterized by a relatively monotonic increase and decrease in CoF
within these intervals. In contrast, sliding for Sample 4 (forged + rolled) featured more frequent but lower
amplitude CoF fluctuations, with a period of roughly 13 minutes. Sample 5 (forged + rolled + annealed)
demonstrated oscillatory CoF behavior without a clearly defined periodicity.

The average CoF values, derived from the experimental data, are presented in Fig. 3, b. The results
indicate that the highest average CoF is characteristic of the electron beam printed Sample 1. Sample 2
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Fig. 3. Coefficients of friction vs. time during sliding tests (a) and their average values (b)

(hot-rolled) and Sample 5 (forged + rolled + annealed) exhibited slightly lower values. Severe plastic
deformation via multi-axial forging and subsequent rolling (Sample 3 and Sample 4) led to a significant
reduction in the average CoF — by 9% to 25% — compared to the coarse-grained (Sample 1 and Sample 2)
and heat-treated (Sample 5) conditions.

Vibration acceleration signals were recorded from two accelerometers during tribological tests. The
accelerometers were mounted to record signals in the direction of normal pressure and friction forces,
enabling detailed monitoring of the tribosystem’s dynamic behavior.

During friction of the printed bronze (Sample 1), vibration accelerations in the normal (Fig. 4, a) and
tangential (Fig. 4, b) directions reached values of ~4.4 m/s* and ~5.8 m/s? respectively. In the normal
direction, vibrations occurred uniformly from the test onset, while fluctuations in the tangential direction
showed no pronounced periodicity.

The as-received Sample 2 exhibited vibration accelerations of ~6.7 m/s? in the normal direction and
~9.7 m/s? in the tangential direction. In this case, significant fluctuations in acceleration amplitude were
observed only in the tangential direction, substantially exceeding those recorded for other samples.

Sliding of bronze deformed by multi-axial forging (Sample 3) showed vibration accelerations of ~3.1
m/s? in the normal direction and ~3.6 m/s? in the tangential direction, with sufficiently uniform vibration
acceleration amplitude and no significant fluctuations.

During friction of bronze deformed by rolling (Sample 4), vibration accelerations measured ~3 m/s?
in the normal direction and ~3.2 m/s? in the tangential direction were the lowest levels among all samples
investigated. Unlike other samples, amplitude fluctuations in the normal direction exceeded those in the
tangential direction.

The heat-treated bronze Sample 5 displayed vibration acceleration amplitudes of ~3.5 m/s? in the normal
direction and ~4.7 m/s? in the tangential direction. Annealing after severe plastic deformation by rolling
resulted in increased vibration amplitude during sliding in both normal and tangential directions.

The difference in vibration acceleration amplitude between tangential and normal directions (D, Fig.
4, c—e) reflects changes in sliding friction conditions. Values closer to zero indicate more stable sliding
friction. Higher tangential vibration amplitude suggests intense adhesive bonding (sticking) between the
steel ball and bronze disk. When this bonding ruptures, the stick phase transitions to slip (stick-slip mode),
causing sharp increases in tangential vibration acceleration. Normal direction vibrations likely result from
wear particle formation and surface deterioration.

The data indicate that the most stable sliding occurs with Sample 4 (SPD by rolling) and Sample 3
(multi-axial forging). Conversely, Sample 1 (WEBAM) and Sample 2 (as-received) exhibit high-amplitude
vibration accelerations during sliding with significant directional differences, suggesting strong adhesive
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Fig. 4. Change in vibration acceleration amplitude during sliding friction in the normal (@) and tangential
(b) directions, their difference (c), and average value (d)

interaction in the sliding pair. Low-temperature annealing (Sample 5) increased the D value, indicating
enhanced adhesion during testing.

Previous studies [18] have established that the energy and median frequency (MF) of acoustic emission
(AE) signals can characterize sliding friction modes. In this work, acoustic emission was detected and
recorded using a sensor mounted on the sample during sliding friction. The AE signal waveforms were
analyzed to determine the average values of energy (Fig. 5, a) and median frequency (Fig. 5, b).
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Fig. 5. Average energy (a) and median frequency (b) of acoustic emission (4F)
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The results show a successive reduction in AE energy during sliding from coarse-grained Sample 1 to
Sample 3, accompanied by a corresponding increase in MF. Sample 4 (rolled and heat-treated) exhibited
the absolute minimum AE energy and maximum MF. Conversely, Sample 5 showed increased AE energy
and reduced MF compared to Sample 4.

Comparison between vibrometry and acoustic emission data reveals a consistent pattern: AE energy
increases in sliding modes characterized by high vibration acceleration amplitudes. This correlation occurs
because significant stick-slip vibrations generate repeated impacts between contact asperities. The rupture
of adhesive bonds and associated impacts excite powerful elastic waves in the material, consequently
increasing AE energy. Conversely, these conditions reduce the median frequency, primarily due to adhesive
bond rupture. Previous research [18] demonstrated that viscous crack formation in materials causes short-
term MF drops. Additionally, changes in sliding friction conditions — such as wear particle formation,
development of thick abrasion-resistant oxide layers, and surface layer deterioration — also affect the
frequency characteristics of AE signals [19-21].

The current study confirms variations in friction and wear conditions across bronzes with different
structural states, consistent with vibrometry data, friction coefficient measurements, and examination of

worn surfaces.

Analysis of the wear track surfaces revealed characteristic wear features of silicon bronze in different
structural states (Fig. 6). Sliding of Sample 1 produced a rough worn surface characterized by: light areas
with relatively large wear grooves, smoother dark tribo-oxidized regions, and material displaced to the
track periphery through plowing (Fig. 6, a). These features indicate the combined action of at least two wear
mechanisms, specifically adhesive-oxidative wear.

The worn surface of the as-received Sample 2 (Fig. 6, b) exhibits curved wear grooves and plowing,
with no oxidation traces, along with deformed material buildups resulting from adhesion-mediated transfer.
In this process, plasticized bronze initially adheres to the steel counterface, then detaches and re-adheres to
the disk’s wear track surface. The absence of oxidation suggests a predominantly adhesive wear mechanism.

Sliding of Sample 3 (multi-axial forged) yields a wear track surface almost entirely covered by a uniform
black layer of oxidized material (Fig. 6, ¢). The adhesive wear areas are small (250-500 um) and contain
oxide inclusions. The absence of plowing indicates insignificant plastic deformation of the material, which

00 pm :

. 40dpm

e |

d e
Fig. 6. Optical images of the wear track surfaces of 96% Cu-3% Si-1% Mn bronze samples.
Samples 1 (a), 2 (b), 3 (¢), 4 (d) and 5 (e)
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is expected since Sample 3 underwent severe plastic deformation, acquiring higher hardness and lower
ductility through work hardening.

The friction track surface of Sample 4 resembles that of Sample 3 (Fig. 6, d), indicating the predominance
of oxidative wear. Apparently, from the sliding onset, an oxidized layer forms through adhesive transfer
and compaction of wear particles. This layer exhibits resistance to mechanical impact and remains adherent
to the bronze substrate, unlike more ductile samples that are susceptible to plastic deformation and cannot
provide stable support for surface oxide layers.

Low-temperature annealing of Sample 5 after rolling resulted in the formation of slightly more extensive
adhesive wear areas (Fig. 6, ¢) compared to Samples 3 and Samples 4. This phenomenon results from
increased material plasticity and reduced load-bearing capacity, consequently enhancing adhesive wear
components.

The worn surfaces of the ball bearing steel counterparts (balls) were examined to validate the findings
obtained from the bronze samples (Fig. 7). The observed wear patterns confirm the previously identified
differences in wear mechanisms across bronze structural states.

In cases of predominantly adhesive wear, a bronze transfer layer formed on the ball surface (Fig. 7,
b). This layer consists of material transferred through adhesive wear from the ductile as-received bronze
(Sample 2).

Under predominant oxidative wear, a black oxide layer formed on the ball surface (Fig. 7, ¢). These
oxides accumulated in micro-depressions and represent detached surface layers from the work-hardened
bronzes manufactured via multi-axial forging (Sample 3) and rolling (Sample 4).

Significant oxidation of the low-temperature annealed sample (Sample 5) resulted in oxide layer
formation covering substantial portions of the wear track, which correspondingly contributed to oxide
deposition on the ball surface.

Under mixed adhesive-oxidative wear conditions, cyclic formation and removal of the surface layer
occurred within the wear track. Consequently, neither plastic bronze transfer nor stable oxide layers became
established on the ball surface (Fig. 7, a).

The worn surfaces of the bronze samples were further characterized using scanning electron microscopy
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS), as shown in Figs. 8 and 9. The
backscattered electron (BSE) images in Figs. 8, a—e reveal the worn surfaces of all bronze samples, displaying
distinct bright and dark regions. The BSE image contrast is governed by the local elemental composition,
wherein elements with lower atomic numbers appear darker. Consequently, darker areas correspond to
more heavily oxidized regions.

In this context, Sample 1 exhibits a worn surface with predominantly gray and bright areas, indicating
limited oxidation (Fig. 8, a). The grayscale intensity further reveals that although oxides are present on the
worn surface of the as-received Sample 2 (Fig. 8, b), they are confined to small, isolated areas of material
adhered during the wear process. In contrast, Sample 3, Sample 4, and Sample 5 display extensively

400 pm
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Fig. 7. Typical optical images of the ball surface after sliding against Sample 1 (a), Sample 2 (), Samples 3-5 (¢)

Vol. 27 No. 4 2025 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

S
b
1%

d e

Fig. 8. SEM BSE images of the wear track surfaces of 96% Cu-3% Si-1% Mn bronze. Sample 1 (a), Sample
2 (b), Sample 3 (c), Sample 4 (d) and Sample 5 (e)
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Fig. 9. EDS oxygen maps on the wear track surfaces of 96% Cu-3% Si-1% Mn bronze. Sample 1 (a), Sample 2
(b), Sample 3 (c), Sample 4 (d) and Sample 5 (e)
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oxidized worn surfaces resulting from sliding on the severely plastically deformed (SPD) and strengthened
materials (Figs. 8, c—e). The EDS elemental maps presented in Figs. 9, a—e confirm the presence of oxygen
across these worn surfaces.

Fig. 10 presents the wear track profiles and corresponding cross-sectional area data. The obtained profiles
(Fig. 10, a) reveal that sliding against Sample 1 and Sample 2 produced wear tracks with pronounced edge
pile-ups. These pile-ups result from plastic deformation (ploughing) of the coarse-grained bronzes by the
steel counter-body. In contrast, the SPD-strengthened Samples 3—5 exhibit no such pile-ups.
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Fig. 10. Cross-sectional profiles of wear tracks («) of 96% Cu-3% Si-1% Mn bronze and their areas ()

Measurements of the wear track cross-sectional areas (Fig. 10, b) indicate that the most severe wear
occurred during sliding against Sample 2 (as-received condition). The wear volumes for Sample 1,
Sample 3, and Sample 4 were lower than that of Sample 2 by factors of 1.6, 2.1, and 2.2, respectively. Wear
was minimal during friction against the rolled bronze (Sample 4), being 2.2 times and 1.5 times lower than
that of the hot-rolled and WEBAM-fabricated samples, respectively. The application of low-temperature
annealing after rolling (Sample 5) increased wear by 10% compared to the condition obtained by rolling
alone (Sample 4).

To analyze the effect of structural state on the subsurface deformation of silicon bronze induced by
sliding friction, the regions beneath the worn surfaces were examined (Fig. 11). In coarse-grained Sample
1 and Sample 2 (Figs. 11, a, b), deformation bands are unevenly distributed across grains with different
orientations relative to the loading axis. This is evidenced by developed systems of shear bands oriented at
various angles to the sliding plane. The deformation zone extends to a depth of up to 50 um below the worn
surface in Sample 2, resulting from strong adhesive bonding within the friction pair. This adhesion causes
the bronze material to stretch in the direction of the friction force, with the effect being most pronounced
near the contact surface. Adhesive interaction is less intensive during sliding of Sample 2, consequently
resulting in shallower plastic deformation penetration.

The SPD-processed samples (Figs. 11, c—d) consist of refined grains with high dislocation densities,
making the identification of distinct deformation bands challenging. Instead, these samples exhibit curved
shear bands and distorted grains. A thin tribological layer is visible immediately beneath the worn surfaces
in these samples.

For quantitative assessment of subsurface deformation, the maximum penetration depth was measured.
The results demonstrate that both the depth of plastic deformation penetration in the bronze (Fig. 12) and
the wear behavior (Fig. 10) are governed by the material’s mechanical characteristics (Fig. 2), which are in
turn determined by its structural state.
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Fig. 11. Metallographic images of bronze 96% Cu-3% Si-1% Mn below the worn surfaces. Sample 1 (a),
Sample 2 (b), Sample 3 (c), Sample 4 (d) and Sample 5 (e)
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Fig. 12. Depth of penetration of plastic
deformation below the worn surface

Conclusions

Experimental studies of the mechanical, tribological, and structural characteristics of a silicon bronze in
different structural states — ranging from coarse-grained (produced by electron-beam additive manufacturing
and hot rolling) to submicron-grained (resulting from severe plastic deformation via multi-axial forging and
rolling) — yield the following conclusions:

1. The manufacturing method significantly influences the structural state of silicon bronze. Wire and
electron-beam additive manufacturing (WEBAM) and hot rolling produce very large grains (150—-600 pm
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or more). Multi-axial forging produces nano-sized subgrains (lamellae under 100 nm) with high dislocation
density. Subsequent rolling after forging further refines the structure, creating subgrains elongated along
the rolling direction. Low-temperature annealing after rolling yields more equiaxed submicron grains (100—
200 nm) with reduced dislocation density.

2. The structural state directly determines the mechanical properties. In the coarse-grained condition,
the alloy exhibits low strength (o, = 340-346 MPa) and hardness (HV = 0.86-0.96 GPa) but high ductility
(6= 70-100%). The refined structures produced by SPD methods show a sharp increase in strength (o, up to
3 times higher) and hardness (HV up to 3.9 times higher), accompanied by a drop in ductility (6 decreasing
from 100% to a minimum of 9.2%). Low-temperature annealing after rolling maintains high strength while
slightly improving the ductility of the deformed material.

3. The structural state also governs the tribological characteristics. The lowest coefficient of friction was
observed in samples subjected to severe plastic deformation. Furthermore, sliding friction for these samples
was more stable, as evidenced by the lowest recorded amplitudes of vibration acceleration.

4. The structural state and mechanical properties significantly influence the wear mechanisms. The hot-
rolled sample wears primarily by an adhesive mechanism. In high-strength samples processed by multi-axial
forging and rolling, oxidative wear predominates. A mixed adhesive-oxidative mechanism was observed
in the WEBAM-fabricated sample. The depth of plastic deformation penetration beneath the worn surface
correlates strongly with the material’s strength and hardness, reaching 145—-155 um in Sample 1 and Sample
2, but decreasing by a factor of 3.3—4.7 in the SPD-processed Samples 3-5.

5. Severe plastic deformation by multi-axial forging and rolling reduces the wear of silicon bronze by
a factor of 2.1-2.2 compared to the as-received hot-rolled condition. Low-temperature annealing increases
wear by 10% compared to the cold-worked Sample 4.

6. From a practical perspective, the results recommend the sequential application of multi-axial forging
followed by rolling to achieve maximum wear resistance and sliding stability. This processing route yields
high hardness (3.34 GPa), minimal wear (2.2 times lower than the hot-rolled condition), and the lowest and
most stable coefficient of friction and vibration acceleration amplitude. Material with these properties is
suitable for critical friction pairs operating under dry or boundary lubrication conditions where wear and
vibration control are paramount.

7. To achieve maximum strength with acceptable ductility, low-temperature annealing after severe
plastic deformation is recommended. This processing provides maximum strength with partial restoration
of ductility. Material in this structural state is advisable for highly loaded structural components subjected
to static and moderate dynamic loads, where strength is critical and wear resistance is of secondary
importance.
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Introduction. One of the most promising fields for the application of magnesium alloys is medicine. Their
key advantages are bioresorbability and a low elastic modulus, comparable to that of human cortical bone (up to 30
GPa). Biocompatible Mg-Zn-Zr-Ce (MA20) system alloys are among the most promising for medical applications.
Due to their relatively low mechanical properties, the development of severe plastic deformation (SPD) techniques
for forming an ultrafine-grained (UF'G) state in bulk billets of the Mg-Zn-Zr-Ce alloy to achieve optimal functional
properties requires further research. Analyzing the conditions for forming a high-strength UFG state necessitates
considering various strengthening mechanisms, including well-known ones related to the effect of UFG structures.
Identifying the deformation and strain hardening mechanisms in magnesium alloys subjected to SPD is also highly
relevant. The purpose of this work is to establish the mechanisms of strain hardening and to investigate the influence
of heat treatment on the structure and properties of the MA20 magnesium alloy after combined SPD. Research
methods. The study object was the MA20 alloy in a UFG state (wt. %: Mg — 98.0; Zn — 1.3; Ce — 0.1; Zr — 0.1;
O —0.5). The UFG state was achieved via a combined SPD process involving ABC-pressing followed by multi-pass
rolling in grooved rolls. To study the effect of annealing on the microstructure and mechanical tensile properties,
samples were annealed in air at temperatures of 200, 250, 300, and 500 °C for 24 hours. The microstructure and
phase composition of the samples were investigated using optical and transmission electron microscopy. Results
and discussion. It was established that applying a combined SPD method (4BC-pressing and multi-pass rolling)
to the MA20 alloy results in the formation of an ultrafine-grained structure with an average grain size of about
1 um. This leads to a significant increase in yield strength (o,,) to 250 MPa and ultimate tensile strength (6) to
270 MPa, while simultaneously reducing ductility to 3%. Annealing at 200 °C was found to preserve the UFG state
in the MA20 alloy and to lead to a 100% increase in ductility, with an 8% decrease in 6, and a 4% decrease in 6,
compared to the initial UFG state (non-annealed). Conclusions. It was revealed that the grain boundary (csgrain =
=202 MPa) and dislocation (o, = 69 MPa) strengthening contributions provide the most significant increase in the
strength of the UFG MA20 magnesium alloy. For the magnesium alloy in the UFG and fine-grained (FG) states,
a critical grain size interval of (1-7) um was identified, corresponding to a sharp increase in the intensity of change
for the calculated contributions of dislocation (do,,/ dd), grain boundary (dcgmi“/ dd), overall strengthening
(d6,,,/dd), and dislocation density (dp/dd). For the coarse-grained (CG) state of the alloy in the grain size range
(7-40) um, these parameters stabilize.
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Introduction

One of the most promising areas for the use of magnesium alloys is considered to be medicine [1]. Their
key advantages are bioresorbability and a relatively low elastic modulus, comparable to that of human corti-
cal bone (up to 30 GPa). The matching of the elastic moduli of bone tissue and the magnesium alloy elimi-
nates high stresses at the bone-implant interface [2]. Magnesium and its alloys have the ability to undergo
bioresorption, making them useful for certain types of orthopedic and vascular surgeries. The resorption of
a magnesium implant and its replacement by bone tissue in the body during treatment avoids the need for
repeated surgical intervention. The disadvantages of magnesium alloys include low corrosion resistance
and the release of hydrogen during metal corrosion [3]. Furthermore, for some implants subjected to load-
bearing applications, the level of strength properties does not meet the necessary requirements. Alloying
magnesium with specific elements can reduce the resorption rate of the implanted device, thereby increas-
ing corrosion resistance, as well as enhance mechanical strength while maintaining satisfactory ultimate
plasticity.

Elements considered favorable for medical applications include Ca, Mn, Zn, Sn, Sr, and Ce [4]. The
most promising for medical applications are alloys based on the Mg-Zn-Zr system. The addition of Ce up
to 0.3 wt. % to the Mg-Zn-Zr system improves plasticity [5]. Microalloying with Ce leads to the formation
of finer and more spherical intermetallic compounds, which promote the nucleation of crystallization sites
and refine the average grain size [6].

In magnesium alloys, an enhancement of mechanical properties can be achieved by refining the grain
structure using methods of severe plastic deformation (SPD) [7]. This approach allows for a 2 to 2.5-fold
increase in strength properties without the introduction of additional alloying elements, due to the forma-
tion of an ultrafine-grained (UFG) structure.

To date, there are publications presenting research results on the structure [5] and mechanical properties
[8] of Mg-Zn-Zr system alloys with additions of Ce and Ca in various structural states [9]. However, despite
a number of publications [1,3,4,10-12] dedicated to achieving an ultrafine-grained (UFG) state in magne-
sium alloys via SPD methods, the problem of obtaining an average grain size of less than 1 um still re-
mains. Furthermore, there is a need to identify regimes for the subsequent thermal treatment of magnesium
alloy products to relieve residual internal stresses and enhance plasticity while simultaneously preserving
the UFG structure of the alloy. UFG and fine-grained (FG) states in magnesium alloys are characterized
by relatively low plasticity and limited fatigue endurance. This is associated with the peculiarities of their
hexagonal close-packed (HCP) lattice, in which deformation occurs primarily through slip on basal planes,
significantly reducing the workability of products and semi-finished workpieces made from such alloys.

At room temperature, two main deformation mechanisms are realized in magnesium alloys: basal slip
and twinning [13]. An increase in temperature during deformation leads to the activation of several slip
planes: basal {0001}, prismatic {1010}, pyramidal {1122}, and twinning {1012}, and consequently, to an
increase in the plasticity of magnesium after deformation processing [14]. Therefore, the pressure treatment
of magnesium and its alloys is conducted at temperatures of 250-430 °C, which allows for the activation
of prismatic and pyramidal slip systems [15], as well as secondary twinning [16]. A study of the deforma-
tion behavior of magnesium and its alloys in [17] showed that at temperatures below 225 °C, the primary
deformation mechanism is twinning, which usually leads to a sharp drop in plasticity.

It is known that the UFG structure formed by SPD methods in metals and alloys has its own specific
features associated with the small grain size, high lattice curvature, extensive non-equilibrium grain
boundaries, etc., which leads to a significant increase in the strength of materials [18]. Furthermore, the use
of SPD methods promotes the segregation of alloying elements at grain boundaries and the formation of fine
dispersoids of secondary phases [19]. In combination with the ultrafine-grained structure, this provides an
additional contribution to the enhancement of the strength characteristics of metals. In this regard, research
aimed at analyzing the influence of various strengthening mechanisms on strength properties, including
UFG alloys, is of particular relevance.

For magnesium alloys, strengthening mechanisms have been studied in works [12,20]. Study [12] es-
tablished that in the Mg-1Zn-0.2Ca alloy, microalloying with Zn and Ca promotes the realization of the
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grain boundary strengthening mechanism by refining the structure to an FG state during multi-directional
isothermal forging. This made it possible to significantly increase the mechanical properties in tensile tests,
raising the yield strength to 210 MPa, the ultimate tensile strength to 260 MPa, and the elongation to failure
to 20 %.

