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Introduction. The resistance spot welding (RSW) process has proven to be widely applicable across various
industrial sectors, especially for mass production. Typical fields of application include aerospace, automotive,
furniture manufacturing, and other industries. However, the RSW process presents certain challenges when welding
aluminum and its alloys. Generally, aluminum alloys produce poor welds due to their physical and metallurgical
properties such as oxide formation, thermal expansion and contraction, lower weldability, and the formation of
intermetallic compounds. This study aims to evaluate the feasibility and mechanical characteristics of RSW joints
in A/-5 Mg aluminum alloys. The purpose is to assess the potential of resistance spot welding for aluminum alloys
and to determine the influence of key RSW parameters on the microstructure and properties of the weld. Research
methods. 4/-5 Mg aluminum alloy sheets in as-received condition were used. Spot welding was performed using
a stationary resistance spot welding machine M7-4240. Samples for analysis were cut, polished, and subsequently
examined under an optical microscope. Hardness measurements were carried out using a microhardness tester along
two directions: radially across the nugget and through the sheet thickness, employing a 100 g load. An Instron
electromechanical testing machine was utilized for shear testing at a constant traverse speed of 1 mm/min until
complete joint failure at room temperature. The nugget diameter was measured on the fracture surface after shear
tensile testing. Results and Discussion. Optimal input parameters for welding 2.5 mm thick aluminum sheets were
identified, and three output variables were analyzed: tensile strength, joint hardness, and nugget diameter. It was
observed that joint strength improved significantly with increased process parameters (welding current and welding
period). Nugget diameter showed a clear correlation with input parameters related to current and welding period.
An increase in process parameters, i.e., weld cycle time, electrode force, and welding current, led to an increase
in nugget size. The ratio of weld strength to base metal strength reached approximately 0.9. It is demonstrated
that resistance spot welding of 2.5 mm thick A4/-5 Mg aluminum sheets is feasible and can be employed in various
industrial applications.

For citation: Kondratiev V.V., Gozbenko V.E., Kononenko R.V., Konstantinova M.V., Guseva E.A. Determination of the main parameters
of resistance spot welding of Al-5 Mg aluminum alloy. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and
Material Science, 2025, vol. 27, no. 3, pp. 6-22. DOI: 10.17212/1994-6309-2025-27.3-6-22. (In Russian).
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Introduction

Resistance spot welding (RSW) is widely used in the automotive, aerospace, construction, and energy
industries for joining sheet metal components made of steel and aluminum alloys, as well as for creating
dissimilar joints between steel and aluminum, aluminum and magnesium, and aluminum and titanium [1—
10]. For example, the productivity of modern automated automotive assembly lines reaches up to 7 million
spot welds per day [8, 9]. Aluminum alloys are extensively employed in the aerospace industry due to a
combination of properties such as low density, high specific strength, good machinability, and corrosion
resistance. Another significant advantage of aluminum alloys is their wide availability. The density of
aluminum alloys is approximately one-third that of steel, which allows for a reduction in aircraft structural
weight, improved fuel efficiency, and increased payload capacity.

For manufacturing critical load-bearing structural components of supersonic aircraft, where high
strength is crucial, steel remains the preferred material [11-15]. However, aluminum alloys are widely used
for wing panels, fuselage sections, empennage components, exhaust system parts, interior components, and
engine turbine parts of modern aircraft. Aluminum alloys constitute between 50 % and 90 % of the mass of
modern spacecraft. They have been extensively used in spacecraft such as Soyuz, Progress, space shuttles,
satellites, and others [11-15]. Aluminum alloys are classified based on alloying systems such as AI-Mg, Al
Mg-Li, Al-Cu—Li, among others, which are the most common types applied in aerospace and automotive
industries for high-strength engineering applications [14—18].

One of the key trends in the automotive industry is the reduction of vehicle weight. This goal is achieved
by using materials with low specific weight, such as aluminum and its alloys, which in turn contributes
to optimizing production costs [7-9]. Aluminum alloys are suitable metals for automotive applications
because they can be easily cast and formed into required shapes and offer promising weight reduction
compared to steel. The use of aluminum alloys in manufacturing body parts, cabin panels, wheel rims, and
interior trim can reduce vehicle mass by more than 50 % [10, 11]. Owing to their combination of casting
and deformation properties along with low specific weight, aluminum alloys stand out favorably compared
to steels and are widely applied in the automotive sector.

For resistance spot welding of aluminum and its alloys, high-power welding guns are required due to the
need for welding currents 2 to 3 times higher than those used for steel. This is caused by aluminum’s higher
electrical and thermal conductivity. Meanwhile, the welding period must be reduced to approximately one-
third of that used for steel welding [1, 2].

Resistance spot welding (RSW) is a process of joining contacting metallic surfaces through heating
generated by the electrical resistance to the current flowing through the parts being welded [1]. The welding
process is controlled by three main parameters: mechanical (electrode force), electrical (welding current),
and temporal (welding period). An electric current supplied to two overlapping sheets via coaxial electrodes
is maintained for a sufficient duration to achieve localized fusion at the interface of the metal sheets. After
the current is switched off, pressure is applied to form a strong joint along the fusion line. Subsequently, the
molten metal cools down, forming a cast weld nugget within a confined volume.

The current density and applied pressure must be sufficient to form a solidified nugget but not so high as
to expel molten metal from the weld zone. The welding current duration should be short enough to prevent
excessive heating of the electrode surfaces. Electrode force, welding current magnitude, and welding period
play a decisive role in the quality of the resistance spot weld. An electronic control unit is used in welding
machines to monitor and regulate these welding parameters.

The quality and strength of welds produced by RSW are determined by the shape and size of the weld
nuggets. Nugget size is a critical parameter that dictates the load-bearing capacity of the joint. There exists
a direct correlation between heat generation and the size of the weld nugget during the RSW process. Heat
generation, and consequently nugget size, is influenced by the following primary factors: contact resistance
between the welded surfaces, welding current density, welding period, and thickness of the sheets being
joined.

Akey feature of RSW is the absence of the need for filler materials or fluxes. The competitive advantages
of RSW over alternative metal joining methods, such as gas metal arc welding (GMAW), gas tungsten
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arc welding (GTAW), and riveting, include the possibility for full process automation and integration into
robotic production lines.

The main challenges limiting the application of RSW for aluminum alloys are:

1) limited service life of contact electrodes. The surface of aluminum alloys is characterized by the
presence of an oxide film (A4/:0s) with high electrical resistance and non-uniform thickness [1, 2, 12-16].
When the sheets are compressed by the electrodes, the oxide film deforms unevenly, resulting in current
concentration at localized contact points. The high current density in these areas causes intense heating,
localized melting, and fusion between the copper electrode and aluminum, leading to erosive wear of the
electrode’s working surface [1, 2]. Changes in the geometry and composition of the electrode surface
during operation cause instability in welding parameters and reduce weld strength [12—15].

2) high welding current requirements. To ensure the formation of high-quality welds in aluminum alloys
by RSW, significantly higher welding currents are required compared to steels. This factor diminishes the
potential energy efficiency advantages of aluminum alloys related to their lower density compared to steels
[3,4,17, 18].

Existing studies on resistance spot welding (RSW) of aluminum alloys are predominantly focused on
thick materials [19-21]. Thin-sheet aluminum alloys require separate consideration because differences in
contact areas, thermal regimes, and electrical characteristics necessitate adjustments in welding parameters,
including electrode force and current density [1, 2, 20-22]. Both alternating current (4C) and direct current
(DC) power sources with varying frequencies are used for RSW [1, 2, 23-29], affecting energy transfer
modes and optimal welding period for both stationary and portable equipment [1-3, 22, 28, 30, 31, 31-36].
Welding quality is also significantly influenced by external factors such as surface condition (roughness,
contamination) [2—8], assembly accuracy [9], electrode condition (wear) [9—14], and the precision of
positioning the welded parts (axial and angular misalignment) [20-22].

Aluminum alloys are highly sensitive to oxidation under environmental exposure. The oxide film
formed on the surface (4/:0;s) exhibits high electrical resistance, which leads to increased heat generation
at the contact zone during welding. Insufficient surface preparation aimed at oxide film removal can cause
aluminum adhesion to the electrode material, accelerated electrode degradation, and poor-quality welds
[1-5, 36-38]. Some studies have investigated the surface characteristics of aluminum alloy welds produced
by RSW [3-8]; however, only a few reports document a significant decrease in hardness within the weld
zone [1-4] for various aluminum alloy grades. Several works address the reduction in weld joint strength
relative to the base metal and analyze the fracture behavior in the central weld nugget zone [29, 39].

This study aims to investigate the influence of resistance spot welding (RSW) parameters on the
microstructure and mechanical properties of weld joints made from A/-5 Mg aluminum alloy.

The objectives of this work are:

1) to evaluate the applicability of resistance spot welding (RSW) for joining A/-5 Mg aluminum alloy;

2) to determine the effect of key RSW parameters on the microstructure and mechanical properties of
the weld joint.

Materials and experimental procedure

The RSW process cycle diagram and the lap joint configuration used for tensile shear testing are shown
in Figs. 1 and 2, respectively.

For welding, 2.5 mm thick sheets of A/-5 Mg aluminum alloy (GOST 21631-2023) were used. Surface
preparation of the sheets included the following steps: preliminary degreasing, followed by etching in
a 4 % sodium hydroxide (NaOH) solution for 10 minutes, and subsequent treatment in a 2 % nitric acid
(HNO:s) solution for 5 minutes to remove the oxide film. Welding was performed on a stationary resistance
spot welding machine MTN-100.01. The RSW process scheme and cycle diagram are presented in Fig. 2.

Shear tensile tests were conducted on a universal electromechanical testing machine /nstron at room
temperature, with a constant traverse speed of 1 mm/min until complete joint failure. The weld nugget
diameter was measured on the fracture surface after the shear tensile test. Load values at shear and nugget
diameter were calculated as the arithmetic mean of five measurements for each test series.

Vol. 27 No. 3 2025 %
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Fig. 1. Dimensions of the lap joint specimen produced by
resistance spot welding (RSW) for tensile testing

Fig. 2. Process scheme and cycle diagram of resistance spot welding (RSW)

For resistance spot welding (RSW) of 2.5 mm thick aluminum alloys, three variable parameters were
used: welding current (ranging from 5 to 30 kA), welding period (from 1 to 5 seconds), and electrode
force (from 2,000 to 5,000 N). The experiment consisted of thirteen series, each including welding
of five samples: four for static shear tensile testing and one for metallographic analysis and hardness
measurement.

Samples for metallographic analysis and hardness testing were cut perpendicular to the longitudinal
direction of the welded specimens from the central region of the joint. Preparation of metallographic
specimens involved cutting samples into 12 x 12 mm blanks, grinding, polishing, and etching to reveal
the microstructure. Microstructure examination was performed using an optical microscope Mikromed 2.
Hardness measurements were carried out in two directions (along the nugget radius and through the sheet
thickness) using a microhardness tester with a 100 g load.

GV Vol 27No. 32025
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Results and Discussion

The welds produced by resistance spot welding (RSW) demonstrated satisfactory surface quality across
the entire range of tested parameters. Changes in the diameter and depth of electrode indentation were
observed depending on the welding mode. Metallographic analysis revealed no internal defects such as
porosity or shrinkage cavities within the cast structure of the weld nugget.

Fig. 3 shows the general microstructure of the weld joint, illustrating characteristic structural zones
including the fusion zone and the heat-affected zone (HAZ). In the cast structure region (Fig. 3, a, b), a
fine-grained recrystallized microstructure with equiaxed grains is observed, along with insoluble FeAls
intermetallic inclusions (black) and a narrow zone of columnar crystals oriented along the heat dissipation
direction during solidification. The heat-affected zone (HAZ), adjacent to the fusion zone (Fig. 3, c¢), is
characterized by a dendritic structure. The base metal microstructure (Fig. 3, d) consists of grains elongated
in the rolling direction.

c d
Fig. 3. Microstructure of a welded joint obtained by resistance spot welding (RSW):

a — general view of the welded joint; & — microstructure of the cast zone of the weld core; ¢) transition zone from the
weld core to the heat-affected zone (HAZ); d — microstructure of the base material

To study the effect of welding period on the weld microstructure, metallographic analyses were
performed on samples welded at various welding periods (from 33.4 ms to 167.0 ms) at a fixed welding
current of 12 kA. It was found that increasing the welding period in this range leads to growth in grain size of
equiaxed, dendritic, and columnar structures within the fusion zone. No significant changes in grain size or
microstructure were detected in the HAZ compared to the base metal. However, welding periods exceeding
167.0 ms caused grain growth in the HAZ adjacent to the fusion zone relative to the base material, attributed
to increased heat input during welding.

In the fusion zones of welds produced at the minimum welding current, a columnar grain structure with a
pronounced liquation zone at the fusion boundary was observed (Fig. 3, b). The extent of the liquation zone
increased at lower welding currents. Increasing the welding current resulted in a significant enlargement of
the columnar grains in the fusion zone. Additionally, equiaxed grain regions formed in the central part of
the fusion zone, indicating decreased cooling rates and thermal gradients. Grain coarsening was also noted
in the HAZ of welds produced at higher welding currents.
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Raising the welding current to 17 kA led to the formation of finer equiaxed grains in the fusion zone.
The increase in welding current from 12 kA to 17 kA caused deeper electrode indentation into the sheets,
reducing the distance between the cooled electrode and the center of the fusion zone. Consequently, the
thermal gradient (G) in the fusion zone increased. The diameter of the fusion zone was largely determined
by welding current and welding period. A higher thermal gradient in the weld metal promotes the formation
of a fine-grained microstructure during solidification, which is consistent with findings reported in
references [1-7].

The dependence of the fusion zone diameter on
welding current and welding period is presented in
Figs. 4 and 5. A monotonic increase in the fusion
zone diameter is observed with increasing welding
current up to the maximum value achievable by the
equipment used (Fig. 4). This trend is attributed to the
increased heat input with rising welding current and
is consistent with findings reported for carbon steels
[1]. The results indicate that the applied electrode
force was insufficient to cause the expulsion effect
and the subsequent reduction in fusion zone diameter,
since despite a small amount of expulsion occurring
at 28.7 kA, no decrease in fusion zone diameter was
observed (Fig. 4).

Several researchers have noted the possibility of
increasing welding current without metal expulsion by increasing electrode force [2—5]. Metallographic
analysis of samples welded at high current values revealed incomplete metal expulsion. Furthermore,
welding current affects the depth of electrode indentation on the metal surface. All welds exhibited electrode
indentations, the depth of which was largely determined by the welding current magnitude.

Electrode force has a minor effect on the fusion zone diameter for values up to 4,000 N. However, when
the force exceeds this value, a slight decrease in fusion zone diameter is observed (Fig. 6). This effect can be
explained by improved contact between the welded surfaces, resulting in reduced electrical resistance and
heat input at higher electrode forces. The influence of the contact interface between the sheets on changes
in fusion zone size depending on electrode compression force is also reported in studies [19-22].

The effect of electrode force on indentation depth was negligible within the investigated range. For
detailed analysis of the electrode force effect on thickness reduction of the welded sheets, measurements
were conducted at an intermediate welding current of 26.4 kA and welding period of cycle over a load range
from 2,354 to 4,709 N. It was found that electrode force does not significantly affect indentation depth,
while all welds showed an approximate 10% reduction in sheet thickness.

To evaluate the strength and load-bearing capacity of the welds, tensile tests were performed (Table 1).

Fig. 4. Dependence of the nugget diameter on the
welding current (RSW)

Fig. 5. Effect of welding period on the nugget size Fig. 6. Effect of the electrode force on the nugget
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Table 1
Values of ultimate strength, nugget diameter, and average microhardness
Exp. No. Tensile strength, MPa Nugget diameter, mm Average microhardness, HV

Base metal 272 - 94
1 231 7.91 110

2 220 7.68 105

3 228 7.62 103

4 218 7.59 98

5 198 6.94 103

6 187 6.85 101

7 210 7.20 106

8 203 6.87 101

9 189 7.12 106

Table 1 also presents results reflecting the influence of welding parameters on joint strength, fusion zone
diameter, and hardness. It was found that increasing electrode force from 2 kN to 3 kN and welding current
from 7 kA to 8 kA leads to a significant increase in tensile strength. Changes in welding period from 15 ms
to 25 ms had little effect on joint strength.

To characterize the mechanical properties of the
weld joint, Vickers microhardness was measured in the
weld zone (Fig. 7). It was found that microhardness in
the fusion zone increases with rising welding current
and welding period. Maximum hardness values
reached 110 HV and 107 HV. Average hardness
values in the fusion zone exceeded that of the base
metal (Fig. 7, red line), indicating a reduction in weld
ductility compared to the base material.

Resistance spot welding (RSW) is a thermo-
mechanical joining process in which heat plays a
central role in forming a bond between the welded Fig. 7. Values of microhardness of the weld versus
components. According to the Joule-Lenz law, the experiment number
amount of heat generated during RSW is determined
by the welding current, welding period, and the electrical resistance of the materials involved. Therefore,
welding current, welding period, and electrode force are the primary parameters governing the welding
process and, consequently, the quality of the weld joint (see Fig. 2). The RSW process cycle diagram
typically reflects the variation of these three parameters over time and helps identify optimal ranges to
achieve the desired weld characteristics [1-7].

It is well known that insufficient welding current can result in cold welding, whereas excessive welding
current may cause metal expulsion from the fusion zone, as well as the formation of internal porosity or
cracks within the cast microstructure. Insufficient electrode force may lead to molten metal spreading along
the fusion boundary, while excessive force can reduce heat generation efficiency due to lowered contact
resistance [1].

During welding, as the metal temperature rises, its electrical resistance also increases. The total resistance
in the welding circuit (including the resistance of the welding machine, electrodes, and welded parts)
determines the welding current magnitude. To form a molten zone in RSW, a certain value of total electrical
resistance in the circuit must be ensured, which is the sum of resistances at each current path section through
the welded workpieces [1, 2]. Higher total resistance improves weldability [1]. The total resistance depends
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on the surface condition of the welded materials and electrodes, electrode surface geometry, and electrode
force. Maximum heat generation occurs at the contact interface between the welded parts, where the main
electrical resistance is concentrated. Meanwhile, the high thermal conductivity of copper electrodes and
their intensive water cooling prevent the base metal surface from reaching melting temperature.

As the temperature rises in the zone of maximum electrical resistance, metal melting and molten
zone (weld nugget) formation occur. Simultaneously, the welded sheets thin, and the distance between
electrodes decreases under electrode force, reducing the overall dynamic resistance. If the molten metal
volume becomes too large for the surrounding solid metal to contain under the applied force, molten metal
expulsion from the weld zone occurs. Increasing electrode force reduces electrical resistance by improving
the contact between sheets and smoothing surface irregularities.

The efficiency of energy absorption and the growth rate of the fusion zone depend on the geometrical
dimensions of the welded parts [10—15]. However, classical RSW studies [1, 2] often overlooked this factor,
and most RSW control systems are optimized for welding parts of identical dimensions. Many researchers
[1-12] aim to optimize RSW parameters to achieve a stable process and produce welds with specified
properties. The significant influence of welding current and welding period on the quality of spot welds is
consistently emphasized.

Authors [1-5] identify welding current, welding period, and electrode force as the main parameters of
the resistance spot welding (RSW) process. To achieve an optimal fusion nugget diameter, increased values
of welding current and welding period are recommended [ 1-3]. At the same time, other studies demonstrate
a direct correlation of the fusion zone diameter with welding current and welding period, and an inverse
correlation with electrode force [5—8].

The morphology of RSW joints in metal-to-metal connections is characterized by three distinct zones:
the fusion zone (FZ), the heat-affected zone (HAZ), and the base metal (BM) (Fig. 3). The fusion zone
represents the cast nugget formed due to melting and subsequent solidification of the welded metals. The
heat-affected zone is the region that does not melt but undergoes microstructural changes due to heat transfer
from the fusion zone. Microstructural analysis of samples obtained in this work also revealed these three
characteristic zones (Fig. 3), with significant differences in microstructure within each zone. Both FZ and
HAZ exhibit columnar dendrites oriented in a specific direction. Porosity formation in the cast structure is
typically associated with surface contamination and possible hydrogen saturation of the metal. The absence
of porosity in the fusion zone in this study indicates sufficient heat input to ensure quality melting of the
base metal and formation of a strong joint.

Comparison of the microstructure between the HAZ and FZ shows larger columnar dendrite grains
forming at the fusion boundary. The formation of columnar dendrites in both zones is driven by a high
solidification rate (R) and a steep thermal gradient (G) between the molten metal (approximately 600 °C)
and the base metal (at room temperature). Under these conditions, the undercooling criterion required for
planar solidification at the solid-liquid interface is not met [1-7], meaning the G/R ratio is insufficient to
suppress dendritic growth. The smaller size of columnar dendrites in the fusion zone is related to a higher
cooling rate (i.e., faster solidification), attributed to the high thermal conductivity of aluminum alloys (120—
180 W/m-K) [1, 5, 9, 12—-15].

The cooling rate decreases from the fusion zone through the HAZ to the base metal, which acts as a heat
sink. This is because thermal conductivity is the primary factor controlling cooling rate. Consequently, the
G x R value in the HAZ is lower compared to the fusion zone, resulting in coarser grains.

The size and shape of the fusion zone are key criteria for assessing RSW joint quality (Fig. 3, a) [1, 2, 5,
16-19]. In this study, the fusion zone diameter (D) ranged from 1.33 to 7.61 mm. Each value represents
an average of at least three measurements. A fusion zone diameter exceeding 7 mm is considered critical by
several authors [1, 2] regarding its influence on the joint’s mechanical strength. The increase in fusion zone
size is attributed to the high heat input under the applied welding conditions.