The authors of [21] investigated the effect of extrusion on the microstructure of an Mg-Y-Gd-Zr alloy,
which was additionally alloyed with Sm and Gd. It was found that the reduction in grain size is related to
the magnitude of accumulated strain. The study also investigated the influence of the Sm addition on the
kinetics of the decomposition of the magnesium solid solution in the Mg-Y-Gd-Zr alloy in the deformed
state. It was shown that after deformation, the Mg-Y-Gd-Zr and Mg-Y-Gd-Sm-Zr alloys were additionally
strengthened by the solid solution mechanism.

In work [20], a significant contribution of strain hardening to the overall strength of an alloy from the
Mg-Zn-Ca system was identified. It is shown that the application of a combined SPD method allows for a
reduction of the average grain size from 220 to 20 pum, thereby increasing the ultimate strength of the alloy
from 144 to 233 MPa.

To analyze the conditions for the formation of a high-strength state in UFG alloys, it is necessary to ac-
count for various strengthening mechanisms, including well-known ones associated with the influence of
UFG structures. Therefore, the issues of identifying the deformation and strain hardening mechanisms of
magnesium alloys formed under severe deformation conditions require further investigation.

The aim of this work was to establish the mechanisms of strain hardening in MA20 alloy subjected to
combined SPD and to determine the influence of heat treatment on its structure and properties. To achieve
this aim, the following research tasks were set:

1. To evaluate the grain size in MA20 alloy after the application of the SPD method.

2. To perform mechanical testing of alloy samples in various states to assess the strength and plasticity
of the alloy.

3. To evaluate the contributions of various strengthening mechanisms (grain boundary, dislocation, etc.)
to the yield strength of the alloy under different thermal treatments.

4. To determine the grain size interval at which a change in the strain hardening mechanisms of MA20
magnesium alloy occurs.

Research methodology

The object of the study was the commercial magnesium alloy (MA20) of the Mg-Zn-Zr-Ce system,
developed at the All-Russian Scientific Research Institute of Aviation Materials (Moscow, Russia). The
magnesium alloy billet was produced by remelting at the All-Russian Institute of Light Alloys (Moscow,
Russia, JSC VILS) followed by hot rolling to a plate thickness of 30 mm. The alloy had the following
composition (wt. %): Mg —98.0; Zn—1.3; Ce — 0.1; Zr—0.1; O - 0.5.

The UFG state in MA20 magnesium alloy was achieved using a combined SPD method, consisting
of 3abc pressing and multi-pass rolling [22]. At the 3abc pressing stage, the billet was pressed in a die at
a temperature of 250 °C, being rotated by 90° after each pressing cycle. The total logarithmic strain for
all pressing stages amounted to 1.1. Rolling of the samples, preheated to 250 °C, was carried out at room
temperature to a total logarithmic strain of 1.5.

To investigate the influence of the final heat treatment temperature on the mechanical properties of
the magnesium alloy, samples in the UFG state were annealed at temperatures of 200, 250, and 300 °C
for 24 hours in a SNOL 10/11 muffle furnace and cooled in air. The selected temperature-time regimes of
thermal treatment ensured a low rate of diffusion processes in the magnesium alloys [23]. For the complete
relaxation of stresses, the initial alloy was annealed at a temperature of 500 °C for 8 hours ina SNOL 10/11
muffle furnace followed by cooling in air.

The microstructure of the obtained billets was studied using an optical microscope (Altami MET 1
MT, St. Petersburg, Russia) and a transmission electron microscope (TEM) (JEOL JEM 2100 electron
microscope, Tokyo Boeki Ltd., Tokyo, Japan) equipped with an energy-dispersive X-ray spectroscopy
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/p (EDS) attachment. The elemental composition of the samples
Zj\ | prior to deformation was determined using a Niton XL3t X-ray
2 9 UU | fluorescence analyzer (Thermo Scientific, Massachusetts, USA).

- - Se) Microhardness measurements were conducted using the Vickers
\ method on a Duramin-5 tester (Struers, Ballerup, Denmark). The
L yield strength, ultimate tensile strength, and maximum elongation

| 3 y were determined during tensile tests using a UTS-110M-100 testing
machine (Test-Sistemy, Ivanovo, Russia). For these tests, flat “dog-

2 3; 00 bone” shaped specimens with the following working dimensions
= were used: thickness — 3.0 mm, width — 2.7 mm, length — 9.0 mm.
A diagram of the specimens for mechanical testing is presented in
~ Figure 1. The specimens were manufactured using the wire electrical
discharge machining (EDM) method.

Sample preparation for transmission electron microscopy
(TEM) was performed by cutting the billets into 0.3 mm thick
plates using electrical discharge machining (EDM), which were
then mechanically thinned to a thickness of 0.1 mm on P2500 grit sandpaper. Further sample preparation
was carried out by ion milling using an ion mill (JEOL Ion Slicer EM-09100IS, Tokyo Boeki Ltd., Tokyo,
Japan). Interplanar spacing data were calculated from microdiffraction patterns using the Crystallography
Open Database (COD) as 0f 21.01.2025. The average size (of grains, subgrains, fragments) was determined
by the linear intercept method. The scalar dislocation density was determined by the linear intercept method
using bright-field TEM images and the following formula [24]:

<p>=l.(M+Mj, (1)
r L1 Ly

where ¢ = 150 nm is the foil thickness; N: and N2 are the total numbers of intersections of dislocations with
the horizontal and vertical lines, respectively, drawn on the bright-field TEM image; L, and L, are the total
lengths of all horizontal and vertical lines, respectively, drawn on the bright-field TEM image, nm.

Additionally, the types of dislocation substructures were determined based on the corresponding
values of scalar dislocation density and electron microscopy images of the regions of the studied samples.
The assessment of the contributions of various mechanisms to the strain hardening of the alloy for the
investigated structural states was performed according to the methodology presented in [19].

Subsequently, dependencies of dislocation density and the contributions of strengthening mechanisms
on the average grain size were plotted. The obtained dependencies were differentiated, and the derivatives
were plotted, characterizing the intensity of change in the contributions of the strengthening mechanisms,
the total stress, and the dislocation density with respect to the grain size.

270"

Fig. 1. Schematic representation of
specimens for mechanical tensile testing

Results and Discussion

Figure 2a shows an optical image of the microstructure of MA20 magnesium alloy in the initial coarse-
grained (CG) state. The alloy’s microstructure consists of equiaxed grains based on an a-solid solution of
alloying elements in magnesium. The average grain size, determined by the linear intercept method, was
25.0 = 10.0 um. A large number of predominantly spherical particles and regions of particle accumulation
are observed inside the grains, which are uniformly distributed within the grains.

According to literature data, in alloys of the Mg-Zn-Zr-Ce system, these particles are identified as na-
noscale intermetallic compounds MgZn,, CeZn,, and Ce,Zn, [25]. Furthermore, the alloys contain larger
particles ranging from 2 to 10 um, which are zirconium and cerium hydrides (ZrH, and Ce,H,) [22].

During deformation, hydride particles can acquire additional mobility, which, in turn, leads to their
further agglomeration in the process of deformation, affecting the level of mechanical properties. Thus, the
authors of [26] established the role of the influence of hydrides and dissolved hydrogen in the magnesium
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20 pm 5 20 um

20 um

a b c

Fig. 2. Optical images of the microstructure of the MA20 alloy in different states:
a—CG,; b - FG; ¢ — UFG. Particles of hydrides and intermetallics are indicated by arrows

matrix on the mechanical properties of Mg-Al, Mg-Zn, Mg-Ca, and Mg-RE alloy systems. It was shown that
hydrides reduce the mechanical properties of magnesium alloys because they act as sinks for dislocations,
leading to crack formation. Hydrides also agglomerate during deformation. This reduces the material’s
plasticity and is a significant drawback that limits the practical application of magnesium alloys [27].
A more detailed description of the microstructure of the MA20 alloy was provided by the authors of this
study in work [22].

The average grain size decreases after deformation by 3abc pressing. After 3abc pressing, a fine-grained
(FG) state is formed with an average grain size of 3.0 = 1.5 um (Figure 2b). The fraction of hydride and
intermetallic particles remains unchanged after the deformation processing. Most grains are non-equiaxed
and have an irregular shape. Subsequent deformation by rolling promoted additional refinement of the pri-
mary phase microstructure to 1.0 + 0.7 pm (Figure 2c¢), which corresponds to an ultrafine-grained (UFG)
state. According to optical metallography data (Figure 2), deformation by rolling leads to the agglomeration
of particles and hydrides, which may indicate their high mobility during SPD [28].

The results of TEM studies of the alloy’s microstructure in the CG state are presented in Figure 3. Bright-
field TEM images show equiaxed grains of the primary phase based on an a-solid solution of alloying ele-
ments in magnesium (HCP lattice) and particle inclusions (Figure 3a, d). As a result of microdiffraction analy-
sis, the intermetallic compounds MgZn,, CeZn,, and Ce,Zn,, were identified in the CG alloy (Figure 3b, ¢).
Figure 3a, c, d, ¢ present dark-field and bright-field images of MgZn,, CeZn,, and Ce,Zn | particles.

Additionally, EDS analysis was performed, which showed thatin MgZn, particles, the ratio of magnesium
to zinc (at. %) is 1.5:2, which corresponds to the stoichiometric composition of the intermetallic compound,
since magnesium is the primary phase in the alloy. For the CeZn, and Ce,Zn,, intermetallics, the element
ratios (at. %) are 1:3.5 and 1:4, respectively, which are close to the stoichiometric compositions of the
particles.

According to the Mg-Zn [29] and Zn-Ce [30] phase diagrams, the indicated intermetallic compounds
are stable and exist at room temperature. It should be noted that intermetallic compounds can significantly
influence deformation processes by inhibiting grain boundary motion [19].

After abc-pressing, subgrains form inside the matrix grains (Figure 4a). A network dislocation
substructure forms inside the subgrains (Figure 4b, c) with a scalar dislocation density of 5- 10’ cm . The
phase composition of the alloy in the FG state corresponds to that of the alloy in the CG state. The alloy
contains intermetallic compounds MgZn,, CeZn,, and Ce.Zn,, as well as a certain amount of zirconium
hydride ZrH, and cerium hydride Ce,H,, which was confirmed by SEM studies and X-ray phase analysis
by the authors in a previous work [22].

Combined SPD (abc-pressing + rolling) leads to the formation of a UFG structure with an average grain
size of 1.0 + 0.7 um. TEM images reveal a cellular-network dislocation substructure (Figure 5b, c¢) with a
scalar dislocation density of 2- 10" cm™. The phase composition of the alloy did not change qualitatively
after the combined SPD.
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MgZn»

200 nm

d e f
Fig. 3. TEM images of the microstructure of the magnesium alloy in the CG state:

a, e— bright-field image of particles MgZn,, CeZn, and Ce,Zn, ; b, f— microdiffraction pattern from intermetallic compounds

MgZn,, CeZn, and Ce,Zn, ; c,d— dark-field image of particles MgZn, and CeZn,

Fig. 4. TEM images of MA20 alloy in the FG state:

a — bright-field image of the alloy grain structure; b, ¢ — bright-field image of the dislocation substructure.
Network dislocation structure is indicated by arrows
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500 nn

Fig. 5. Bright-field TEM images of MA20 alloy in the UFG state:

a — subgrain structure; b, ¢ — cellular-network dislocation substructure. Arrows indicate the dislocation
substructure

At the next stage, microstructural studies were conducted for the UFG alloy samples after annealing for
24 hours at temperatures of 200, 250, and 300 °C. Optical images of the microstructure of the UFG alloy
subjected to heat treatment at various temperatures are presented in Figure 6.

Based on the results of optical microscopy, it was established that annealing the magnesium alloy in the
UFG state at a temperature of 200 °C preserves the UFG state of the alloy. Annealing at 250 and 300 °C
increases the average grain size to 1.5 + 0.8 um and 7.0 + 5.0 um, respectively, transitioning the alloy into
the FG state.

TEM images of the alloy’s microstructure after thermal treatment are presented in Figure 7. The results
of TEM studies confirm the optical microscopy data. Annealing at 200 °C leads to a decrease in dislocation
density in the alloy from 2- 10" to 9-10° cm™; however, the dislocation substructure remains largely
unchanged — cellular-network (Figure 7a). An increase in the annealing temperature to 250 °C leads to an
increase in grain size and a further decrease in the scalar dislocation density to 6- 10’ cm; the dislocation
structure becomes a network with a chaotic distribution of dislocations within it (Figure 7b). The TEM
images show that the alloy’s structure becomes more homogeneous throughout the volume, which indicates
the onset of recrystallization processes. A further increase in the annealing temperature to 300 °C leads to
more intense recrystallization processes in the alloy and a substantial increase in grain size. The network
dislocation structure transforms into individual dislocation clusters. The dislocation density decreases to
4-10° cm™ (Figure 7c).

After annealing at 200 °C, the dislocation density was found to be 9x 10° em™, which is lower than that
of the UFG state (2:10"° cm™). An increase in the annealing temperature to 250 and 300 °C reduces the

20 um

20 um

20 pum

Fig. 6. Optical images of the structure of the UFG alloy after heat treatment:
a—200 °C; b—250°C; ¢ —300 °C
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Fig. 7. Bright-field TEM images of the microstructure of the UFG alloy after heat treatment:

a — 200 °C, cellular-network dislocation structure; b — 250 °C, network dislocation structure; ¢ — 300 °C,
dislocation clusters and tangles. Arrows indicate the dislocation substructure

scalar dislocation density to 6- 10’ cm™ (annealing at 250 °C) and further to 4- 10’ cm™ (annealing at 300
°C), respectively, due to the activation of the recovery process [31].

Figure 8 shows the microstructure of the coarse-grained (initial) alloy after annealing at 500 °C. In this
state, the structure has a distinct granular character and consists of equiaxed a-grains based on a magnesium
solid solution (Figure 8a). The average grain size was 40.0 £+ 15.0 um. Furthermore, a small number of in-
termetallic particles of secondary phases, which did not dissolve during the annealing process, are observed
along the grain boundaries.

Figure 9a presents the tensile stress-strain curves of the alloy samples. Mechanical testing showed that
the UFG sample has the maximum values of yield strength and ultimate tensile strength (c,, = 250 MPa
and o, = 270 MPa) compared to the FG (6, , = 40 MPa and 6, = 220 MPa) and CG (o, , = 250 MPa and
Ours = 190 MPa) states. The ultimate plasticity of the alloy for the UFG, FG, and CG states was 3%, 9%,
and 13%, respectively.

Heat treatment of the alloy in the UFG state leads to a decrease in strength properties and an increase in
the plasticity of the alloy (Figure 9b). Annealing at a temperature of 200 °C results in a 100% increase in
plasticity and the achievement of high strength without changing the grain size. In this case, 6, , and 6,14
decrease slightly — by 8% and 4%, respectively — compared to the UFG state (without annealing). Fur-

; A e
[ l l :’1‘1
‘ 8 ;‘ ey
$ T o 20 um
a b

Fig. 8. Optical (a) and bright-field TEM (b) images of the alloy microstructure after annealing
at 500 °C. Arrows indicate the dislocation substructure
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Fig. 9. Stress-strain curves in different structural states (a) and after annealing at 500, 300, 250
and 200 °C (b)

ther annealing of the alloy at 250 °C leads to an increase in ultimate plasticity and a decrease in the yield
strength. Subsequently, annealing at 300 °C also results in a decrease in strength properties and an increase
in ultimate plasticity due to a reduction in defect density and recrystallization.

High-temperature annealing (500 °C) of the alloy in the CG state, which was applied for the complete
relaxation of internal stresDses, is characterized by active recrystallization, which leads to a sharp decrease
in strength and the achievement of the highest plasticity.

Table 1 presents data on the influence of grain size on the mechanical properties of the alloy. To identify
the main strengthening mechanisms in the magnesium alloy, an assessment of the contributions of the active

Table 1
Mechanical and structural properties of MA20 alloy
Average . . . 2
. .0 Oyt 0, Scalar dislocation density, <p>, cm
Number Alloy state gralitrsllze, MPa | MPa | % Dislocation substructure type
CG + annealin 8:10°
1 500 °C & 40,0£15,0 60 180 25 Individual dislocations and dislocation
clusters
A 9
2 CG 25,0£10,0 90 190 13 ) 4. 10
Dislocation clusters
UFG + annealing, 4-10°
3 300 °C 7,045,0 150 220 17 Dislocation clusters and tangles
4 FG 3,02,0 | 140 | 220 | 9 5:10”
’ ’ Network dislocation substructure
UFG + annealin 610’
5 250°C & 1,5+0,8 210 250 11 Network dislocation substructure and
dislocation clusters
UFG + annealing, 9-10°
=+
6 200 °C 1,0£0,7 230 260 6 Network dislocation substructure
7 UFG 1,0£0,7 | 250 | 270 | 3 2107
T Cellular-network dislocation substructure

Note: 6, — yield strength, 6, — ultimate tensile strength, 3 — elongation to failure.

UTs
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strengthening mechanisms to the yield strength of the magnesium alloy was carried out [19,32]. This work
involved the calculation of the additive contributions of strengthening mechanisms, such as the lattice friction
stress, dislocation strengthening, and grain boundary strengthening, to the yield strength of the alloy:

Grotal = 60 + Odis T Ogbs (2)

where o, is the calculated yield strength of the alloy; o, is the stress due to dislocation slip in a single
crystal, as well as solid solution and dispersion strengthening; 6, is dislocation strengthening; Oy is grain
boundary strengthening.

It is known that the primary strengthening mechanism in UFG metals and alloys is grain boundary
strengthening, described by the Hall-Petch equation [18,19,33]. The mechanisms of strain hardening in
magnesium alloys also include dislocation slip and twinning [34]. Study [35] demonstrated that the pri-
mary strengthening mechanism in samples of extruded AZ31 alloy under cyclic deformation according to
a “compression-tension” scheme is twinning. Typically, active twinning in magnesium alloys promotes ef-
fective grain refinement even at low strains. Study [36] investigated a ZK60 alloy in the FG state (average
grain size — 3 pm), produced by extrusion. It was established that the alloy deforms through twinning and
basal slip at high strain rates (¢ = 10’ s); however, at lower rates (e = 10' s'l), the twinning mechanism is
suppressed, leading to a sharp decrease in the plasticity of the magnesium alloy.

In study [37], grain boundary strengthening for the magnesium alloy was determined using the Hall-
Petch relationship:

og = Kd V2, ©

where K is the Hall-Petch constant; d is the average grain size of the primary phase. Based on the obtained
experimental data (Table 1), the dependence of the yield strength 6, on d'* was plotted (Figure 10). In the
grain size interval of (1-40) um, the dependence of 5, , on d"? is linear (K = 202 MPa- p,ml/z). In accordance
with the Hall-Petch relationship, for the studied alloy, the value of Oy is 40 MPa.

The contribution of the dislocation structure to the material’s strengthening was calculated using the
Taylor equation [38]:

Sgis =b-+-G-\<p>, (4)

where y = 0.9 is a constant characterizing the interac-
tion between dislocations [38]; b = 0.321 nm is the
magnitude of the Burgers vector for the most probable

6=40+202-d"

200 - slip plane (the basal plane {0001} was considered as

R*=0,98 the most probable in this work); G = 17 GPa is the

shear modulus for magnesium [39]; and <p> is the sca-

g 150 - lar dislocation density. The dislocation density values

S I for magnesium in various structural states are present-
%100 - ed in Table 1.

The value of the friction stress 6, in a single crys-
tal was taken as 6, = 14 MPa, assuming that this val-
S0 ue corresponds to the o, for the equilibrium state of
the CG alloy (annealed at 500 °C). The value of o,
for the CG state of the alloy was estimated as: o, =

0t— '7 et et b Gy, — Ogis — O Where o, = 60 MPa (experimental
00 02 04 06 08 10 data); 6, = 14 MPa and 6, = 32 MPa (calculated data,
d™, um™* Table 2).

' ) The calculated values of o, and o, are pre-
Fig. 10. Dependence of the yield strength sented in Table 2. For the CG alloy, the contri-
Sy, 0n the d bution from grain boundary strengthening was
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Table 2
Contributions of different strain hardening mechanisms in MA20 alloy in various structural states
Alloy state o, MPa Oy MPa Oy, MPa O, » MPa O MPa
CG 16 40 14 96 90
FG 35 117 14 166 140
UFG 69 202 14 286 250
UFG + annealing at 200 °C 47 202 14 263 230
UFG + annealing at 250 °C 38 165 14 217 210
UFG + annealing at 300 °C 31 76 14 122 140
CG + annealing at 500 oC’ 14 32 14 60 60

* Note: CG + annealing at 500 °C — annealing of the initial coarse-grained state of the alloy at 500 °C for 8 hours to achieve
a large grain size and relaxation of internal stresses.

=40 MPa. The transition of the alloy to the FG state is accompanied by a substantial increase in 6, — to
117 MPa, due to the significant refinement of the grain structure. The application of the combined SPD
method, including abc press forging followed by rolling, forms a structure with a minimal grain size, which
increases the value of grain boundary strengthening to 202 MPa. Annealing of the UFG alloy at 200 °C
does not affect the value of Oy compared to the UFG state without annealing, while maintaining an average
grain size of 1 pm. Annealing at 250 and 300 °C promotes grain growth to 1.5 and 7 um, respectively, and
thereby reduces the grain boundary strengthening of the alloy to 165 and 76 MPa.

Annealing the CG (initial) alloy at 500 °C leads to the formation of a coarse-grained structure, whereby
the contribution of grain boundary strengthening decreases to 32 MPa.

For the alloy in the CG state, the contribution of the dislocation strengthening mechanism was 16 MPa.
In the FG state, the dislocation density increases, and the contribution of dislocation strengthening reaches
35 MPa. The UFG state is characterized by a high dislocation density and the maximum contribution of
dislocation strengthening — 69 MPa. Annealing at 200 °C causes microstructural relaxation, a significant re-
duction in dislocation density, and, consequently, a decrease in 6, to 47 MPa. Subsequent annealing at 250
and 300 °C leads to a reduction in 6 to 38 and 31 MPa, which can be attributed to the activation of recov-
ery processes and a decrease in the scalar dislocation density in the magnesium alloy samples. These results
are consistent with the TEM data, which show a reduction in scalar dislocation density accompanied by a
decrease in the contribution of dislocation strengthening. Simultaneously, annealing increases the average
grain size, which reduces strength due to the decrease in both dislocation and grain boundary strengthening.
During recrystallization annealing of the CG alloy at 500 °C, the dislocation density is minimal, and the
calculated contribution of dislocation strengthening decreases to 14 MPa. The calculated values of 6, . are
in good agreement with the experimental data for 6, obtained from tensile mechanical tests.

Thus, the greatest contribution to the increase in strength of the magnesium alloy during combined SPD
is made by the grain boundary strengthening mechanism, whose contribution due to grain refinement to 1
pm is Oy = 202 MPa, and the dislocation strengthening mechanism with a contribution of 6, = 69 MPa.

The presented calculated data are estimates but allow for the identification of the most significant contri-
butions to the overall strengthening, and thereby, the primary strengthening mechanisms of the magnesium
alloy. The dependencies of dislocation density and the calculated strengthening contributions on the aver-
age grain size for alloy MA20 are presented in Figure 11.

On the presented dependencies, a range with grain sizes from 1 to 7 pm can be identified, where a de-
crease in grain size is accompanied by a decrease in the values of 6, ¢ Ogb> Otoral 1 <P This specified grain
size range corresponds to the following alloy states: UFG, UFG (annealed at 200, 250, 300 °C), and FG.

Figure 12 presents graphs of the change in the intensity of the contributions to the flow stress.

On the specified dependencies, two regions with different intensities of change ino,,0,,,0, .., and <p>

gb’ “total’
can be indentified. In Region I, (1-7) um, a sharp change in the contributions and dislocatlon density occurs

total
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3 10
K -7 —m—dislocation strengthening ]

—®— grain boundary strengthening
7 5 —A— calculated strength

—B— dislocation density

d, pm

Fig. I'I. Dependence§ of the contri})utif)ns: 6 4i> Ograin> Ototar
and dislocation density on the grain size (sample numbers
are presented in Table 1)
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Fig. 12. Dependences of changes in the intensity of do
do_ . /dd,do,  /dd, dp/dd on the grain size

grain

dd,

dis/
total

for the UFG and FG states of the alloy. Region II can be characterized by a small change in the values do ;. /
dd, dcsgb/dd, do, .. /dd, dp/dd, which corresponds to the CG state.

The change in the character of the dependencies is associated with the structural relaxation of the al-
loy during the transition from the UFG to the FG state due to recovery and defect annihilation processes,
transformations of the structure inside grains and at grain boundaries, and the reorganization of the disloca-
tion substructure during annealing. It is assumed that non-equilibrium grain boundaries, unlike equilibrium
ones, form long-range stress fields that remain significant even over considerable distances and are capable
of influencing the motion of intragranular dislocations. The low intensity of change in the contributions
do . /dd, dcsgb/dd, do,,./dd, and the density dp/dd for the CG state of the alloy suggests the formation of an
equilibrium “sub-lattice” of grain boundary defects [19].

Conclusion

1. The application of a combined SPD method, involving sequential abc press forging and multi-pass
rolling of MA20 magnesium alloy, leads to the refinement of the grain structure to a UFG state (average
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grain size: 1 um), a substantial increase in yield and ultimate tensile strength (5, ,= 250 MPa, ¢ 270
MPa) and a reduction in plasticity to 3%.

2. An assessment of the contributions from strain hardening mechanisms to the total yield strength o, |
during combined SPD was conducted. It was shown that the greatest contribution to the strengthening of
the UFG MA20 magnesium alloy is made by the grain boundary (ng = 202 MPa) and dislocation (o, =
= 69 MPa) strengthening mechanisms.

3. Annealing at 200 °C preserves the UFG state in the MA20 magnesium alloy but, compared to the
initial UFG state, promotes partial structural relaxation, a significant reduction in dislocation density, a
31% decrease in the o, contribution, an 8% decrease in 6, ,, a 4% decrease in 6 and a 100% increase
in plasticity.

4. For the studied alloy in the UFG and FG states, an interval of grain sizes equal to (1-7) um was iden-
tified, corresponding to an abrupt change in the intensities of the dislocation density derivative (dp/dd), the
contributions of the dislocation and grain boundary mechanisms to strain hardening (do . /dd, dcgb/dd), and

the value of the total strengthening derivative do,  /dd.

uTsS

0.2° UTsS?
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Introduction. The widespread use of 7iNi-based functional alloys in medicine requires targeted management
of their surface properties, such as wettability and biocompatibility. One of the promising methods for surface
modification is laser treatment, especially in the UV range of the spectrum. The efficiency of UV laser treatment
is due to the high photon energy, strong absorption by metals, and the shallow depth of the thermal effect zone.
The purpose of this work is to investigate the effect of UV laser radiation wavelength (266 and 355 nm) on
the structural and phase state, chemical composition, and wettability of the 7iNi alloy surface, with the goal of
subsequently controlling the material’s functional properties. Materials and research methods. 7iNi surface
modification was performed using a pulsed Nd: YAG laser operating at wavelengths of 266 and 355 nm in ambient air.
The modified surfaces were analyzed by scanning electron microscopy with energy-dispersive spectroscopy (SEM-
EDS). Microstructure, elemental composition, and phase composition were analyzed by X-ray diffraction (XRD).
Wettability was estimated using the sessile drop method. The free surface energy, along with its dispersive and polar
components, was then calculated from the contact angle data using the OWRK method. Results and discussion.
UV laser treatment, varying parameters such as laser radiation wavelength and scanning speed, was found to induce
changes in the morphology, elemental composition, phase composition of the surface layer of 7iNi alloy samples, and
their surface properties. Following UV laser treatment at wavelengths of 266 and 355 nm and low scanning speeds (¥
=200 and 500 pm/s), single microcracks or microcrack networks resulting from thermal exposure were observed on
the specimen surfaces. The oxygen content on the 7iNi surface increased by a factor of 5 to 18 compared to the initial
state after UV laser treatment. Furthermore, the phase composition of the 7iNi alloy underwent noticeable changes,
with titanium oxide phases being detected on the surface after laser exposure. The higher-energy photons (A = 266
nm) resulted in a more pronounced change in the surface morphology and properties of 7iNi compared to the 355 nm
radiation under identical treating conditions. UV laser treatment significantly increased the surface hydrophilicity:
the contact angle decreased from ~75° in the initial state to ~25° and =11° after treatment with 355 and 266 nm
radiation wavelength, respectively. Additionally, an increase in the free surface energy of the TiNi specimens was
observed, primarily due to a significant increase in the polar component.

For citation: Sablina T.Y., Kandaurova M.Yu., Zyatikov I.A., Panchenko Yu.N. Effect of laser radiation wavelength on the structure and
functional properties of TiNi alloy during UV laser treatment. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working
and Material Science, 2025, vol. 27, no. 4, pp. 257-271. DOI: 10.17212/1994-6309-2025-27.4-257-271. (In Russian).

Introduction

Alloys based on titanium nickelide (7iNi) occupy an important place among functional materials due to

their unique properties, such as the shape memory effect and superelasticity, which makes them attractive
for use in medicine (implants, stents), the aerospace industry, and microelectronics [1-3]. However, the
successful application of 7iNi largely depends on its surface properties, including wettability, which affects
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the alloy’s biocompatibility and corrosion resistance [4]. Therefore, researchers’ attention is focused on
finding effective surface treatment methods for these alloys to improve their biofunctional properties.

Modern strategies for surface modification of functional materials include a wide range of methods,
such as ion implantation [5], high-energy techniques (laser, electron beam, plasma) [6, 7], thermal and
chemical treatments [8], deposition of functional coatings [9], etc. Among high-energy methods, laser
treatment holds a special place due to its precision, non-contact nature, environmental friendliness, and
high processing speed [6, 10]. A key advantage of laser surface modification technologies is the ability to
precisely control changes in microstructure, chemical composition, and surface topography, which opens
prospects for targeted control of its functional properties.

Numerous studies confirm the positive effect of laser treatment on the corrosion resistance and
biocompatibility of 7iNi-based alloys, particularly by reducing the migration of nickel ions into the
physiological environment [ 11-15]. It was shown in [ 11] that treatment with an Nd:YAG laser (A= 1,064 nm)
improves corrosion resistance due to the formation of a protective oxide layer, although excessive melting
can locally enhance nickel ion release from the 7iNi surface. In turn, Q. Zhang et al. [12] demonstrated that
ultrashort laser pulses not only control wettability but also create wettability gradients, which improves
anti-adhesion properties and reduces the hemolytic activity of 7iNi. Study [13] showed that texturing
with femtosecond laser pulses (A = 1,028 nm) creates hierarchical structures on the 7iNi alloy surface,
significantly improving wettability and promoting endothelialization. Other work [14] indicates that laser-
induced changes in the oxide layer impart antibacterial properties to the surface, reducing Staphylococcus
aureus adhesion. Additionally, it was found in [15] that controlling the parameters of femtosecond laser
(A = 1,035 nm) microtreatment enables achieving low surface roughness in 7iNi powder samples, which
improves biocompatibility and resistance to biocorrosion.

Nevertheless, systematic studies on the influence of laser treatment on the wettability and biocompatibility
of titanium nickelide-based alloys remain limited. Despite these achievements, the task of controlling
the wettability of the 7iNi surface by laser methods is far from complete and requires in-depth research,
especially for industrial implementation. At the same time, the application of ultraviolet (UV) laser radiation
to modify the surface of TiNi alloy is a little-studied area. Laser radiation in the UV range (A= 100—400 nm)
has higher photon energy and stronger absorption in metals, which leads to lower penetration depth and a
reduced size of the thermal effect zone compared to radiation in the visible and infrared ranges [10, 16]. In
[17] we found that local exposure to UV laser radiation (A =266 nm) on stainless steel and 7iNi alloy leads
to a significant increase in surface hydrophilicity due to oxidation and an increase in the polar component
of the surface free energy. Y. Wang and co-authors [18] have shown that exposure to nanosecond UV laser
radiation (A = 355 nm) makes it possible to create a controlled texture with a roughness of =5 um on the
surface of a titanium alloy, ensuring high cellular adhesion and proliferation. In [19] it was found that
nanostructuring of the surface using a laser with a wavelength of A = 355 nm improves the adhesion and
proliferation of osteoblasts on the 7iNi alloy. Thus, despite the proven effectiveness of U) laser treatment,
there is no data in the literature on a comprehensive study of the influence of its parameters on the surface
characteristics and wettability of metallic materials. Most existing works use a fixed wavelength (often 266
or 355 nm), and systematic studies varying the wavelength under controlled conditions are lacking.

The purpose of this work is to study the influence of the wavelength of UV laser radiation (266 and 355
nm) on the structural and phase state, chemical composition, and wettability of the 7iNi alloy surface for
subsequent control of the material’s functional properties.

The objectives of the study are:

— conducting a comparative analysis of the morphology, chemical, and phase composition of the surface
of TiNi specimens before and after UV laser treatment with various parameters (wavelength, scanning speed);

— estimation of the hydrophilicity degree of the surface by measuring the contact wetting angles and
calculating the free surface energy with determination of dispersion and polar components of the studied
TiNi specimens subjected to UV laser treatments according to different modes;

— investigating the influence of wavelength (266 and 355 nm) radiation during UV laser treatment on the
structural and phase state and functional properties of the modified 7iNi alloy surface.
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Materials and methods of research

The specimens for investigation were 10 mm x 10 mm x 3 mm plates made of a 7iNi alloy, grade TN-
10 (chemical composition: 50.0-51.5% Ni, 0.5-1.5% Mo, <0.5% Fe, bal. Ti, at. %), hereafter referred to
as 7TiNi. To ensure a consistent initial surface topography for all specimens, standard surface preparation
procedures were employed. All specimens were mechanically ground and subsequently subjected to final
polishing using diamond pastes (ASM and ASN grades, with abrasive particle sizes ranging from 3/2 to
1/0 um) to achieve a smooth, mirror-like surface. For final contamination removal, the specimens were
ultrasonically cleaned in ethanol for 10 minutes.

The prepared surfaces of the specimens were irradiated with a pulsed Nd:YAG laser (Model LS2137U,
Lotis TII, Belarus) in the ultraviolet (UV) range. The third (355 nm) and fourth (266 nm) harmonic
wavelengths of the laser radiation were used for the treatment. The laser treatment was conducted in
ambient air at atmospheric pressure and room temperature (22 £ 3 °C). The main parameters of the UV
laser treatment are summarized in Table. A schematic of the UV laser treatment setup and the laser scanning
strategy are presented in Fig. 1.

UV laser treatment parameters

Wavelength, Pulse duration, | Pulse repetition Laser spot Fluence, Scanning speed,
nm (A) ns rate, Hz diameter, mm (d,) Jem® () um/s (V)
266 7 10 3.5 0.22 200-5,000
355 7 10 3.5 0.22 200-5,000
laser beam
laser Nd-YAG ’
X y
R d,
focusing lens 5
specimen ] RG ]'{I'
— - Laser scanning
— : "SX-Y translation stage pillh
a b

Fig. 1. Schematic of the experimental setup for UV laser surface treatment () and the scanning strategy
employed (b). Diagram (b) illustrates the laser spot diameter (d,), hatch distance (Hy), and scanning speed (V)

X-ray diffraction (XRD) analysis was employed to investigate the changes in the structure and phase
composition of the 7iNi alloy resulting from the UV laser treatment under different regimes. Diffraction
patterns were acquired using a DRON “Burevestnik” diffractometer (Russia). A copper anode (CuKa
radiation, A = 1.5418 A) was used as the X-ray source, and the measurements were performed over a
20 range from 30° to 100°. The lattice parameter (@) was determined by extrapolating the values of a
calculated for each diffraction peak with indices (4kl), against the function 0.5(cos?0/sin 6 + co0s?6/0).

Scanning Electron Microscopy (SEM) was used to investigate the microstructure and elemental
composition of the specimen surfaces before and after UV laser treatment. The studies were conducted using
a TESCAN VEGA 3 microscope (Czech Republic) equipped with an Energy Dispersive X-ray Spectrometer
(EDS). For a statistical evaluation of the elemental composition, EDS analysis was performed on at least
ten randomly selected areas for each specimen.

The wettability of the surfaces before and after UV laser treatment was assessed using the sessile drop
method with liquids of known surface tension. Droplets with a volume of 3 pL were dispensed onto the
specimen surfaces using an automatic micropipette. After deposition, the droplets were allowed to stabilize
for 60 seconds, after which their images were captured using a Levenhuk Discovery Artisan 1024 digital
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microscope. The contact angle values were averaged from at least five independent measurements. To
quantitatively evaluate the changes in the surface properties induced by the UV laser treatment, the free
surface energy (Y,,,,)) and its components were determined. The calculations were performed according to
the Owens-Wendt-Rabel-Kaelble (OWRK) method [20, 21], which allows for the separate evaluation of the
dispersive (y,) and polar (yp) components of the total surface energy.

Results and Discussion

Fig. 2, a shows an SEM image of the microstructure and the elemental composition of the initial 7iNi
alloy specimen. It can be seen that the structure of the 7iNi alloy is predominantly homogeneous. The matrix
(light area in Fig. 2, ) contains a small fraction (<5%) of secondary phase inclusions (dark particles in Fig.
2, a). The EDS results presented in Fig. 2, a indicate that, in addition to the main matrix components 7i
and Ni, small amounts of the 7N-10 alloying elements, such as Fe and Mo, as well as minor concentrations
of C and O, were detected. The dark inclusions consist primarily of 7i and C, with a small amount of Mi.
The presence of Ni in the spectra is likely attributable to the matrix surrounding these particles. Based on
the elemental analysis, the light matrix corresponds to titanium nickelide (7iNi), while the dark inclusions
are titanium carbide (7iC). This is further corroborated by the XRD data. The diffraction peaks in the XRD
pattern obtained from the surface of the initial specimen, presented in Fig. 2, b, are identified as belonging
to the B2-phase of TiNi. A peak attributed to 7iC is also registered in the low-angle region. The lattice
parameter of the B2-phase in the initial state was determined to be @ = 0.3018 £ 0.0004 nm.

1 - TiNi A - B2 (TiNi)
Ti-47.4, Ni - 46.8 (110) e -TiC
Fe-0.1, Mo-0.2 N
1C-47,0-08 5
(at. %) e
2-TiC k-
Ti-52.2,C-42.3,
Ni - 5.5 @1 .
) 310
(at. %) (|£]) JL I_EO) t ( a )
: )4 A .~
30 40 50 60 70 80 90
20, degrees
a b

Fig. 2. Microstructural and compositional characterization of the untreated 7iNi specimen surface:

(a) SEM micrograph with corresponding £DS elemental mapping; (b) X-ray diffraction pattern

The investigation of the structure, elemental, and phase composition of the 7iNi alloy after UV laser
treatment revealed that variations in laser processing parameters, such as wavelength and scanning speed,
induce significant changes in the morphology, elemental, and phase composition of the surface layer.

Fig. 3 presents SEM images and the corresponding elemental composition of the 7iNi alloy surface
following UV laser treatment at wavelengths of 355 nm (Fig. 3, a, ¢) and 266 nm (Fig. 3, b, d), with laser
scanning speeds of 500 um/s (Fig. 3, a, b) and 200 um/s (Fig. 3, ¢, d), respectively.

Fig. 3 reveals that after UV laser treatment at wavelengths of 355 nm and 266 nm with a scanning speed
of 500 pm/s, the surface morphology of the material remains largely unchanged (Fig. 3, a, b). However,
isolated microcracks are observed on the 7iNi surface after treatment with the 266 nm wavelength, as
indicated by the yellow arrows in Fig. 3, b. While the elemental composition of the 7iNi surface remains
the same after these treatment regimes, the quantitative ratios of the elements change. A comparison of the
oxygen content on the initial and laser-modified surfaces showed that the amount of oxygen increases by
5-8 times after UV laser irradiation. Furthermore, the oxygen content on the 7iNi surface is approximately
1.5 times higher after treatment with the shorter wavelength (266 nm) compared to the 355 nm wavelength.
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1 - TiNi 1 - TiNi

Ti-44.8, Ni-443 Ti-442,Ni-43.2
Fe-0.1,Mo-0.3 Fe-0.1,Mo-0.3
C-44,0-6.1 C-4.0,0-8.2
(at. %) (at. %)

2 - TiNi 2 - TiNi
Ti-457,Ni-44.6 Ti-45.1.Ni-44.6
Fe-0.1,Mo-0.2 Fe-0.1,Mo-0.3
C-41,0-53 C-31.0-68
(at. %) (at. %)

1 - TiNi 1 - TiNi

Ti-43.9,Ni-43.1
Fe - 0.1, Mo - 0.3
C-42,0-84
(at. %)

Ti-37.9,Ni-37.7
Fe-0.1, Mo- 0.2
C-33,0-208
(at. %)

2 - TiNi
Ti-384,Ni-374
Fe-0.1, Mo-0.2
C-43,0-196
(at. %)

2 - TiNi

Ti-42.0, Ni-40.7
Fe-0.1, Mo-0.2
C-6.1,0-109
(at. %)

50 um

50 pm

c 8
Fig. 3. SEM images of the TiNi alloy surface after UV laser treatment with different parameters and
corresponding EDS analysis results:
(a) =355 nm, V=500 pm/s; (6) =266 nm, V=500 pm/s; (8) A =355 nm, V=200 pm/s; (2) L =266 nm,
V=200 pm/s. (A is a wavelength, V'is a scanning speed)

As seen in Figs. 3, ¢ and d, at the minimum scanning speed of 200 um/s, a uniform network of microcracks is
formed on the 7iNi alloy surface under UV laser irradiation, regardless of the wavelength. The microcracking
is more pronounced on the surface of specimens treated with the 266 nm wavelength at 200 pm/s. The
formation of individual microcracks and the enhanced microcracking of the thin surface layer after UV
laser treatment are attributed to several primary reasons related to the physical and chemical interaction of
the laser radiation with the material.

The high energy of UV laser radiation causes rapid and localized surface heating, leading to abrupt
thermal expansion and the subsequent development of significant thermal stresses within the material
surface. The ultraviolet wavelength (100—400 nm) has a lower penetration depth into the material compared
to IR or visible laser radiation. This concentrates the energy within a thin surface layer and increases the
temperature gradient between the surface and the bulk material. Such a gradient amplifies internal stresses
and promotes microcrack formation. The difference in the coefficients of linear thermal expansion between
the underlying 7iNi material and the metal oxides formed on the alloy surface during laser treatment may
also contribute to microcracking [17, 22].

The scanning speed also influences the cracking process: a lower speed results in more intensive,
prolonged exposure to a local area, which enhances the thermal load and the risk of crack formation.
According to EDS data (Fig. 3), a significant increase in oxygen concentration, up to a depth of 3 pum,
occurs under UV laser irradiation, depending on the wavelength. Whereas the initial (untreated) 7iNi surface
exhibited a minor oxygen content not exceeding 1 at.%, the surfaces treated with a 355 nm wavelength
showed oxygen contents of 5.7 + 0.4 at.% at a scanning speed of V' = 500 um/s and 9.7 + 1.3 at.% at
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V' =200 um/s. For specimens treated with a 266 nm wavelength, an even more substantial increase in
oxygen was observed: 7.5 + 0.7 at.% at 500 um/s and 18.7 + 2.1 at.% at 200 pm/s. The increased oxygen
concentration on the 7iNi alloy surface after laser treatment is likely caused by the intense interaction of
Ti with atmospheric oxygen, leading to the formation of titanium oxides. The local thermal impact on the
surface during laser treatment can result in the formation of oxide phases such as 7iO, TiO., Ti-Os, and
Ti:Ni.O,. These phases not only enhance surface hardness and corrosion resistance but also improve surface
hydrophilicity and bioactivity [17, 23, 24].

Fig. 4 presents the XRD patterns of 7iNi specimens after UV laser treatment at a scanning speed of 200
um/s. The XRD pattern obtained after UV laser treatment with a wavelength of 266 nm and a scanning
speed of 200 pm/s reveals, in addition to the primary B2-TiNi phase and traces of the secondary phase 7iC,
distinct peaks corresponding to titanium dioxide (7iO-, rutile) and the complex oxide Ni:Ti+O.. Therefore,
the XRD data provide clear evidence of the formation of an oxide film on the 7iNi alloy surface following
UV laser treatment with a wavelength of 266 nm. In contrast, the XRD patterns of 7TiNi specimens irradiated
with a 355 nm wavelength, even at the lowest scanning speed of 200 um/s, show only peaks belonging to
the B2-TiNi phase and the 7iC impurity phase. The absence of diffraction peaks from oxide phases on the
XRD patterns obtained after irradiation with the 355 nm wavelength could be attributed to either a very thin
oxide film, a low concentration of oxides (less than 3%) below the detection limit of the XRD technique,
or the potential quasi-amorphous nature of the oxide phases. This quasi-amorphous state could prevent the
identification of oxides on the laser-modified surface under these specific UV laser treatment parameters
using the XRD method. The lattice parameter of the B2-phase in the 7iNi specimens subjected to UV laser
treatment decreased compared to the initial state: to @ = 0.3016 = 0.0002 nm for A =355 nm (V=200 pm/s)
and to @ = 0.3014 £+ 0.0001 nm for A = 266 nm. This reduction in the lattice parameter may qualitatively
indicate a depletion of titanium in the B2-7iNi matrix and an associated change in the phase composition
of the specimens.

The changes in the morphology, elemental, and phase composition of the 7iNi alloy surface induced
by pulsed UV laser treatment significantly affect its surface properties, such as wettability and free surface
energy.