Shear tensile strength is another important criterion used to evaluate the quality of resistance spot
welded joints. In the conducted experiments, the shear tensile strength of nine welded samples ranged from
179 to 231 MPa (Table 1). The maximum shear tensile strength was achieved at a fusion zone diameter of
7.91 mm.
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In conclusion, the RSW process is characterized by a complex interaction of multiple factors. However,
the primary controllable parameters are welding current, electrode force, and welding period, all of which
significantly affect the quality of the welded joint. Table 2 presents a summary of the influence of these
parameters on the RSW process and weld quality, along with corresponding optimization measures based
on a review of the literature [1-23].

Table 2

Recommendations for optimizing the basic parameters of contact spot welding

Process variables Effect on the welding point Optimization measures
Size and shape of the weld;
Occurrence of expulsion;

Shear and tensile strength form the
microstructure of the weld

It is necessary to use a process modeling and
experimentation to find the optimal combina-
tion for a specific process

Welding current

. Tensile strength, peeling, and shear It is necessary to apply variation rather than
Weld period .. .
strength of welded joints a constant value during the process
Energy efficiency of the process;
Occurrence of molten metal expulsion; | It is necessary to apply variation rather than

Electrode f : e :
cetrode force Specific features of weld core solidifica- | a constant value during the process

tion during spot welding

TIn conclusion, it should be noted that achieving high-quality welds of aluminum alloys by resistance
spot welding (RSW) requires careful selection of an optimal combination of welding cycle parameters.
Specifically, to attain high shear tensile strength and welds with a large fusion zone diameter, it is essential
to consider the potential occurrence of undesirable phenomena such as metal expulsion, spatter, cold
welding, or formation of an insufficiently sized fusion zone. A review of the literature [1-23] indicates
that welding current is the key parameter determining heat input during welding and is also the most easily
adjustable parameter. Additionally, the application of variable electrode force, implemented via an electric
servomechanism, can improve process stability and enhance weld quality [14-23].

Future research will focus on optimizing resistance spot welding parameters for aluminum alloys of
various thicknesses.

Conclusions

1. In resistance spot welding (RSW) of Al-5 Mg aluminum alloy, an increase in welding current and
welding period leads to higher heat input and, consequently, an increase in the fusion zone diameter. The
shear tensile strength of the welded joint also increases with rising welding current and welding period,
which is attributed to the enlargement of the fusion zone diameter — a key factor determining joint strength.

2. For resistance spot welding (RSW) of 2.5 mm thick lap joints of A/-5 Mg aluminum alloy, the optimal
parameters ensuring a shear tensile strength of 238 MPa are: electrode force of 3,000 N, welding current of
12 kA, and welding period of 25 ms.
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speeds, fluctuations of cutting depth and feed have the greatest effect. It is revealed that when machining parameters
reach extreme values, instantaneous temperature generally increases, and cutting speeds at which such deviations
are minimal are identified.

For citation: Gvindjiliya V.E., Fominov E.V., Marchenko A.A., Lavrenova T.V., Debeeva S.A. Influence of cutting speed on pulse changes
in the temperature of the front cutter surface during turning of heat-resistant steel 0.17 C-Cr-Ni-0.6 Mo-V. Obrabotka metallov (tekhnologiya,
oborudovanie, instrumenty) = Metal Working and Material Science, 2025, vol. 27, no. 3, pp. 23-36. DOI: 10.17212/1994-6309-2025-27.3-
23-36. (In Russian).

Introduction

One of the main factors determining the wear resistance of cutting tools is the temperature in the
machining zone. Over the past decades, a significant number of scientific studies have been devoted to the
assessment and prediction of maximum temperatures on the surface of cutting tools. Experimental methods
for determining this parameter by contact measurement and analysis of heat emission have been proposed
[1-3], and various analytical dependencies for predicting temperature have been presented [4—7]. Another
relevant area of research is the assessment of the influence of process conditions on the temperature in
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the cutting zone. Most of the works presented in this area are devoted to studying changes in the average
temperature when one of the cutting mode parameters varies, but the effect of vibrations generated by
the system itself at certain processing modes on the nature of heat dissipation in the contact zone has not
been analyzed [8—12]. At the same time, studies show that cutting tool vibrations and the temperature in
the cutting zone are highly correlated. For example, Songyuan Li et al. show the results of the influence of
tool vibrations on temperature for different stages of tool wear [13]. Qiu Yu et al. also note the significant
influence of cutting modes and tool vibrations on the thermal state in the processing zone, while noting that
this relationship is characterized by nonlinear properties and depends on the operating parameters of the
cutting system [14].

The temperature in the cutting zone reaches its maximum value at the end boundary of the secondary
plastic deformation (SPD) zone on the tool rake face. The “tool rake face-chip” interface is a heavily loaded
tribological system, in which the cutting edge of the tool heats up as a result of viscous dissipation of friction
energy in the surface deformable microvolume of the chip. By applying hydrodynamic analogies to the
assessment of deformation processes in the SPD layer, A.V. Chichinadze and K.G. Shuchev obtained an
analytical dependence describing the temperature distribution along the rake face and allowing the maximum
temperature at this edge to be determined [15]. The parameters of the volumetric heat source in the chip are
determined by the specified cutting modes. At the same time, as a result of various vibration disturbances in
the cutting system, one or more of the initially specified processing parameters (speed, feed, cutting depth)
periodically deviate from their nominal values, changing the set of tribodeformation indicators that determine
the maximum instantaneous contact temperature. As a result of the variable nature of the heat sources on the
rake face, there will be periodically repeating impulsive changes in the instantaneous temperature associated
with mechanical vibrations of the machine’s actuators. The specific deviation of this indicator from the nominal
value will be determined by a set of values that each of the processing mode parameters takes at the moment
of fluctuations. An increase in the amplitude of the variable temperature component leads to an increase in the
temperature gradient in the cutting wedge as a whole and to an increase in undesirable heat flows. Temperature
fluctuations in areas adjacent to the zone of primary plastic deformation change the characteristics of the
material being processed and affect the cutting forces. The unstable thermal state of the cutting zone and the
variable nature of the thermal load on the cutter surfaces cause intensification of oxidative and diffusion wear
of the working edges of the tool [17-19]. At the same time, thermodynamic processes on the tool face largely
determine the thermal state and wear processes on its flank face [20, 21]. Negative temperature effects are
particularly acute during dry cutting of heat-resistant materials with low thermal conductivity [22—-24]. The
use of equipment with a long service life is an additional factor that increases tool vibrations and increases the
temperature in the processing area. Such equipment is prone to significant kinematic disturbances originating
from the feed drives and the main drive during machining.

The purpose of this work is to evaluate the influence of periodic fluctuations in processing parameters,
induced at different cutting speeds, on changes in the maximum temperature of the cutter’s rake face when
turning heat-resistant 0.17 C-Cr-Ni-0.6 Mo-V steel on a machine with a long service life without coolant.

Methods

Real-life tests were carried out in production conditions (4Atommash factory, Volgodonsk) on a DIP-300
universal turning machine. External longitudinal turning of workpieces with a diameter of 109 mm and a
length of 400 mm made of 0.17 C-Cr-Ni-0.6 Mo-V steel was performed using cemented carbide inserts (WC
79 %; TiC 15 %, Co 6 %) with the following cutting edge geometry: back rake angle y = 6°, clearance angle
o, = 6°, major cutting edge angle @ = 95°, and nose radius r = 0.5 mm. Turning was performed at a feed rate
of s = 0.198 mm/rev, a cutting depth of = 0.5 mm, and a spindle speed of n = 630—1,000 rpm (cutting speed
V'=215.5-343.6 m/min). The workpieces were centered and pre-turned. To increase the rigidity of the workpiece
subsystem, a reinforced precision rotating tailstock BISON 8814-5 NC PRECISION 20/30 was used.

Tool vibrations measured in the directions of its mobility were selected as the main information channels
about the dynamics of the cutting process, as they have a greater impact on fluctuations in technological
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modes. To measure tool vibrations, a stand consisting of three 4603C0I accelerometers, an LCard
E20-10 analog-to-digital converter (4DC) with an input signal sampling frequency of up to 10 MHz, and
a BTK-2-010 ICP converter for amplifying and proportionally converting vibration acceleration signals
into alternating voltage with a frequency range of 0.1-50,000 Hz (Fig. 1) was used. The signal sampling
frequency was 10 kHz per channel. Signals were recorded using L-Graph II software, and experimental data
processing and identification of the parameters of the digital model of the cutting process were performed
using Matlab and Simulink software.

Fig. 1. General view of the equipment for the study:

a — vibration accelerometers (1); b — continuous vibration monitoring system of the tool:
ADC E20-10 (2) and ICP transducer VTK-2-010 (3)

The dynamic cutting system model is represented as a set of three interconnected subsystems. The
first subsystem controls the movement of the cutting tool relative to the workpiece, i.e., it sets the cutting
parameters and the inertial-dissipative properties of the system. The second subsystem models the elastic
deformations and cutting forces acting on the tool. The third subsystem implements a block for simulating
uncontrolled disturbances, the source of which are kinematic disturbances from the machine’s drive system
and spindle runout [25].

When modeling the dynamics of the machining process, the values of the cutting speed V, feed rate
s, and cutting depth # were determined as follows: for each parameter, the value was determined by the
sum of the value set by the control system (¥, s, ¢,), deformation displacements H = {H,,H,H}, mm,
and deformation displacement rates 1 = dH/dt = {n,,n,.n,}, mm/s, as well as vibration disturbances

A= {A,,A,,A }, mm. Vibration disturbances are periodic functions of time and can be represented as:

k
Aj(1) = ). A, sin(w,1),
n=1
) ()
Vi) =dA; /du = Ao, cos(o,T),
n=1
where 4,, @ are the amplitudes and frequencies of the oscillators disturbing the movement of the tool in
the directions of movement i = {X,Y,Z}, determined experimentally.
The final representation of the cutting modes was modeled as follows:

A
V:VO_nZ"‘VZ,

5= f (v, —ny +v& ) dx; )

-1
f=t0—HY +Ay,
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where 1, =1/€ is the time of one rotation of the part, s; Q is the rotation frequency of the part, Hz; V_is the
feed speed, V_=s,"Q, mm/s.

The maximum contact temperature on the rake face was calculated for each combination of V/, s, and ¢
values that they take at the moments of fluctuations due to tool vibrations using the Chichinadze-Shucheva
analytical dependence [15]:

7o e\ h s ok ey L e[ ey | e ey Jay |||
k] +my 171 k23612 VC VC T VC VC

Ve
-1
21
x| Dy 4 2 (3)
1

Ty ——

2 VC
where o, is the maximum volumetric density of the heat source from friction forces in the tool body,

qokty

W/m’; oy = j is the initial density of the heat source in the material being pro-

T
toh|1— o
m [ exp[ TmJ

cessed, W/m’; q, 1s the specific friction power for the front surface, W/m’; k,, k, are the heat absorptlon
source localization coefficients for the tool and the material being processed respectlvely, ; a, 1s the
thermal conductivity coefficient of the workpiece, m?*/s; A, A, are the thermal conductivity coefﬁment of the
solid alloy and the workpiece material, respectively, W/m-°C; V_is the chip feed rate on the front surface,
m/s; 7, is the average tangential stresses on the front surface, Pa T is the melting point of the workpiece
materlal °C; k is the temperature coefficient, °C; k = 7.143-1 0* T ; h is the average thickness of the plasti-
cally deformed layer in the chip, m; T, is the temperature dlfference within the plastically deformed layer,

°C; [ , 18 the length of the SPD zone on the rake face, m; my = G—L , 4, 1s the tribocontact area on the
A

SPD zone, m’; ; P, 1s the perimeter of tribocontact on the SPD zone, m; a, is the heat transfer coefficient of
the tool materlal m°/°C.
The average thickness of the SPD zone is determined by the empirical relationship [26]:

_ %h
h= ol 4)
To account for the influence of cutting force variations during fluctuations on the values of parame-
ters T, and h, the average shear stress on the rake face was determined as t, = F,,/4,, Pa, where FXY is
the resultant cutting force for the longitudinal (X) and radial (Y) directions, and A, 1s the total contact area
between the chip and the rake face, defined as 4, =2-1,-b. The values of the contact length /, and the width
of the cut layer b were determined using the methods [27] and [28], respectively.

Results and Discussion

The data on oscillatory accelerations recorded by vibration sensors were analyzed and processed. The
oscillation velocity and displacement of the tool relative to the workpiece were calculated. Fig. 2 shows
the vibration characteristics of the cutting process in the longitudinal direction, which is responsible for
variations in the area of the cut layer. Based on the spectral characteristics of the data from the measuring
system, the dominant frequency components of the system and kinematic disturbances were established.
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a b

Fig. 2. Example of processed data for tool oscillatory velocity in the longitudinal direction:
a — time-domain signal; b — amplitude spectrum of oscillatory velocity in mid-frequency and low-frequency range

Vibration characteristics, as exemplified by the tool holder assembly, exhibit a broadband signal.
Analysis of the low-frequency range shows that three main frequencies can be distinguished in the
vibration spectrum of the tool holder assembly. The first of these coincides with the frequency of the spindle
assembly vibrations. The others, including those in the mid-frequency range, are components of kinematic
disturbances.

Based on the data obtained, the dynamics of the cutting process were simulated, taking into account
the influence of vibration disturbances (1) [29]. Examples of cutting force dynamics for different cutting
speeds are shown in Fig. 3. The range includes both speeds used in full-scale experiments on the machine:
V=216 m/min, V=270 m/min, V= 343 m/min, and intermediate values obtained by simulation digital
modeling.

Regarding the cutting process power indicator dynamics, the upper limit of the optimal workpiece
spindle speed range will be values below the first frequency component of kinematic disturbances (12.5 Hz
(Fig. 2)), 1.e., n <700 rpm or V<252 m/min. Spindle speeds # =800 rpm (¥ =270 m/min) and » =930 rpm
(V=318 m/min) can be used as processing parameters, provided that the part rotation frequency remains
constant, since variations in the rotation frequency of the workpiece by 1 Hz can lead to a significant
deterioration in the dynamics of the cutting process (Fig. 3). In this case, small variations in the cutting
parameters in the quasi-stable parameter zone (V = 343 m/min) correspond to significant variations in
cutting forces, exceeding the variations of similar parameters at V=216 m/min and ¥ =270 m/min by 1.6
to 2 times.

The results of modeling variations in three cutting parameters using the example of processing speed
within the optimal range (216.5 m/min) and beyond it (343.6 m/min) in terms of minimizing variations in
the cut-off layer are shown in Fig. 4, a, b. It is worth noting the effect of suppression of high-frequency
components of disturbances from the spindle assembly and the establishment of natural vibrations of the
cutting system at ¥ = 343.6 m/min, while kinematic disturbances from the tool holder assembly continue
to disturb the trajectory of the tool in the longitudinal direction, which leads to variations in the area of the
cut-off layer.
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Fig. 3. Modeling of cutting forces along X, Y, Z directions for s = 0.198 rpm,
t = 0.5 mm over the spindle speed range V' = 216-343 m/min

Periodic changes in the area of the cut-off layer due to fluctuations in cutting conditions (V s, 7) relative
to their nominal values cause periodic variations in cutting forces, which lead to periodic changes in chip
pressure on the tool rake face. In fact, there is a periodic restructuring of the functioning of the “chip-rake
face” tribosystem, the characteristics of which directly affect the temperature change in the cutting zone.
In this case, a complex relationship is formed between mechanical and thermodynamic processes, which
is determined not only by the characteristics of the interacting subsystems of the mechanical part but also
by tribophysical phenomena that affect the properties of the environment in the cutting zone. Although
the formation of these relationships is caused by external disturbances originating from the mechanical
systems of the machine tool, the thermodynamic state of the contact zone is more strongly influenced by the
physical and mechanical properties of the tool and workpiece materials, which determine the characteristics
of elastic-plastic deformation.

Deformation processes at the points of contact between the chip and the front face of the tool are both
a consequence of the dynamics of the cutting process and a source of new nonlinear transformations in
the machining zone, including those affecting tool wear and the quality of the machined surface. This
necessitates an analysis of the mutual influence of the mechanical and thermodynamic characteristics of the
cutting process dynamics based on parameters that can be measured in the system.

To evaluate the temperature change at the tool rake face due to variations in cutting modes and forces
characteristic of each spindle speed, we will identify quasi-static instances in the system dynamics when the
speed, feed, and cutting depth reach their extreme values as a result of fluctuations. For each of these time
points, we will determine the values of the other two parameters of the machining modes and the values of
the resultant cutting forces £, at that moment (Table 1, 2, column 2-5).

Based on the data obtained, the main tribological indicators (3) are calculated using Eq. 3, which
determine the maximum temperature of the front edge 7, ., at the moments of extreme values of the
parameters V, s, and ¢ (Tables 1, 2, column 6-10). The deviations of the maximum surface temperature
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b

Fig.4. Fluctuations of technological modes:
a—V=216.5m/min; b— V= 343.6 m/min

Table 1

Variations of technological modes, cutting forces and main tribological parameters for }'=216.5 m/min

Parameter state
at the moment V, ) 5 £ Py Ly h, Lo K To’”wf’ %T 1;17’
. m/min | mm/rev | mm N mm | um | MPa a C C C
of fluctuation

1) (2) 3) @ | & 1 © | D] ® ) (10) an | d2)

nominal 216.5 0.198 0.5 228 | 024 | 23 508 | 2.005 | 1139.2 0 -
V—max 217 0.234 0.51 257 | 0.28 | 25 471 | 1.998 | 1134.5 —4.7 6.8

V—min 216.2 0.173 048 | 230 | 021 | 24 619 | 2.013 | 1161.2 | +22.1 )
s—max 216.8 0.242 049 | 271 | 029 | 27 498 | 1.998 | 1149.7 | +10.6 106

S—min 216.3 0.157 047 | 218 | 0.19 | 21 576 | 2.703 | 1142.6 +3.4 )
t—max 216.8 0.225 0.53 | 247 | 028 | 24 460 | 1.998 | 1133.1 —6.1 35.9

—min 216.3 0.176 0.46 | 235 | 020 | 25 651 | 2.014 | 1168.9 | +29.8 )
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Table 2

Variations of technological modes, cutting forces and main tribological parameters for }'=343.6 m/min

Parameter state v, s, F /. I . T AT y
at the moment | imin | mm/rev | &M Ii(IY m]m pm M’f)a K, ‘¢ °’C Oé
of fluctuation

1) (2 3) “) G 11D ® [ 0 (10) any | a1z
nominal 343.6 0.198 0.5 142 | 024 | 14 | 319 | 1.962 | 1092.2 0 -
V—max 345.4 0.17 0.507 149 | 0.21 | 15 386 | 1.967 | 1117.9 | +25.8 1.8
V—min 343.5 0.158 0.47 139 | 0.19 | 15 | 423 | 1.974 | 11249 | +32.8 )
s—max 344.2 0.207 | 0.509 | 205 |0.25| 20 | 430 | 1.959 | 1152.8 | +60.7 60.7
S—min 344.5 0.151 0.47 119 | 0.17 | 13 382 | 1.975 | 11013 | +9.1 '
t—max 344.7 0.168 0.519 194 | 021 | 19 | 496 | 1.966 | 1162.5 | +70.3 70.3
t—min 343.8 0.157 0.45 139 | 0.18 | 15 | 447 | 1.976 | 1132.6 | +40.4 )

from the nominal value AT and the amplitude of its change at the moments of 4, fluctuations are also
presented (Table 1, 2, column 11-12). According to the simulation results, at n = 630 rpm, the greatest
increase in instantaneous temperature occurs when the cutting depth reaches its minimum value. At the
same time, at the moments of fluctuations, there are combinations of parameters V, s, and ¢, at which their
complex values practically level out the change in instantaneous temperatures (at ¥ — max; s — min).
It should also be noted that, as a result of vibrations under these processing conditions, the maximum
instantaneous temperature may decrease relative to the nominal value (at ¥ — max; ¢ — max). When the
cutting speed is increased, negative temperature deviations at moments of fluctuation are less pronounced
or cease altogether. Thus, when turning at a speed of V= 343.6 m/min, for any combination of cutting mode
parameters, the instantaneous temperature changes only increase (Table 2, column 11).

The amplitudes of temperature spikes generally increase with an increase in spindle speed, and the
factors contributing to the generation of positive temperature spikes also change. If at "= 216.5 m/min the
main sources of temperature spikes with maximum amplitude are the moments of reaching extreme values
of the parameters # and V, then at higher speeds, fluctuations in cutting depth and feed rate have a significant
effect. Thus, when turning at = 343.6 m/min, fluctuations with heating of the tool surface by an additional
61-70 °C occur more frequently, which is due to significant variations in the area of the cut layer due to
vibrations characteristic of this machining mode.

Table 3 shows the amplitudes of periodic temperature changes for different spindle speeds n. The
highest values of the 4, parameter at each machining speed are underlined, thus highlighting the cutting
mode parameters whose fluctuations contribute most to the instability of the thermal state of the cutting
zone at each value of n.

The investigated speed range has a pronounced local minimum corresponding to a speed of 270 m/
min, for which the lowest values of the 4, parameter are achieved at all extreme values of the turning
modes. Increasing the spindle speed above this value leads to a change in the nature of temperature spikes

(sources V, t are replaced by s, 7) and an increase in A, amplitudes.