The wettability of titanium nickelide (7iNi) plays a crucial role in the material’s biocompatibility,
influencing cell proliferation on its surface. As shown in [25], a moderately hydrophilic surface on 7iNi
implants, with a water contact angle of less than 60°, ensures good wetting by biological fluids and enhanced

O —TiO,(rutile)
A —Ni,Ti,O. e
(110)g, 5 _N“'_1[ 14V 266 nm
+ = [®@—TiC
5 355 nm
iz
5 A
| v

36 38 40 42 44 46
20, degrees

(211)g,
J (200)y, M (310)45

A
L Y A

' |
30 40

Intensity, a.u.

| . ; .
60 70 80 90
20, degrees

h
<

Fig. 4. X-ray diffraction (XRD) patterns obtained from 7iNi specimens after UV
laser treatment at wavelengths of A =266 nm and A = 355 nm, using a scanning
speed of 200 um/s

CM Vol 27No. 42025



MATERIAL SCIENCE OBRABOTKA METALLOV %

cell adhesion, thereby stimulating the proliferation of endothelial and smooth muscle cells. Increased
hydrophilicity promotes more active cell adhesion, spreading, and multiplication, which is particularly
important for medical implants. The degree of hydrophilicity, characterized by the material surface’s ability
to attract and hold water, is determined by the water contact angle.

UV laser treatment of the 7iNi alloy surface alters its hydrophilicity. The average water contact angle
for the initial 7iNi specimens was 75.1° £ 3.8°. After UV laser treatment, the hydrophilicity increases
substantially. The plots of the water contact angle versus scanning speed for the 7iNi alloy surface treated
with UV laser radiation at wavelengths of 266 nm and 355 nm are presented in Fig. 5. Representative
images of water droplets on the UV laser-treated surfaces are provided in the insets of Fig. 5. A decrease in
the laser wavelength and a reduction in the scanning speed during UV laser treatment lead to a decrease in
the contact angle. As shown by the data presented in Fig. 5, when the material is laser treated with a 355 nm
wavelength at the maximum scanning speed of 5,000 um/s, the contact angle decreases by 10% compared
to the initial state. When the scanning speed is reduced to 200 pm/s, the contact angle decreases threefold
to 24.7° £ 1.5°. The most pronounced increase in hydrophilicity is observed after UV laser treatment with
a wavelength of 266 nm. Even at the maximum scanning speed (5,000 um/s), the contact angle is reduced
by more than threefold compared to the initial state. It should be noted that reducing the scanning speed
from 5,000 um/s to 200 um/s has only a minor effect on surface hydrophilicity at this wavelength, with the
contact angle varying within the range of 11-20°.
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Fig. 5. Effect of laser wavelength on the dependence of the water contact angle on the
scanning speed during UV laser treatment

Surface hydrophilicity is directly related to the magnitude of the free surface energy. An increase
in free surface energy, achieved through surface modification techniques such as UV laser treatment or
the application of hydrophilic coatings, leads to enhanced wettability. This, in turn, improves functional
characteristics such as adhesion, biocompatibility, and cell proliferation [26, 27]. Fig. 6 shows the
dependencies of the free surface energy and its components on the wavelength of UV laser radiation and
the scanning speed during surface treatment of 7iNi specimens.

Following UV laser treatment, the ratio between the dispersive (y,) and polar (yp) components of the sur-
face energy changes. A more than two-fold decrease in the dispersive component and a significant increase
in the polar component are observed.

When the scanning speed is reduced during UV laser treatment, the value of the dispersive component
remains almost unchanged and does not exceed 10 mJ/m?, while the polar component increases by 5 to 7

Vol. 27 No. 4 2025 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

100‘_ /] 14 - dispersive component
-
904 T, - polar component
-~ 804 \:’ Yo - l0tal surface energy T - - T
= | _ - [T | %
= e P %008
; i = :
> ‘?}9‘_’ et
%n ’(8} *, : 50 {
g 5 &
¥ o] o X,
o T )2((\.5‘ 43848 K
g 00 ] %%
= T Kol 4 5%
8 >?{<' : o olele
% . e
E K
"- s 2 5
o S
5 est
5 - [ e ecey 3
£ 1‘?3“, v 7 % .»Q_'x AR . ﬁ" %
355 nm 355 nm 266 nm 266 nm 266 nm

initial &

V=200 pm/s F=2000 pm/s F=5000 pm/s =200 pm/s F=2000 pm/s - ¥=35000 Hm/s

Fig. 6. Surface free energy (y,,,,,) and its components (polar Y, and dispersive y,) of 7iNi specimens
before and after UV laser treatment with different parameters

times. This effect is primarily attributed to the oxidation of the 7iNi surface during laser treatment, which
increases the oxygen content and leads to the formation of polar oxide groups. These groups enhance the
polar component of the surface energy, thereby increasing the material’s hydrophilicity. In addition, it can
be assumed that during UV laser treatment, the surface electric potential of 7iNi specimens shifts to the
positive region. As a result, surfactant molecules from the environment adsorb onto the modified surface
in such a way that their hydrophilic polar groups, which carry a positive charge, are oriented away from
the surface, while the hydrocarbon radicals, which exhibit hydrophobic properties, are directed towards
the metal. It is this reorientation of the adsorbed layer that can explain the sharp increase in the polar
component of the surface energy [28].

A comparative analysis of the laser treatment modes revealed distinct differences in the effects of UV
laser radiation at 266 nm and 355 nm wavelengths on the 7iNi specimens. For the 355 nm wavelength, the
free surface energy exhibits a dependence on the scanning speed: as the speed decreases, the surface energy
increases. In contrast, the surface treated with the 266 nm wavelength demonstrates different behavior.
Even at the maximum scanning speed (V= 5000 pm/s), the surface energy increases approximately 2 times
compared to the initial state. A further reduction in the scanning speed results in only minor changes to the
free surface energy and its components (y, and yp). These results are consistent with the water contact angle
measurements presented in Fig. 5.

The different effects of 266 nm and 355 nm UV laser surface treatment on the water contact angle of
TiNi specimens are caused by the distinct changes in the free surface energy, which depends on both the
microrelief and the structural-chemical characteristics of the surface formed after UV laser treatment. Key
governing parameters that determine surface modification during laser treatment include wavelength, pulse
energy, pulse repetition rate, pulse duration, and the spatial beam profile. In the present case, the wavelength
was the variable parameter. Therefore, the observed difference in the structure and properties of the surface
after modification with 266 nm and 355 nm radiation is specifically related to the distinct influence of the
laser wavelength.

The difference in the characteristics of the 7iNi specimen surfaces modified by ultraviolet laser radiation
with wavelengths of 266 nm and 355 nm is primarily due to the distinct degree of interaction between the
radiation and the material. This is related to the differences in reflectivity and the material’s absorption
coefficient at these wavelengths. UV laser radiation with a wavelength of 266 nm possesses higher photon
energy and exhibits significantly greater energy absorption within the surface layer of the material. This
leads to more intense local heating and surface oxidation. In turn, UV laser radiation with a wavelength
of 355 nm is characterized by a greater penetration depth, resulting in a different energy distribution and
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the formation of a distinct surface microstructure. The experimentally determined values of the reflection
coefficient R, measured using a Gentec QE50LP-H-MB-D0 energy meter, were R =~ 20% for the 266 nm
wavelength and R = 30% for 355 nm. These data are in good agreement with the results obtained for the
Ti6Al4V alloy [16], where it was established that the reflectivity of the alloy increases with the wavelength
of the incident laser radiation in the range of 266 to 1064 nm. The lower value of the reflection coefficient
for UV laser radiation with a wavelength of 266 nm indicates significantly greater energy absorption in the
near-surface layer, which is explained by the higher photon energy. Consequently, these differences affect
the changes in morphology, chemical composition, phase state of the surface, as well as the free surface
energy and hydrophilicity of the material after UV laser treatment. Therefore, UV laser radiation with a
wavelength of 266 nm is characterized by a lower penetration depth and a more intense effect on the surface
layers, which determines the differences in the resulting microstructure and chemical composition of the
TiNi specimens after U) laser treatment.

Conclusion

1. It was established that at scanning speeds above 500 pm/s, the original surface morphology of the
TiNi alloy is preserved upon exposure to UV laser radiation at wavelengths of 266 and 355 nm. The forma-
tion of isolated microcracks is observed on the 7iNi alloy surface subjected to UV laser radiation at a scan-
ning speed of V=500 um/s only with the 266 nm wavelength. At the lowest scanning speed of V' = 200
um/s, exposure to UV laser radiation for both wavelengths (266 and 355 nm) leads to the formation of lo-
calized structural damage on the 7iNi alloy surface in the form of a microcrack network. The individual mi-
crocracks and the overall microcracking of the 7iNi surface after UV treatment are caused by local thermal
stresses arising from rapid heating and subsequent quenching of the surface during the UV laser treatment.

2. It was demonstrated that during UV laser treatment of the 7iNi alloy surface, a decrease in the radia-
tion wavelength from 355 to 266 nm and a reduction in scanning speed from 5,000 to 200 um/s lead to an
increase in oxygen content in the near-surface layer of 7iNi up to =20 at.% (A =266 nm, ¥'=200 um/s) and
~10 at.% (A =355 nm, V=200 um/s), with the formation of titanium oxides.

3. UV laser treatment results in a significant increase in the wettability of the 7iNi surface. The maxi-
mum reduction in the water contact angle to =11° was achieved using radiation with a wavelength of 266
nm, whereas treatment with 355 nm laser radiation reduced the angle to =25° (V=200 pum/s). It was deter-
mined that the observed significant increase in the hydrophilicity of the 7iNi specimens is due to the enrich-
ment of the near-surface layer with oxygen, the formation of oxide phases, and, consequently, a substantial
increase in the free surface energy driven by a sharp rise in its polar component.

Thus, UV laser treatment with a wavelength of 266 nm induces more significant changes in the morphology
and properties of the 7iNi alloy surface compared to 355 nm radiation under identical processing regimes.
This is manifested in more intense surface oxidation with the formation of oxide phases, more pronounced
development of microcracks at low scanning speeds (200 and 500 um/s), and a substantial enhancement
of hydrophilicity. The observed effects are associated with the higher photon energy and the lower surface
reflection coefficient (R = 20% for 266 nm radiation versus R = 30% for 355 nm radiation) of the 7iNi
specimens. This ensures efficient energy absorption in the near-surface layer and promotes changes in
morphology and topography, as well as oxidation processes on the surface of the 7iNi specimens.
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Introduction. Aluminum alloys of the A/-Cu-Mn system, alloyed with 23% copper and 1-2% manganese
(ALTEK), are distinguished by heat resistance and high mechanical properties due to the formation of nano-dispersed
particles of the A7,,Cu,Mn, phase. When exposed to high temperatures (up to 400°C), the particles block the processes
of polygonization and recovery, hindering the movement of grain boundaries. A promising direction for improving
these alloys is the modification of the cast structure with transition metals (7Ms). An insufficient content of 7Ms does
not provide a modifying effect, while an excessive amount leads to a reduction in strength due to the formation of
a large number of coarse intermetallic particles. The subject of this work a ALTEK alloys alloyed with Mg, Zr, Sc,
and Hf. The purpose of the work is to determine the optimal concentrations of scandium, hafnium, and zirconium
required for effective modification of the cast structure of ALTEK alloys during complex alloying. The effect of
complex additions of transition metals (Zr, Sc, Hf) on the formation of the cast structure of Base0. 15Zr0.05Sc0.05Hf,
Base0.1Zr0.14Sc0.16Hf, Base0.1Zr0.28c0.16Hf, and Base0.1Zr0.255c0.16Hf alloys is investigated in comparison to
the base alloy. The research methods were optical and scanning electron microscopy, and X-ray diffraction analysis.
Results and discussion. Modification of the grain structure in alloys with a scandium content of less than 0.20% is
not observed, and the average grain structure size is 350 um. The addition of scandium in the amount of 0.20% and
0.25% leads to a decrease in the average grain diameter to 41.8 um and 29.7 pm, respectively. Scanning electron
microscopy showed that particles of the A/ Mn and Al,CuMg phases are present in all the alloys studied. Particles
of the Al,(Sc,Hf,Zr) phase are found in the Base(.1Zr0.25c0.16Hf and Base(.1Zr(.255c0.16Hf compositions. X-ray
diffraction analysis revealed the A/,,Cu,Mn; phase and small amounts of 4/ Mn and A/,CuMg in the base alloy and in
the Base(.1Zr(0.25Sc0.16Hf alloy. The structural modification is explained by the precipitation of primary 4/;(Sc, Zr;
Hf) particles. Application of the results. The obtained results are promising for the development of new materials
for the manufacture of aerospace products. Conclusions. The addition of 0.20-0.25% scandium with a zirconium
content of 0.1% and hafnium of 0.16% is the most effective.

For citation: Levagina A.A., Aryshenskii E.V., Konovalov S.V., Rasposienko D.Yu. Effect of Zr, Sc, and Hf additions on the microstructure
formation of cast ALTEK alloys. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2025,
vol. 27, no. 4, pp. 272-286. DOI: 10.17212/1994-6309-2025-27.4-272-286. (In Russian).

Introduction

The combination of low density and high corrosion resistance makes aluminum a high-demand material.
Its alloys, modified with alloying elements and thermomechanical treatment, provide excellent mechanical
and performance characteristics, making them indispensable in the aerospace, automotive, and power

generation industries [1, 2].

ALTEK alloys of the AI-Cu-Mn system, which possess above-average thermal stability, are of particular
scientific and practical interest. Such alloys are characterized by a low copper content (1-3 %) compared
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to industrial alloys, and the manganese content varies within the 1-2 % range. A two-phase structure,
consisting of an aluminum solid solution and a thermally stable 4/:0Cu:Mns phase, is formed in these
alloys [3—5]. Nanosized A/20Cu:Mn; particles effectively suppress recrystallization and recovery processes
at temperatures up to 400 °C during prolonged exposure (at least 3 hours) [6—8]. One method for improving
the structural and functional properties of ALTEK alloys is to modify their as-cast microstructure.

Fine-grained structures exhibit enhanced plasticity and strength and are less prone to low-temperature
brittleness. In contrast, coarse-grained structures degrade the performance and service properties of rolled
sheets due to non-uniform deformation and increase the rejection rate [9]. Fine-grain structure formation
is facilitated by high cooling rates, physical effects (e.g., ultrasound), the introduction of modifying
additives, and thermomechanical treatment parameters. However, crystallization at high cooling rates and
the application of physical effects are not always feasible in production. Therefore, the use of modifying
agents is the most practical method for grain refinement during casting [10].

Transition metals (7Ms) are the most commonly used modifying agents [11-17]. Scandium (Sc), as the
most effective modifying agent, forms primary A/:Sc particles that act as crystallization nuclei. However, the
high cost of Sc necessitates alternative solutions. It has been experimentally established that the combined
addition of Zr and Hf allows for a reduction in Sc content while enhancing the modifying effect [11].
The aspect of combined Zr, Sc, and Hf addition has been insufficiently studied for ALTEK system alloys.
Existing studies have addressed the effects of Zr [6, 18] and Zr and Sc (with Cr addition) [7]; however, the
effect of Hf addition has not been investigated.

Studies [6, 19, 20] mention the effect of zirconium addition on the properties of ALTEK alloys. Typically,
zirconium content varies within the 0.22—-0.59 Zr range (compositions: 1.97% Cu-1.92% Mn-0.22% Zr,
1.48% Cu-1.53% Mn-0.41% Zr; 1.11% Cu-0.95% Mn-0.59% Zr [6, 19]; 1.6% Cu-1.37% Mn-0.5% Zr
[18]). However, unlike the base compositions, zirconium had a negligible effect on the as-cast structure in
the above alloys, as it was fully dissolved in the aluminum solid solution in the as-cast state. Study [21]
examined an alloy with Sc addition (1.74% Cu-1.57% Mn-0.25% Zr-0.1% 1Sc). This alloy exhibits an
as-cast structure similar to that of ternary A/-Cu-Mn alloys. Al;Cr particles were identified in [7] for an Al-
Cu-Mn-(Sc, Cr) alloy (1.6% Cu—1.8% Mn—0.4% Zr—0.15% Cr). The grain structure consists of two zones:
columnar and equiaxed crystals, which may also be associated with crystallization in a small-diameter
(40 mm) graphite mold. It should be noted that in all the studied compositions, the selection of rare earth
metals was aimed at preventing the formation of primary intermetallic compounds; therefore, the TMs
did not significantly affect the as-cast structure. Primary A/:Sc- and Al3Zr-type intermetallic compounds,
in turn, have a dual function: on one hand, they act as modifying agents, refining the grain structure and
thereby improving strength properties according to the Hall-Petch relationship [22]; on the other hand, such
intermetallic compounds act as stress concentrators, often leading to a reduction in plasticity in the alloys
containing them. For this reason, in practical applications, efforts are made to select transition element
concentrations that, on one hand, ensure as-cast structure refinement and, on the other hand, do not cause
the formation of large amounts of primary intermetallic compounds. However, such studies have not been
conducted for ALTEK alloys.

Thus, the objective of this study is to determine the optimal Sc, Hf, and Zr concentrations required for
effective as-cast structure modification during complex alloying of ALTEK alloys. The following tasks will
be addressed to achieve this objective:

1. Comparative analysis of grain structures.

2. Identification of intermetallic compounds formed in the studied ALTEK alloys using scanning electron
microscopy and X-ray diffraction analysis.

Methods

It is known that for effective grain structure modification of aluminum alloys, the combined amount of
Sc and Zr should not exceed 0.11-0.15 % [16], and Hf addition is effective if its maximum content is 0.2 %
[11]. These guidelines were observed to select the transition metal contents.
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The phase composition was analyzed using computational methods with the Thermo-Calc software and
the TTALS database. The alloy phase composition was simulated at temperatures of 200 and 400 °C.

Casting

Five alloys with the chemical compositions listed in Table 1 were cast in a steel chill mold to investigate
the effect of the 7M complex.

Table 1
Chemical composition of model alloys
Content, %
No.

Cu Mn Mg Zr Sc Hf
1 2 2 1.5 - - -
2 2 2 1.5 0.15 0.05 0.05
3 2 2 1.5 0.1 0.14 0.16
4 2 2 1.5 0.1 0.20 0.16
5 2 2 1.5 0.1 0.25 0.16

The following designations were introduced for convenience:

e Base — base alloy 2% Cu-2% Mn-1.5% Mg

e Base0.15Zr0.055c0.05Hf

e Base0.1Zr0.14Sc0.16Hf

e Base0.1Zr0.25c0.16Hf

e Base0.1Zr0.255¢c0.16Hf

The numbers preceding the chemical symbols indicate their concentration in weight percent (wt.%).

The ingots were produced by melting in an induction furnace and casting into a steel chill mold. The
melting procedure was performed as described in a previous study [14]. The following materials were used
as charge: 485 grade aluminum, Mg90 magnesium, M1 copper, Al-Sc2, Al-Zr5, Al-Hf2 master alloys, and
Mn90A110 alloying pellets.

The chemical composition of the produced alloys was determined according to [15]. The sampling for
analysis was performed at 730 °C.

Microstructure examination

Optical microscopy was used to assess the efficiency of the selected ratio and concentration of the
modifying agents. The microstructure was examined on a smooth, cleaned surface. For metallographic
preparation, the samples were mounted in epoxy resin, and the surfaces were ground using a Forcipol
2 dual-disk grinder/polisher with abrasive papers of varying grit sizes (P400, P600, P800, P1000,
P1500, and P2000). Final polishing was achieved using a felt cloth and Goya paste. The grain structure
was revealed by etching in a 15% NaOH solution and subsequently treated with a special reagent for
visualization. The reagent composition was as follows: 400 ml hydrochloric acid, 220 ml nitric acid, 50
g copper filings, and 300 ml water. For each sample, two images were captured at magnifications of x50
and %200 (or lower, if necessary). The average grain size was measured using the linear intercept method
according to GOST 21073.2. Microstructure images were obtained using an OLYMPUS GX-51 optical
microscope.

For the examination of AlsMn, Al>=CuMg, and Als(Sc,Zr, Hf) particles, the sample surfaces were prepared
by grinding and polishing after mounting in epoxy resin. The samples were then removed from the resin
for further examination using a scanning electron microscope. The particles were examined using a KYKY
EM6900 scanning electron microscope, with 10 images captured per sample. For particle identification,
EDS analysis data were compared with published data [9, 17, 24-27].
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X-ray diffraction analysis

X-ray diffraction analysis was performed using a BRUKER D8 ADVANCE diffractometer with CuKo
radiation (A = 0.15418 nm) over a 20 angular range of 20° to 60°, with an exposure time of 10 seconds per
point. The data were processed using DIFFRAC.EVA 4.0 and DIFFRAC.TOPAS 5.0 software [23].

The phase composition of the samples was determined via X-ray phase analysis. Interplanar distances,
calculated from the diffraction peak positions, were compared with the PDF-2/12(2 database.

Transmission electron microscopy (TEM)

The Base0.1Zr0.25c0.16Hf alloy was used for A/20Cu-Mn;s phase identification via TEM. The samples
were prepared by mechanical thinning followed by electrolytic thinning. 3 mm diameter disks were punched
using an Ultratonic Disk Cutter. Electropolishing was performed in an 42 electrolyte using a Struers
Tenupol unit. A PIPS I ion polishing system was used to remove carbon contamination. Grain structure and
phase analyses were performed using standard techniques, including bright-field (BF) and dark-field (DF)
imaging and electron microdiffraction. Phases were identified by correlating their interplanar distances with
reference data from the JCPDS-ICDD database, followed by chemical analysis. The interplanar distances
were calculated based on additional reflections in the electron diffraction patterns.

Results and Discussion

Based on optical microscopy data (Fig. 1), the alloy without 7M additions exhibits a dendritic grain
structure with a grain size of approximately 350 pm. No significant grain refinement was observed in the
Base0.15Zr0.055c0.05Hf alloy with a low TM content. The average grain diameter was 239 um. An initial
modifying effect was observed in the Base0.1Zr0.14Sc0.16Hf alloy, where individual fine grains (up to
35 um in diameter) appeared against a predominantly coarse-grained as-cast structure, reducing the average
grain size to 118 um.

140 pm |

Fig. 1. Microstructure of AI-Cu-Mn-Mg (Zr, Sc, Hf) alloys:
Base (a), Base0.15Zr0.055c0.05Hf (b), Base0.1Zr0.14Sc0.16Hf (c), Base0.1Zr0.25c0.16Hf (d), Base0.1Zr0.255c0.16Hf (e)
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Qualitative changes in the microstructure occurred in the Base0.1Zr0.2S5c0.16Hf and
Base0.1Zr0.255¢c0.16Hf alloys, where effective grain refinement and the formation of an equiaxed grain
structure were achieved, likely due to the precipitation of primary Al3(Zr,Sc, Hf) particles. An increase in
scandium content from 0.14 to 0.25 % led to a gradual reduction in grain size from 41.8 um (0.2% Sc alloy)
t0 29.7 um (0.25% Sc alloy).

According to scanning electron microscopy (SEM) data, the A/sMn phase was present in all studied alloys
(Figs. 2 and 3). A typical EDS spectrum from such an inclusion is shown in Fig. 3, a. However, the inclusions
exhibited significantly different sizes: their length in the base alloy does not exceed 15 um (Fig. 2, a), while
the largest inclusions, with lengths exceeding 45 um, were identified in the Base0.15Zr0.055c0.05Hf alloy
(Fig. 2, ). Inclusion sizes in the Base0.1Zr0.14Sc0.16Hf (Fig. 2, c) and Base0.1Zr0.255¢c0.16Hf (Fig. 2, f)
alloys are comparable and do not exceed 20-25 um. Individual large particles up to 40 um in length were
detected in the Base0.1Zr0.2Sc0.16Hf alloy (Fig. 2, d). The presence of the A/sMn phase in the Base and
Base0.1Zr0.25c0.16Hf alloys was also confirmed by X-ray diffraction analysis (Figs. 4, 5).

All alloys contained 4/:CuMg inclusions, with a typical EDS spectrum shown in Fig. 3, b. Particularly
large inclusions, up to 45-60 um in length, were found in the Base0.15Zr0.05Sc0.05Hf (Fig. 2, b) and
Base0.1Zr0.25¢0.16Hf (Fig. 2, e) alloys. In the Base0.1Zr0.255¢0.16Hf alloy, these phase inclusions were
smaller, up to 20 um (Fig. 2, f, g). In the Base (Fig. 2, a) and Base0.1Zr0.25¢c0.16Hf (Fig. 2, e) alloys, the

- 7 AlsMn {
. be- gy R
Q;\ : : / ! J 4 ALCeMn

ALCuMg E & AlMn

AlL,CuMg

Dee: WSE
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Fig. 2. Microstructure of alloys (SEM data):

Base (a); Base0.15Zr0.05Sc0.05Hf (b); Base0.1Zr0.14Sc0.16Hf (c); Base0.1Zr0.25¢0.16Hf (d, e);
Base0.1Zr0.255¢0.16Hf (f, )
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DsieMeHT Atom. %
Al 78,53
Mn 13,67
Cu 6.39
Si 0.42
Fe 0,88
Mg 0,11
DneMeHT Atom. %
Al 37,31
Cu 32,60
Mg 29.36
Si 0,28
Mn 0,23
Fe 0,21
DJeMeHT Atom. %
Al 86,10
Sc 7.96
Mg 2,44
Cu 1,79
Zr 091
Hf 0,38
Si 0,29

Fig. 3. Spectrograms of particles in alloys (EDS analysis):

Al Mn (a), AL,CuMg (b), AL,(Sc, Zr, Hf) (c)

inclusion size did not exceed 5—10 pm. The presence of these phases was confirmed by XRD analysis of the

studied alloys (Figs. 4, 5).

Primary intermetallic compounds A/5(Sc,Zr,Hf), with a near-equiaxed shape and diameters up to 4 pum
(Fig. 2, e, g), were observed in alloys containing 0.2-0.25% Sc. A typical EDS spectrum from such an
inclusion is presented in Fig. 3, c¢. It can be assumed that grain structure refinement is initiated precisely by

these primary particles.

According to XRD results (Figs. 4, 5), the (4/) matrix and 4/20Cu:Mn;s phase are predominant in the Base
and Base0.1Zr0.25c0.16Hf alloys. Minor amounts of the A/>CuMg and AlsMn phases were also detected.
The results of phase composition modeling are presented in Fig. 6 and Table 2.
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Table 2
Chemical composition of the alloys (Thermo-Calc)
No Chemical Phase composition
composition at 20°C at 200°C at 400°C

1 2% Cu-2% Mn Al Cu,Mn ,+A1,Cu+(A4l) AL Cu,Mn ,+ Al,Cu+(A4l) AL, Cu,Mn +(A4l)
AL Cu,Mn +Al Mn + AL, Cu,Mn +A4l Mn+

2 Base + ALCuMg-+(Al) T ALCuMg+ (A1) AlyyCuMn+(4)
AL Cu,Mn ,+Al Mn + AL ,Cu,Mn,+Al,CuMg + AL, Cu,Mn +

3| Base0.152r0.058¢0.03Hf |, ALCuMg Al M _L1+(Al) +Al Mn+ALM L1+ (Al) +ALM L1, +(4l)
AL Cu,Mn +A4l Mn+ AL Cu,Mn +A41,CuMg+ Al Cu,Mn +

4| BaseOIZrO-I4SCOI6HS 1\ 41 Cubdg +AIM L1+ (A) | +ALMn+ ALM L1 +(AD +ALM L1, +(A]

Modeling demonstrated that ingots of the base alloy have a phase composition consisting of an aluminum
solid solution (4/), as well as Al20Cu-Mns, Al:CuMg, and AlsMn phases. Ingots produced from alloys with
TM additions (Base0.15Zr0.055¢c0.05Hf, Base0.1Zr0.14Sc0.16Hf) contained the A/sM L12 phase (where
M = Sc, Zr, Hf). Thus, the addition of Mg to the 2% Cu—2% Mn alloy leads to the formation of 4/>2CuMg
and AlsMn phases, while the addition of transition metals (7M) leads to the formation of a phase with an
L1:(AM LI12) crystal lattice.

Table 3 lists the particles identified in the model alloys and the methods used for their identification.
The letter ‘M indicates that the phase presence was verified by modeling using the Thermo-Calc software.

The addition of Mg reduced the grain size. This effect is related to the ability of Mg to reduce the
interfacial tension in the liquid phase, thereby contributing to an increase in the density of crystallization

Table 3
Particles in the model alloys and methods of their identification
Alloys Identified particles Methods
Al Mn SEM, X-ray diffraction analysis, M
Base AlL,CuMg SEM, X- ray diffraction analysis, M
AL, Cu,Mn, X-ray diffraction analysis, M
Al Mn
Base0.157r0.05Sc0.05Hf Al,CuMg SEM, M
AL, Cu,Mn,
Al Mn
Base0.1Zr0.14Sc0.16Hf AlL,CuMg SEM
AlL,,Cu,Mn,
Al Mn
AlL,CuMg
Base0.1Zr0.25¢0.16Hf SEM
AlL,,Cu,Mn,
Al 3(Sc,Zr,Hﬁ
AlMn SEM, X-ray diffraction analysis, M
Al,CuM;
Base0.12r0.255¢0. 16Hf UM | SEM,M
AL, Cu,Mn, X-ray diffraction analysis, M
Al(Se, Zr,Hf) SEM, M
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nuclei. Consequently, the average grain size decreased from 3 mm (in 2% Cu—2% Mn) to 350 pm (in 2%
Cu—2% Mn—1.5% Mg), confirming the influence of Mg on the crystallization process.

As noted above, a small 7M addition (Base0.15Zr0.055c0.05Hf) has an insignificant effect on grain
morphology, and the average grain diameter decreases only to 239 um, while the grains retain an irregular,
elongated shape. The Base0.1Zr0.14Sc0.16Hf composition was characterized by a preserved dendritic
structure with an average grain diameter of 118 um. A transition to a modified, refined structure occurs in
alloys with Sc contents of 0.20—0.25%, with average grain sizes of 41.8 and 29.7 pm, respectively.

The addition of magnesium in this study led to the formation of A/>CuMg and AlsMn inclusions (e.g., in the
Base0.15Zr0.05S5c0.05Hf composition): magnesium, dissolved in the solid solution, displaces manganese,
facilitating the formation of A/sMn particles. Al-oCu-Mns phase particles were not detected by SEM, likely
due to their small size. TEM analysis was employed for their identification in the Base0.1Zr0.25¢0.16Hf
alloy (Fig. 7). The identified particles had an elongated, axis-symmetric shape and a length of approximately
200 nm.

Fig. 7. Al,,Cu,Mn, particle:
particle image (7EM) (a), electron diffraction pattern (zone axis [7-2—6]) (b)

It should be noted that in the ALTEK alloys, phases other than the AlwCu:Mns type are present in
insignificant amounts. The diffraction peak intensities of the 42CuMg and AlsMn phases are comparable
to the background, indicating their low concentration. However, the combined application of EDS analysis
and Thermo-Calc computations confirmed the presence of these phases in all studied alloys; therefore, they
are marked on the diffraction patterns (Figs. 4, 5).

Als(Sc,Zr, Hf) particles were not detected by XRD analysis, which is explained by the extremely low Sc
content, making their detection and identification particularly difficult.

Conclusion

1. The effect of complex transition metal (7M) additions was investigated for the following alloys: 2%
Cu-2% Mn-1.5% Mg (Base), Base0.15Zr0.05S5c0.05Hf, Base0.1Zr0.14Sc0.16Hf, Base0.1Zr0.25c0.16Hf,
and Base0.1Zr0.255¢c0.16Hf. 1t was established that significant grain refinement does not occur at Sc
contents of 0.05-0.14 %. In alloys containing 0.20 and 0.25 % Sc, an equiaxed grain structure was formed
with average grain diameters of 41.8 um and 29.7 um, respectively.
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2. AlsMn and Al:CuMg phase inclusions were identified by scanning electron microscopy (SEM) in all
studied alloys. Furthermore, this method enabled the detection of primary A/5(Sc,Zr, Hf) particles in alloys
containing 0.20-0.25 % Sc, which were not resolvable by X-ray diffraction (XRD) analysis due to their low
concentration and volume fraction.

References

1. Sizyakov V., Bazhin V., Vlasov A. Status and prospects for growth of the aluminum industry. Metallurgist,
2010, vol. 54, pp. 409-414. DOI: 10.1007/s11015-010-9316-z.

2. Belov N.A., Naumova E.A., Akopyan T.K. Evtekticheskie splavy na osnove alyuminiya: novye sistemy legi-
rovaniya [Eutectic alloys based on aluminum: new alloying systems]. Moscow, Ruda i metally Publ., 2016. 256 p.
ISBN 978-5-98191-083-8.

3. Dar S.M., Liao H. Creep behavior of heat resistant Al-Cu—Mn alloys strengthened by fine (8’) and coarse (Al-
,0Cu,Mn.) second phase particles. Materials Science and Engineering: A,2019, vol. 763, p. 138062. DOI: 10.1016/].
msea.2019.138062.

4. Feng Z.Q., Yang Y.Q., Huang B., Li M., Chen Y.X., Ru J.G. Crystal substructures of the rotation-twinned
T (AL, ,Cu,Mn,) phase in 2024 aluminum alloy. Journal of Alloys and Compounds, 2014, vol. 583, pp. 445-451.
DOI: 10.1016/j.jallcom.2013.08.200.

5.Li X., Chen X., Feng Y., Chen B. Characterization and theoretical calculations of the T (AI20Cu2Mn3)/
Al interface in 2024 alloys: TEM and DFT studies. Vacuum, 2023, vol. 210, pp. 111884. DOI: 10.1016/j.vacu-
um.2023.111884.

6. Belov N.A. [Substantiation of the composition and structure of deformable alloys based on the Al-Cu—Mn (Zr)
system that do not require homogenization and hardening]. [nnovatsionnye tekhnologii, oborudovanie i material 'nye
zagotovki v mashinostroenii [Innovative technologies, equipment and materials for blanking productions in mechani-
cal engineering]. International Conference. Collection of works. Moscow, 2022, pp. 10-13. (In Russian).

7. Petrova A.N., Rasposienko D.Yu., Astafyev V.V., Yakovleva A.O. Structure and strength of Al-Mn-Cu-Zr-Cr-
Fe ALTEC alloy after radial-shear rolling. Letters on Materials, 2023, vol. 13 (2), pp. 177-182. DOI: 10.22226/2410-
3535-2023-2-177-182.

8. Fridlyander I.N., Berstenev V.V., Tkachenko E.A., Goloviznina G.M., Latushkina L.V., Lantsova L.P. Effect of
heat treatment and deformation on the grain size and mechanical properties of duralumin-type alloys. Metal Science
and Heat Treatment, 2003, vol. 45, pp. 239-245. DOI: 10.1023/A:1027316015223.

9. Belov N.A., Korotkova N.O., Akopyan T.K., Pesin A.M. Phase composition and mechanical properties of
Al-1.5%Cu-1.5%Mn-0.35%Zr(Fe, Si) wire alloy. Journal of Alloys and Compounds, 2019, vol. 782, pp. 735-746.
DOI: 10.1016/j.jallcom.2018.12.240.

10. Napalkov V.I., Frolov V.F., Baranov V.N., Belyaev S.V., Bezrukikh A.l. Plavienie i lit’e alyuminievykh
splavov [Melting and casting of aluminum alloys]. Krasnoyarsk, Siberian Federal University Publ., 2020. 716 p.
ISBN 978-5-7638-4269-2.

11. Elagin V.. Legirovanie deformiruemykh alyuminievykh splavov perekhodnymi metallami [Alloying of
wrought aluminum alloys with transition metals]. Moscow, Metallurgiya Publ., 1975. 248 p.

12. Nokhrin A.V., Gryaznov M.Yu., Shotin S.V., Nagicheva G., Chegurov M.K., Bobrov A.A., Kopylov V.1,
Chuvildeev V.N. Effect of Sc, Hf, and Yb additions on superplasticity of a fine-grained Al-0.4%Zr alloy. Metals,
2023, vol. 13, p. 133. DOI: 10.3390/met13010133.

13. Davydov V.G., Elagin V.1., Zakharov V.V., Rostova D. Alloying aluminum alloys with scandium and zirconium
additives. Metal Science and Heat Treatment, 1996, vol. 38, pp. 347-352. DOI: 10.1007/bf01395323.

14. Drits A.M., Aryshenskii E.V., Kudryavtsev E.A., Zorin [.A., Konovalov S.V. Issledovanie raspada
peresyshchennogo tverdogo rastvora v vysokomagnievykh alyuminievykh splavakh so skandiem, legirovannykh
gafniem [The study of supersaturated solid solution decomposition in magnesium-rich aluminum alloys with
scandium and hafnium additions]. Frontier Materials & Technologies, 2011, no. 4, pp. 38—48. DOI: 10.18323/2782-
4039-2022-4-38-48.

15. Zorin L.A., Aryshenskii E.V., Kudryavtsev E.A., Drits A.M., Konovalov S.V. Vliyanie gafniya na
vysokomagnievye splavy, legirovannye perekhodnymi metallami, pri termicheskoi obrabotke [The influence of
hafnium on high-magnesium alloys doped with transition metals during heat treatment]. Frontier Materials &
Technologies, 2024, no. 1, pp. 29-36. DOI: 10.18323/2782-4039-2024-1-67-3.

CM Vol 27No. 42025



MATERIAL SCIENCE OBRABOTKA METALLOV %

16. Zakharov V.V., Filatov Yu.A. Ekonomnolegirovannye skandiem alyuminievye splavy [Aluminum alloys
sparingly alloyed with scandium]. Tekhnologiya legkikh splavov = Technology of Light Alloys, 2025, vol. 28, no. 4.
DOI: 10.24412/0321-4664-2021-4-31-37.

17. Ragazin A.A., Aryshenskii E.V., Zorin 1.A., Kudryavtsev E.A., Drits A.M., Konovalov S.V. Effect of
hafnium on the microstructure formation during high-temperature treatment of high-magnesium aluminum alloys
microalloyed with scandium and zirconium. Physical Mesomechanics, 2025, vol. 28, pp. 535-546. DOI: 10.1134/
S1029959924601702.

18. Toleuova A.R., Belov N.A., Chervyakova V.V., Alabin A.N. Quantitative analysis of the AlI-Cu—Mn—Zr phase
diagram as a base for deformable refractory aluminum alloys. Metal Science and Heat Treatment, 2012, vol. 54 (7),
pp- 402-406. DOI: 10.1007/s11041-012-9521-4.

19. Belov N.A., Alabin A.N. Energy efficient technology for Al-Cu—Mn—Zr sheet alloys. Materials Science
Forum, 2013, vol. 765, pp. 13—17. DOI: 10.4028/www.scientific.net/MSF.765.13.

20. Belov N., Alabin A., Aleshchenko A., Mann V., Tsydenov K. Simultaneous increase of electrical conductivity
and hardness of Al-1.5 wt.% Mn alloy by addition of 1.5 wt.% Cu and 0.5 wt.% Zr. Metals, 2019, vol. 9 (12), p. 1246.
DOI: 10.3390/met9121246.

21. Belov N.A., Alabin A.N., Matveeva [.A. Optimization of phase composition of Al-Cu—Mn—-Zr—Sc alloys for
rolled products without requirement for solution treatment and quenching. Journal of Alloys and Compounds, 2014,
vol. 583, pp. 206-213. DOI: 10.1016/j.jallcom.2013.08.202.

22. Malygin G.A. Prochnost’ i plastichnost’ nanokristallicheskikh materialov i nanorazmernykh kristallov
[Strength and plasticity of nanocrystalline materials and nanosized crystals]. Uspekhi fizicheskikh nauk = Physics-
Uspekhi, 2011, vol. 181, no. 11, pp. 1129-1156. DOI: 10.3367/UFNr.0181.201111a.1129. (In Russian).

23. Petrova A.N., Klenov A.l., Brodova 1.G., Rasposienko D.Yu., Pil’shchikov A.A., Orlova N.Yu. Vliyanie
tekhnologicheskikh faktorov na strukturu i svoistva Al-Cu—Mg—Si-splava, poluchennogo selektivnym lazernym
splavleniem [Influence of technological factors on the structure and properties of AlI-Cu—Mg-Si alloy obtained by
selective laser melting]. Fizika metallov i metallovedenie = Physics of Metals and Metallography, 2023, vol. 124,
no. 10, pp. 961-970. DOI: 10.31857/S0015323023600922.

24. Mondal C., Mukhopadhyay A.K. On the nature of T(Al,Mg,Zn;) and S(Al,CuMg) phases present in as-
cast and annealed 7055 aluminum alloy. Materials Science and Engineering: A, 2005, vol. 391 (1-2), pp. 367-376.
DOI: 10.1016/j.msea.2004.09.013.

25. Chen Z., Li Z., Zhao K., Zhang H., Nagaumi H. Dendrite morphology evolution of Al Mn phase in suction
casting AI-Mn alloys. Materials, 2020, vol. 13 (10), p. 2388. DOI: 10.3390/ma13102388.

26. Kang H., Li X., Su Ya., Liu D., Guo J., Fu H. 3-D morphology and growth mechanism of primary Al Mn
intermetallic compound in directionally solidified Al-3at.%Mn alloy. Intermetallics, 2020, vol. 23, pp. 32-38.
DOI: 10.1016/j.intermet.2011.12.015.

27. Lombardi A., Mu W., Ravindran C., Dogan N., Barati M. Influence of Al,Cu morphology on the incipient
melting characteristics in B206 Al alloy. Journal of Alloys and Compounds, 2018, vol. 747, pp. 131-139.
DOI: 10.1016/j.jallcom.2018.02.329.

Conflicts of Interest

The authors declare no conflict of interest.

© 2025 The Authors. Published by Novosibirsk State Technical University. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0).

Vol. 27 No. 4 2025 %



MATERIAL SCIENCE

OBRABOTKA METALLOV %

Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science. 2025 vol. 27 no. 4 pp. 287-308
ISSN: 1994-6309 (print) / 2541-819X (online)
DOI: 10.17212/1994-6309-2025-27.4-287-308

Obrabotka metallov -

Metal Working and Material Science

Journal homepage: http://journals.nstu.ru/obrabotka_metallov

Study of abrasive wear resistance of flux-cored wires during surfacing

Yulia Karlina®®", Viadimir Konyukhov , Tatiana Oparina

on high-manganese Hadfield steel

2,3b 2c

1National Research Moscow State University of Civil Engineering, 26 Yaroslavskoe Shosse, Moscow, 129337, Russian Federation

2 Irkutsk National Research Technical University, 83 Lermontova str., Irkutsk, 664074, Russian Federation

3 Cherepovets State University, 5 Lunacharsky pr., Cherepovets, 162600, Russian Federation

https://orcid.org/0000-0001-6519-561X,  jul.karlina@gmail.com; b https://orcid.org/0000-0001-9137-9404,  konyukhov_vyu@mail.ru;
https://orcid.org/0000-0002-9062-6554,  martusina2@yandex.ru

ARTICLE INFO

ABSTRACT

Article history:

Received: 14 September 2025
Revised: 03 October 2025
Accepted: 28 October 2025
Auvailable online: 15 December 2025

Keywords:
Plasma boriding
Amorphous boron
Iron borides
Coating

Introduction. Austenitic high-manganese steel is commonly used in various railway and mining components,
such as crusher plates, where high impact and abrasive resistance and sliding wear resistance are required, as it
exhibits a unique combination of high toughness and high work-hardening ability. Therefore, it is important to
understand the behavior of wear-resistant materials such as austenitic high-manganese steel under impact and sliding
wear. However, this steel has a limitation: it develops its high work-hardening ability only under high impact loads
and high-stress conditions. Alternatively, various hardening methods, surfacing, or replacement with low-carbon,
high-alloy steels and high-chromium cast irons are used. The purpose of this study is to evaluate the abrasive wear
resistance of flux-cored wires during surfacing on high-manganese Hadfield steel. Methods and materials. This
study examines surfacing wires whose main alloying elements are chromium, vanadium, and tungsten. The chemical
composition of the surfaced samples was determined usinga BRUKER S1 TITAN portable X-ray fluorescence analyzer
for metals and alloys. A Duramin-40 AC3 hardness tester (STRUERS APS, Ballerup, Denmark) was used to measure
Rockwell hardness. 1.1% C-13% Mn steel demonstrated an initial bulk hardness of HRc = 23 + 3. Specimens for
microstructural study were selected from cast and surfaced samples. The microstructures were examined by optical
microscopy after etching in 2.5% nitric acid solutions, rinsing in methanol, and immersion in 15% HCI solution.
Impact abrasive wear tests were conducted on a DUCOM (TR-56-M3) impact abrasive wear testing machine (made
in India). Results and discussion. An analysis of a cross-section of a 1.1% C-13% Mn steel specimen after abrasive
wear testing revealed crack propagation beneath the surface of the part, with no visible connection to the surface,
indicating that cracks initiated both at and below the surface. The microstructure of the surfaced layers, rich in finely
dispersed boron carbides dispersed in the martensitic matrix, combined with a lamellar molybdenum boride phase,
suggests that the material surfaced on Hadfield steel may possess higher hardness and wear resistance than the base
material. Industrial tests of surfaced beaters revealed that the dominant wear mechanisms are micro-cutting, pitting,
and micro-fracture (chipping and micro-indentation). Based on the results of the studies of surfacing materials, it
can be concluded that wires with chromium content in the range of 3-6% have the characteristics for applications
requiring high abrasive wear resistance in the mining industry.