Table 3

Calculated amplitudes of periodic temperature variations 47 at moments when parameters V, s,
and 7 reach extreme values

Cutting Amplitude 4,,°C
parameters 216.5 m/min 252 m/min 270 m/min 294 m/min 318 m/min 343.6 m/min
V 26.8 31.1 17.8 21.2 24.8 32.8
s 14.1 18.1 12.5 36.1 42.5 60.8
t 359 a2 26.4 416 514 70.3
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Conclusion

Based on the results of digital simulation modeling using data from real-life experiments, deviations
of the contact temperature from the nominal value were determined for instances when one of the cutting
parameters takes on an extreme value as a result of fluctuations. It was established that the combination
of processing parameters at such moments generally leads to an instantaneous increase in the maximum
temperature on the tool rake face, characterized by the concept of a thermal flash, but at the same time, for
some combinations, a slight decrease in this indicator is possible. Within the range of parameters studied,
the optimal cutting speed was identified, at which the output of all three processing parameters to extreme
values leads to a minimal change in temperature on the rake face.

It has also been established that this cutting speed is the boundary that divides the studied speed range
into two intervals, differing in factors that destabilize the thermal state of the contact zone. When turning a
workpiece at a speed below this limit, the greatest temperature deviations occur when the cutting depth and
cutting speed reach extreme values. When the processing speed exceeds the optimal value, the main sources
of contact temperature changes become the cutting depth and feed rate. Therefore, the factor limiting the
productivity of the machining process in terms of minimizing temperature fluctuations is the variation in
the area of the cut-off layer due to kinematic disturbances characteristic of the investigated cutting system
at higher turning speeds.

The research results presented in this paper can be used to select rational processing parameters, taking
into account the kinematic disturbances of the machine tool support group and the thermodynamic state of
the contact zone, which depends on their manifestations. The methodology allows evaluating and selecting
technological parameters in which force fluctuations minimize possible impulse changes in the temperature
of the tool rake face during dry turning. However, it is applicable only for operations that do not use coolant;
in the case of the presented work, this was the operation of finishing turning a part of the “Connecting leg”
type.

The influence of coolant on pulsed heat release changes will be assessed in further studies. First and
foremost, the presented methodology will be effective for machine tool fleets with medium and high
degrees of wear, accelerating time-consuming tests to determine optimal operating modes when new tools
are delivered. The use of temperature fluctuations caused by kinematic errors as an additional parameter
for evaluating the optimality of cutting parameters in vibration monitoring and compensation systems
can improve process stability and reduce the overall temperature in the cutting zone. Taking into account
temperature changes calculated from the vibration activity signal of the tool is particularly relevant for
metal-cutting machines with a long service life, which are characterized by significant periodic disturbances
in the cutting system from the feed drives and the main drive.
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Introduction. 7i-Ni based shape memory alloys (SMAs) are functional materials that find widespread practical
application in engineering and medicine. Functional properties of 7i-Ni based alloys are sensitive to the chemical
composition. To develop alloys with specific properties, ternary SMAs are being actively developed. For example,
TiNiHf ternary alloys are characterized by a high-temperature shape memory effect. Today, there is a demand for
SMAs used in the production of functional elements with a response temperature of more than 120 °C. These alloys
must also have sufficient ductility to obtain deformed semi-finished products for the subsequent manufacture of
heat-sensitive functional elements. Also among the current issues of developing the practical application of TiNiHf'
alloys is the lack of technological schemes for obtaining semi-finished products from 7iNiHf SMAs. The purpose
of this work is study the feasibility of conducting deformation processing of the studied 7iNiHf alloys with a high-
temperature shape memory effect and to identify the relationships between phase composition and mechanical
characteristics and the applied processing method. In this work, the possibility of producing sheets and rods from
TiNiHf alloys with 5 and 10 at.% Hf and 50.0 at.% Ni by longitudinal rolling, caliber rolling, and rotary forging
was investigated. The research methods were: X-ray analysis, differential scanning calorimetry, and measurement
of Vickers hardness. Results and discussion. It was found that the 7iNiHf alloy with 10 at.% Hf has insufficient
ductility. From the alloy with 5 at.% Hf, blanks in the form of sheets and rods of various sizes were obtained by using
longitudinal rolling and rotary forging processes. It was shown that hot deformation allows increasing the hardness
of the studied 7iNiHf alloy with 5 at.% Hf compared to the cast state, from 232 HV to 242-264 HV. Cold deformation
leads to a significant increase in hardness values up to 362-394 HV. Characteristic temperatures of the forward and
reverse martensitic transformation are quite stable. The obtained results indicate the potential of using longitudinal
rolling and rotary forging to obtain semi-finished products of 7iNiHf alloys with 5 at.% Hf and to improve the
functional and mechanical properties of the alloy after smelting.

For citation: Karelin R.D., Komarov V.S., Cherkasov V.V., Osokin A.A., Sergienko K.V., Yusupov V.S., Andreev V.A. Production of rods and
sheets from TiNiHf alloy with high-temperature shape memory effect by longitudinal rolling and rotary forging methods. Obrabotka metallov
(tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2025, vol. 27, no. 3, pp. 37-49. DOI: 10.17212/1994-6309-

2025-27.3-37-49. (In Russian).

Introduction

Shape memory alloys (SMAs) based on titanium nickelide are functional materials that receive
widespread practical application in engineering and medicine due to their unique shape memory properties,
high mechanical characteristics, corrosion resistance, and biocompatibility [1-7]. In order to regulate their
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functional behavior and obtain materials with special properties, the use of ternary titanium nickelide
alloys containing Cu, Fe, Co, Nb, and Hf is being actively developed [8-11]. Among these alloys for
high-temperature applications, alloys of the 7iNiHf system should be highlighted [12—14]. Most scientific
research in this field focuses on alloys with 20 at.% Hf and 50.3 at.% Ni, which provide a temperature
range of shape recovery (TRSR) of 200-350 °C [15-19]. The high Hf (20 at.%) and Ni (over 50 at.%)
content is attributed to observations from previous studies, which suggest that 7iNiHf alloys become brittle
and difficult to deform when the combined concentration of 7i and Hf exceeds 49.8 at.%. Embrittlement
is attributed to the precipitation of a significant amount of an embrittling (77, Hf),Ni-type phase [20]. To
mitigate this, the nickel concentration is typically increased. However, if other elemental contents remain
unchanged, the martensitic transformation temperature range will decrease accordingly. Therefore,
a higher Hf concentration is required to achieve a high-temperature shape memory effect in these alloys.
However, high Hf content significantly increases the cost, hindering their practical application. Moreover,
the application of 7iNiHf SMAs is also challenged by the limited control over martensitic transformation
temperatures. Several industries currently require shape-memory alloys with a TRSR ranging from 120 to
200 °C, coupled with sufficient technological plasticity for the production of thermosensitive components.
In addition, a significant challenge in expanding the practical applications of 7iNiHf alloys lies in developing
the technology for manufacturing semi-finished products of various grades, a task inextricably linked to the
advancement of novel thermomechanical processing methods [21].

Earlier studies showed that rods with high mechanical properties and a shape recovery temperature
of 155 °C after 2% bending could be obtained from the 7i,, Ni,, Hf, ; alloy using rotary forging [22].
Reference [23] also demonstrated that a pulsed electric current could improve the technological plasticity
of the Ti , ,Ni,, Hf; , alloy during cold rolling.

Based on the preceding discussion, and as part of our effort to develop methods for creating semi-
finished 7iNiHf SMA products with lower Hf and Ni content, the first purpose of this study is to explore
the application of thermomechanical treatments to 7iNiHf alloys with 5 and 10 at.% Hf and 50 at.% Ni,
using different deformation methods. The second purpose is to determine how the phase composition and
mechanical characteristics of 7iNiHf alloys change depending on the deformation method used.

This paper investigates the production of semi-finished sheets and rods using longitudinal rolling,
caliber rolling, and rotary forging. The alloy’s structure and mechanical properties were also analyzed
using X-ray analysis, differential scanning calorimetry, and Vickers hardness testing. A significant result is
the successful production of 7, Ni;, Hf; , alloy semi-finished products, including sheets (2.2 and 1.0 mm
thick), a rectangular bars (6.9 x 8.5 mm), and a 5.1 mm diameter rods, all demonstrating high hardness and
stable phase composition.

Methods

The study used two alloys with compositions 7i; ,Ni,, Hf; ,and Ti , Ni,, Hf,, . The starting materials
were 99.99% pure iodide titanium, 99.99% pure nickel (H0 grade), and 2.5 mm diameter hafnium wire
(GFI-1 grade). TiNiHf ingots containing 5 and 10 at.% Hf were produced by vacuum electric arc melting,
with eight remelting cycles, and cast into a water-cooled copper mold. Hot deformation was performed
by longitudinal flat and bar rolling on a DUO 300 two-roll rolling mill and by rotary forging at 850
°C. The bar rolling used a square-to-square pass schedule, with the square side changing as follows:
19—17—-15—-13—11-9—-8—7—6 mm. Cold rolling was then performed on a QUARTO110/300 four-
roll rolling mill.

The martensitic transformation temperature range (TRMT) in the as-cast alloy was studied by differential
scanning calorimetry (DSC) using a Mettler Toledo DSC 3+ calorimeter with a heating and cooling rate of
10 °C/min from 0 to 200 °C.

The martensitic transformation temperature range (7TRMT) was measured using differential scanning
calorimetry (DSC) on a Mettler Toledo DSC 3+ calorimeter, with a heating/cooling rate of 10 °C/min from
0 to 200 °C. The phase composition was analyzed by X-ray diffraction analysis (XRD) using a DRON-3

GV Vol 27No. 32025



TECHNOLOGY OBRABOTKA METALLOV %

diffractometer with CuKa radiation at 20 angles from 35 to 47° [18, 24]. Vickers hardness was measured
at room temperature using a LECOM 400-A hardness tester under a 1 N load to determine mechanical
properties.

Result and Discussion

Initial TiNiHf SMA Ingots

Fig. 1 shows the general appearance of the ingots produced by electron beam melting. Table 1 presents
the mass, dimensions, and chemical composition of the ingots.

c

Fig. 1. Photographs of ingots 1 (a), 2 (b), and 3 (¢) of TiNiHf SMA
after vacuum arc melting with 8-fold remelting

Table 1
Weight, dimensions and estimated composition of the TiNiHf ingots
. Dimensions Chemical composition
Weight, ’
Ingot No. (hxbxL) mass % at.%

8 mm Ti Ni Hf Ti Ni Hf
1 148.84 9.5x18.1 x 137.5 28.87 44.23 26.90 40.0 50.0 10.0
2 150.15 10.4 x 18.5 x 136.9 36.03 49.06 14.92 45.0 50.0 5.00
3 149.12 9.8 x17.8 x137.5 28.87 44.23 26.90 40.0 50.0 10.0

After melting, the martensitic transformation temperature range (7TRMT) of the ingots was analyzed
using differential scanning calorimetry (DSC). Characteristic calorimetric curves are shown in Fig. 2.

DSCanalysis of samples from ingots 1 and 3 showed no peaks for either forward or reverse transformations
within the temperature range studied. Ingot 2, however, showed a reverse MT with starting and finishing
temperatures of 63 °C and 124 °C, respectively. This wide temperature range is typical for as-cast ingots
due to potential internal stresses and segregation.

To improve homogeneity, ingot 1 was initially subjected to a 12-hour homogenization annealing
at 1,100 °C in vacuum. However, the ingot melted during annealing, possibly due to the formation of
phases with lower melting temperatures during cooling after melting. Therefore, it was decided not to
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Fig. 2. Calorimetric curves of ingots 1, 2, and 3 of TiNiHf SMA

use homogenization annealing, and ingots 2 and 3 were deformed in the as-cast state. Homogenization
annealing was therefore excluded from the production process for 7iNiHf SMA semi-finished products to
optimize the technology.

Production of TINiHf SMA semi-finished products

Before deformation, the ingots were cut into two parts. The resulting ingots had the following dimensions:
2-1-10.4 x 18.5 x 53.1 mm and 2-2 — 10.4 x 18.5 x 77.1 mm; 3-1 — 9.8 x 17.8 x 52.1 mm and 3-2 —
9.8 x 17.8 x 76.7 mm.

Hot deformation of ingots 2-1 and 3-1 was first performed by longitudinal rolling at 850 °C. The samples
were preheated for 15 minutes without a protective atmosphere to improve rolling workability, unlike
previous studies [23] where heating was in a protective argon atmosphere, with 3—5 minute reheating before
each pass. The relative strain in one pass was kept below 15%. Hot rolling of ingot 2-1 produced a sheet
with dimensions 2.2 x 27.5 x 167.9 mm. However, ingot 3-1 fractured after only 2 passes, accumulating
a relative strain of 12%. Considering the lack of distinct peaks on the calorimetric curves, the melting of
the similar ingot 1 during homogenization annealing, and the alloy’s low workability, it’s likely that ingot
3 contained many undesirable secondary phases formed during cooling after melting or during heating for
rolling. This suggests that the alloy with 5 at.% Hf has better workability than the alloy with 10 at.% Hf.
Fig. 3 shows photos of the sheet from ingot 2-1 and the fractured ingot 3-1.
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a b

Fig. 3. Photographs of the obtained sheet from ingot 2-1 (7iNiHf alloy) with a thickness of 2.2 mm (a)
and ingot 3-1 after fracture ()

Further deformation by hot bar rolling (HBR) and rotary forging (RF) was only done on ingot 2-2
of the TiNiHf alloy with 5 at.% Hf. Initially, two passes were rolled in one caliber from a single heating
cycle, taking advantage of deformation heating. However, when switching to the second caliber, cracks
appeared at the back end of the ingot. This suggests that the alloy has a narrow temperature range for plastic
deformation. To prevent the ingot from cooling down, it was reheated after each pass. Changing the rolling
pattern and eliminating the second pass without preheating resulted in successful rolling without fracture
or new cracks. This produced a rectangular bar measuring 6.9 x 8.5 x 236.4 mm. After bar rolling, a 150
mm long sample was cut from the bar for rotary forging. Rotary forging was carried out at a deformation
temperature of 850 °C, with a relative strain per pass below 10%, and the ingot was heated between each
pass for 10-15 minutes. This produced a rod with a diameter of 119 mm.

It’s worth noting that, unlike the approach in [23], the section of ingot 2 used here was rotary forged
after prior deformation rather than in the as-cast state. This highlights the potential for combining hot bar
rolling and rotary forging to produce 7iNiHf SMA rods. Fig. 4 shows a photo of the bars after rolling and
rotary forging.

b
Fig. 4. Photograph of a TiNiHf alloy rod after caliber rolling (@) and rotary forging (b)

It should be noted that rotary forging had difficulties with rod alignment and chipping at the ends, likely
due to cooling. Because of this, further rotary forging to smaller diameters (which would cool even faster)
wasn’t attempted.

Next, a 2.1 x 27.5 x 56 mm sample was cut from the hot-rolled sheet from ingot 2-1 for cold rolling
(CR). After cutting, the sample was cleaned to remove the surface oxide layer by grinding and chemical
etching in a mixture of nitric and hydrofluoric acids. The sheet thickness before rolling was 2.1 mm. Cold
rolling was carried out with a relative strain per pass below 10%. Prior work found the critical relative
strain for cold rolling 7iNiHf alloy to be 20% [22]. Therefore, cold rolling was carried out with intermediate
annealing at a temperature of 850 °C for 10 minutes upon reaching a relative degree of deformation close
to 20%. After cold rolling to 1.04 mm, a sample was cut from the sheet for further cold rolling to fracture
to redetermine the critical strain. Fig. 5 shows the sheet before and after cold rolling, thus concluding our
description of the cold rolling process.
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a b
Fig. 5. General view of the TiNiHf SMA sheets before (a) and after (b) cold rolling

Cold rolling the 7TiNiHf SMA sample to its critical strain showed that fracture (a through-crack at the
front end) occurred after a total relative strain of 23%, with a final sample thickness of 0.93 mm. This
confirms that intermediate annealing is needed during cold rolling of 7iNiHf alloy samples after a total
strain of 20%.

Next, we studied how the phase composition and mechanical properties of the 7iNiHf + 5 at.% Hf alloy
changed depending on the processing method.

Investigation of the phase state and mechanical properties of TINiHf SMA samples
following application of various deformation methods

Fig. 6 shows the Vickers hardness of alloy 2 after deformation using different methods.

Fig. 6. Hardness of TiNiHf SMA samples after various deformation methods

Hot deformation slightly increased the Vickers hardness compared to the as-cast ingot 2 (232 HV):
hardness after HR and HRF was about 242 HV, and after HBR it was 264 HV. This is typical for high-
temperature heat treatment and related to dynamic and static recrystallization. Cold deformation to 1 mm
thickness greatly increased hardness to 362 HV, with a maximum of 394 HV after CR to the critical strain
leading to fracture. This is likely due to the increased crystal lattice defects after CR. The hot deformation
results suggest that it occurs at a steady stage with dynamic recrystallization and stress relaxation from
deformation hardening, unlike CR, which results in a heavily deformed structure.

Fig. 7 shows the X-ray analysis results for alloy 2 after various deformation methods.

X-ray analysis showed that martensite was the main phase in alloy 2 samples at room temperature, both
before and after deformation. This agrees with the DSC data. The absence of B2-austenite peaks confirms
that the reverse MT occurs above room temperature. (7%, Hf),Ni phase lines, formed during cooling after
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Fig. 7. X-ray diffraction patterns of 7iNiHf SMA
samples after the studied processing methods

melting, were seen at 20 angles of 41° and 45°. Hot deformation didn’t significantly broaden the X-ray
lines, but cold rolling did. The changes in the sample line profile after cold rolling confirm significant
deformation hardening and increased crystal structure defects.

Fig. 8 and Table 2 show the martensitic transformation temperature range (7’RMT) measured by DSC

after the different processing methods on ingot 2. Fig. 2 shows the initial DSC curves of the 7TiNiHf SMA
ingots.

c d

Fig. 8. Calorimetric curves of the samples of ingot 2 (7TiNiHf SMA) after the studied
processing methods: hot rolling (HR) (a), cold rolling (CR) (b), hot rotary forging (HRF)
(¢), and hot longitudinal rolling (HLRR) (d)
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Table 2
Martensitic transformation temperatures of processed TiNiHf SMA (Ingot 2)
Direct transformation Reverse transformation
1

Sample M, °C M, °C M, °C A4,°C 4,°C 4,,°C
Initial 74 50 21 62 92 124
HR 54 40 17 61 85 105
HRF 65 50 31 71 97 115
HBR 62 47 27 70 97 113
CR 54 36 17 52 85 107

Theresults show that neither hot nor cold deformation significantly changes the martensitic transformation
temperatures; they remain relatively stable with fluctuations under 10 °C. However, there’s a trend of
decreasing forward MT (4 f) temperature compared to the as-cast state of ingot 2. Even so, this temperature
stays above 105 °C in all cases, indicating that the 7iNiHf alloy maintains its high-temperature shape
memory behavior.

Conclusion

A comprehensive investigation was undertaken to assess the feasibility of producing a range of semi-
finished products from 7iNiHf shape memory alloys containing 5 and 10 at.% Hf with reduced Ni content,
utilizing various deformation methods. Based on the findings of this study, the following conclusions can
be drawn:

The TiNiHf SMA with 10 at.% Hflacks sufficient technological plasticity for thermomechanical treatment
by the considered deformation methods.

The TiNiHf SMA with 5 at.% Hf has sufficient technological plasticity Various deformation methods
were applied to the alloy (hot and cold longitudinal rolling, bar rolling, rotary forging). High-quality semi-
finished products in the form of sheets and rods of various sizes were obtained.

Hot deformation increases hardness from 232 HV (as-cast) to 242 HV (HR/HRF) and 264 HV (HBR).
Cold deformation significantly increases hardness, reaching 362 HV (1 mm thick sheet) and 394 HV (rolling
to critical strain).

The characteristic temperatures of the forward and reverse martensitic transformations in the 7iNiHf SMA
with 5 at.% Hf remain stable after deformation. Deformation slightly decreases the finishing temperature of
the reverse martensitic transformation (4 f) (to 19 °C) compared to the as-cast ingot. However, Af remains
above 105 °C, confirming their high-temperature shape memory behavior.

Thermomechanical processing using hot and cold rolling and rotary forging is a promising method for
producing 7iNiHf SMA semi-finished products with 5 at.% Hf and improving the alloy’s functional and
mechanical properties after melting.
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the low-frequency range, limited by the first natural frequencies of interacting subsystems (up to 1.0-1.5 kHz),
vibration response parameters (VRP) are determined based on vibration sequences obtained analytically under power
perturbations modeled as “white” noise. In the high-frequency range (above 2.0 kHz), information models based on
random pulse sequences are proposed. It is shown that the applicability of a particular information feature depends
on the conditions. Thus, the developed methodology, mathematical simulation, and digital and field experiments
enabled the formation of a rational information space for wear diagnostics, in which known recognition methods can
be used to construct decision rules for classifying information according to wear levels.
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Introduction

In recent years (10-15), the global scientific community has been focusing on the construction of
virtual digital models (VDM) of machining [1-14]. These models are primarily designed to determine the
relationship between technological parameters and the output properties of the machining process. Most
of the presented works do not reveal the structure of the relationship between state coordinates and output
properties [ 1-7], but use experimentally obtained regression equations that couple technological parameters
to the quality parameters of parts and tool wear [5—7]. This information is necessary for constructing a
CNC program. In many cases, neural network modeling methods are used instead of regression equations
[8—11]. The exceptions are studies [2—4, 17-21], in which dynamic cutting system (DCS) models are used
to construct VDM. VDMs have been developed that allow the trajectories of form-forming movements to be
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coupled to the geometric characteristics of the formed surface and wear [17-21]. Most studies are limited
to the problem of estimating wear as the main factor affecting the output properties [22—24]. Here, we note
the modeling of evolutionary changes in the DCS that we proposed earlier [25, 26]. In this system, wear
evolution and quality parameters are represented as a Volterra's integral equation of the second kind with
respect to the phase trajectory of irreversible transformations in terms of work done. Thus, the evolution
of properties and parameters reveals the complete DCS. However, its use requires significant computing
resources. In this paper, we will limit ourselves to the problem of wear diagnosis based on the analysis
of vibroacoustic emission (VAE) [27-47]. To measure VAE, piezoelectric transducers, force sensors, non-
contact laser and other measuring systems are used to determine the vibrations of a certain DCS coordinate
in the frequency range (10 Hz...600 kHz). The measured sequences undergo preliminary processing using
integral transformations, primarily Fourier transformations [26], Wavelet transformations [37], Hilbert-
Huang transformations [36], Volterra transformations [3, 37, 28], etc. Methods of complexing measurable
sequences of various physical nature are used [48].