For citation: Karlina Yu.l., Konyukhov V.Yu., Oparina T.A. Study of abrasive wear resistance of flux-cored wires during
surfacing on high-manganese Hadfield steel. Obrabotka metallov (tekhnologiva, oborudovanie, instrumenty) = Metal Working
and Material Science, 2025, vol. 27, no. 4, pp. 287-308. DOI: 10.17212/1994-6309-2025-27.4-287-308. (In Russian).

Introduction

Coal mills are essential components of thermal power plants, used to prepare solid fuels such as peat,
lignite, bituminous coal, and anthracite. These mills consist of drills fixed around the perimeter of the disk
or mounted on a shaft. The material is ground into dust, which is blown into the combustion chamber of
the boiler. Mill shafts are typically manufactured from wear-resistant cast iron or Hadfield steel [1-3].
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In the mining industry, components made from Hadfield steel are subjected to severe impact and abrasion,
creating a significant impetus for a deeper understanding of wear, deformation, and work hardening in
various high-manganese steels under high-stress conditions.

The deformation and wear mechanisms in rock crushers and mills can be classified into two primary
categories [4—15]: (1) surface deformation under high stress and high strain rates, similar to impact
deformation occurring when rock strikes and fragments against the surface, and (2) high-stress abrasive
wear caused by the sliding of large and fragmented rock particles across the surface. Materials must endure
repeated cycles of these high loads — causing scratching, indentation, impact, and mineral fracture — without
premature failure or critically shortened service life. High-strength steels can offer extended service life due
to their durability compared to most low-carbon steels or coated structures under such conditions. To this
end, various technologies for modification, heat treatment, and surfacing are employed.

Hadfield austenitic high-manganese steel (typically ~1.2% C and ~12% Mn) holds a special place among
wear-resistant high-carbon manganese alloys [1-7]. Owing to its high toughness and wear resistance,
Hadlfield steel is widely used in various industrial applications, including components of stone-crushing
machinery, railway crossings, excavator bucket teeth, and tracked vehicle components [5—10].

Literature reports indicate that as-cast Hadfield austenitic manganese steel contains (Fe, Mn);C
carbides[1, 2, 7-18]. It is standard industrial practice to dissolve these carbides prior to service through
a solution heat treatment, transforming the structure into a fully single-phase austenite. The traditional
heat treatment for cast //0G13L steel blanks, used by most metallurgical companies, involves solution
annealing at approximately 1,050 °C for several hours, followed by water quenching.

Analysis of the literature [1, 2, 5—17] reveals a practical challenge in the application of high-manganese
steel machine parts: low wear resistance due to insufficient work-hardening capacity under “mild”
operating conditions (i.e., low or absent impact loads) [11, 12]. Given this disadvantage, many researchers
have explored modifying the manganese content and optimizing heat treatment to improve the in-service
hardening properties. Studies on medium-manganese steels (8—12 wt.% Mn) have shown relatively low
abrasive wear resistance [13—16]. Mechanical properties and wear resistance can be enhanced by adding
alloying elements such as 7i, Cr, Mo, and V, which contribute to solid solution and dispersion strengthening
[17-22]. The alloying, heat treatment, hardening behavior, and wear resistance of medium-manganese
steels have been systematically studied [23—27]. Results indicate that deformation-induced martensitic
transformation in medium-manganese steels provides a self-hardening effect under moderate or low
applied loads, leading to better wear resistance compared to high-manganese, bainitic, and martensitic
steels [23-27].

The effect of aging on the mechanical properties and wear resistance of medium-manganese steel
reinforced with 7i(C, N) particles has been investigated [23-25]. These studies analyzed the influence of
precipitate morphology, distribution, and volume fraction on microstructure and mechanical properties,
described the relationship between mechanical properties and wear mechanisms, and explained the effects
of work-hardening mechanisms.

Alloying significantly influences the deformation mechanisms in steel, promoting slip, twinning, or
austenite transformation into a'- and/or e-martensite, depending on the alloy’s stacking fault energy (SFE)
[1, 2]. However, as noted by several authors [6—12], under high strain rate conditions (e.g., strain rates of
10°-10° s—'), the mechanical properties and wear resistance of high-manganese steels can change sub-
stantially during operation. This must be considered when designing components for applications such as
mining machinery. The addition of carbide-forming elements likely increases the abrasion resistance of
high-manganese steels but may also reduce their toughness due to grain boundary carbide precipitation.
Therefore, many researchers emphasize the need for continued study of the mechanical properties and wear
resistance of high-manganese steels to better understand their performance and enable further development
[10-24].

In particular, it has been shown that only a surface layer with a depth of 0.2—-0.8 mm is exposed to
aggressive media in parts operating under wear conditions [10—12]. In such cases, applying an additional
wear-resistant coating to the surface of //0G13L steel parts can be an effective solution.
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In recent years, surfacing and additive manufacturing (4M) technologies have been increasingly used
to enhance performance by surfacing heterogeneous materials onto the surfaces of metal parts. Fe-C-Mo-
V-B surfacing compositions are known, developed specifically for rapidly wearing components of various
ore-crushing equipment. These are recommended by manufacturers due to their excellent performance
compared to Ni-WC compositions and lower cost in applications where corrosion resistance is not a primary
requirement [15-28].

According to many researchers, the high wear resistance of Fe-C-Mo-V-B compositions stems from the
high volume fraction of carbides and borides within a martensitic matrix. Strength and crack resistance are
attributed to the fine lamellar structure of molybdenum borides and the spherical morphology of vanadium
carbides [20-29].

There are known compositions from both domestic and international manufacturers of surfacing wires
based on the Fe—Cr system, where additional elements such as W, Nb, B, Si, etc., are introduced to enhance
the abrasive resistance of machine parts in mining equipment [10-20]. However, systematic analyses of the
wear resistance of these wires specifically for mining equipment applications are scarcely available in the
public domain.

It is known that wear resistance under abrasive and impact-abrasive conditions depends on the
microstructure and mass fraction of carbide phases. A coarser microstructure and lower mass fraction of
carbides generally lead to greater weight loss [18]. However, controlling the size and distribution of carbides
is a significant challenge for Fe-Cr-C surfacing alloys due to the brittleness of large primary chromium
carbides. In Fe-Cr-C system surfacing, primary carbides often form in the surfaced layer, which can impair
the interfacial bonding between the carbides and the matrix [19]. Thus, the wear resistance of a surfaced
alloy depends on multiple factors, including the type, shape, and distribution of hard phases, as well as the
toughness and work-hardening capacity of the matrix [9]. Consequently, it is necessary to investigate the
compatibility between carbides and the matrix to establish the relationship between microstructure and
wear based on their distribution and morphology.

Borides and carbides are common hard phases in surfaced alloys [20]. It is well-established that borides
formed with transition metals have high potential for extreme applications due to their high hardness and
excellent resistance to wear, friction, and corrosion [21]. Literature indicates that boron promotes the
formation of primary hard phases, such as borides or carbides, and increases their volume fraction [20-27].
Studies have shown that boron directly influences not only carbide formation but also bulk hardness and
wear resistance [22]. Surfacing wires with high boride content are widely used for surfacing in various
industrial applications via welding or thermal spraying [24].

Currently, a new field known as remanufacturing is developing — the process of restoring end-of-life
and used components to a reusable condition [27-35]. Remanufacturing is becoming increasingly important
as a key element for achieving resource efficiency in industry and building a circular economy. Additive
manufacturing has emerged as a technology enabling the automated repair and restoration of worn, high-
value parts to new condition for their next life cycle.

This paper investigates options for surfacing //0GI3L steel with various commercially available
surfacing wires recommended by manufacturers to increase abrasive wear resistance. The studied surfaced
materials are based on the Fe-Cr-C system, with additional elements such as W, Nb, B, Mo, V, and Si
introduced to mitigate excessive wear on Hadfield steel drill bits used in coal mills. The study analyzes
the chemical composition of the surfaced compositions, conducts macro- and microscopic structural
examinations, hardness testing, and wear resistance evaluation.

The purpose of this work is to evaluate the abrasive wear resistance of various commercially available
surfacing wires when used for surfacing on Hadfield high-manganese steel, specifically for real-world
operation in coal mills. To achieve this aim, the following tasks were addressed:

— Determining the degree of dilution between the surfaced and base metals.

— Conducting metallographic studies of the microstructure of the surfaced samples.

— Assessing the hardness distribution through the depth of the surfaced layer.

— Performing abrasive wear tests on experimental samples surfaced with wires from different
manufacturers and conducting industrial trials on surfaced Hadfield steel components.
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Materials and methods of research

Product information: hammer mill beaters made of 110G13L steel for a tangential hammer mill
(Fig. 1). The chemical composition was determined by optical emission spectrometry using an ARL 3460
spectrometer and is presented in Table 1.

The main alloying elements in the surfaced metal layer of the samples were
determined using a BRUKER S1 TITAN portable X-ray fluorescence (XRF)
analyzer for metals and alloys.

A Duramin-40 AC3 hardness tester (STRUERS, Denmark) was used to
measure Rockwell hardness and microhardness at loads ranging from 0.025
to 0.1 kgf. The 1/0G13L steel substrate exhibited an initial bulk hardness of
HRC =23 £2.

Samples for microstructural examination were extracted from both the
cast substrate and the surfaced specimens. The samples were sectioned
using a wire electrical discharge machining (EDM) unit to prevent cracking
or phase transformations due to heat input during conventional machining.
Subsequently, they underwent standard metallographic preparation: mounting,
planar grinding, and polishing. The microstructures were examined by optical
microscopy using a Neophot-21 microscope equipped with a digital camera
(Carl Zeiss, Germany).

Impact-abrasive wear tests were conducted on a DUCOM TR-56-M3
impact-abrasive wear testing machine (India).

Fig. 1. Original beater
component for surfacing

Table 1
Chemical composition of the 1.1% C-13% Mn steel beater according to GOST 977-88
C Si Mn Cr Ni Cu S P
no more
0.90-1.50 0.30-1.00 11.50-15.00 1.00 1.00 0.30 0.05 0.120
1.12 (actual) 0.98 12.34 0.6 0.1 0.2 0.055 0.134

The technical documentation governing the repair of //0G13L steel plates specifies the following
conditions for restoring a worn surface: 7-590 and 7-620 grade electrodes were used, with a maximum of
1-2 layers. UONI 13/45 electrodes were used for the buffer layer formation.

This study examined several types of surfacing wires (diameter 1.2—1.6 mm) available on the Russian
market:

1. ASM 57-0OA, Russian Federation.

2. TD-600, Italy, manufacturer ltalfil.

3. TD-R(3, Italy, manufacturer ltalfil.

4. CARBO AF D600, Germany, manufacturer CarboWeld.

5. K-600NT, Kiswel, South Korea.

6. K-700NT, Kiswel, South Korea.

7. OK Tubrodur 58 O/GM, ESAB, manufactured in Poland.

SV-08Kh18N10T (0.08% C-18% Cr-10% Ni-1% Ti) welding wire (Russian Federation) was used as a
buffer layer, which was pre- surfaced onto the //0G13L steel surface prior to surfacing.

The chemical compositions of the aforementioned surfacing wires are presented in Table 2. The
surfacing parameters for the samples are detailed in Fig. 2 and Table 3.

Sample No. 1 was surfaced using ASM 57-OA wire (o 1.6 mm). According to Table 2, this wire contains
0.80% C, up to 18% Cr, and up to 2% B, which increases the susceptibility of the surfaced metal to cracking.
To minimize cracking, preheating to 180 °C was applied, and the interpass temperature was maintained
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Table 2
Chemical composition of the investigated surfacing wire grades
. Wire grade
Chemical = I ot CARBO OK Tubrodur 58
element 57-04 TD-600 | TD-RC3 AF D600 K-700HT | K-600HT O/GM ESAB

C 0.8 0.15 0.37 0.5 0.3 0.25 0.42

Si 1 3 0.4 2.7 2.4 2.18 0.31
Mn 2 0.1 1.1 0.5 0.5 0.36 1.22

Cr 18 9.3 7 9.5 7 6.5 4.89

B 2.6

P <0.025 <0.03

S <0.020 | <0.020

Cu <0.25 <0.25

Ni <0.15 <0.20

v <0.030

Al <0.030 0.6
Mo 2.2 0.5 1.14

Ti 0.3

\% 0.7

I| LBdoav4an r 'ICBaA Oxa

T0-600 31, fian

Fig. 2. Wire surfaced samples

Table 3
Surfacing parameters

Surfacing material Current, A Voltage, V Wire feed speed mm/sec
ACM 57-04 258 29.5 9.1
TD-RC3 258 23.2 9.6
TD-600 258 27.0 5.5
CARBO AF D600 260 28.5 5.6
K-700HT 260 28.0 5.6
K-600HT 260 28.0 5.6

in the range of 250-270 °C. Temperature was monitored with an ADA TemPro 900 A00225 non-contact
thermometer with a measurement error of +15 °C.

Sample No. 2 was surfaced using 7D-RC3 wire (¢ 1.6 mm).

Sample No. 3 was surfaced using 7D-600 wire (¢ 1.6 mm).

Sample No. 4 was surfaced using 7-590 electrodes (¢ 4.0 mm).

Vol. 27 No. 4 2025 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

Sample No. 5 was surfaced using CARBO AF D600 wire (¢ 1.6 mm). To minimize cracking, preheating
to 180 °C was applied, and the interpass temperature was maintained at 250-270 °C. Temperature was
monitored with the same ADA thermometer.

Sample No. 6 was surfaced using K-600NT wire (o 1.6 mm).

Sample No. 7 was surfaced using K-700NT wire (o 1.6 mm).

Surfacing was performed using LORCH P5500 MIG/MAG welding equipment: an industrial semi-
automatic welding system P 5500 Speed XT, a compact power source with water cooling, integrated wire
feeder and control panel, an SB 550W liquid-cooled welding torch (550A for CO- / 500A for Ar/CO-, 100%
duty cycle, for 1.2—-1.6 mm wire), equipped with an ergonomic handle and Euro connector.

Research results

Prior to surfacing on the experimental batch of hammers (beat), incoming inspection of the cast prod-
ucts was performed:

— Items were numbered and documented with photographs (Figs. 3-5);

— Surfaces were cleaned using mechanical tools on three sides;

— Weighing was conducted.

Visual and penetrant testing of the seven received products revealed the defects listed in Table 4.

A milling operation of the working surface was performed to a depth of 10 mm. Extensive through-hole
defects were identified on two hammers (No. 1 and 3). Subsequently, new hammer samples were selected
for surfacing, which successfully passed visual and capillary control.

Preliminary studies were conducted on witness (test) samples to determine the microstructure in the
surfaced layer, measure hardness, and evaluate wear resistance.

Fig. 3. Visual inspection of the beater surface after removal of metallurgical slag

Fig. 4. Penetrant testing
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Fig. 5. Extended through-thickness defects on the
beater, numbered 1, 3 (see Fig. 3)

Table 4
Defects identified by visual and liquid penetrant testing
Product number Identified defects
1 Pores and a shrinkage cavity in the working section of the component
2 Pores and micro-cracks on the surface
3 Pores and cracks extending to the surface. After sectioning 7 mm deep, a shrinkage void was

observed in the functional area of the part

Pores and cracks extending to the surface

Pores extending to the surface

Pores extending to the surface

N N || B

Pores extending to the surface

Metallographic Studies

Fig. 6 shows the microstructure of cast //0G13L steel, where non-metallic inclusions and carbides along
grain boundaries are clearly visible. Examination of the heat-affected zone (HAZ) revealed a fully austenitic
microstructure with a high density of deformation slip bands and twinning within the grains, indicating

Fig. 6. Carbides at austenite grain boundaries and non-metallic inclusions
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significant work hardening. Additionally, cracks propagating along some austenitic grain boundaries were
observed in several sections, while other grain boundaries remained intact.

The microstructure of the surfaced layers is shown in Figs. 7-8. The structure of the surfaced metal
contains boron carbides (Figs. 8, a, b) and chromium carbides (Figs. 8, ¢, d).

The chemical composition of the surfaced layers, determined using the Bruker SI TITAN fluorescence
spectrometer, is presented in Tables 5-10. The main alloying elements are chromium, molybdenum,
manganese, and vanadium. Titanium (declared by the manufacturer for CARBO AF D600 wire) and tungsten
(declared for K-700NT) were not detected in the surfaced metal.

Fig. 7. Microstructure of the surfaced layer with a buffer layer:

a — surfaced layer at the boundary with the buffer layer; b — buffer layer; ¢ — transition layer between the buffer layer
and 1.1% C-13% Mn steel

20 ym

c d
Fig. 8 Microstructure of surfaced layers:

a — surfaced layer with ASM 57 — OA wire; b — surfaced layer with CARBO AF D600 wire; ¢ — surfaced layer with
TD-RC3 wire; d — surfaced layer with TD-600 wire
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Table 5
Chemical composition of the layer surfaced with 7-590 wire. %
Mn Cr Si Cu Ni Mo
6.23 4.29 2.0 0.07 0.06 0.02
Table 6
Chemical composition of the layer surfaced with ASM 57 — OA4 wire
Mn Cr Si Ni B Cu
6.00 8.32 0.43 0.07 0.16 0.05
Table 7
Chemical composition of the layer surfaced with TD-RC3 wire
Cr Mn Mo Si Cu S Ni
5.32 2.94 1.61 0.51 0.36 0.24 0.22
Table 8
Chemical composition of the layer surfaced with TD-600 wire
Cr Mn Si Cu Ni Mo
7.18 2.93 2.36 0.29 0.12 0.02
Table 9
Chemical composition of the layer surfaced with CARBO AF D600 wire
Cr Mn Si Cu Ni
8.18 0.53 0.36 0.29 0.12
Table 10
Chemical composition of the layer surfaced with K-700NT wire
Mn Cr Si Cu Ni
4.23 6.29 2.0 0.07 0.06

All wires demonstrate chromium as the primary alloying element, differing only in its concentration in
the surfaced metal (see Tables 5—-10). Notably, the manufacturer’s certificate for ASM 57-OA wire stated a
chromium content of 18%, whereas the actual chromium content in the surfaced metal was 2.2 times lower
(Table 6).

The results of macrohardness measurements on the surface of the surfaced samples are shown in
Table 11. Three measurements were taken at different points on the surfaced surface, showing that hardness
is uniformly distributed across the surfaced metal.

Fig. 9 graphically presents the results of microhardness distribution measurements across the depth of
the surfaced layer.

The results of the abrasion resistance test are shown in Fig. 10. Initially, it can be confirmed that all
surfacing materials used for surfacing exhibited lower mass loss during testing compared to samples
of the base Hadfield steel. In terms of mass loss, wires designated in Fig. 10 as No. 7 — K-600NT and
No. 8 — K-700NT demonstrated the lowest values.
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Table 11
Rockwell hardness of the surfaced layer of samples, HRC
Sample name Hardness 1 Hardness 2 Hardness 3 Average value
ACM 57 — OA 48.5 50 51 49.83
TD-RC3 45.5 46.0 48 46.5
TD-600 50 51 51 50.66
CARBO AF D600 55 54 58 56.5
K-600HT 58 55 59 57.5
K-700HT 61 61.5 61 61
7-590 40 42 44 42
1,000
900
r ]
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g 600
E 500 \
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= \
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8 \
= 300 \.
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0 1 2 3 4 5
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>
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@ .
¢ I YT —]
° ""—'——-0—/_\\
= 600
2 \
o
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=
200
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Surfaced depth, mm
b

Fig. 9. Microhardness profiles across the surfaced depth:
a — K-700NT wire; b — TD-600 wire

Subsequently, a batch of 12 hammers (Fig. 11), surfaced with K-700NT wire, was installed on the
MMT-1A4 mill. The remaining rows were fitted with standard, non-surfaced //0GI3L steel hammers in
the quantity of 114 pieces (Fig. 12). After 466 hours of testing, an inspection was conducted (Fig. 13).
Following this inspection, testing was continued until the hammers were completely worn out.
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2.5
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Fig. 10. Abrasive wear test results (mass loss of
surfacing wires):

Mass loss, mg
(%3]

-

| — Hadfield steel; 2 — ASM 57 — O4; 3 — T590; 4 — TD- 0 %4 o
RC3; 5~ CARBO AF D600; 6 — TD-600; 7 — K-600NT: 8 — - b1
K-700NT
0.5
0 1 2 3 4 5 6

Fig. 12. Placement of beaters in the mill

Discussion of the results

Studies have shown that the microstructure of the surfaced metal is based on martensite and carbides
of the MsC, M,Cs, and M::;Cs types. Borides are observed in the microstructure of the deposit from ASM
57-04 wire (Fig. 8, a). The high carbon content in the wires ASM 57-OA, TD-RC3, CARBO AF D600, and
K-600NT promotes the formation of a martensitic matrix with inclusions of y (Fig. 8, d). The martensitic
microstructure is often chosen for its excellent abrasion resistance and satisfactory impact toughness.

Analyzing the average hardness and microhardness values measured along the cross-section of the
surfaced beads, it can be noted that hardness values were in the range of 720-900 HV, except for the sample
surfaced with TD-RC3 wire, which had a hardness of approximately 46.5 HRC (equivalent to ~460 HV).
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Fig. 13. Inspection of welded beaters after 466 hours
of testing

These values are significantly higher than those of the Hadfield steel substrate, which measured 258 HV.
The microhardness profile measured through the depth of the coating is shown in Fig. 9. The depth of the
surfaced layers is 3—4 mm. The hardness in the middle of the coating averaged 750 HV, while the highest
hardness values were recorded in the top layer of the coating. Figure 9 shows a peak microhardness of 900
HV for two samples. The higher hardness of the coating is attributed to the formation of a large number of
primary M-Cs carbides and may also be associated with the martensitic phase. In the case of the 7D-RC3
wire (Fig. 10, b), the hardness is lower, which correlates with a relatively lower concentration of elements
such as Cr and C in the surfaced metal. Thus, it can be inferred that the type, size, shape, and distribution
of carbides, as well as the matrix structure, strongly influence the hardness of the surfaced layer.

It should be noted that, regardless of the surfacing material used, the thermal conditions during
deposition did not alter the microstructure to an extent that would significantly change the hardness of the
surfaced beads. Furthermore, the hardness of the surfaced beads is approximately twice as high as that of
the /10G13L steel substrate, suggesting greater wear resistance compared to the substrate. The increase
in hardness relative to the substrate can be explained by the volume fraction of carbides distributed in the
matrix phase [12, 36-37]. The ratio of carbide to matrix volume plays an important role in wear resistance.
A coating with a higher volume fraction of carbides exhibits greater wear resistance, which also correlates
with higher hardness [20-24, 38—40].

In our studies of standard //0G13L steel plates surfaced with various wires exhibiting different chemical
compositions and high hardness, some explanation of the obtained results is required. It is known that the
hardness of both the matrix and the carbide phase determines the overall hardness of the surfaced layer. The
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hardness of alloy steels can generally serve as an indicator of abrasive wear resistance [24, 41-42]. Wear
resistance typically increases with hardness [25]. The authors of [26] reported that the wear resistance
of NizAl-M-Cs carbide coatings improved significantly due to the presence of hard phases in a ductile
matrix.

In our case, carbides are embedded in a hard (martensitic) matrix. According to the results of our
hardness measurements and abrasive wear tests, a correlation exists between hardness and wear resistance,
as surfaced samples with hardness ranging from 500 to 1,000 HV showed 30-50% higher resistance to
abrasion compared to 110G13L steel samples (Fig. 10). Since mass loss was low for all surfaced samples,
the sensitivity of the test must also be considered; thus, it can be stated that all samples performed similarly,
as observed in other studies [19-24, 43—45]. Carbides protruding above the surface can temporarily protect
it from further wear by preventing direct contact between the sample surface and the abrasive. Protruding
carbides can also serve as sites for the accumulation and compaction of wear debris, contributing to the
formation of a stable protective tribolayer [19-20].

Analysis of the cross-section of a //0G13L steel sample after industrial abrasive wear testing by coal
particles revealed subsurface cracks with no visible connection to the surface. The authors of [20] conducted
a systematic analysis of the significance of carbide inclusions for assessing the impact toughness of three
steel types: manganese steel (Grade B3), high-carbon steel (Grade B4), and chromium steel (Grade C).
They reported that the degree of embrittlement in austenitic manganese steels depends on the extent of
grain boundary coverage by brittle phases. Thin carbides (thickness < 0.2 pm) and thick carbides (thickness
~0.5-1.5 um) were classified, with the latter being more detrimental, especially in large weld deposits [20].

In the present study, many cracks were found in areas with carbides larger than 0.2 um, and others
propagated where carbide inclusions were smaller than 0.2 pm. This suggests that under the combined
impact and abrasion conditions in which the //0G13L steel component operates, merely having carbide
inclusions smaller than 0.2 pm is insufficient; it is necessary to prevent or eliminate carbide precipitation
at grain boundaries. This finding motivates our further research into heat treatment to meet the impact and
abrasion resistance requirements for coal mill hammer components.

Fig. 13 shows the worn surface of a crusher segment (upper part) examined using a stereo microscope.
Deformation marks are clearly visible during macroscopic examination. These marks resemble wear
patterns resulting from significant particle impacts on the surface. The authors of [22] classified wear
caused by repeated solid particle impact as impact wear. However, the synergistic effect between impact
and abrasion, referred to in the literature as impact-abrasion, has been described by several authors [12—
20]. The observed damage mechanisms on worn hammers operating on coal ash led us to conclude that
impact damage mechanisms, synergistically interacting with abrasion mechanisms, create resultant wear
rates exceeding the sum of individual components, consistent with the results of other work [16-23]. It
1s important to emphasize that the observed wear features (see Fig. 12) exceed the material’s grain size,
suggesting that the material removal process occurs on a millimeter scale. Therefore, given the nature of
this phenomenon involving the grinding of abrasive coal fragments and impact between metal bodies, the
term “impact-abrasive wear” better describes the mechanism considered in this study.

To compare the wear resistance of surfacing materials with various microstructures, including some in
different deformed states, the wear rate can be expressed as wear per unit of impact energy [23]. It should
be noted that during impact, energy is also dissipated in other processes (e.g., friction). In [23], energies
dissipated during impact were calculated individually from high-speed images of each test. According
to the authors, representing wear rates based on dissipated energy and the mass of erosive particles can
provide a more accurate assessment of wear test results.

In conclusion, industrial tests of surfaced hammers have demonstrated a significant increase in service life
compared to non-surfaced hammers. Evaluation of the abrasive wear resistance of the investigated welding
wires from various manufacturers shows similar results. All investigated wires possess characteristics that
allow their use for surfacing coatings on components made of //0G13L steel in mining equipment or other
applications requiring high wear resistance.
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Conclusions

1. Analysis of the cross-sections for all investigated welding wires revealed that dilution between the
surfaced layer and the substrate is minimal. Higher heat input from the welding arc typically results in the
formation of higher and wider weld beads, whereas lower heat input values can lead to incomplete fusion
or bead detachment. The presence of cracks was noted in some samples, with their propagation arrested
within the buffer (buttering) layer.

2. Microstructural analysis demonstrated that the surfaced layer consists of carbide inclusions
(chromium, iron, and boron-based) embedded within a martensitic matrix. During the surfacing process,
grains in regions closer to the substrate interface were finer than those on the surface. This is attributed to a
higher cooling rate near the interface, which suppresses grain growth.

3. The microhardness of all studied surfacing wires ranged from 550 to 900 HV, which is 2-3 times
higher than the microhardness of the base //0G13L steel (approximately 250 HV). This high hardness is
attributed to the significant volume fraction of chromium carbides within the surfaced metal.

4. Abrasive wear resistance tests indicated that all samples, with chromium content in the surfaced
metal ranging from 4.3 to 8.4 wt.%, exhibited comparable wear resistance. Industrial field trials of surfaced
hammers (beaters) under actual coal grinding conditions at a thermal power plant demonstrated a 40-50%
increase in service life compared to standard, non-surfaced //0G13L steel beaters.
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Introduction. During the recrystallization annealing of cold-rolled electrical and automotive steels, the
formation of pickups on the surface of furnace rolls presents a significant issue, as they lead to surface damage
of the steel strip in the form of indentations. The focus of the present study is the evaluation of this defect.
Methods. To this end, a laboratory-based methodology was developed to assess the tendency of furnace rolls
to form pickups. The method replicates the contact interaction between the furnace roll and the steel strip under
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plasma spraying revealed that the pickup formation rate for the £/ 283 steel was an order of magnitude higher.
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Introduction

To achieve the required operational properties in steel strip for electrical (transformer) steel [1, 2] and
automotive steel [3, 4] with a thickness of 0.3—1.0 mm, recrystallization annealing is performed after cold
rolling. This process is conducted in furnaces at 700-900 °C under reducing atmospheres. A significant
operational issue is the formation of pickups on the surface of the furnace rolls that transport the strip.
Subsequent contact between the steel strip and these rolls damages its surface layer, resulting in dents or
the transfer of pickup material onto the strip surface as indentations. For electrical steel, this also degrades
magnetic properties by disrupting the deformation (Goss) texture [1].

The appearance of pickup defects on furnace rolls and corresponding indentations on the processed strip
is illustrated in Fig. 1. Pickups on rolls transporting automotive sheet (Fig. 1, a [5]) and electrical steel (Fig.
1, b, author’s data) show minor visual differences, attributable to the distinct chemical compositions of the
metals and variations in transport loading conditions. Contact between a roll with pickups and the strip
leads to dent and indentation formation on the strip surface (Fig. 1, ¢ [1]), a consequence of material transfer
from the pickups. Micro-X-ray spectral analysis confirms that the chemical composition of indentations on
the strip matches that of the pickups on the rolls [1].

Fig. 1. Defects resulting from recrystallization annealing
(see explanations in the text)

The formation mechanism of pickups on furnace rolls in contact with the strip is as follows. Upon
heating to ~500 °C in a nitrogen-hydrogen atmosphere, the surface of a silicon steel strip oxidizes due to
the higher oxygen affinity of silicon, iron, and other alloying elements compared to hydrogen. This process
forms a thin oxide film containing iron, silicon, and aluminum oxides. The composition of the oxide film
varies with depth: the layer adjacent to the metal is rich in silicon and manganese oxides, while upper layers
contain increasing amounts of iron oxides [6].

As temperature rises, the reducing power of hydrogen and (diffusing) carbon increases. Above ~650 °C,
simultaneous reduction of iron oxides occurs — directly from the oxide film by hydrogen and beneath it by
carbon diffusing to the metal-oxide interface. This weakens the adhesion between the oxide film and the
annealed strip surface.

Silicon plays a key role in oxide film spalling. The formed fayalite (Fe2SiO-) creates a eutectic with
wiistite (Fe, ,O) that melts at only 1,177 °C. Manganese oxides form solid solutions with the main
scale components (wiistite, fayalite). Aluminum promotes the formation of a ternary eutectic (FeAl:04 —
— Fe:5i0s— Fe, ,0) with an even lower melting point (1,148 °C). Chromium oxides may also be present
in the spalled scale, with silicon and chromium not forming mixed compounds but existing in close
proximity [2].

Following spalling, individual microparticles of reduced iron are pressed into the roll surface.
This process intensifies, leading to the growth of pickup particles that can reach 2—3 mm in height. The
typical chemical composition of pickups is 94.8-95.3 wt.% Fe, 2.0-3.2 wt.% Si, 0.3-0.4 wt.% Mn, and
0-0.3 wt.% Al. Their structure is featureless, resembling reduced iron with residues of ferrous oxide [1].

Although continuous annealing lines operate at elevated temperatures, moisture is present on the strip
surface. Potential sources include water condensation on the metal before furnace entry or from the furnace
atmosphere gases (Hz, /V2) when their temperature falls below the dew point. Condensation forms droplets
or oxide films. For a given hydrogen content, the partial pressure of water vapor in the atmosphere is
determined in accordance with equation [7]:
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lgPH20 = 98TDP/(2738 + TDP) -2.22 ,

where PH20 is the partial pressure of water vapor; T, , is the dew point temperature.

In turn, the thermodynamic stability of the oxides forming the pickups is a function of the partial pressure
of oxygen in the furnace atmosphere. The oxidation potential (PHZO / Py, ) of the furnace atmosphere is one

of the main technological parameters of recrystallization annealing.

The typical dew point in an industrially employed annealing atmosphere is =30 °C (380 ppm H-O,
corresponding to P, = 3.16:10 % atm). According to the Richardson-Ellingham-Jeffes diagram [§],
decreasing the dew point to —58 °C (=14 ppm H-0, P, = 7.6 107 atm) leads to a reduction in the driving
force for oxidation. Although the annealing conditions are reducing for iron, selective oxidation of alloying
elements with high oxygen affinity (Si, Mn, etc.) may nevertheless occur, depending on the oxidizing
potential of the atmosphere. Studies of various classes of steels have shown that an increase in the water
vapor content of the incoming gas, i.e., an increase in the oxidizing potential of the annealing furnace
atmosphere, leads to an increase in the thickness of the oxide film on the metal surface and a change in
its structure [3, 9—12]. Thus, variations in atmospheric humidity alter the rate of pickup growth owing to
changes in the oxidizing potential of the working atmosphere. In the furnace atmosphere, the concentrations
of H:O and H: are monitored using standard furnace instruments, such as a thermohygrometer, which
measures the temperature and dew point [13].

In addition to chemical processes, mechanical stresses also influence the formation of pickups on the
furnace roll and the corresponding indentations on the steel strip. The pressure exerted by the strip on the
roll is low and is determined by the mass of the strip between two consecutive rolls in the vertical section of
the annealing unit. An estimation indicates that for a strip with a thickness of 0.7 mm and a width of 1,000
mm, and a vertical distance between the axes of consecutive rolls of 8,000 mm, its mass suspended between
the rolls will be approximately 40 kg. Under these parameters, the maximum pressure in the contact zone
between the smooth surface of the roll (with a diameter of 600 mm) and the strip will be 0.5 MPa; however,
at point contacts over the pickups, the pressure increases by an order of magnitude or more. Furthermore,
the mismatch in linear velocities between the strip and the roll surface accelerates pickup growth [14].
However, in the production process, the velocity mismatch can be controlled and maintained at a level of
~0.3%, under which conditions pickups on the roll form after several months of continuous operation. This
led to the conclusion that the role of chemical reactions between elements is significantly greater than the
role of the mismatch in linear velocities between the roll and the strip [10].

Various methods are used to reduce the tendency for pickup formation: changing the chemical
composition of the steel strip and the furnace roll [15], applying protective coatings [5, 14, 16], or installing
intermediate components, e.g., carbon sleeves [13, 17]. Determining the effectiveness of these methods
requires the development of a method for assessing the resistance of metallic surfaces to pickup formation.

The most reliable assessment, based on full-scale roll tests, is characterized by excessive duration and
substantial cost, since the time between maintenance cycles of the annealing furnace spans 4-9 months [1].

To reduce the duration of testing, a method for assessing resistance to pickup formation was proposed, in
which a sandwich assembly, consisting of two metal plates with a steel strip placed between them, is heated
in a laboratory furnace at 800—950 °C under a nitrogen-hydrogen atmosphere with a typical composition of
97% N: + 3% H:. Following this exposure, pickups form on the surface of the steel strip via the mechanism
described above. The material of the metal plate serves as an analog for the annealing furnace roll, while
the steel strip simulates the processed sheet. After holding the assembly in the laboratory furnace for up to
200 hours, the resistance of the plates to pickup formation is evaluated based on the number (density) of
pickups per unit area [6]. Although this method enables the formation of pickups, it does not account for
the humidity of the furnace atmosphere, and does not allow for the evaluation of humidity variations, which
reduces the reliability of the results.

The purpose of this work was to develop a methodology for evaluating the propensity of metallic
surfaces to form pickups during contact under elevated temperature conditions in an H>-N: atmosphere with
controlled humidity.
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Methods

To assess the resistance of furnace rolls to the typical operational defect of pickup formation,
a methodology was developed involving the heating of a sandwich assembly under simultaneous exposure
to pressure (P), temperature (7), controlled environmental humidity (Hum), and a gas atmosphere
(H2—N:). The assembly, designated “Plate 1 — Strip 2 — Plate 1” (Fig. 2), consists of two plates of EI 283
steel (according to GOST 5632—2014), which is the standard material for furnace rolls, and a central strip of
Fe-3% Si electrical steel (GOST 21427.1-83), simulating the processed strip. The chemical compositions
of these steels are provided in Table 1.

¢T

¢P _, ;H_um
» rd !

F e e =X

Fig. 2. Scheme of the method for assessing the resistance
of furnace rolls to pickup formation (see explanations in the text)

¢Gas (N,+H,)

-

Table 1

Standard chemical composition of steels E1283
and Fe-3 Si, wt.%

Element Steel E1283 Steel Fe-3 Si
C 0.003-0.04 0.003-0.04
P <0.03 <0.03
S <0.03 <0.03
Si 2.9-3.5 2.9-3.5
Cr 22-25 <03
Ni 17-20 <0.3

Mn <2 _

Al - 0.004-0.03
Cu - 0.01-0.6
N - 0.001-0.013
1i - <0.006
Fe Bal. Bal.

Fig. 3, a presents a schematic of the laboratory setup for pickup formation. The sandwich assembly
comprises two metal plates (1) with dimensions of 50 X 20 X 4 mm and a steel strip (2) of 50 x 20 x 0.7
mm placed between them. This assembly is mounted inside a quartz tube (3), the working part of which is
inserted into a SUOL-0.4.4/12-M2-U4.2 muffle furnace (4B “Umega”, Lithuania) capable of maintaining a
set temperature of 850 £ 1 °C (with a maximum capability of 1,250 °C). The quartz tube is connected to a
vacuum pump (5) for initial air evacuation and to a gas mixer (6) for supplying a gas mixture from cylinders
with a composition of (95-97% N: + 3—5% H:) by volume. A humidity adjustment unit (7) regulates the
moisture content of the incoming gas. This is achieved by diverting the gas flow through tubes (9) and
(10), which are integrated into a flask containing distilled water sealed with a hermetic stopper (8). The gas
mixture is bubbled through the water via tube (9) and exits via tube (10) before re-entering the main gas
line to the quartz tube. The gas flow is controlled by valves. The water vapor content in the gas mixture is
measured at the inlet of tube (10) using a hygrometer and is correlated with the dew point of the surrounding
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atmosphere. This correlation allows the water vapor content inside the quartz tube (3) to be equated to the
humidity of the ambient atmosphere. By controlling the ambient temperature, the humidity level inside
the quartz tube can be adjusted. This capability enables the assessment of the impact of humidity on the
oxidation rate of the strip surface, which serves as an analogue for the annealed sheet under actual humidity
conditions in the high-temperature zone of an industrial annealing furnace.

The implemented setup for evaluating pickup formation (Fig. 3, b) includes the following key compo-
nents: the muffle furnace with the inserted quartz tube containing the samples; the gas mixer for supplying
the gas mixture from cylinders; the vacuum pump for evacuating air from the working zone prior to gas
supply, equipped with a control unit and a pressure gauge; and the humidity adjustment unit. The duration
of the continuous laboratory tests was set at 96 hours, which is approximately 40 times shorter than the
typical duration required for full-scale industrial trials.

. J— | -
{]2:238;9%1 alloy) /- (4) Muffle furnace  (5) Vacuum pump - l’ ”
7—— | s | ) E . ~— 7 I-Itlr;.iclit}"

(1) Plate Vi) .._(3) Quartz tube :_(G)Mucer 185 1_ '_adjuslmcnl clement #O8

(steel EI283) .~ =~/ : z

L]

_y  Nitrogen(N,)
e
1L Hydrogen (H,)

(9) Tube 1

(7) Humidity
adjustment element

Fig. 3. Installation for assessing the pickup formation:

a — diagram; b — view (see explanations in the text)

During the laboratory experiments, a series of pickups were generated and subsequently compared with
pickups retrieved from a furnace roll after full-scale industrial operation. The microstructure and elemental
distribution on the investigated surfaces were analyzed using scanning electron microscopy (SEM). A Carl
Zeiss EVO 40 microscope (Germany) operating at an accelerating voltage of 20 kV with a tungsten cathode
and a TESCAN VEGA Il XMU microscope (Czech Republic) equipped with an INCA ENERGY 450 energy-
dispersive X-ray spectroscopy (EDS) system (Oxford Instruments, UK) were employed. X-ray diffraction
(XRD) analysis was performed using a Shimadzu XRD 7000 Maxima diffractometer (Japan) with a graphite
monochromator and CuKa radiation. Diffraction patterns were recorded in the angular range of 20 = 10-80°
with a step size of A@ = 0.02° and an accumulation time of 2 seconds per step. Full-profile analysis was
conducted using the International Centre for Diffraction Data (/CDD) PDF-4 database.

Results and Discussion

Pickups formed on the furnace roll

Fig. 4, a shows the surface of the furnace roll with formed pickups after six months of continuous
operation. Fig. 5 and Table 2 present scanning electron microscopy (SEM) images of an individual pickup
and the chemical composition from the investigated areas A and B (Figs. 4, b-d) in the form of spectra. The
pickups shown in Fig. 4, b have average dimensions of 11x4 mm.

The chemical composition of the pickup surface (Table 2) includes the metals Cr, A/, Fe, Mn, Ni, and
Si, which diffuse from both the strip and the roll. The high oxygen content (20-25 wt.% O) indicates the
presence of oxides.

X-ray phase analysis was conducted on the sample depicted in Fig. 4, b. The determination error is 2%,
which is attributable to the error in measuring the intensity of superimposed diffraction lines. The data are
presented in Fig. 5 and Table 3.
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Fig. 4. Photographs of pickups on the surface of the furnace roll («) and a single pickup (b) with details
of its areas (¢, d); SEM images of areas “A4” (1-3) and “B” (4-5)

Table 2
Chemical composition of the pickup surface, sections 1-5 in Fig. 4, c-d, wt.%
Spectrum 6 < 1?2 4%) Al Cr Ni Fe Mn Si
1 22.66 0.27 - - 74.61 2.23 0.24
2 20.62 1.46 1.4 - 71.84 1.79 2.89
3 24.73 1.8 2.44 0.17 64.47 2.54 3.84
4 21.07 1.68 1.46 0.17 70.5 242 2.71
5 22.36 1.44 1.03 0.14 70.19 2.01 2.82

* The accuracy of micro-elemental analysis with this instrument is 5% of the measured value. To ensure the total elemental

content sums to 100%, values are presented with higher precision, which is due to the algorithms embedded in the instrument’s
software.

(T RTIE W ST WS || W I | W—— — S| — .
1 I (] [} !‘Elf ‘ 1] IIIl .:—[ I'Illli:I IlII DUIEN WL 0 WYt in OOnD DI 0 MMEEROE 0 E L H EiEn IlII_I (1] i (Al
I 11wyl 1 L0 IRNIEEN Im OB) 0
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20 (deg)

Fig. 5. X-ray diffraction patterns of the pickup removed from the roll
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Table 3
Phase composition of the pickup removed from the roll, at.%
Phase PDF-4 ar. % / at. %
a-Fe (iron) 01-080-3816 89
Fe,SiO, (fayalite) 01-079-1208 5
Fe;0, (magnetite) 01-084-9337

The higher iron content and lower content of the other elements, as determined by X-ray diffraction
analysis compared to chemical analysis, may be attributable to the partial dissolution of these elements in
iron, whereas the positions of the iron peaks in the diffraction pattern remain unchanged.

Laboratory formed pickups
Surface analysis

Visual inspection of the samples (Figs. 6, a-b) revealed that the pickups on the plate and the indentations
on the strip have an appearance comparable to the formations on the actual furnace roll and transformer
steel strip shown in Fig. 1. Dark areas corresponding to the color of the metal are observed along the edges
of the plate, where the least pressing force was applied, and lighter areas are observed around the pickups
and indentations.

The microstructure of the formed pickup surface in areas A and B is presented in Figs. 6, c-d. The
corresponding chemical composition of these areas, as determined by SEM analysis, is given in Table 4.
These areas were detailed in the figure as “area A” (regions 1-2 in Fig. 6, ¢) and “area B” (regions 3—10 in
Fig. 6, e), as well as region 11 at the boundary between the pickup and the area without pickups, and region
12, where no pickups were visually observed (Fig. 6, d).

The oxygen and metal contents in the surface layer of the pickup on the plate (Table 4) are similar to the
values obtained for the pickup surfaces on the roll according to the author’s data (Table 2). The observed
variation in iron content (in the range of 2.47-97.46 wt.% Fe) may be associated with the extraction of the

(2)[Steel D283 B | Fe3%Si Jigs

_ Indentat

Fig. 6. View of plates with pickups (a) and strips of transformer steel () after testing according
to the developed method, 96 hours; images of the surface of the pickups in areas “4” (¢) and “B” (d-j)

Vol. 27 No. 4 2025 %



% OBRABOTKA METALLOV

MATERIAL SCIENCE

Chemical composition of the plate surface areas according to Fig. 6, a, wt.%

Table 4

Spectrum o Al Cr Ni Fe Mn Si
1 3.25 - 4.26 - 87.78 0.96 3.76
2 24.74 0.24 31.3 1.39 25.01 10.72 6.61
3 25.99 0.12 47.69 0.89 6.73 18.27 0.31
4 19.23 0.48 27.95 3.44 30.26 16.22 2.43
5 30.32 0.46 21.89 - 2.47 353 9.55
6 5.52 1.51 2.85 1.44 82.66 0.47 5.55
7 7.83 - - - 89.2 0.55 243
8 2.01 - - - 94.22 0.4 3.38
9 1.01 - - - 97.46 0.44 1.1
10 0.74 0.08 0.06 0.05 95.37 0.43 3.26
11 23.38 - 43.49 0.69 6.29 25.32 0.83
12 2.67 1.69 3.45 1.5 86.36 1.2 3.14

internal material volume from the strip due to intense diffusional adhesion. The high oxygen content (up to
30.32 wt.% O) in the chemical composition of the pickup (Table 4) indicates the presence of metal oxides
on its surface, primarily Fe (82-98 wt.% in spectra 1, 610, and 12). The presence of aluminum (up to 1.69
wt.% Al), nickel (up to 3.44 wt.% Ni), manganese (up to 35.3 wt.% Mn), and silicon (0.31-9.55 wt.% Si)
indicates the presence of oxides of these elements. The elevated Mn concentration can be explained by its
high affinity for oxygen and the transfer of corresponding atoms from the furnace roll material to its surface
in the contact zone with transformer steel. During the annealing process of high-strength manganese steels,
the presence of Mn oxides in the pickups is more pronounced than in the electrical steel examined in this
study [6, 13]. In all other respects, the data from other researchers on the chemical composition of pickups
on rolls during annealing are similar.