In contrast to previous studies, this paper focuses on the construction of an information sign space (/55),
which considers the sensitivity of parameters’ variations to wear changes, their noise immunity, and ease
of formation in diagnostic systems. Two frequency ranges are considered separately. The low-frequency
range is within (1.0-1.5) kHz, and the high-frequency range is above 2.0 kHz. This division is due to the
peculiarities of mathematical modeling of the DCS as a channel through which information about the force
interactions formed during processing is transmitted.

The purpose of the work is to develop a method for diagnosing cutting tool wear by determining the
information space of features formed on the basis of studying changes in the frequency characteristics of
the dynamic cutting system caused by wear development. To achieve this purpose, the following tasks must
be undertaken.

—to develop an analytical method for determining the information space of the low- and high-frequency
ranges;

— to perform mathematical modeling and to conduct digital simulations, and full-scale experiments;

— to determine the parameters of the information space within the considered frequency ranges and a
method for their evaluation.

Methods

Methodology for experimental wear assessment

A generalized parameter for assessing the tool’s condition is the wear on its flank face. Therefore, let
us consider an algorithm for the experimental assessment of flank wear, which is defined by the height of
the flank wear land (Fig. 1). The configuration of the wear mark on the flank face varies, and only in some
cases does it approximate a rectangle, as shown in Fig. 1, a. Therefore, we will define the wear assessment
as the height of an equivalent rectangle w=3_S /(t @ - X, ) where §, is the surface area of the wear trace
on the flank face of the tool, and X, is the elastic deformatlon under equlhbrlum conditions. The area §, is
estimated using a grid (Fig. 1, ¢). It has been previously shown [2, 3, 26, 47] that the properties of dynamlc
contact stiffness (DCS) are influenced by dynamic connection parameters, and changes in these parameters
are manifested as variations in vibration spectra. The parameters of this connection are dependent on wear,
and it is convenient to analyze the interdependence of the vibration spectrum and wear independently
within two frequency ranges. In the low-frequency range (@, € (0,0,)), the model can be represented as a
finite-dimensional spatial discrete model [47]. This is a frequency range whose upper limit is defined by the
natural frequencies of the tool and workpiece subsystems. We will interpret the frequency range above @,
as the high-frequency range (@, € (®,,©).

Methodology for analytical determination of the information space in the low-frequency range

The previously derived DCS model [47] is considered. We will limit our analysis to the case of machining
a non-deformable workpiece. Then, the equation of the perturbed dynamic system response (DSR) can be
written as:
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c

Fig. 1. Examples of photographs of the worn tool part and wear evaluation scheme:

a —flank wear of a 79 WC-15 TiC-6% Co insert during turning of 4157 301 steel; b — wear development
of a 79 WC-15 TiC-6% Co insert during turning of steel 0.2 C-Cr; ¢ — schematic of the matrix grid

?X X
m——+h—+cX=FK(L,V,X,p) +f(t 1
R 2LV, X,p) + 1) (1)
where m = diag(m), h = [hS,k]’ c= [CS,k]’ S, k=1, 2, 3 is positively definite symmetric matrices of inertial,
velocity, and elastic coefficients; X = {X,, X, X 3}T€9i’ X(3) is deformation vector; F. = F + ® is the vector-
function of forces on the rake F and flank ® faces; F = {F|, F, F3}TE9%X(3); ®=10,0, CI)3}TESRX(3).

Let us also consider deformation velocities Vy =dX /dt = {VX,I,VX’Z,VX,3}T € ‘J%()?). We represent
forces F in the form F = {FI,FZ,Fg,}T = F(O){XI,XQ,X:;}T [47]. Here x1,%2,%3 are angular coefficients

satisfying the condition ()(1)2 + ()(2)2 + ()(3)2 =1. The given perturbations f(¢)= f,(t){x,> 1»» Z3}T are

considered to be reduced to the coordinate system of the forces F . Furthermore, f)(#) is modeled as

“white” noise. Based on prior studies, the model of cutting forces acting on the rake face of the tool F ©)
is given by [47]:
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1
TOGFO® /g 4+ FO — o, Vx3){f§9) —[X) - kX (2 - T)]} x| {Vz(&) -Vx, (é)}d&, (2)
t-T

where p = pyg {1 +pexp[—g(V3 - Vx, )]} is the chip pressure, kg/mm?; p, is the pressure in the area of low

cutting speed region on the tool’s rake face; p is the dimensionless parameter; g is the steepness coefficient,
s/m; 7 is the chip formation time constant, s; kp is the dimensionless trail regeneration coefficient

(0CK (1),
Forces ®,, ®, can be expressed as:
D, =kopFy +pop [1‘}0) - X (f)] exp [g(v = U*)];
D3 = kgpkr Fy + krpo {(rﬁi” - X (f)) exp [G(U - 0*)}},

where p, is the force per unit contact length on the tool flank face, representing stiffness, kg/mm; g is a
parameter depending on the rear angle 4 and wear; k, is the friction coefficient; kg, is the dimensionless

3)

coefficient of elastic recovery.

Equations (1)-(3) constitute a numerical model of the DCS. The model’s adequacy was validated by
comparing the results of digital simulations and full-scale experiments, which were conducted using
continuous vibration monitoring measurement systems. The parameters of the dynamic connection equation,
particularly the chip pressure on the rake face of the tool, were refined using both theoretical material [49]
and force measurements during the cutting process [50]. For this purpose, a STD.201-1 system was used
instead of the support to measure the dynamic loads on the tool along the {X,, X, X;} axes. The hardware
interface of the test bench consists of a set of electronic units manufactured by National Instruments: NI-
9234, NI-9237, and NI-9219, with a sampling frequency of up to 25 kHz. The accuracy of the analytical
simulation results is limited by the zone of steady-state tool wear and the onset of accelerated wear, where
the influence of random processes in the cutting zone reduces the accuracy of classical analytical nonlinear
models.

Here, we leverage previously developed mathematical tools to construct a space of wear characteristics.

It is important to note that the parameters of the dynamic connection p(w) = {p,(w), p,(W),... p,(w)}
formed during cutting depend on wear. Let experimentally determined trajectories be given as p(w) =
= {p,w), p,(W),... p (w)}. For the sequence w = {w,, w,,...w,}, we calculate the spectra SXI’XI (),

S X2, X, (W) and S X3,X; (1) in the space SR()?) as Fourier transforms of the diagonal elements of the

correlationmatricesofthetimeseriesofdeformations XV (¢) = {X l(i)(t), X éi)(t), X §i )(t)}T € ER()?), i=12,..k.

Consequently, we obtain a set of deformation spectra for each set of parameters corresponding to each wear

state w = {w,, w,,...w,}.

Results and Discussion

Example of determining the parameters of the information space in the low-frequency range

If the perturbations f(¢) are small and the equilibrium is asymptotically stable, then the forces ® in
Equation (1) can be neglected. In this case, the main parameters influencing the formation of the spectra are
the variations in p and 7. Consider the turning of a shaft with a diameter of D = 84.0 mm, made of 0./
C-Mn-2 Ni-Mo-V steel. The investigations were carried out as part of the implementation of a commercial
contract with Afommash (Volgodonsk). The machining conditions were based on the technological process
for manufacturing a real “blow-off pipe” type detail for rough turning. The technological parameters were
as follows: feed rate Sp = 0.1 mm; depth of cut t, = 2 mm; and cutting speed V; = (0.5...3.8) m/s. During
the investigation, the range of cutting speeds was expanded in order to obtain more complete information
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about the diagnostic characteristics in the vibroacoustic emission (VAE) signals. Machining was performed
on a modernized /K62 lathe, equipped with adjustable spindle and feed drives. Instead of the carriage, a
STD.201-1 measuring system was installed to determine forces, vibration, and temperature. Parameters are
given in Table 1. The total mass is m = 0.015 kg-sz/mm. The dynamic couple parameters are provided in
Table 2. The resonant frequencies of the tool subsystem are Qo’ ; = 130 Hz, on ;=174 Hz, Qo, ;=236 Hz.

Table 1
Matrices of speed coefficients and elasticity of the tool subsystem
¢, , (kg/mm) ¢, , (kg/mm) ¢, 5 (kg/mm) h, , (kg's/mm) h, , (kg's/mm) h; ; (kg's/mm)
4,500 1,500 750 1.3 1.1 0.8
€127 S €137 % €237 652 iy =hy, hy;=hs, hys=hs,
(kg/mm) (kg/mm) (kg/mm) (kg-s/mm) (kg's/mm) (kg's/mm)
200 150 80 0.6 0.5 0.4
Table 2
Dynamic coupling parameters
(D
p Py -1 (0) k )
(kgfmm?) | (kgfmm?) | EE )| T e Ay | | % | %
100-1,000 20 5-50 0.0001 | 1-7 0.2 5 0.1 0.4 0.51 0.76

The spectra are studied based on numerical modeling in the Matlab-Simulink software package, as well
as experimentally by direct measurement of the vibroacoustic emission (VAE) during the cutting process.

Let us consider the spectra of deformation oscillations X e ER()? calculated as responses to “white”

noise. The spectra in Fig. 2, @ and b differ from the spectrum in Fig. 2, ¢ by angular coefficients
X =1{x1%2> x3}T . The examples are selected to illustrate the following properties of the spectra.

1. Resonances (shown as round, unshaded points) and antiresonances (shown as shaded points) can be
distinguished in the spectrum. In real systems, they remain virtually unchanged when the parameters of the
dynamic connection formed by the cutting process vary.

2. In the case of kinematic disturbances (Fig. 2, a), periodic spikes are superimposed on the spectra. The
distance between them is equal to the rotation frequency of the workpiece. In the case of force disturbances,
the peaks are normalized (Fig. 2, b). They are also normalized in the high-frequency range. Therefore, in
the actual measured spectrum, significant variations in level are detected as the frequency increases, but
resonance frequencies are usually observed.

3. Peaks at all resonances may not appear, or they may appear to a lesser extent (Fig. 2, ¢). This behavior
i1s determined by the structure of the elasticity matrices ¢ coefficients y. It is known that the angular
coefficients change as wear increases. For example, forces in the direction normal to the flank face increase
faster [51], which is reflected in the redistribution of amplitudes at resonance frequencies.

4. Wear development causes an increase in the parameters p and T, as well as a change in the angular
coefficients %. An increase in p causes a shift in the roots of the characteristic polynomial of the linearized
variation equation, such that some roots move toward the imaginary axis, and an increase in p always leads
to a loss of stability. An increase in T has a contradictory effect. On the one hand, an increase in 7
contributes to self-excitation, and on the other hand, it leads to additional damping.

5. As wear progresses, due to changes in the parameters of dynamic coupling, the system may lose its
equilibrium stability, and various attracting sets of deformations may form in the vicinity of the trajectory,
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ij,xg'iio_zﬁ SX.@,X:?']O_4
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Fig. 2. Typical examples of autospectra:
a — spindle rotation frequency of 10.0 Hz, disturbances applied to feed rate variations; b — spindle rotation
frequency of 100 Hz, disturbances applied to cutting force module; ¢ — spectral changes depending on the

direction of deformation displacements in space ‘R()?)

with bifurcations possibly observed along the trajectory. In this case, the normalized vibration spectrum is
practically independent of perturbations and is determined by the properties of the DCS.

An example of the influence of parameter p on the dispersion-normalized spectrum for value X € SR()?)

is shown in Fig. 3. Experiments show that for 0./ C-Mn-2 Ni-Mo-V steel under conditions of feed rate

SE,O) = 0.1 mm, cutting depth tf,,o) = 1.5 mm, and cutting speed V3(0) = 1.2 m/s, as wear on the rake face

increases to 0.6 mm, a monotonic increase in p from 100 kg/mm? to 160 kg/mm? is observed. This
corresponds to the transformation of the spectrum shown in Fig. 4.

Note the special features of the spectrum changes. There is a redistribution of the intensity of oscillations
in frequency ranges located near the natural frequencies. Let us denote them by A, , i, s =1, 2, 3. Here, i is

the resonance number, and s is the number of directions of oscillations in space ER()?). As p increases, not

only does the amphtude at frequency €2, increase, but the quality factor of this mode also increases. At
p =160 kg/mm a single oscillator w1th a common frequency €2, is formed. Analysis shows that when
p=145 kg/mm the equilibrium loses stability and self-oscﬂlatlons are formed.

More details on the formation of attracting sets of deformations can be found in our works [2, 3, 25, 26].
As the roots of the characteristic polynomial approach the imaginary axis, the quality factor of the oscillator
representing this pair of complex conjugate roots increases. Here are some examples of how the ratio of
amplitudes at resonances changes with p (Fig. 4). The point of instability is marked with a red dotted line,
to the right of which a delta-shaped spectrum &(w — 93) is formed, so all coefficients increase indefinitely.

A rougher but more interference-resistant estimate is the average frequency of the spectrum o' in the

X e SR(;) directions. With increasing wear, primarily due to an increase in the parameter T?, a shift of the
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Fig. 3. Example of changes in deformation autospectra depending on chip pressure p on the tool’s
rake face

Fig. 4. Sensitivity of amplitudes at resonances to variations p

overall vibration spectrum toward the low-frequency range is observed. If o/ is specified, then
(&)

(O] 0
I S XX, (w)do = _[ S X.X; (0)do is valid. The increment o depends less significantly on variations in

0 ®

the initial parameters, disturbances, and modes.

As wear increases, two interrelated processes can be observed. The first process characterizes the
determination of the state (Fig. 5). In this case, the peaks in the spectra become more pronounced and exhibit
increased quality factors. The second process characterizes the degradation of properties, manifested in the
formation of chaos.

Dispersion estimation is used to evaluate evolution
-1

4)

17 . .
where oy, x, (p) = _ISX1,X1 (o, p;)do, i =0,1,2..k; p = {p,, p,,-..p,} is sequence of p, values, each of
T
0

which corresponds to a variance.
In this regard, when considering the total variance, there are two stages (Fig. 5, b).

Vol. 27 No. 3 2025 %



% OBRABOTKA METALLOV EQUIPMENT. INSTRUMENTS

a b
Fig. 5. Sensitivity of average frequency @ (a) and relative dispersion 6, \, (b) during variation
at different cutting depths tg))

At the initial stage of running-in, the dispersion of oscillations decreases, and then increases. This
trend holds true regardless of whether the equilibrium point is stable or whether various attracting sets of
deformations form in its vicinity. The analysis allows us to create an 1SS system. The first assessment IT is
based on an analysis of changes in relative amplitude Al.,s, i,s =1, 2, 3 increments in the direction s:

I =[5 4(w) - 8,4(0)]5 ,4(0) ", (5)

where 8 4(W) = A3 1 (W) / Ay 1(W),s=1.

The second I1, assessment is based on determining the 0@ displacement as w wear increases. However,
calculating the average frequency requires significant computing resources. Therefore, an equivalent
assessment of two signals passing through low- and high-frequency filters can be considered. In this case,
it is not necessary for the cutoff frequencies of the filters to coincide exactly with the frequency ©“. Then,

_og(w)-op(w)
I, = o) , (6)

where o (w) is the dispersion of the VAE signal in the low-frequency range; o g(w) is the dispersion of
the VAE signal in the high-frequency range; o(w) is the general dispersion.

The signal processing is such that when w = 0, the assessment I, = 0. Then, the assessment of I, based
on (4) is also informative:

_SXL4 (w) - ox1,x,(0)

M, .
G X{,X] (O)

; (7)

where 8)(1, X, (w) is the dispersion assessment calculated using the algorithm in Eq. (4).

Parameters of the high-frequency range information space. In the high-frequency range, it is not
possible to analytically determine the response of vibration sequences to changes in wear, since the dynamic
model has a limited frequency range of validity. However, the cutting process is a source of waves in the
frequency range reaching hundreds of kilohertz [5, 15]. We interpret the measured signal in the high-
frequency range as an acoustic emission (4E) signal. The source of this signal is the force interactions in
the regions (Fig. 6, a) of primary (1) and secondary (2) plastic deformation, as well as in the contact area
between the flank face of the tool and the workpiece (3). When measuring this signal, the wave properties
of the channel connecting the cutting zone with the 4E measurement point are of fundamental importance.
It is necessary to take into account not only the dissipative properties of the channel, but also its geometry,
as well as joints that introduce nonlinear distortions and an insensitivity zone caused by butt joints [50, 51].
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Cc

Fig. 6. Scheme of AE signal measurement and formation:

a —model of periodic force components formation; b — cutter measuring scheme; ¢, d — model
of random pulse sequence formation

A measuring cutter (Fig. 6, b) was used for the experimental study of AE properties. AE was evaluated
using a piezoelectric transducer (2) installed in contact with a tetrahedral plate (1) made of hardmetal
(79 % WC; 15 % TiC) and the body of the cutter (5). Two ceramic plates, based on solid solutions of
zirconate and lead titanate (ZLT), are installed so that their outer surfaces are in electrical contact with the
tool body, while the central plates are insulated and connected to a coaxial cable (3), the braid of which is
connected to the cutter body. The ceramic inserts (2) are pressed against the cutting plate with a screw (4).
The coaxial cable is connected to a computer for information processing via an analog-to-digital converter
E14-440.

A model of the source of power emission can be proposed. To do this, on the surface of the wearable
flank face of the tool, we select the area of Sl.(N’k)(t) (Fig. 6, ¢) in which the force fl.(N’k)(t) is formed. In time,
it represents a sequence of standard pulses (Fig. 6, d), each of which describes the change in forces over a
time interval 1€(z,_.t)).
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SO0 =kt 1 e (.t + aTNR), k= fV0 7 AT P,

i+1 i+1

SNO@ = S0 k1, e (h+aTNP, 4+ aTNR 4 asNR) k] = fAIVR f adN0); (g

FNR@y =0, te(n+aTHHR a0 g ).

i+1

The sequence represents a set of  standard pulses (8) fl-(N’k)(t) =
= fl.(N’k)(t), te(O,Tl(N’k)) f(N 20) te(T(N 2 T(N k)) f(N B ), te(T(N k) T(N k))}. The

tangential components of elementary forces f< )(t) have a similar structure.

In the following, the work is limited to considering the impulse sequence f;*~ &, )(t) which has two stages.
7(N.k)

In the first stage, there is an accumulation of potential energy (time interval A7,

). Here, elastic

displacement of microcontacts occurs up to values at which the bonds break. This time depends on the

cutting speed. In the second stage, the energy is released (time interval AN k)). The release of energy is

i+l

accompanied by an impulse of irreversible energy transformations, which generates heat, but also causes
other physical interaction effects. The release of energy also forms an elastic wave impulse.
The standard sequence is characterized by the following parameters: the distance between pulses Tl.(N’k),

rise time ATI.(N’k), fall time Atl.(N’k), and height fl(év ) (Fig. 6, d). This impulse can be caused by elastic-

plastic interaction or the destruction of adhesive and other bonds.

First, the frequency-domain representations of the sequence are analyzed (Fig. 7). In the illustration,
the upper two curves represent the sequence in the time domain, but on different scales. The lower two
diagrams correspond to their spectral representations, also shown on two scales. Note the following key
properties of these representations.

1. If the distance between pulses is constant 0.02 s = const, then the spectrum consists of a discrete
set of frequencies depending on the pulse duratlon relative to the distance AT, ™ If the pulse width equals
the distance between pulses, then in the frequency domain we observe frequency bursts corresponding to
a Fourier series expansion. In this case, the spectrum contains constant components: the first and third
harmonics (Fig. 7, a). When AT, ™8 is reduced, additional frequencies appear (Fig. 7, b), which eventually
transform into a continuous spectrum (Fig. 7, ¢). As AT, MH_0, the spectrum approaches “white” noise.

2. If uncertainty is introduced in AT, ™B then the dlscrete spectrum shown in Fig. 7, b transforms into
a continuous spectrum (Fig. 7, d). A broademng of the spectral lines is observed. The frequency of the
spectral maximum corresponds to the mathematical expectation of the distance between pulses, and the
variability (spread) of the intervals between pulses is reflected in the broadening of the spectral line.

3. Changes in the ratio between the rising and falling stages of the pulses also affect the spectrum,
but modeling shows that these changes are insignificant. Regarding amplitude uncertainty, the spectrum
amplifies the components located between the main bursts. If a narrowband filter selects a signal in the
frequency window A®, an increase in amplitude uncertainty corresponds to an increase in amplitude
modulation of the signal within this frequency window Aw.