Laboratory-formed pickups
Cross-section analysis

For the pickup in area B (Fig. 6, a), a cross-sectional analysis was performed, the general view of which
is presented in Fig. 7, a. SEM and elemental mapping were conducted for characteristic sections of the
“pickup—plate metal” interface boundary: in the middle of the pickup (Figs. 7, b-c¢) and at its edge (Figs. 7,
d-f). The chemical composition of the cross-section of the pickup on the plate, as determined after spectrum
processing, is given in Table 5 for sections located within the pickup (1), at the interface boundary (2, 3),
and in the near-surface layer of the plate (4).

As evident from Table 5, the oxygen content is several orders of magnitude higher than its solubility
limit in iron [18]; thus, it is present in the form of oxides. Meanwhile, in the cross-section, the oxygen
content is 20—100 times lower than on the surface (Table 4), which is qualitatively corroborated by the
elemental mapping of characteristic sections of the pickup (Fig. 7).

The obtained data are consistent with the results of chemical analysis (Table 2) and X-ray phase
analysis (Fig. 5) of the pickup surface removed from the roll, as well as with data from other studies on
the elemental content within the volume of pickups during recrystallization annealing of steel [1-3, 9,
13]. This attests to the reliability of the laboratory method developed for assessing pickup formation on
the surface of furnace rolls.
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0 |

Fig. 7. SEM images and elemental mapping (EDM) of the cross-section of the E1283 steel plate with the pickup

Table 5
Chemical composition of the cross-sectional areas of the pickups on the plate, shown in Fig. 7, wt.%
Spectrum o Cr Ni Fe Mn Si
1 0.22 1.75 0.98 94.06 - 3.2
2 - 9.26 5.57 81.92 1.01 2.23
3 0.04 3.72 1.53 90.98 0.64 3.13
4 0.21 16.77 9.53 71.49 1.51 0.7

Laboratory test of NiCrAlY-based coating on plates

One approach to reducing the propensity for pickup formation involves the application of thermal spray
coatings to the surface of furnace rolls. In particular, MCrAlY-type coatings (M — Co, Ni) are promising, as
they enable the formation of protective oxide scales based on A7:0s and Cr:0s at elevated temperatures. The
formation mechanism of these scales is detailed in monographs [19, 20]. Such coatings have demonstrated
high durability in gaseous environments such as Ar-20% O: and Ar-4% H>-2% H-O. They are employed
to extend the service life of gas turbine blades [21], as well as technological rolls in metallurgy [5, 22],
and components of tribological pairs operating under boundary lubrication or dry friction conditions, with
elevated loads and temperature fluctuations (in engine building, metallurgical equipment, aviation, and
space technology) [23].

In accordance with the methodology described above, the propensity for pickup formation was evaluated
on plates made of 4IST 310S steel (analog of EI 283 steel), onto which coatings were applied via plasma
spraying using powders of (NiCrA![Y (70-20-9-0.38) + n- ¥20s), where n =0, 5, and 10 wt.% [24].
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Visual inspection after testing revealed differences in the surface condition of the plates (Figure 8).
The surfaces of the coated plates exhibited no traces of adhesion with the strip material, in contrast to the
uncoated AISI 310S steel plate.

Further investigation of the contact zones included determination of microhardness, roughness
parameters, and topography, as well as energy-dispersive X-ray spectroscopy (EDS) on the surface and on
characteristic cross-sections before and after testing.

a b c d
Fig. 8. A view of plates with NiCrAlY coating after testing:

a — without coating, b-d — with coating (NiCrAlY + n-Y,0,), n =0, 5, 10 wt. %
for b, ¢, d, respectively

It has been demonstrated, in particular, that spinels of the (4/, Cr, Y)Ox type formed in the cross-sections of
NiCrAlY + (5-10 wt.% Y-0;) coatings after spraying, with the Y fraction increasing from approximately 18 to 45
wt.% as the Y20; content in the initial powder increased (Fig. 9). Post-test examination revealed an insufficient
quantity of Fe and Si in the contact zone to enable adhesion of the electrical steel strip to the coating. Furthermore,
the addition of Y20; was found to exert opposing effects. On one hand, increasing its content leads to enhanced
hardness, which is beneficial for improving the coating’s wear resistance. Additionally, during wear, the oxides
within the layer will impede adhesion. On the other hand, the addition of Y20; facilitates Si diffusion from both
the strip and the substrate sides, thereby increasing the propensity for pickup formation. To determine which of
these processes will exert the predominant influence on the coating’s performance, full-scale industrial testing is
required.

Microchemical analysis of coating cross-
section areas 14

1 2 3 4

0 33.84 - 15.13 | 27.08
Al 3545 | 9.90 945 | 2755
Cr 3.43 18.72 | 19.63 | 13.38
Ni 3.71 | 71.38 | 55.79 | 18.93
Y 23.56 - — 13.07

Fig. 9. Microstructure of a cross-section of a sprayed coating
(NiCrAlY + 5 % Y,0,) with microanalysis regions
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Conclusion

The experiments demonstrated that the developed methodology, which entails the forced application
of pressure on the contact surface of steel samples during prolonged heating at 850 °C for 96 hours in
an atmosphere of (95-97% N: + 3—-5% H:) with controlled humidity, results in the formation of pickups
on the plate surfaces. These pickups exhibit a morphology (shape and chemical composition) analogous
to that observed during the operation of furnace rolls in continuous annealing lines. Optical microscopy,
X-ray diffraction, and scanning electron microscopy revealed that the chemical and phase compositions
of the pickups under laboratory and full-scale conditions were comparable. The study results confirm the
reliability of assessing pickup formation on the surface of furnace rolls using the developed laboratory
method.

The application of the developed method is illustrated through the assessment of the comparative
propensity for pickup formation on 41S7 3108 steel and on plasma-sprayed coatings based on NiCrAlY
with additions of up to 10 wt.% Y-0;. The results indicate that laboratory testing enables the selection
of a coating material with the required properties to enhance resistance to pickup formation on metallic
surfaces.
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Introduction

Industries such as power engineering, chemical engineering, aircraft manufacturing, and mechanical
engineeringrequire products capable of operatingunder high loads, atelevated temperatures, and inaggressive
corrosive environments. To ensure these performance characteristics, components are manufactured from
structural materials with enhanced strength and corrosion-resistant properties. However, the widespread
use of such materials is limited by their high cost. Surface modification and protective coating methods,
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including surfacing, are considered to be cost-effective alternatives [1, 2]. Surface treatment methods
include plasma, laser, electron beam, and other technologies [3, 4]. These technologies make it possible to
form protective layers on the surface of components made from inexpensive and widely used materials.
These methods can also be used to restore a damaged component surface instead of replacing it, which
reduces the cost of expensive materials and shortens the repair time. A promising area in materials science
is the forming coatings based on refractory elements (niobium, molybdenum, vanadium, tungsten, etc.)
[5-7], since, depending on the chemical composition and production technology, they are capable of
providing strength at elevated temperatures, high hardness and wear resistance [8], as well as increased
high temperature oxidation resistance above 500 °C and under normal conditions [9]. Recently, it has been
proposed to use compounds of refractory elements with non-metals, such as borides and carbides [10, 11,
12]. In particular, works [11, 12] consider the prospects of using compounds of niobium and molybdenum
with boron and carbon [13-15]. The presence of these compounds in the structure of the material increases
the heat resistance, hardness and wear resistance of the coating [16]. It should be noted that niobium,
molybdenum and boron are used as alloying components individually or sometimes in combination of
only two components, for example, boron-niobium [17, 18, 19]. However, the production of coatings by
surfacing on structural medium-carbon steel with simultaneous alloying with niobium, molybdenum and
boron has not been considered in the literature. An important point is that the creation of coatings based
on refractory elements requires high energy costs [20]. The use of a beam of relativistic electrons released
into the air atmosphere, due to its high efficiency, makes it possible to easily remelt powder mixtures of
refractory elements and their compounds. Thus, it is possible to form a modified layer up to 3 mm thick,
based on refractory compounds, possessing a set of properties: wear resistance, corrosion resistance, heat
resistance, and high hardness [21]. Coatings obtained by this technology have high adhesion to steel and
low defectivity. Part of the electron beam energy is dissipated in the powder layer, causing its heating
and melting, and part of the energy is used to heat the substrate. This method allows for the melting of even
refractory elements and compounds while exerting minimal thermal impact on the substrate [22]. In the present
study, modified layers based on Nb, Mo, and B, their microhardness, and high temperature oxidation resistance
were investigated for the first time. The layers were obtained by non-vacuum electron beam surfacing of Nb-
Mo-B powders, with the simultaneous introduction of these three components into the melt pool.

The purpose of this study was to modify the surface layers of 0.40% C-1% Cr structural steel using non-
vacuum electron beam surfacing of powder composites consisting of niobium, molybdenum, and boron to
form layers with increased high temperature oxidation resistance and hardness. To achieve this goal, the
following objectives were addressed:

— to form modified layers containing refractory elements such as niobium, molybdenum, and boron on
0.40% C-1% Cr steel blanks using surfacing;

— to analyze the structure and phase composition of the modified layers;

— to evaluate the microhardness of the resulting materials;

— to analyze the high temperature oxidation resistance of the layers.

Materials and methods

Structural steel 0.40% C-1% Cr was chosen as a model material for forming a heat-resistant coating
[23]. This steel is widely used in the manufacturing products and mechanisms; however, it does not have
high-temperature oxidation resistance. Therefore, this work considers the prospects of forming protective
coatings based on refractory elements on inexpensive structural materials. In this regard, powder mixtures
of niobium, molybdenum, and boron were surfaced onto the steel surface (Table 1). In order to minimize
oxidation processes during electron beam processing, a fluxing additive — magnesium fluoride (MgF?) —
was added to the charge mixture to ensure the creation of a protective environment. An ELV-6 industrial
electron accelerator was used as a source of concentrated energy during surfacing; the work was carried
out on an experimental setup of the G.I. Budker Institute of Nuclear Physics SB RAS (Novosibirsk). The
surfacing modes are listed in Table 2.
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Table 1
Powder mixtures compositions
. . . Powder mixtures compositions, wt.%
Composition designation
Nb Mo B MgF,
Composition 1 (Nb20-Mo10) 20 10 10 60
Composition 2 (Nb10-Mo20) 10 20 10 60
Table 2
Non-vacuum electron beam surfacing modes
Parameter Value
Electron beam current, I 23 mA
Electron beam energy, E 1.4 MeV
Powder mass per unit area, m 0.45 g/cm?
Sample movement speed, V 10 mm/s

The structure of the surfaced layers was analyzed using a Carl Zeiss Axio Observer Alm metallographic
microscope and a Carl Zeiss EVO50 XVP scanning electron microscope in secondary electron mode. Particle
sizes and their volume fraction in the surfaced layer were estimated using the ImageJ software package
based on five images of the structure from different areas of the coating. Energy-dispersive spectroscopy
was used to determine the elemental composition of the microstructure. Microhardness was measured using
the Vickers method in accordance with GOST 6507-1-2007 on a Wolpert Group 402MVD microhardness
tester at a load of 0.98 N in the direction from the surface of the surfaced layer to the steel substrate [24].
For each surfacing mode, the hardness was estimated using five samples. X-ray phase analysis of the
materials was performed on a Thermo Scientific ARL X 'TRA diffractometer. The high-temperature oxidation
resistance of 40Kh steel and the resulting layers was assessed in accordance with GOST 6130-71 [25]. The
high-temperature oxidation resistance test parameters were as follows: samples were maintained at 850°C
for 48 hours in air. Every 4 hours, the samples were weighed on a Gosmetr-124 analytical balance with a
measurement accuracy of 0.1 mg. The base material, 0.40% C-1% Cr steel, was used as the reference for
all measurements.

To calculate the rate constant of the oxidation reaction, the following Equation was used:

AW)" =kt , (1)

where AW is the mass gain per unit area; n is the exponential constant; ¢ is the oxidation time; kp is the
oxidation rate constant.
Equation (1) can be reduced to a linear equation using logarithms:

nlnAW =lInk, +Int . 2

A linear regression approximation of the graph in coordinates In AW= In ¢ was carried out.

Results and Discussion

Fig. 1 shows the images of the microstructure and the schematic diagram of the structure of the formed
layers. For materials with composition 1 (Nb20-Mo10) and composition 2 (Nb10-Mo20), a similar struc-
ture is formed during surfacing. The microstructure consists of finely dispersed particles (having an average
size of § £2 um and 18 £ 5 pum for the modified layers obtained by surfacing compositions 1 and 2, respec-
tively), which are presumably molybdenum-alloyed niobium carbides, distributed uniformly throughout
the volume of the surfaced layer. The morphology of the carbide particles varies from crystals with irregular
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More WbmMogc [ aMoFe - B (voMo) ¢ [] a-MoFe

a b
Fig. 1. Microstructure of modified layers formed during surfacing of powder mixtures:
a—Nb20-Mol0; b — Nb10-Mo20

geometry to a petal-shaped form. According to the literature, irregularly shaped niobium carbide crystals
are formed first. The primary formation of niobium carbides is due to their crystallization temperature and
a stronger affinity for carbon in niobium than in molybdenum and iron [26]. Next, niobium carbide crystals
grow, acquiring a petal-shaped form. Simultaneously with the preceding process, partial replacement of
niobium atoms in the carbide with molybdenum atoms occurs. This is how molybdenum-alloyed niobium
carbides are formed. Furthermore, it should be noted that a decrease in niobium concentration in the melt is
a key factor influencing the morphology of the forming phases. A niobium deficiency limits the growth of
petal-shaped carbide crystals, leading to the formation of finely dispersed, irregularly shaped particles. The
final stage of the crystallization process is the precipitation of an iron-molybdenum matrix, which fills the
spaces between the molybdenum-alloyed niobium carbides.

The volume fraction of hardening particles (carbides) in the coating of composition 1 — Nb20-Mo10 —is
approximately 17.5 %. For the composition 2 — Nb10-Mo2( — a decrease in the volume fraction of harden-
ing particles to 12.5% was recorded (Fig. 1).

The elemental mapping results presented in Fig. 2, a, b for coatings obtained by surfacing powder
compositions 1 and 2, respectively, allow for a qualitative analysis of the element distribution among the
structural components. The maps demonstrate that the petal-shaped and irregular crystals are enriched in
niobium, molybdenum, and carbon, which supports their identification as the carbide phase (Nb,Mo)C. The
intercrystalline space, in turn, is characterized by a predominant content of iron and molybdenum, indicat-
ing the formation of a ductile matrix based on an a-iron solid solution (a-Fe) and a molybdenum-based
solution (a-(Mo,Fe)).

The analysis of the diffraction patterns (Fig. 3) showed that the phase composition of the surfaced layer
includes a carbide phase of the (Nb,Mo)C type and two main metallic phases — solid solutions based on
a-Fe and a-(Mo,Fe).

According to the literature, boron has low solubility in Nb (~0.15 wt.%), Mo (~0.1 wt.%), and a-Fe
(~0.002 wt.%). However, it easily forms niobium borides [26]. Despite this, no chemical compounds with
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Fig. 2. Energy-dispersive spectroscopy of modified layers: composition of the powder
mixture:

a—Nb20-Mol10; b—Nb10-Mo20

A0 (Nb.Mo)C
® o-Fe
| o-(Mo.Fe)

Nb10-Mo20

,\ \ A Nb20-Mol10

.. T T T T T b 1
20 40 60 80 100
20, deg

Fig. 3. X-ray diffraction patterns of modified layers
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boron were recorded. This is explained by the oxidation of most of the boron during the surfacing process
with the formation of boron anhydride B20s. This oxide melts at 450 °C and mixes with slag [27]. The re-
maining small portion of boron dissolved in the plastic matrix based on a-phase solutions of molybdenum
and iron and did not have time to separate as individual compounds due to the suppression of diffusion pro-
cesses caused by high cooling rates. The results of energy-dispersive spectroscopy confirm the distribution
of boron throughout the volume of the material (Fig. 2).

The results of structural and phase studies also indicate that the layers surfaced with powder mixtures of
compositions 1 and 2 have different proportions of iron-molybdenum-based solid solutions. Nb10-Mo20
materials contain a higher amount of the a-(Mo,Fe) phase than Nb20-Mol0. This is confirmed by scan-
ning electron microscopy images (Figs. 1 and 2) and X-ray phase analysis, as evidenced by the increased
intensity of reflections from this phase (Fig. 3). This feature is associated with the increased molybdenum
content in the powder coating.

The results of microhardness tests (Fig. 4) demonstrate the formation of modified layers with signifi-
cantly higher hardness values compared to the original steel matrix. The layers formed by surfacing with
mixture composition 1 exhibit the greatest increase in microhardness values — 2.9 times. This is explained
by the presence of a large amount of (Nb,Mo)C carbides in the structure of these layers, which have a high
hardness of approximately 20 GPa [28].
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Fig. 4. Microhardness testing results

This study focuses on improving the high-temperature oxidation resistance of structural steel. To this
end, high-temperature oxidation resistance tests were conducted on samples, followed by an analysis of the
reaction kinetics and morphology of the oxidation products.

Fig. 5 shows the dependences of the change in sample weight on the holding time in the furnace, ob-
tained from the results of high-temperature oxidation resistance tests. The plot shows that 0.40% C-1%
Cr steel is characterized by a linear relationship between the increase in weight and the holding time. This
means that the oxidation rate does not change over time and the steel does not possess high-temperature
oxidation resistance. A nonlinear relationship is characteristic of the modified Nb20-Mo 10 and Nb10-Mo20
layers. It is also evident from the dependences that the increase in weight after oxidation does not reach the
saturation level, which is typical for the cessation of the oxidation process and surface passivation. This is
likely due to intense oxidation processes along the interfaces of the carbide phases and the solid solution
[29]. Fig. 6 shows a diagram of the relative high-temperature oxidation resistance of the studied materials.

As a result of the calculation, the oxidation reaction rate constant k_for the Nb20-Mo1(0 coating was
2.3x10° mg*/(cm"* - h) for the Nb10-Mo20 coating it was 0.84x10° mg*/(cm®-h). For 0.40% C-1% Cr
steel, the reaction rate constant was 16.1x10 mgz/(cm4 -h). A lower constant value indicates better high-
temperature oxidation resistance. The exponent for the surfaced compositions was approximately equal to
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2, which indicates a parabolic law of oxide film growth. The exponent for 0.40% C-1% Cr steel is 1, which
confirms the linear law of film growth. The linear law corresponds to a steady-state oxidation mode; in this
case, the oxidation process is determined by the rate of oxygen diffusion through the formed oxide layer.
Fig.7 shows the morphology of the oxide films formed on the samples after high-temperature oxida-
tion resistance testing. The film structure on the Nb20-Mo10 samples developed in the form of columnar
structures (Fig. 7, a, b). They consist of plate-shaped crystals with rounded edges, quite tightly bonded to

Fig. 7. Oxide layers formed on the surface of samples after high-
temperature exposure:

a, b—Nb20-Mo10; ¢, d — Nb10-Mo20. The red square and arrow highlight the

areas shown at a higher resolution on the right

Cm
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one another. The oxide layer on the surface of the Nb10-Mo20 samples is dense, without cracks or pores
(Fig. 7, ¢, d). The oxidation products are uniformly distributed polyhedral oxide crystals with sizes
of 1-5 um.

According to experimental data, the coating obtained by surfacing the powder mixture of composition
2 has better high-temperature oxidation resistance compared to the Nb20-Mo10 coating. This difference is
due to the fact that Nb10-Mo20 coatings form a denser, continuous, and uniform oxide film, presumably
of the composition MoO: [30]. The proportion of molybdenum introduced into the powder mixture of
composition 2 (Nb10 + Mo20) is greater than in composition 1 (Nb20 + Mol0). This led to a greater
enrichment of the modified layer with molybdenum and increased its high-temperature oxidation resistance,
which is consistent with the literature data [31].

Conclusion

1. The study demonstrated that non-vacuum electron beam surfacing of powder mixtures based on
niobium (Nb), molybdenum (Mo), and boron (B) enables the creation of modified layers on the surface of
0.40% C-1% Cr medium-carbon structural steel up to 2,400 pm thick. The structure of these layers consists
of molybdenum-alloyed niobium carbides distributed in a ductile matrix consisting of solid solutions of
iron and molybdenum.

2. The analysis revealed that, at any of the studied niobium and molybdenum ratios (20% Nb + 10%
Mo or 10% Nb +20% Mo), the following phases are formed in the structure of the surfaced layer: alloyed
niobium carbide (Nb,Mo)C, an a-solid solution of iron, and an a-solid solution of molybdenum alloyed
with iron. Despite the introduction of 10% boron, there are no signs of the formation of Nb or Mo borides,
which indicates its transition to a solid solution based on iron and molybdenum. In addition, it was found
that in the modified layer, when using the Nb20 + Mol(0 powder surfacing mixture, alloyed niobium
carbides with a size of 8 £ 2 um are formed in an amount of 17.5%; when using the Nb10 + Mo20
powder surfacing mixture, alloyed niobium carbides with a size of 18 +£ 5 um are formed in an amount
of 12.5%.

3. The formation of modified layers alloyed with niobium, molybdenum, and boron significantly in-
creases the microhardness of the surface layer of 0.40% C-1% Cr steel (the microhardness of unmodified
steel is 330 HV). The average microhardness value (~970 HV) was obtained for the modified layer of the
Nb20 + Mo 10 composition, while for the Nb10 + Mo20 composition this value was ~522 HV. The high Nb
content (20%) enhances the formation of niobium carbides alloyed with molybdenum, which increases the
hardness.

4. Alloying the surface of 0.40% C-1% Cr steel with niobium and molybdenum significantly
improves the material’s high-temperature oxidation resistance. Quantitative analysis showed that the
addition of molybdenum (20%) and niobium (10%) increases high-temperature oxidation resistance by
3.9 times, while alloying with niobium (20%) and molybdenum (10%) increases this indicator by 2.3 times.
Increasing the proportion of Mo (20%) facilitates the production of molybdenum-based solid solutions,
which improve high-temperature oxidation resistance.
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