In the contact region between the flank face of the tool and the workpiece, numerous interactions occur
(Fig. 6, ¢), which generate the emission signal:

T(Nk) —

i=nk=m
FM@ =35 00, 9)
i=l k=1
where k and i are the numbers of rows and contacts per row on the interaction surface, respectively.
It is necessary to formulate additional hypotheses regarding the influence of the probability distribution
of these contacts on the contact surface in order to determine the spectral properties of the set of random
sequences.
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c d

Fig. 7. Examples of spectral changes of a standard pulse sequence

The calculations indicate that increasing the uncertainty in the emission signal over time leads not only
to broadening of the emission signal’s spectral line but also to a decrease in the intervals between pulses
due to regular spatial shifts in the signals. Therefore, as wear increases, the emission signal spectrum
becomes blurred and shifts toward the high-frequency region. It is important to note that each individual
pulse has risen and fall stages that depend primarily not on time but on the path of relative movements; thus,
increasing the cutting speed reduces the parameters TI.(N’k) and ATi(N’k). As a result, the spectrum becomes
dependent on the cutting speed.

If we analyze the frequency range Awy € (w1, 2) , we observe that the main changes in the frequency

spectra with increasing wear correspond to the features described above. Moreover, the upper frequency
®,, in this range is determined by the rule:
-1
hy
600,2 = (V_
P

where £, is the height of the contact between the flank face and the workpiece at the initial stage of wear
w = 0; it depends on the elastic recovery of the material.

hy +w -
Vp '

The lower frequency is ©g; = [

This range must be adjusted experimentally. Here is an example of changes in the spectra obtained
from the sequences measured by the cutter shown in Fig. 6, b when turning 0./ C-Mn-2 Ni-Mo-V steel
at the following cutting conditions: feed rate Sp = 0.1 mm, depth of cut t,= 1.5 mm, and cutting speed
V,=12m/s (Fig. 8).
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b

Fig. 8. Example of AE spectrum changes depending on wear

The spectra represent the AE signal measured after the conversion of forces into acoustic waves. Let
the vibration sequence X(#) be defined within the frequency window A® E(®, ,, ®,,). Then, the following
information features of the AE signal are considered:

0,1°

®0,2 0,2 ®0,2 -
My(w) = j' S(o,w)do - J' S(0,0)do j S(0,0)do; (10)
@1 ®0,1 @0, 1
where S(w, w) is the AE signal spectrum of a worn tool; S(w, 0) is the AF signal spectrum at the initial stage
of wear.

-1

o0, ¢ ®0,2 ©0,2
Msw)={ | Sowdo- [ Sw0dor{ [ So0)do} , (11)
®Q,1 ®0, ¢ ®Q,1

where o, _ is the average frequency of the spectrum within the window A® E(®, ,, ®,).
Since calculating the frequency within A E(®, ,, ®,,) can be challenging, it is convenient to select a

0,1°
®,¢ ®0,2

frequency @, = 0.5(®, + @ ,) and ensure, for w =0, the condition j S(o,w)do = j S(»,0)dw holds.
®0,1 ®0, ¢

Finally, to estimate the irregularity of the pulse sequence amplitude, the amplitude modulation signal of
the selected high-frequency signal X(¢#) can be considered. The modulation level of x(7), determined
after detecting the signal X(f) and estimating its dispersion using moving average algorithms
o(t) = — j x (&)dg, is highly informative. Then,

r t-AT

(W) = {o,, (1) — o} {o} . (12)
Depending on the hardware implementation and the vibration sequences available for measurement, all

the above-mentioned information features IT = {IT,, IL,, ... H6}TE ERH6 can be used.
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All formed information feature set (/FS) parameters I = {II,, IL,, ... H6}TE SRH6 have the following
properties. First, /F'S parameters are dimensionless, their values are usually positive, and they change
monotonically as wear progresses. Second, wear w = 0 in all cases corresponds to the condition IT(w) = 0,
when w = 0. Third, from the variety of information features, those highly sensitive to changes in wear have
been selected. Their area of application depends on the following.

The information feature I, can be used if, as wear progresses, the equilibrium of the dynamic cutting
system is asymptotically stable. It suffices to note that the internal amplification factor in the dynamic
system depends not only on p, but also on the cutting depth. It changes to a lesser extent with variations in
cutting speed and feed rate. It has been shown earlier that the evolution of the cutting system properties can
be highly sensitive to small variations in technological parameters and disturbances. It can be concluded
that the redistribution of amplitudes is highly sensitive to wear development. However, this holds true
within the range of stable equilibrium, as well as in cases of low sensitivity of the system evolution to
variations in initial system parameters and disturbances.

To use the information feature I1, for diagnosing wear on CNC machines, it is necessary to coordinate
the diagnosis with the CNC program. Information assessments II, and I, are more universal but less
sensitive to variations in the dynamic properties of the system and to changes in operating modes. When
constructing diagnostic systems for turning structural steels at constant cutting modes and stable elastic
deformation equilibrium, it is possible to divide wear information into 4—5 wear classes [27].

However, all three characteristics depend on the accuracy of the specific machine and its condition.
Previous studies of the coherence function between force disturbances and deformations have shown that
it increases with increasing frequency [3]. When selecting the space of information features, the features
I1,, I, and II; are more resistant to interference. In this case, the main disturbances are associated with
variations in the allowance, spindle group runout, and kinematic disturbances from the feed drives. All
disturbances originating from the machine lie within the low-frequency range.

At the same time, when installing the AE sensor, it is necessary to take into account the wave
properties of the channel connecting the force emission generated in the cutting zone and the measured
vibrations (oscillatory deformations, displacements, accelerations, etc.). There is a general rule here:
the higher the frequency, the closer the measuring transducer should be to the cutting zone. In our
opinion, specialized cutting tools with integrated measurement transducers hold the most promise for
AE measurement.

The presented method for determining diagnostic signs of tool wear and increased vibration activity of
executive elements has practical significance for the creation and development of intelligent algorithms
for monitoring systems. Changes in the assessments of diagnostic signs of wear serve as corrective
parameters that can be used to build an adaptive control algorithm in the CNC unit, capable of extending
the tool’s service life, but are not limited to this. Within the framework of the presented methodology,
the tasks of determining diagnostic signs of degradation of the geometric topology of the part surface
and the operational characteristics of the machine tool are of research interest, but these are subjects for
future studies. The identified and collected information features in the VAE signals allow the creation of
“Test Data” and “Training Data” databases for training the assessment of cutting process dynamics in
machine learning models of diagnostic systems, which is another step towards the digital transformation
of the machine tool industry.

Conclusion

The developed methodology, mathematical modeling, and digital and full-scale experiments have made
it possible to form a rational information space for wear diagnosis, in which, based on known recognition
methods, decisive rules can be constructed to classify information according to its correspondence to specific
wear levels. For the practical application of the methodology in algorithms for monitoring, diagnosing, and
controlling the cutting process, it is important to consider the following points.

The basis for constructing tool wear diagnosis systems based on the observation of measurable vibration
sequences can be both the dependence of vibrations on changes in the parameters of the dynamic connection
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formed by the cutting process and changes in the properties of force emission, represented as a random
pulse sequence.

The parameters of the dynamic connection formed by the cutting process depend not only on wear,
but also on the technological modes and disturbances originating from the machine itself. Therefore, the
use of information parameters based on changes in the vibration spectrum in the low-frequency range
is relevant when processing parts in constant modes on equipment with small variations in allowance,
spindle group runout, and kinematic disturbances — for example, on automatic production lines. When using
these parameters on CNC machines, the diagnostic program must be coordinated with the CNC program;
otherwise, the adequacy of wear representation in the spectral characteristics is significantly reduced.

Force emission, considered in the high-frequency range, firstly causes changes in the intensity of force
emission; secondly, shifts the intensity maximum within the frequency range; and finally, the development
of wear leads to the formation of uncertainty in all parameters modeling force emission as a random pulse
process, which is also an informational feature for wear diagnostic systems.
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Introduction. In developing a mathematical model for the sound pressure generated by the
grinding process, it became necessary to determine the actual values of the integral elastic parameters
of grinding wheels to use as inputs in the model. This will expand the applicability of the model and
maximize its practical utility. This paper describes an approach to determining Poisson s ratios and
Young’s moduli for grinding wheels with different characteristics. The elastic properties of the tool
are the subject of this study. The purpose is to establish the relationship between actual values of
integral elastic parameters and grinding wheel characteristics via modal analysis. The research method
combines experimental investigation of natural frequency spectra and modal analysis, implemented
via the finite element method in specialized software. Additionally, regression analysis is employed to
derive empirical dependencies of the integral elastic parameters of grinding wheels on abrasive grain
size and hardness. Results and discussion. The main result of this work is the determination of the
actual values of Poisson s ratios and Young s moduli for grinding wheels with the studied characteristics.
The selection of grinding wheel characteristics allowed for the investigation of the influence of abrasive
grain size and hardness on its integral elastic properties. The development of a mathematical model for
sound pressure generated by the grinding process, along with a methodology for predicting the service
life of grinding wheels based on this model, will improve grinding operation efficiency by reducing the
machine-setting time, increasing processing time, reducing consumption of manufacturing resources,
and optimizing tool lifespan utilization.

For citation: Zhukov A.S., Ardashev D.V., Batuev V.V,, Kulygin V.L., Schuleshko E.I. Modal analysis of various grinding wheel types for the
evaluation of their integral elastic parameters. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material
Science, 2025, vol. 27, no. 3, pp. 71-86. DOI: 10.17212/1994-6309-2025-27.3-71-86. (In Russian).

Introduction

Predicting the life of a grinding wheel (GW) by means of the indirect acoustic criterion naturally implies
the need to study its dynamic characteristics. The development of a model for the sound pressure generated
by the grinding process requires the values of the elastic moduli of the grinding wheel to correctly calculate
the modes and frequencies of the natural vibrations which are the source of the acoustic field. According to
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the characteristics of such a field, it is possible to predict many output parameters of the grinding process
over time: cutting forces, machining quality parameters [1, 2] (roughness, shape deviations of the workpiece,
presence of burns, etc.), and stiffness of the technological system. The sequence of manifestation of natural
vibration modes of the grinding wheel, inseparably connected with its elastic parameters, determines the
nature of the acoustic response of the system during operation, as well as the way it will react to external
excitation during grinding.

Modal analysis is a powerful method for determining the dynamic characteristics of a mechanical
system. In mechanical engineering, this method is used to solve a wide range of problems, from the
design and optimization of machine structures, mechanisms, and parts, to the diagnosis and monitoring
of equipment condition. The growing need to improve the design of modern metal-cutting machines and
tools with respect to vibration resistance, increasing their reliability and rigidity, has led to the emergence
of new and effective applications of modal analysis. In [3—8], parametric optimization of both the design
of individual elements of machine tools (spindles, beds, etc.) and complex machine tool assemblies is
carried out. In particular, designs of numerically controlled machine tools and multi-axis high-precision
machine tools are often optimized by means of modal analysis. In [9—13], cutting tools are designed using
modal analysis, and existing designs of turning tools, drills, and milling cutters are improved according
to criteria of vibration resistance and enhancement of dynamic balance during machining. Calculating the
eigenmodes and vibration frequencies of systems whose operation is associated with dynamic vibration
loads is necessary at the design, testing, or modernization stages, regardless of the magnitude of the loads.
If the system’s operating mode leads to vibrations at the resonance frequency, the design is modified to
prevent emergency situations.

The complexity and multi-component structure of a grinding wheel make it difficult to determine its
elasticity parameters, which are necessary for calculating its natural vibrations. The elastic parameters of
abrasive tools are poorly represented in technical literature. There is no systematization, and no correspondence
has been established between these parameters and the characteristics of grinding wheels. Reference books
do not provide values for the elastic properties of abrasive tools, such as Poisson s ratio and Young s modulus.
Only isolated experimental references for grinding wheels with specific characteristics can be found.

The variety of existing and emerging grinding wheel formulations is extremely large. Depending on
the characteristics of the grinding wheel, the proportions of its components (abrasive, bond, and pores) and
their properties vary considerably [14]. Exact calculations of the elastic parameters of grinding wheels are
extremely laborious, as they require consideration of the properties of each component and how they interact
with each other. To simplify the process, modal analysis is proposed to evaluate the elastic properties of the
system as a whole without detailing the components.

The objective of this study is to determine how the actual values of integral elastic indices depend on
grinding wheel characteristics using modal analysis. To achieve this goal, the following tasks must be
completed:

1) conduct an experimental study of the frequencies of natural vibrations of grinding wheels with
different characteristics;

2) calculate the natural frequencies and mode shapes of grinding wheels for various combinations of
elastic and geometric parameters using specialized software and the finite element method;

3) compare and correlate the experimental and calculated natural frequencies of the grinding wheels.

4) determine the actual values of Poisson s ratio and Youngs modulus for all investigated grinding
wheels.

Methods

Table 1 shows the list of grinding wheel characteristics included in the study of integral elastic
performance.

The grinding wheels were selected for this study to investigate how changes in granularity, hardness,
and abrasive material affect the integral elastic properties of the tool (Fig. 1).
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Table 1
Grinding wheels characteristics according to GOST R 52781-2007
GW No. &/ oo Abrasive material Grit Hardness
D x H X d, mm
1 F36
2 F46
3 Fé60 L
4 600x50%305 F80
254
5 F120
6 N
7 P
8 500x63%305 S
Fo0
9 144
600x50%305
10 64C L
11 600x40%305 924

Fig. 1. Grinding wheels under study

The effect of grain size variation on the elastic properties of grinding wheels No. 1, No. 2, No. 3,
No. 4, and No. 5 was studied. The grain size ranged from F36 to F120 (H50 to H10 according to
GOST 2424-84), with the average grain size ranging from 0.5 to 0.11 mm. Other properties remained
unchanged.
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The influence of changes in hardness on the elastic properties of grinding wheels No. 3, No. 6, No. 7,
and No. 8 was studied. The hardness varied from L to S (CM2 to 72 according to GOST 2424-84). All other
formulation characteristics remained unchanged.

To study the influence of different abrasives on the elastic properties of grinding wheels, wheels No. 3,
No. 9, No. 10, and No. 11 were considered:

— 254 white aluminum oxide with 99 % a-A4/>Os content. It is used for finishing and profile grinding of
hardened steels, as well as sharpening of high-speed tools;

— 144 normal electrocorundum with 93 % a-A4/>Os content. It is used for rough grinding;

— 924 chromotitanium electrocorundum with 60—75 % a-A/>Os content. It is used for grinding hardened
steels, machining with large metal removal, and rough grinding;

— 64C green silicon carbide with 96-97 % SiC content. It is used for final sharpening and finishing of
carbide tools, honing, and superfinishing [14, 15].

The structure of the considered grinding wheels is medium (structure numbers 5, 6, and 7), and the bond
is ceramic.

Experimental study of natural vibrations of grinding wheels

A full-scale experiment was conducted to record the spectrum of natural frequencies of grinding wheel
vibrations. The natural oscillations of the grinding wheel were excited by impact, as shown in Fig. 2.
The acoustic signal generated by the wheel’s natural vibrations was recorded using the NFM-2 (natural

frequency meter) employing a non-contact method. The grinding wheel
(GW) was mounted vertically on a carriage. The ICHSK-2 microphone,
which serves as the device’s sensitive element, was positioned at an
angle of 45° £ 15° relative to the diameter passing through the grinding
wheel’s support point. A minimum clearance between the cylindrical
surface of the grinding wheel and the microphone must be maintained;
contact with the surface is not permitted. The striker (hammer) impacts
the grinding wheel at an angle of 45° = 15° relative to the diameter
passing through the support point of the grinding wheel, symmetrical to
the microphone’s position. The striker impacts the cylindrical surface
of the tested bearing directed toward its center. The force and area of
impact are insignificant since the study focuses on the frequencies, not
the amplitudes, of natural vibrations.

When setting up the device, it is necessary to specify:

— type of product — abrasives / blades / other products;

Fig. 2. Scheme of measuring — type of abrasive — 144 / 254 / 924 / 64C;
frequencies of G natural — type of bond — bakelite / vulcanite / ceramic;
vibrations: — geometric shape and dimensions of the grit (shape coefficient);
1 — microphone, 2 — hammer, 3 — _ density of the ball:

grinding wheel under study, 4 — base
— frequency range of measurements.

The experiment involved 10 measurements of the eigenfrequencies
of each grinding wheel. Then, the average spectral composition of the natural frequencies of each grinding
wheel was determined. Fig. 3 shows an example of a spectrogram of ten measurements of natural frequencies
of GW' 1 600x50%305 254 F60 L 7V 50 2kl GOST R 52781-2007 — grinding wheel No. 3.

Modal analysis of grinding wheel natural vibrations

A computer simulation experiment was conducted using the finite element method in the COMSOL
Multiphysics software environment to study natural frequencies and vibration modes. This software
is widely used for engineering calculations worldwide and has proven effective in solving acoustic and
vibration problems [16-20].
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Fig. 3. Spectral composition of grinding wheel No.3 natural vibrations

A model of a grinding wheel was developed that allows parametric control over its geometry and elastic
parameters. The following equation expresses the relationship between the natural frequencies of a grinding
wheel’s vibrations and its geometric dimensions, shape, and elastic parameters:

fi = Fi(a, V)\/E
p

where F(a, v) is the shape factor, which depends on the body’s geometrical dimensions and shape (a =A(D,
d, H)), Poisson s ratio (v), and the mode of oscillation.
The model parameters are summarized in Table 2.

Table 2
Grinding wheel model parameters
Symbol Description
Geometrical model parameters
D GW outer diameter
d GW inner diameter
H GW height
Elastic parameters of model material
v Poisson s ratio
E Youngs modulus
p density

The calculation of eigenmodes and oscillation frequencies was carried out for each variant of the grinding
wheel (GW) parameters — D, d, H, v, E, and p — in order to determine the agreement with the experimentally
obtained frequencies. The comparison is presented in the section “Comparison of experimental and
calculated spectral compositions of grinding wheels”.

Results and Discussion

Eigenmodes of Grinding Wheel Vibration

Computer modeling has shown that the order in which eigenmodes of grinding wheel vibrations mani-
fest remains unchanged over a wide range of values of v, E, and p. The natural frequency values associated
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with each mode vary depending on the values and combinations of the elastic parameters. The geometric
parameters of grinding wheels have a decisive influence on the shapes of the modes, the sequence of their
manifestation, and the corresponding frequencies. Table 3 summarizes the natural frequencies and their
corresponding modes in the order of their manifestation for grinding wheel No. 3 — G 1 600x50%305 254
F60 L7V 502 class GOSTR 52781-2007.

Table 3
Occurrence order of grinding wheel natural oscillations modes*
No. 1 2 3 4 5 6 7
f, Hz 544.59 544.62 1187.6 1429.7 1429.71 1451.8 1451.81
3
]
=
Repeated modes Repeated modes Repeated modes
No. 8 9 10 11 12 13 14
f,Hz 1983.3 1983.5 2555.5 2555.51 3440.4 3440.8 3503.5
3
]
=
Repeated modes Repeated modes Repeated modes
No. 15 16 17 18 19 20 ;
NS
f,Hz 3508.8 3508.81 3850.0 3850.1 4503.5 4503.51 : -
YO
n 29
KT =
X o N
Lo A
wv
% X 0o,
3 S > a
= e g
N G)
)
Repeated modes Repeated modes Repeated modes *‘

Thus, a pair of the lowest modes are bending modes with two nodal diameters, f; and fz (n =2, s = 0),
followed by the bending mode f; with one nodal circle (rn = 0, s = 1), called the “umbrella mode in the
literature [21]. This result agrees with the analytical calculations of vibration modes of grinding wheels by
B. A. Glagovsky and I. B. Moskovenko [22]. In the study of vibrations of discs with a central axial hole, the
letters n and s denote the number of nodal diameters and nodal circles, respectively. The grinding wheels
considered in this study belong to this category.

The bending modes manifested in pairs fx and f5 (n = 3, s = 0), fio and fi: (n = 4, s = 0), and fi- and fis
(n =5, s=0) are similar and differ only in the number of nodal diameters. The pairs fs and fo (n = 1,
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s = 1) and fi: and fi3 (n = 2, s = 1) differ by the presence of a nodal circle and a different number of nodal
diameters. The pairs fs and f> (n = 2, s=0), fis and fis (n =3, s = 0), fis and fzo (n = 1, s = 1), and mode fi+
(n =0, s = 1) belong to the class of radial modes. These are characterized by tension-compression stresses,
in which oscillations of microvolumes occur in the plane of the grinding wheel.

The peculiarity of the pairwise manifestation of modes with nodal diameters (r # 0) is emphasized.
These modes are called multiple modes since they are vibration modes with close (or coinciding) natural
frequencies, the same mode set but different orientations of nodal lines. Multiple modes appear in pairs
and are characterized by the relative displacement of nodal diameters by some angle. Such modes occur in
systems with a high degree of symmetry (e.g., circular discs, spherical shells, square plates). Their existence
has been confirmed by both experimental studies and analytical calculations [23-26].

The smallest number of nodal lines, whether nodal diameters or nodal circles, are characteristic of the
lowest modes, i.e., modes formed at the lowest frequencies characteristic of the “grinding wheel” system. As
the number of nodal lines manifested in the vibrational motion of a particular mode increases, the frequency
at which this mode occurs also increases. It is well known that the lowest modes are of primary importance
in the overall dynamics of the vibrational process of an elastic solid. To describe the contribution of each
mode, coefficients of modal participation and modal mass have been introduced. These coefficients will be
discussed in more detail in “Modal Participation Coefficients” .

Modal participation coefficients

The participation coefficient indicates the relative contribution of each mode to the displacement or
rotation of the system when excited in a specific direction and manner. Since no rotational modes or angular
vibrations of the grinding wheel were identified in the computer simulations, the participation coefficients
for rotational directions are not considered in this study.

Participation coefficients are calculated when it is necessary to determine the parameters of an
external load that could potentially cause undesirable resonance in the system [27]. Such calculations
make it possible to assess the significance of
each mode participating in the vibration process.
These modes are characterized by high vibration
energies and sensitivity to specific types of loads.
After identifying a significant mode in strength
calculations, either the system’s operating modes
should be changed or the design modernized to
avoid undesirable consequences.

Fig. 4 shows the graph of participation
coefficients of grinding wheel No. 3 — GW 1
600x50%305 254 F60 L 7 V 50 2 class GOST
R 52781-2007 — plotted along three coordinate
axes. It demonstrates that the most significant
eigenmodes of vibration of the grinding wheel are
modes fi and f2, which are most pronounced in
the X and Y directions. Regarding the Z axis, the
largest contribution in this direction is made by the
“umbrella” mode f;.

This mode will be used for acoustic monitoring
of the grinding process. When applying boundary
conditions, the displacement of the grinding wheel
model is restricted — it is rigidly fixed along the
seat diameter on the machine spindle. Additionally,
a prestressing condition distributed over the volume of the grinding wheel is imposed, resulting from the
centrifugal forces during rotation at a speed of 1,590 RPM.

Fig. 4. Participation factors of the natural vibration modes
of the grinding wheel along the coordinate axes
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The order of eigenmodes’ manifestation changes significantly as a result of calculating them under
these specified boundary conditions. The bending mode with the highest values of modal participation
coefficients and modal masses becomes the lowest and most significant mode, featuring a nodal circle
coinciding with the end region — the “umbrella” mode. The participation of this mode in the overall
dynamics of the grinding wheel vibrations is much greater (more than 30 times) than that of the others and,
accordingly, it generates the most powerful acoustic wave.

Comparison of experimental and calculated spectral compositions of grinding wheels

In figs. 5, a—k, the black lines show the spectral compositions obtained experimentally using the method
described in section “Experimental study of natural vibrations of grinding wheels”. These graphs illustrate
the distribution of the natural frequencies of grinding wheels with the studied characteristics.

During computer modeling and the modal analysis process, the values of Poisson s ratio (v) and Young's
modulus (E) were adjusted to align the calculated frequency values (shown in the graphs as red vertical
lines) with the experimental frequencies. The parametric optimization problem was solved using the fitting
method. A perfect fit can only be achieved when the real geometric dimensions of the grinding wheels
exactly match their modeled counterparts.

The frequencies coincide at a satisfactory level. The deviation of the calculated frequencies from the
experimental values does not exceed 5 %. Consequently, the values of the integral elastic parameters,
v and E, were obtained for each grinding wheel considered:

1. 254 F36 L —v=10.25; E=51.25 GPa; 7.254 F60 P—v =0.225; E = 54 GPa;
2.254 F46 L —v=0.215; E = 46 GPa; 8. 254 F60S8—-v=02; E=67.5GPa;

3.254A F60 L —v=0.18; E =41.5 GPa; 9.144A F60 L —v=0.25; E=41.2 GPa;
4. 254 F80 L —v=0.17; E =40 GPa; 10. 64C F60 L —v =0.26; E =43 GPa;

5.25A FI120 L —v=0.16; E=45.5 GPa;

11. 924 F60 L —v =0.27; E = 53 GPa.
6. 254 F60 N —v =0.22; E = 48 GPa;

Thus, although labor-intensive, this approach to determining v and E is recognized as effective. The
agreement between the calculated and experimental frequencies allows us to conclude that the simulated
values of Poisson s ratio and Young s modulus of the grinding wheels correspond to those of their prototypes.
Therefore, the main objective of this work has been achieved.

Currently, work is underway to develop a mathematical model of the sound pressure generated during
grinding and a methodology for predicting the grinding wheel service life based on acoustic indices. This
model requires taking into account the actual elasticity parameters of grinding wheels and establishing a
relationship between these parameters and the wheels’ characteristics.

The values of v and E obtained during this study were used as parameters to develop a sound pressure
model of the grinding process. Preliminary results show the model’s qualitative agreement with, and
adequacy to, the experimental acoustic data obtained during the grinding process study.

Dependence of integral elastic parameters on grinding wheel characteristics

The study of grinding wheels No. 1, No. 2, No. 3, No. 4, and No. 5 determined the influence of abrasive
grain size on the elastic parameters, v and E. Poisson s ratio decreases as the abrasive grain size decreases.
Young's modulus decreases until the grain size reaches 0.2 mm; thereafter, the trend reverses and begins
to increase. However, there is insufficient data to conclude whether the increase in Young'’s modulus will
continue as the grain size is further reduced.

Fig. 6 shows graphs reflecting this dependence in terms of granularity versus Poisson’s ratio and
granularity versus Young s modulus. Next, regression equations and curves were obtained using MS Excel.
The regression curves constructed from the experimental data are expressed by second-degree polynomial
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Fig. 5. Comparison of empirical and calculated spectral compositions of natural vibrations of grinding wheel:

a—25A F36 L;b— 254 F46 L; c — 254 F60 L; d — 254 F80 L; e — 254 F120 L; f— 254 F60 N; g — 254 F60 P h — 254 F60 S;
I1- 144 F60 L;j— 924 F60 L; k — 64C F60
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Fig. 6. Influence of grinding wheel grit on the value of Poisson s ratio and Young s modulus

dependencies with approximation reliability levels of R?=0.949 for the Young s modulus dependency curve
and R? = 0.993 for the Poisson s ratio dependency curve. This indicates a strong correlation between the
values of v, E and the grain size factor.

v =0.0054- x% - 0.054- x +0.3; E=175-x%-12.25-x+62.35.

It should be noted that the obtained regression relations are not claimed to be universal and can only
be applied under the conditions in which they were derived. For instance, the values of v and E can be
determined for a grinding wheel with the following characteristics: an abrasive of white electrocorundum
with a hardness grade of L and an average structure number of 6 on a ceramic bond. For a grinding wheel
with a grit size of F700 (grit size ranging from 0.15 to 0.11 mm), the values of Poisson s ratio and Young's
modulus are 0.164 and 42.66 GPa, respectively.

Similarly, the effect of hardness on the elastic performance of grinding wheels has been established.
An increase in grinding wheel hardness results in higher values of Youngs modulus. Youngs modulus
characterizes the stiffness of the system and its ability to resist elastic deformation. This is reflected in the
study of natural vibrations of a solid body. Grinding wheels with higher E values exhibit a shift of natural
frequencies toward the high-frequency range (see Fig. 5).

The change in hardness of grinding wheels with the same structure is due to the redistribution of the
proportions of the main components: grain, bond, and pores. An increase in hardness is promoted by a
decrease in pore volume and an increase in bond volume. Therefore, it can be concluded that there is a
positive correlation between hardness and stiffness, or between the characteristics of plastic and elastic
deformation of the grinding wheel, as expressed by Youngs modulus.

Poisson s ratio increases with hardness in the interval from L to P. After reaching a maximum value of
0.23, it begins to decrease. See fig. 7 for the graphs.

The obtained regression dependencies have approximation confidence levels close to unity (R?=0.9913
for the Youngs modulus curve and R? = 0.999 for the Poisson s ratio curve). Therefore, there is a strong
correlation between the values of v, E, and the hardness factor.

v =-0.0162- x> +0.0877 - x + 0.109; E=175-x%>-035-x+405.

These empirical regression models can be used to determine the values of v and E for white
electrocorundum grinding wheels with an F60 grain size and medium structure on a ceramic bond for
several hardness grades: K, M, O, R, and T:

— 254 F60 K has values v=0.148; E = 40.76 GPa;

— 254 F60 M has values v=0.200; E =43.91 GPa;
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Fig. 7. Influence of grinding wheel hardness on the value of Poisson § ratio and Youngs modulus

— 254 F60 O has values v=0.227; E = 50.56 GPa;

— 254 F60 R has values v=0.217; E = 60.713 GPa;

— 254 F60 T has values v=0.175; E = 74.36 GPa.

Values of Poisson s ratio and Young s modulus were also obtained for grinding wheels made of normal
electrocorundum, white electrocorundum, chromotitanium electrocorundum, and green silicon carbide (see
fig. 8). Since the abrasive material of the grinding wheel cannot be quantified, regression analysis and the
development of empirical relationships are not applicable in this case, unlike in the study of the effect of
grain size and hardness on the elastic parameters of the tool. The values of v and E in fig. 8 do not permit
further applications or insights beyond what is obtained directly.

Fig. 8. Influence of abrasive material on the value Poisson s ratio and Young s modulus

Conclusion

1. The order of appearance of the eigenmodes of grinding wheel vibrations remains unchanged over a
wide range of v and E values. The lowest eigenmodes used for acoustic monitoring of grinding wheels are
a pair of bending modes f1, fz (n = 2, s = 0) and the bending mode f; (n =0, s = 1).

2. In the absence of boundary conditions, modes f; and f> (n = 2, s = 0) contribute most significantly to
the dynamics of grinding wheel vibrations along the X and Y coordinate axes. In the Z direction, the largest
contribution is made by eigenmode f; (n = 0, s = 1); however, this contribution is much smaller than that
of fi and f>.

3. The values of Poisson s ratio and Young s modulus for the studied grinding wheels were determined
by correlating the experimental and calculated spectral compositions of the natural frequency distributions.
The values vary within the following ranges: 0.16 <v <0.27 and 40 GPa < E < 67.5 GPa. Grinding wheels
with significantly different characteristics (e.g., 254 F80 L and 254 F60 S) may have slightly different
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Poisson s ratio values (v = 0.17 and v = 0.2, respectively). This underscores the importance of accurately
determining the integral elastic parameters of the tool to correctly model the sound pressure generated
during the grinding process. Even a slight error in determining Poisson s ratio can lead to discrepancies
between the modeled wheel’s characteristics and its actual behavior.

4. Empirical regression dependencies of the integral elastic parameters of grinding wheels on abrasive
grain size and hardness have been obtained with a high degree of reliability and accuracy.
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ARTICLE INFO ABSTRACT
Article history: Introduction. In many technical applications, such as thermal energy systems, chemical processing, power
Received: 23 June 2025 production, and HVAC, efficient heat transfer (H7) is essential. Research on improving HT performance in circular
Revised: 04 July 2025 pipes is still crucial, especially when it comes to changes that cause thermal boundary layers to be disrupted and
Accepted: 10 July 2025 turbulence to grow. Purpose of the work: The purpose of this work is to thoroughly examine how convective
Available online: 15 September 2025 heat transfer can be improved in circular pipes with purposefully roughened surfaces. It focuses on how surface
roughness, flow pulsations, Reynolds number (Re), and heat flow rate (Q) affect thermal performance. Methods
Keywords: of investigation. A combination of experimental and numerical methods is employed to assess the thermo-fluid
Heat transfer enhancement dynamics inside the pipe. Lab-scale experiments and computational fluid dynamics (CFD) simulations are used
Surface roughness to investigate temperature distribution, velocity and pressure fields, turbulent kinetic energy (7KE), vorticity,
Turbulent kinetic energy (7KE) eddy viscosity, local heat transfer coefficient (&), and Nusselt number (Nu). Additionally, sinusoidal pulsations are
Pulsating flow introduced at the inlet and the outlet, with regular oscillations in frequency (f) and amplitude (4), over a turbulent
Turbulent flow flow range (6,753 < Re < 31,000). Results and discussion. The results show that surface roughness enhances H7'
Nusselt number (Nu) by significantly increasing turbulence and disrupting the thermal boundary layer. TKE becomes a significant factor

when there is a strong correlation between higher AT coefficients and rising turbulence intensity. A7 performance
is further improved by introducing flow pulsations; downstream pulsation increases Nu by 20-22% and upstream
pulsing by 16-19%. The outcomes demonstrate how effectively controlled flow pulsations and surface roughness
combine to optimize heat transfer. This collaborative approach holds great potential for compact and highly efficient
thermal system designs in industrial environments.
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Introduction

To improve heat exchanger performance while lowering size and operating costs, several tactics have
been investigated. These tactics are typically divided into two categories: passive and active. Passive
methods — such as the use of finned or spirally roughened tubes — decrease the thickness of the thermal
boundary layer and improve heat transfer (H7) by creating turbulence close to the tube wall. In recent years,
these methods have drawn more attention. Active approaches, on the other hand, make use of external
energy sources and include strategies like fluid pulsation, jet impingement, mechanical vibration, and the
use of electrostatic fields to boost HT efficiency.
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Concentrated temperature gradients can disrupt the boundary layer in both laminar and turbulent regimes,
lowering thermal resistance and raising the local heat transfer coefficient, particularly in the presence of
forced convection. Pulsating flow, in particular, is essential for modifying shear forces, boundary layer
characteristics, and overall thermal resistance to improve HT. Consequently, there is currently significant
interest in studying how pulsating flow affects convective heat transfer.

Natural pulsating flows are found in many engineering systems, including:

— eddy turbulence - chaotic disturbances inherent in turbulent flow, leading to fluctuations in velocity
and pressure.

— turbomachinery - periodic variations in pressure and velocity at the compressor and turbine blades,
caused by rotor rotation and flow interaction with the blades.

— transient flows - changes caused by fluctuations in the system’s operational parameters.

Practical applications of pulsating flows also include:

—reciprocating internal combustion engines - intake and exhaust systems characterized by periodic flow
variations due to the engine’s operating cycles.

— gas turbine engines - flow oscillations caused by surge conditions.

— positive displacement pumps: the operating principle of these pumps is based on generating pulsating
flow.

— human respiration - airflow that spontaneously pulsates as part of human breathing.

Although pulsating flows are sometimes perceived as undesirable disturbances, they can also enhance
processes such as fuel-air mixing in combustion systems. The findings presented in the literature vary:
some research indicates that heat transfer (H7) has improved, while others indicate that it has not improved
at all or has even decreased. Important factors affecting heat transfer include surface geometry, pulsation
location, Reynolds number (Re), Prandtl number (Pr), pulsation frequency (f), and amplitude (A4).

Description of the problem

The heat transfer (H7) mechanisms in pulsating flow over roughened surfaces have not yet been fully
clarified by previous studies, which are often limited to narrow parameter ranges. More research is required
to determine how the placement of the pulsation source, surface roughness patterns, Reynolds number (Re),
and pulsation frequency affect turbulent flow and heat transfer characteristics.

Objectives

The present study is conducted with the following objectives:

1. Investigate the effects of various factors affecting pulsating flow experimentally and numerically.
2. Establish empirical correlations based on the observed flow dynamics.

3. Analyze the effects of pulsation orientation on heat transfer.

4. Examine the differences between the performance of pulsating flow and steady-state flow.

The scope and importance of the study

Convective heat transfer is crucial for many engineering systems. Even though oscillatory flow has
shown promise in enhancing heat transfer (HT), there is currently a scarcity of research on its application
in thermal systems, specifically within pipe walls. Understanding the thermo-hydrodynamics of pulsating
flow is crucial because higher HT leads to higher efficiency. This work fills that gap by focusing on circular
pipes under sinusoidal pulsation. Future research will examine other pipe geometries and pulsation types
that were not covered in this study.

Pulsating flow heat transfer (HT) is essential to many industrial sectors, including thermoelectric
and nuclear power [5, 6], food processing [7], pharmaceuticals [8], smart buildings [9], HVAC [10],
transportation [11], agriculture [12], petrochemicals [13], material handling [14], bulk manufacturing
[15], and many more. Increased HT efficiency has led to improvements in heat exchanger design, such
as the use of innovative channel forms and compact tubing. Without sacrificing functionality, these
developments raise volumetric power density and use less material. Rowin et al. investigated HT prediction
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on uneven surfaces [16]. Qu et al. [17] demonstrated that internal capillary tube roughness significantly
improves startup and operational stability in micro-pulsating heat pipes (PHPs). Surface tension, fluid
viscosity, and wall roughness all affect flow resistance, which limits stable pulse operation in fixed-
diameter PHPs [18].

Singh et al. [19] investigated ordered roughness and pulsed flow in microchannels using 2D simulations.
Due to enhanced vortex activity, pulsation raised the Nusselt number (Nu) by up to 32.76% regardless of
roughness. They also found that the optimal pulsation frequency varies with hydraulic diameter and that
rough walls result in larger pressure decreases, even with heat transfer (H7) improvements. Wu and
Cheng [20] discovered Nu fluctuations in shape-variable trapezoidal silicon microchannels. In water-
filled minichannels, Lin ef al. [21] discovered that roughness heights between 18 and 96 um improved
HT. Lu et al. [22] confirmed that roughness raised flow resistance and Nu in laminar microchannel flows.
Croce et al. [23] showed that roughness shape has a greater effect on pressure drop than Nu. Despite
extensive research on pulsating flow dynamics, heat transfer (HT) mechanisms remain incompletely
understood [24-32]. Analytical and numerical investigations in laminar flow [33-37] demonstrate
localized HT eftects, with pulsation-induced Nu fluctuations being dominant near the pipe entrance and
decreasing downstream.

Despite extensive research on pulsating flow dynamics, the underlying heat transfer (H7) mechanisms
remain incompletely understood [24-32]. Analytical and numerical investigations in laminar flow regimes
[33—37] demonstrate localized HT effects, wherein pulsation-induced Nu fluctuations are most pronounced
near the pipe entrance and diminish in the downstream direction.

Methodology

Fig. 1 shows the experimental setup. A copper pipe, 400 mm in length and 28 mm in diameter, serves
as the test section. Flexible joints hold it in place at both ends. Four K-type thermocouples are embedded
in axial grooves on the outer surface of the pipe and connected to a multichannel recorder via a multipoint
switch to record temperature measurements. A 400 mm long nickel-chromium heater (resistivity =
= 15.5 Q/m) provides uniform heat input. Airflow is provided by a 1.5 HP centrifugal blower (800 CFM),
selected for its ability to maintain turbulent flow conditions. An electrically operated solenoid valve
introduces flow pulsations. Operational boundaries are influenced by static pressure, temperature rise, and
Reynolds number (Re).

A flow control valve (%4 brass valve, 12V DC, 1.5 A/18 W, orifice size 25 mm, normally closed,
stainless steel components), as shown in Fig. 2, is used to regulate airflow with a sub-second response
time. The valve allows for adjustment of the pulsation mechanism to provide the required amplitude and
frequency of pulsation.

Fig. 1. Experimental set up Fig. 2. Flow control valve
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Numerical Simulation Approach

ANSYS Fluent was used for the simulations. The governing equations were the 3D Navier-Stokes
equations (Egs. 1-6), which incorporate eddy viscosity (p,), strain rate (Eij), and velocity components (,).
Energy transport was governed by Eq. (7). The friction factor and theoretical Nusselt number (/Nu) were
determined using Eq. (8) and the Dittus-Boelter correlation (Eq. 9) [38—41].
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Mesh Generation

Mesh quality significantly impacts accuracy. A near-orthogonal
grid with y* = 0.5 (spacing y = 1.3628x10 ) ensures accurate wall
resolution [42]. The structured mesh consisted of 1,283,136 nodes.
Fig. 3 shows a cross-sectional view of the mesh. Velocity inlet
conditions included a constant uniform profile for validation and
a sinusoidal pulsing profile for dynamic cases, as defined by
V = Uil + A sin(2=nft)], where A denotes amplitude, f frequency,
t time, and Us mean velocity. A heat flux was applied at the wall, and
a pressure outlet condition was established at the pipe exit.

Boundary Conditions

The following boundary conditions were applied:
1. A pulsating velocity profile was imposed at the inlet using a user-

Fig. 3. Meshing at the cross section defined function for sinusoidal velocity input.

% Vol. 27 No. 3 2025



EQUIPMENT. INSTRUMENTS OBRABOTKA METALLOV %

2. A constant heat flux boundary condition was applied to the pipe wall.
3. A pressure outlet boundary condition was applied at the pipe exit.
The k-¢ turbulence model was used to resolve turbulence effects.

Validation

The present study was validated against the results of Elshafie et al. [43], who investigated pulsating
turbulent flow (10,000 < Re < 40,000; 6.6-68 Hz) in heated pipes. Numerical accuracy was confirmed by
Fig. 4, which demonstrates excellent agreement in the average Nusselt number (Nu) between the present
simulations and those of Elshafie et al.

Fig. 5 depicts the transient variations in the surface heat transfer coefficient (/). The fluctuations stabilize
after t = 2.5 s; therefore, £ = 6 s was deemed sufficient for steady-state calculations. In all cases, & increases
with Re.

Fig. 4. Comparison of the average Nusselt number with Fig. 5. Surface HT coefficient (&) obtained
the theoretical and experimental results of Elshafie [43] for different Re

Effects of Surface Roughness

Surface roughness enhances heat transfer (H7) by disrupting the thermal boundary layer [44], although
it also increases pressure drop [45, 46]. Due to the complexity of the phenomena, extensive experimental
research is required [47]. MacDonald et al. [48] demonstrated the impact of roughness on drag using direct
numerical simulation (DNS) across sinusoidal surfaces (k*= 10, A = 0.05-0.54). Meyer et al. [49] reported
that roughness increases H7 in laminar flow but has a negligible influence in turbulent regimes. Abdelfattah
et al. [56] investigated 48-element impinging jets with hemispherical, droplet, and cylindrical roughness
elements; cylinders enhanced HT, while droplets reduced drag.

Wall roughness affects momentum and energy transport [57]. Investigations of roughened pipes indicate
that the log-law behavior is altered by a roughness function f,, based on the roughness height Ks+. Equation
(10) is used to account for roughness in the velocity profile, where k = 0.4187 (von Karman constant).
ANSYS Fluent classifies hydrodynamically smooth, transitional, and completely rough regimes based on
the Cebeci-Bradshaw method, using AB and Ks+.

Llu* U*
" _lln{Ep y”]AB (10)

Tw/p ok B
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Results and Discussion

Elshafie et al. [43] experimentally studied pulsating turbulent airflow in a heated pipe under constant heat
flux, a configuration relevant to modern industrial heat transfer applications. They examined pulsation
frequencies ranging from 6.6 to 68 Hz and Reynolds numbers (Re) from 10,000 to 40,000. Their findings
demonstrated that the Nusselt number (Nu) was significantly influenced by both Re and frequency (f),
particularly in the entrance region, where changes were more pronounced than in the fully developed
zone. The downstream position of the oscillator near the pipe exit affected the distribution of local heat
transfer (H7).

In this study, analogous investigations were conducted for Re = 13,350 to 37,100. Centerline velocity and
total pressure increased with increasing Re, while the wall surface temperature decreased. These results are
summarized in Table 1, which demonstrates that turbulent kinetic energy (7KFE) and vorticity consistently
increase with Re. Fig. 6 shows velocity profiles for Re = 37,100 under upstream pulsation, downstream
pulsation, and no pulsation (4 = 0.2, f=6.7). The pulsing cases exhibit only slight variations in vorticity and
lower velocities compared to the baseline (no pulsation) case. These patterns indicate that while pressure,
velocity, 7KE, and o increase with increasing Re, surface temperature decreases. Consequently, £ and Nu
increase with Re, supporting the validity of the numerical method and exhibiting good agreement with
theoretical and experimental findings from Elshafie et al. [43].

Table 1
Flow properties for various Re values

Re Vow(@s) | V. (m/s) | T, (K)| Press. (Pa) TKE o)
10,850 7.1313 10.3 329 115 1.15 1.000
13,350 8.7745 12.5 325 160 1.6 1.250
16,800 11.0420 15.6 322 255 2.7 1.600
22,500 14.7885 20.8 320 465 5 2.100
24,650 16.2016 22.6 318 552 6 2.300
31,560 20.7433 28.8 316 925 10 2.800
37,100 24.3846 33 314.2 1.300 15 3.200

a b

Fig. 6. Comparison of velocity (V) profiles along the pipe length for Re = 37,100, under steady-state (without
pulsations) and pulsating flow conditions (4 =0.2, f=6.7):
a — DN pulsation = downstream pulsation; b — UP pulsation = upstream pulsation

% Vol. 27 No. 3 2025



EQUIPMENT. INSTRUMENTS OBRABOTKA METALLOV %

Effect of location of pulsation

This section reports the effects of pulsation location. Two cases were considered:
— pulsation located downstream of the flow.
— pulsation located upstream of the flow.

Pulsation located at the downstream of the flow

Fig. 7 illustrates the increase in the mean heat transfer (H7) coefficient with increasing Re and heat
input (Q). The enhancement ranges from 20% to 27% at f=3.33 Hz and Q@ = 100 W, and from 30% to 36%
at f=1 Hz. Tables 2 and 3 present values of h and Nu for various Re and Q without pulsation. As Re and Q
increase, Nu increases steadily, indicating improved HT performance.

Fig. 7. Heat transfer as a function of Re at varying
heat input, with pulsation frequencies of f=1 Hz
and f= 3.33 Hz at downstream pulsation

Table 2
Surface HT coefficient (/) at different Re and heat input without pulsation
Experimental heat transfer coefficient, /
Re 0=25W 0=50wW 0=75W 0=100wW
6,753 22.1 33.04 40.25 47.13
9,504 27.92 34.48 42.77 48.74
11,618 32.11 36.88 45.4 51.26
13,414 35.53 41.19 49.89 54.29
Table 3
Variations in Nu with Re at different heat input without any pulsation
Nusselt number, Nu
Re 0=25W 0=50wW 0=75W 0=100wW
6,753 23.43 31 37 44
9,504 29.59 32 40 45
11,618 34.04 34 42 48
13,414 37.66 38 46 50
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Nu demonstrably improves with increasing heat input. The findings indicate that as Re and heat input
increase, the mean heat transfer coefficient (h,,, ) also increases. At f= 1 Hz, a 17-23% increase in the heat
transfer (HT) coefficient is observed at @ = 100 W.

Pulsation located at the upstream of the flow

Similarly, upstream pulsation enhances heat transfer (H7) as Re and Q increase. At @ = 100 W and
f=1Hz, the HT enhancement ranges from 22% to 26%, while at f= 3.33 Hz, it ranges from 29% to 33%.
The generally higher Vu values observed under downstream pulsation, as shown in Tables 4 and 5, suggest
its superior HT effect.

Table 4

Nu at different heat inputs with pulsation frequency, f= 1Hz and 3.33Hz when pulsating
mechanism is mounted downstream

Reynolds number Nusselt number, Nu
f=10Hz f=333Hz
Re 25W | 50W | 75W | 100W | 25W | 50 W | 75W | 100 W
6,753 31 34 40 46 44 47 55 58
9,504 33 35 43 49 48 52 62 67
11,618 36 38 47 51 54 54 62 67
13,414 42 45 51 55 56 60 67 71
Table 5

HT Coefficient vs. Reynolds Number at Various Heat Inputs for Pulsation Frequencies
f=1Hz and 3.33 Hz when pulsating mechanism is mounted upstream

Nusselt number, Nu
Reynolds number

f=10H; f=10H;
Re 25W |50W [ 75W | 100W | 25W [50W | 75W | 100 W
6,753 26 32 38 44 37 42 48 54
9,504 29 34 40 47 41 43 53 56
11,618 29 35 43 49 44 48 56 60
13,414 34 39 48 52 52 53 61 63

Effects of pulsation frequency

Table 6 shows that increasing the pulsation frequency (f) from 1 Hz to 3.33 Hz significantly increases the
experimental heat transfer coefficient (h,.,) and the experimental Nusselt number (Nuexp .). For instance,
at Re = 6753 during downstream pulsation, h, . rises from 32.91 to 47.15, and Nu,_,. rises from 30.96
to 44.36. Similarly, at Re = 13,414 and f=3.33 Hz, h, . and Nu, . reach 60.75 and 57.15, respectively.

Figs. 8, a—d illustrate the relationship between the Reynolds number (Re), heat input (Q =25 W and
100 W), pulsation frequency (1 Hz, 3.33 Hz), pulsation location (upstream, downstream), the surface heat
transfer coefficient (k), and the Nusselt number (Nu). Higher Re improves heat transfer at both heat inputs.
In all cases, the 3.33 Hz pulsation produces the highest A and Nu values, particularly with downstream
pulsation. Downstream pulsation consistently outperforms upstream pulsation. Both frequency and Re
enhance thermal performance, with more pronounced effects at higher heat inputs (100 W). These trends
indicate that pulsation settings are crucial for optimizing heat transfer.
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Table 6
Experimental HT Coefficient and Nu for Different Res and Frequencies
for Q =25 W. DS= downstream; US=upstream
expt. Nuexpt
Reynolds number ) -
f=1.0Hz f=3.33 Hz f=10Hz f=3.33 Hz
Re DS US DS US DS US DS UsS
6753 3291 28.21 47.15 39.99 30.96 26.54 44.36 37.62
9504 359 30.97 51.79 43.88 33.77 29.13 48.72 41.28
11618 38.53 31.59 58.5 47.15 36.25 29.72 55.03 44.36
13414 45.13 36.31 60.75 56.41 42.46 34.16 57.15 53.07
a b
c d

Fig. 8 Changes in Nu and h values as a function of Re for various pulsation
frequencies at heat inputs of @ =25 Wand @ = 100 W

Numerical Results

Although the heat transfer (H7) coefficients and Nusselt number (Nu) values are derived from
experiments, simulations provide a better understanding of the influencing flow mechanics. Fig. 9 displays
vorticity contours under upstream pulsation for Re = 6753, Q@ = 954 W/m?, 4 = 0.1, and f'= 1 Hz. Shear-
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Fig. 9. Velocity contour plots for Re = 6,753, heat input
0 = 954 W/m?, pulsation amplitude 4 = 0.1, pulsation frequency
f=1 Hz at downstream pulsation

induced turbulence is evidenced by vorticity peaks near the walls. Flow disturbances are evident near the
core, and their impact diminishes beyond L =—0.25 m.

Fig. 10 compares the velocity contours under upstream and downstream pulsation. In the upstream case,
a longer high-velocity region extends toward the pipe exit, indicating a more widespread pressure drop and
increased turbulence. Conversely, downstream pulsation localizes the high-velocity region, which may lead
to concentrated pressure zones and non-uniform HT.

Fig. 11 displays the pressure contours at £ = 6 s. The peak pressure is higher downstream (63.21)
compared to upstream due to the downstream pulsation, suggesting localized acceleration effects.
Fig. 12 displays the turbulent kinetic energy (7KE) contours for upstream pulsation from#=1sto 6 s. TKE
increases from 0.55 to 0.92 over time, indicating growing turbulence that enhances H7. The persistent and
significant symmetry of the distribution promotes uniform HT.

Although turbulent kinetic energy (7KE) development initiates and concentrates more rapidly near the
boundaries, TKE increases overall, which aligns with the observed higher local heat transfer (H7). The
symmetry and rapid increase in turbulence observed with downstream pulsation confirm its effectiveness
in enhancing convective HT.
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a b

Fig. 10. Comparison of velocity contours for Re = 6,753, heat input Q = 954 W/m?, pulsation amplitude
A =0.1, pulsation frequency f= 1 Hz at downstream pulsation (left) and upstream pulsation (right)

| r=10%ec]
e v e vmnnnmaans

a b

Fig. 11. Pressure contour plots in mid y-plane for Re = 6,753, heat input Q = 954 W/m?, pulsation
amplitude A = 0.1, pulsation frequency f= 1 Hz at downstream pulsation (left)
and upstream pulsation (right)
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Fig. 12. Turbulent kinetic energy (TKE) contour
plots in the mid y-plane for Re = 6,753, heat input
0 =954 W/m?, pulsation amplitude 4 = 0.1, pulsation
frequency f= 1 Hz at upstream pulsation

These results demonstrate that pulsation, particularly when applied downstream, significantly enhances
HT through increased turbulence, vorticity, and velocity variations. The primary mechanisms contributing
to improved heat transport in pulsating flows are enhanced eddy formation and the generation of shear
layers.

Conclusion

The enhancement of heat transfer (H7) in a circular pipe with surface roughness under turbulent flow
conditions was investigated using a combined experimental and computational approach. The study focused
on the effects of surface roughness, pulsation frequency (f), Reynolds number (Re), heat input (Q), and
amplitude (4) on HT characteristics. Key parameters evaluated included velocity, pressure, and temperature
distributions, turbulent kinetic energy (7KE), vorticity, eddy viscosity, the surface HT coefficient (%), and
the Nusselt number (/Vu). The following key conclusions can be drawn from the results:

1. TKE as a driver of HT enhancement:

a) TKE is critical for the production and sustenance of turbulence, which dominates the pulsating heat
transfer mechanism.

b) Increased 7KE strengthens fluid-wall interactions, enhancing convective HT, particularly with
downstream pulsation as observed in this study.

c) These results align with those of previous studies [2, 3, 4], even those that did not consider roughness
effects [60].
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2. Impact of pulsating flow:

a) Pulsation, whether applied upstream or downstream, significantly affects turbulence parameters, with
the downstream configuration exhibiting a more pronounced effect.

b) For 6753 < Re < 31000, downstream pulsation enhanced H7 by 20%—-22%, while upstream pulsation
improved HT by 16%—-19%.

c¢) Pulse intensity, governed by fand A, influences the extent of turbulence penetration. No single f'and
A combination consistently optimizes HT enhancement. Future work will focus on optimization studies to
determine optimal parameter combinations.

3. Future directions:

a) Future studies should investigate other fluids with varying viscosities and Prandt/ numbers, such as
water and oil.

b) Analyses should be extended to non-circular pipe geometries, such as finned or rectangular channels.

¢) HT for non-Newtonian fluids under pulsating flow should be analyzed for applications in the food
and pharmaceutical industries.

d) Future work should combine advanced CFD with experimental validation to achieve reliable
predictive modeling and optimization.

In conclusion, this study demonstrates that the synergistic combination of surface roughness and pulsating
flow effectively enhances HT performance, providing a promising approach for improving industrial heat
exchanger applications.
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Introduction. JSC Volzhsky Abrasive Plant is the sole producer of silicon carbide in Russia and the largest
producer in Europe. The company employs various methods, equipment, and technologies for grinding abrasive
materials, which influence the geometric parameters of the grains. The most prominent and widely used methods
for grinding silicon carbide in current production are roller-press grinding and rotary grinding. The purpose of this
work is to study the effect of the roller-press and rotary methods of grinding black silicon carbide, which are used
at the JSC Volzhsky Abrasive Plant, on the shape factor, length, and width of the grains in the sample fractions.
Research methods. The initial material obtained in accordance with the current technological process was selected
after crushing in a rod mill. One sample was crushed using the roller-press method, and the other was crushed
using the rotary method. The crushed silicon carbide was sieved into fractions using a Ro-Tap sieve analyzer. The
geometric parameters and grain shape were determined in five fractions, and 800 grains were measured in each
fraction. The horizontal projection of the grain profile was obtained using an Altami SM0870-T optical stereoscopic
microscope. Special software was used to process the projections and determine the geometric parameters. Results
and discussion. It has been established that the shape factor and grain length follow the maximum value law, while
the width follows the normal distribution law. The strength of the correlation between geometric parameters ranges
from weak to strong, and the direction of the relationships varies from positive to negative. Graphical dependencies
are presented, demonstrating the correlation and regression relationships between the geometric parameters of the
grains in the fractions. Rotary grinding results in an average increase of 5% in the number of isometric grains
compared to roller-press grinding, while the number of needle-like grains decreases by a factor of 3. The research
findings are intended for optimizing the formulation and manufacturing technology of abrasive and refractory
products.

For citation: Nosenko V.A., Rivas Perez D.E., Aleksandrov A.A., Sarazov A.V. The effect of the grinding method on the grain shape coefficient
of black silicon carbide. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2025, vol. 27,
no. 3, pp. 108-121. DOI: 10.17212/1994-6309-2025-27.3-108-121. (In Russian).

Introduction

The grain shape of grinding powders has a significant effect on the properties of abrasive tools and
the quality of the machined surface of parts [1-3], and is a determining indicator in the manufacture of
refractory products [4, 5]. Isometric grains contribute to reducing wear, increasing the durability of abrasive
tools, and improving machining performance [6-9].

The grains attain the desired size and shape through a technological process involving multi-stage
crushing and grinding of the abrasive material. These operations are performed using various equipment
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and crushing methods, such as jaw, ball, cone, rod, roller (roller press), and rotary crushers [10-16]. If
sorting the crushed grains by shape is required, they undergo additional treatment [17-21].

The most common quantitative criterion for the shape of abrasive grains is the shape factor, defined as
the ratio of the length / of the grain projection on a horizontal plane to the width b. Length is defined as the
largest distance between perimeter points (the maximum Feret diameter). Width is calculated as the sum of
the maximum distances from the length line to the left and right sides of the perimeter, divided by the length
line (ISO 9276-6-2008, GOST R 70336-2022). In effect, the grain projection is inscribed in a rectangle
where the longest side corresponds to the length of the grain, and the shortest side corresponds to the width.

The crushing and grinding methods of abrasive materials significantly affect the shape and properties of
the resulting particles. For example, studies have shown that when crushing corundum using roller, cone,
and ball crushers, a ball crusher yields the greatest isometricity [11, 12].

The influence of grinding methods on the geometric parameters and shape of grains within the current
technological process for producing abrasive materials at JSC Volzhsky Abrasive Plant, a leading enterprise
in the industry, is of particular interest. The relevance of this research is further supported by the fact that JISC
Volzhsky Abrasive Plant is “the only producer of silicon carbide in Russia and the largest in Europe” [22].

Silicon carbide is used to manufacture grinding powders and micro-powders, a wide range of abrasive
tools, refractories, and specialized products. These diverse applications, encompassing abrasive machining
of various parts and the production of a wide range of items, preclude the establishment of uniform
requirements for geometric parameters and grain shape. Consequently, it is essential to consider the specific
characteristics of the machined surface and the properties of the target product.

For example, in cutting operations where the objective is to increase productivity, cutting wheels made
of grinding powders with a shape factor kf' = I/b = 2.2 are employed, where / and b represent the length
and width of the grain, respectively. Conversely, if minimizing abrasive tool consumption is the primary
concern, isometric grains with a shape factor of //b = 1.3 are preferred [23].

To grind silicon carbide, the plant employs various methods, equipment, and processing parameters
that influence the geometric characteristics and properties of the grains. Roller press grinding and rotary
grinding are among the most common methods implemented at JSC Volzhsky Abrasive Plant.

Grain sizes exhibit significant variation. For instance, GOST R 52381-2005 specifies a range of grain
and fraction sizes spanning from 4,750 pum, to 45 um. Furthermore, based on grain composition, grinding
powders are categorized into 30 grain sizes, each containing 5 distinct fractions.

The purpose of the paper is to investigate the effect of roller press grinding and rotary grinding of
black silicon carbide, as implemented at JSC Volzhsky Abrasive Plant, on the grain shape factor of fraction
samples.

Tasks:

— to determine the distribution patterns of black silicon carbide grain shape factors, along with the
geometric parameters influencing them (grain length and width);

— to analyze correlation and regression relationships between grain shape factors and geometric
parameters;

— to identify trends in geometric parameters of grains within fraction samples produced by roller press
grinding and rotary grinding.

Research Methodology

The input materials for roller press and rotary grinding were produced under identical conditions
following the current technological process. Black silicon carbide feedstock was sequentially processed
using a cone crusher and a rod mill.

Following drying, a portion of the abrasive material was ground using a roller press, while the remaining
portion was subjected to rotary grinding.

The PVI 800/150 roller press used at JSC Volzhsky Abrasive Plant is characterized by: adjustable
hydraulic pressure applied to only one roll, which avoids over-grinding; and material crushing within an

% Vol. 27 No. 3 2025



EQUIPMENT. INSTRUMENTS OBRABOTKA METALLOV %

adjustable layer between the rolls. The grinding parameters were: rotational speed — 50 Hz, pressure — 28
kg/cm3, roll gap — 2 mm.

The VSI Barmac 5100SE vertical shaft impact (V'S]) crusher operates on a stone-on-stone principle, with
a rotor speed of 3,000 rpm and a throughput of 4 tons per hour. The crushing chamber’s lining pockets are
filled with compacted silicon carbide, which significantly reduces metal-on-metal abrasion and promotes
the formation of more isometric grains. During typical operation, grinding generates a substantial amount
of fine silicon carbide particles (dust). Therefore, a dust extraction system is integrated into the crushing
chamber to ensure compliance with the abrasive grain quality requirements of GOST R 52381.

Input material fractions were obtained by sieving powders using a Ro-Tap machine. Five fractions
were selected for analysis, with the nominal cell sizes of the upper and lower control sieves presented in
Table 1. The average nominal cell size (Wmi) of the upper (Wui) and lower (WIi) sieves was used as
the primary parameter characterizing the grain size of each fraction, calculated as: Wmi = (Wui + Wii)/2.
In accordance with GOST R 52381, the ratio Wui/WIi should fall within the range of 1.18—1.21.

Table 1
Grinding powder fractions (GOST R 52381)

) Nominal size of sieve cells
Fraction
designation Upper sieve Wu, um Lower sieve WI, pm ng?;;fi ;1;1;1/126, um
1 2,360 2,000 2,180
2 1,700 1,400 1,550
3 1,000 850 925
4 600 500 550
5 300 250 275

Grain profile images were captured using an A/tami CM0870-T optical stereoscopic microscope. Image
processing and geometric parameter calculations were performed using dedicated software [24]. A total of
800 grains were measured within each fraction. The following geometric parameters were determined and
analyzed: grain length (/), grain width (b), and shape factor (/b ratio).

Research Results and Discussion

Based on the empirical grain size distribution patterns (Figs. 1-3), four distribution models were
evaluated to determine the theoretical distribution: normal, lognormal, gamma, and the law of maximum
value. The normal distribution is typically used to model distributions exhibiting symmetrical right and left
branches on graphs [25].

a b

Fig. 1. Experimental distributions of grain width b for fractions after roller-press (a) and rotary
(b) grinding methods
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a b
Fig. 2. Experimental distribution of grain length / for fractions after roller-press (a) and rotary (b) milling
methods
a b

Fig. 3. Experimental distribution of the aspect ratio I/b for fractions after roller-press (a)
and rotary (b) milling methods

In Table 2, the observed and critical values of the Pearson’s chi-squared test statistic satisfying the
condition Xzobs < chrit are highlighted in bold. This indicates that the sample data conforms to the distribution
model under consideration. The grain length distribution in nine out of ten fractions aligns with the gamma
distribution (90 %) and the law of maximum value (90%). The lognormal distribution provides a better fit
for the grain length distributions resulting from rotary grinding (in four out of five fractions). The grain
length of the roller-ground material does not conform to the lognormal distribution.

Grain width in all considered fractions follows a normal distribution (Table 3). The observed values of
the Pearson s chi-squared test statistic in these fractions are less than the critical values. The grain shape
factor in nine out of ten fractions adheres to both the gamma distribution and the law of maximum value
(90 %). Based on these findings, the following distribution models were adopted: grain width follows a
normal distribution, while grain length and shape factor adhere to the law of maximum value.

The Pearson correlation coefficient is a widely used statistical measure that quantifies the strength of the
linear relationship between two variables. Its application requires that both variables are normally distributed
and derived from the same sample. Given that the grain width follows a normal distribution, while grain length
and shape factor adhere to the law of maximum value, any selected pair of geometric grain parameters will not
satisfy the condition of the normal distribution law. Therefore, Spearman s rank criterion was used to estimate
the strength of the relationship between the parameters [25]. This involved converting the natural values of the
geometric parameters into ranks. Specifically, the numerical values of the geometric parameters were ranked
in ascending order, and each value was assigned an ordinal number (rank) accordingly.

Fig. 4 presents a graphical representation of the correlations between the geometric parameters of grains
obtained through roller press and rotary grinding. The x-axis displays the arithmetic mean of the nominal
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Table 2

The reliability of the correspondence of the observed grain length distribution to the theoretical one
according to Pearson’s chi-squared test x>

Grinding _ Lognormal Gamma distribution Length maximum value
method Fraction 2 2 2 2 2 2
Xobs Xcrit Xobs Xcrit Xobs Xcrit
1 53.5 11.1 5.8 11.1 16.7 16.9
2 37.4 11.1 5.5 9.5 1.7 11.1
Roller-press 3 36.9 11.1 11.1 18.3 8.9 12.6
4 54.7 11.1 8.0 18.3 9.3 11.1
5 18.2 9.5 8.5 11.1 3.8 12.6
1 7.9 9.5 3.5 9.5 14.4 11.1
2 7.4 9.5 11.1 9.5 9.3 11.1
Rotary 3 15.1 9.5 6.4 18.3 8.6 11.1
4 6.2 9.5 8.2 9.5 11.8 14.1
5 6.6 9.5 8.2 18.3 9.1 1.1
Reliability, % 40 90 90
Table 3

Reliability of the correspondence of the observed distributions of grain width and shape
factor according to Pearson’s test

Width Shape coefficient
Method Fraction Normal Log-normal Maximum value
X%bs X%rit X(z)bs Xgrit ngs Xgrit
1 5.8 5.8 34.0 7.8 6.0 11.1
2 5.5 5.5 68.9 11.1 7.6 7.8
Roller-press 3 11.1 11.1 40.1 7.8 3.1 7.8
4 8.0 8.0 54.6 11.1 9.4 11.1
5 8.5 8.5 66.9 14.1 83 11.1
1 3.5 3.5 30.2 12.6 4.6 12.6
2 11.1 11.1 52.4 12.6 11.3 12.6
Rotor 3 6.4 6.4 304 9.5 5.4 12.6
4 8.2 8.2 29.9 9.5 4.3 9.5
5 8.2 8.2 62.5 12.6 33 9.5
Reliability. % 100 0 100

Fig. 4. Spearman’s rank correlation coefficient p
between geometric parameters of grains in different
fractions:

@ — roller-press grinding; © — rotary grinding
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cell sizes of the upper and lower sieves (Wm) for each fraction (refer to Table 1). The strength of the

correlation coefficients was evaluated using the Chaddock scale.

The Spearman’s rank correlation coefficient (p) between grain length (/) and grain width (b) does not
exceed 0.3. The average p value for the /-b relationship is 0.21 for roller-press grinding and 0.25 for rotary
grinding. The correlation strength between the grain shape factor (//b) and grain length (/) is significantly
higher, with an average p value exceeding 0.7. The strength of the relationship between the shape factor
(/b) and grain width for the selected fractions ranges from —0.35 to —0.50, indicating an inverse relationship
where the shape factor decreases as grain width increases.

Based on the absolute values of the correlation coefficients, the strength of the relationship between
grain length (/) and width (b) falls into the “weak” category, while the relationship between grain width (b)
and shape factor (//b) is categorized as “moderate”. The correlation coefficients between grain length (/) and
shape factor (//b) are at the lower end of the “strong” relationship category, ranging from 0.69 to 0.84 with
an average of 0.76. In accordance with the established scale for p, this indicates a strong correlation. The
grinding method does not appear to have a significant effect on the correlation strength.

We explored the feasibility of modeling the relationships between geometric parameters using a standard
set of functional dependencies within Microsoft Excel. Table 4 presents the constant values and coefficients
of determination (Rz) for the approximations of the relationships between the geometric grain parameters,
based on the following dependencies:

I=ab; (1)

Ilb=ab+c; 2)

/b= ayl, 3)

IIb=a,l+c,. “4)
Table 4

Constant coefficients and confidence coefficients for approximating the relationship between geometric
parameters of grains

Roller-press grinding
) [=ab I/b=a,b+c /b= a,l I/b=a,l+c,
Fraction 3 3 3 3
a, R a, c R a, R a, c, R
1 1.39 | 0.10 | —0.00044 | 2.54 | 0.16 | 0.00054 | 0.65 | 0.00037 0.065 | 0.72
2 1.34 | 0.10 | —0.00046 | 2.25 | 0.17 | 0.00053 | 0.55 | 0.00044 0.247 | 0.57
3 1.37 | 0.10 | -0.00079 | 2.30 | 0.13 | 0.00087 | 0.69 | 0.00078 0.141 | 0.70
4 1.35 | 0.20 | -0.0017 | 249 | 0.22 0.0015 0.55 | 0.00135 0.145 | 0.56
5 1.37 | 0.15 -0.0029 | 2.41 | 0.19 0.0029 0.55 | 0.00255 0.176 | 0.54
R’'m - 0.13 - - 0.17 - 0.58 - - 0.63
Rotary grinding
. [=ab IIb=ab+c /b= a,l IIb=a,l+c,
Fraction 5 2 2 2
a, R a, c R a, R a, c, R
1 1.33 | 0.15 | -0.00037 | 2.31 | 0.17 | 0.00038 | 0.64 | 0.00035 0.138 | 0.64
2 1.32 | 0.21 | -0.00051 | 2.30 | 0.21 | 0.00053 | 0.56 | 0.00046 0.188 | 0.57
3 1.29 | 0.13 | -0.00075 | 2.16 | 0.20 | 0.00089 | 0.47 | 0.00070 0.277 | 0.51
4 1.32 | 0.25 —0.0015 232 | 0.24 0.0015 0.49 | 0.00129 0.219 | 0.51
5 1.31 | 0.21 -0.0029 | 2.31 | 0.24 0.0029 0.45 | 0.00238 0.243 | 048
R’m ~- | 019 - - | o021 - 0.52 0.54
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For grains produced by roller-press and rotary grinding, the accuracy of the approximation using the
linear dependence / =a,b (1) does not exceed 0.25, indicating a weak correlation. Similarly, modeling
the dependence of the shape factor (I/b) on grain width (b) using equation (2) yielded low approximation
accuracy. A significant improvement in R* was achieved using a direct proportional relationship (3), with
average approximation reliability coefficients of 0.58 and 0.52 for grains produced by roller-press and
rotary grinding, respectively. Replacing the proportional relationship with a linear one (4) resulted in only
a marginal increase in approximation reliability.

As an illustration, fig. 5 depicts the regression relationships between the geometric parameters of frac-
tion 3 grains produced by roller-press grinding (figs. 5, a; 5, b) and rotary grinding (figs. 5, ¢; 5, d). The data
points in figs. 5, a and 5, b were approximated using a direct proportional relationship (/ = a,b), while those
in figs. 5, b and 5, ¢ were approximated using a linear relationship (/b = a,b + c).

It is worth noting that following roller-press grinding, the relative proportion of grains with a length
exceeding, for example, 4,650 um (fig. 5, a), is significantly higher than that after rotary grinding
(fig. 5, c¢), which affects the shape factor. The number of grains with a shape factor //b > 2 is 3.5 times
greater after roller-press grinding than after rotary grinding (figs. 5, b and 5, d). Similar trends are observed
in other fractions.

Fig. 6 illustrates the dependence of the shape factor on grain length for each of the five fractions. Within
the range of //b values from 2 to 4, the distribution density of needle-shaped grains obtained by roller-press
grinding (fig. 6, a) is substantially higher than that of those produced by rotary grinding (fig. 6, b). In the
larger fractions (1-3) obtained by roller-press grinding (fig. 6, @), grains with a shape factor exceeding 3
are absent. Grains with a shape factor exceeding 3 are absent in all fractions produced by rotary grinding
(fig. 6, b).

6,000 — 2.5 o
2.0 ———<
T—
1.5 -
S o
1.0 :
1,400 2200 3,000 3,800 1,400 2,200 3,000 3,800
b, um b, um
a b
6,000 2.5
£ 4,650 2.0 e 2l s
. = ol e,
= 20 N
3,300 1.5 e%ﬁ%ﬂ:j” —
PEL | A
T "o R oS
1,950 1.0 —
1,400 2,200 3,000 3,800 1,400 2,200 3,000 3,800
b, um b, um
C 6

Fig. 5. Regression relationships between geometric parameters of grains in fraction 2:
a, b —roller-press grinding; ¢, d — rotary grinding
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a b

Fig. 6. Dependence of the aspect ratio I/b on grain width b for five fractions after roller-press (@)
and rotary (b) grinding

A quantitative evaluation of the content of needle-shaped and isometric grains obtained by roller-press
and rotary grinding is presented in fig. 7. Following roller-press grinding, the content of needle-shaped
grains (//b > 2) in the five fractions ranges from 2.8 % to 5.2 %, while following rotary grinding, it ranges
from 0.9 % to 1.9 %. On average, the number of needle-shaped grains in the five-fraction samples is
reduced threefold after rotary grinding compared to roller-press grinding.

a b

Fig. 7. Content of needlelike (a) and isometric (b) grains after roller-press (1) and rotary (2) grind-
ing, depending on the average cell size of the upper and lower sieves of the Wm fraction

The proportion of isometric grains (//b < 1.3) after both roller-press and rotary grinding ranges from
33 % to 46 % (fig. 7). Rotary grinding yields the highest proportion of isometric grains, ranging from 40 %
to 46 %. Following roller-press grinding, the proportion of isometric grains ranges from 33 % to 41 %. The
average proportion of isometric grains is approximately 42 % after rotary grinding and 37 % after roller-
press grinding, representing a 5 % decrease.

Conclusions

1. The grain shape factor distributions after roller-press and rotary grinding adhere to the law of maximum
value. The geometric parameters used to calculate the shape factor follow these distribution models: grain
length — the law of maximum value, grain width — the normal distribution.

2. Given that, of the three geometric parameters analyzed, only grain width follows the normal distri-
bution, it is impossible to meet a prerequisite for using the Pearson correlation coefficient: the analyzed
datasets of geometric parameters must conform to a normal distribution. Consequently, Spearman s rank
criterion was employed to assess the relationship strength.
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3. The following Spearman’s rank criterion (p) were obtained: between grain length (/) and width (b),
p does not exceed 0.3, indicating a weak, direct correlation; between grain width (b) and shape factor (//b),
p ranges from —0.35 to —0.50, indicating a moderate, inverse correlation; and between grain length (/) and
shape factor (I/b), p exceeds 0.7, indicating a strong, direct correlation.

4. Using graphical examples of the relationships between geometric parameters in fraction 2, it is
demonstrated that the number of grains with a length approaching the upper size limit (I > 4,650 pm) is
significantly higher after roller-press grinding compared to rotary grinding.

5. Rotary grinding increases the proportion of isometric grains by an average of 5 % compared to
roller-press grinding and by 8 % in the largest fraction. Roller-press grinding is characterized by a higher
content of needle-shaped grains. The average content of needle-shaped grains across the five fractions is
approximately 4 %. Rotary grinding reduces the number of needle-shaped grains threefold. The content of
needle-shaped grains increases from larger fractions to smaller fractions and from rotary grinding to roller-
press grinding.
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ARTICLE INFO ABSTRACT

Article history: Introduction. In industry, the method of carburizing with a solid carburizer is used to saturate the surface layer with
Received: 28 February 2025 carbon. In practice, it is necessary to prevent or reduce surface decarburization of steel as much as possible, either by using a
Revised: 13 March 2025 protective atmosphere or by heating under conditions in which the oxidation process of the metal surface layer occurs faster than

the decarburization process. During decarburization, a ferrite structure is formed in the surface layer, which, under contact loads,
reduces the resistance to crack initiation and increases the probability of fatigue failure of the product as a whole. The purpose of
this work is to evaluate the effect of heating temperature during carburizing and subsequent hardening, as well as equalizing period,
on the depth of the decarburized layer during chemical-thermal treatment of low-carbon steel. Research methods. The chemical
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Keywords: composition of the steel as delivered was determined. The analyses were performed using an optical emission spectrometer, model
Carbon LAVFA18B Spectrolab. For the study, unalloyed hypoeutectoid Steel 20 was selected, with an initial ferrite-pearlite microstructure.
Ferrite The samples had a rectangular shape with average dimensions of 50 mm x 10 mm x 10 mm. Carbon saturation was carried out on
Martensite one side (from the side of the poured carburizer, while the reverse surface of the samples was protected by a layer of clay). The

samples were placed in a metal container, filled with carburizer in a 25-30 mm layer, closed with a lid, and sealed. Carbon saturation

Heating ) was carried out at 900 °C for 4-8 hours. After that, the box with samples was taken out of the furnace and cooled in air. Quenching
Cement.anon was carried out in a furnace in air (humidity was not measured) at furnace heating temperatures of T = 780 °C, 850 °C, and 950 °C
Tempering with a equalizing period of 4.6 h in a laboratory electric resistance furnace with a chamber volume of V = 22 dm?. Metallographic
Temperature examination and microhardness measurements were performed. Results and discussion. During the experiments, it was noted that
Cooling the heating temperature for carburizing and quenching plays an important role in decarburization. At a temperature of 700 °C, the
Equalizing decarburization phenomenon was not observed, indicating that the decarburization reaction did not occur below this temperature.
Duration When the temperature exceeds 750 °C, the samples exhibit obvious decarburization, and the ferrite structure is columnar, oriented
D bonizati perpendicular to the decarburized surface. A partial decarburized layer appears in the samples at 850 °C, and the thickness of the full
Hecdar omzation decarburized layer decreases. Above 900 °C, the sample mainly shows a partial decarburized layer because, at this temperature, the
ardaness

steel structure is fully austenitic. Above 1,000 °C, the layer thickness increases rapidly, showing exponential growth. The experiments
also demonstrated the effect of heating and equalizing periods on the depth of the decarburized layer. The presented results will be
useful in chemical-thermal treatment of products requiring high surface hardness.

For citation: Karlina Yu.I., Konyukhov V.Yu., Oparina T.A. Investigation of the process of surface decarburization of steel 20 after cementation
and heat treatment. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2025, vol. 27,
no. 3, pp. 122-136. DOI: 10.17212/1994-6309-2025-27.3-122-136. (In Russian).

Introduction

Steels are currently among the most widely used materials in various industrial applications because
they are easily accessible, machinable, and weldable [1]. The surfaces of machine parts, tools, and fasteners
are exposed to external forces and must possess enhanced strength and wear resistance. Typically, improved
mechanical properties of the steel surface can be achieved by modifying the microstructure and chemical
composition. This is usually accomplished by using high-carbon and alloy steels as well as various thermal
or thermochemical treatments [1, 2].
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The effectiveness of heat treatment applied to carbon steels (C% < 0.25) remains limited because such
treatment does not sufficiently improve surface properties (hardness, wear and impact resistance, fatigue,
etc.) to meet the stringent surface requirements of contacting parts [1-10].

Among chemical-thermal treatment methods, carburization (using solid, gas, or liquid saturating media)
is one of the most effective processing techniques. It aims to enrich the surface with carbon in the atomic
state (from 0.7 to 0.9 wt.%) by diffusion into the austenite phase (at temperatures from 870 to 980 °C
depending on the process), followed by quenching and tempering to enhance the mechanical properties of
the surface according to the decreasing carbon gradient at a very limited depth, without affecting the core
[1-5]. Taking this into account, it becomes possible to reduce the cost of the final product by using carbon
steels (C% < 0.25) instead of expensive high-carbon alloy steels. On the other hand, the presence of carbon
limits grain refinement on the steel surface, which suppresses the mobility of plastic deformation during
solid-to-solid interaction [5—8].

Recently, various researchers have actively developed metal surface layers with gradient solid phases,
using different technological methods of surface alloying with carbon, nitrogen, boron, etc. [6, 7].

In [7-13], studies were conducted on the influence of alloying elements such as Si, NVi, Cr, and Mo on the
carburization characteristics of steels. A significant influence of these alloying elements on the carburization
behavior of AISI 1018, 4820, 5120, and 8620 steels was demonstrated. The authors consider decarburization
as the reverse process of carburization and conclude that alloying elements also significantly affect the
decarburization of steel. Experimental results showed that Si promotes decarburization of ferrite, whereas
Cr inhibits it in high-carbon steels.

In [15], the influence of certain alloying elements on the decarburization of TRIP steel (transformation-
induced plasticity) was studied. Experimental results revealed that increasing the content of Si and P
accelerates decarburization. Decarburization is a process wherein carbon atoms diffuse outward from the
material and react with furnace gas. Therefore, the effect of alloying elements on steel decarburization
primarily affects the diffusion of carbon atoms.

Many authors [1-8] investigated the thermodynamics and activity coefficients of carbon in FCC (face-
centered cubic) Fe-Mn—C, Fe—Si—C, Fe—Ni—C, and other ternary alloys. Experimental results showed that
Mn decreases the activity coefficient of carbon in austenite, which in turn reduces the diffusion coefficient
of carbon. Conversely, the effect of Si on the diffusion coefficient of C in austenite is opposite to that of
Mn. Although experimental methods can reveal the effect of alloying elements on carbon atom diffusion,
elucidating the underlying atomic-level mechanisms remains a challenging practical task.

In the practice of many enterprises, an easily implemented, simple, and inexpensive method of carburizing
machine parts and mechanisms made of low-carbon steels is the use of a solid carburizer. In industry [1,
2], a two-stage process is traditionally applied: the first stage involves saturating parts with carbon using a
solid carburizer followed by air cooling, and the second stage involves hardening and tempering. To reduce
carburization period, the heating and equalizing temperature is set in the range of 900—1150 °C [10, 11]. A
mandatory requirement for parts subjected to such processing is the allowance of 1-3 mm for subsequent
machining in order to remove the decarburized layer. The addition of a large amount of carbon and other
alloying elements to these steels leads to serious segregation of composition and surface decarburization of
the products.

It has been reported that composition segregation and decarburization have a negative effect on impact
toughness, fatigue life, wear resistance, and other properties critical to the performance of medium carbon
steels [4—7]. Decarburization reduces surface hardness and fatigue strength of steel, thereby shortening its
service life [1, 2, 8-13].

Decarburization of the steel surface results in insufficient hardness in the surface region due to the
reduction of carbon content, which greatly reduces fatigue life. Obviously, when steel is heated to high
temperatures without a protective atmosphere, the surface layer reacts with oxygen, carbon dioxide, or steam
in the furnace atmosphere, causing oxidation and decarburization simultaneously [1, 2]. Decarburization is
a classic surface degradation phenomenon in the heat treatment of steels [14].
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To prevent decarburization, considerable efforts have been made to develop anti-decarburization
coatings [6—10]. Decarburization of steel is influenced by many factors, including heating temperature and
heating period [1, 2], atmosphere [12, 13], alloying elements [2, 7, 9], scale layer characteristics [1], electric
field [2], etc. Among these, heating temperature and heating period have been proposed as the two most
important control variables according to practical experience [1, 2, 15, 16-22].

The purpose of this work is to evaluate the effects of heating temperature during carburizing
and quenching, as well as equalizing period, on the depth of the decarburized layer formed during
quenching.

Materials and methods

The chemical composition of the steel in the delivered condition was determined using an
optical emission spectrometer, model LAVFA18B Spectrolab. For this study, non-alloyed hypoeutectoid
Steel 20, compliant with GOST 1050-2013, with an initial ferrite-pearlite microstructure, was selected.
Rectangular samples measuring approximately 50 mm % 10 mm % 10 mm were cut from a rolled sheet
of Steel 20. Mechanical cleaning and grinding of the samples were performed; the surfaces were free
of oxide traces.

The carburizer used as the cementing mixture consisted of charcoal grains sized 3.6-10 mm, coated
with a barium carbonate film according to GOST 2407-83. Carbon saturation was carried out on one side
(the side in contact with the poured carburizer), while the reverse surface of the samples was protected by
a layer of clay. The samples were placed in a metal container and covered with a 25-30 mm layer of car-
burizer. The container was sealed with a lid. The operating temperature for carbon saturation of the sample
surfaces was set at 900 °C, with a saturation period of 4—8 hours [1, 2]. After saturation, the container with
samples was removed from the furnace and cooled in air.

Samples were cleaned of scale using a grinding machine. The influence of surface oxides on decarbu-
rization kinetics was eliminated by grinding the samples before quenching, as surface oxides increase the
apparent decarburization [1, 2]. Quenching was performed in a furnace in air (humidity was not measured)
at furnace temperatures of 780 °C, 850 °C, and 950 °C, with equalizing periods of 4 and 6 hours, using a
laboratory electric resistance furnace with a chamber volume of V=22 dm?.

Each sample was placed at the same position in the preheated furnace on a refractory brick in the
chamber’s center. This ensured identical conditions and the fastest possible heating of each sample to the
quenching temperature.

Heating temperatures were monitored using a certified contact thermocouple, which was in con-
tact with the side surface of the sample during heating (introduced into the furnace through a small hole
in the furnace door). Heating period was counted from the moment the control thermometer inside the
furnace reached the target temperature. Temperature fluctuations during heating were within the range of
T —1°C<T<T +3°C,where T, is the ambient temperature. After equalizing, quenching was carried
out in water. The depth of decarburization [1, 2, 14] was investigated using optical microscopy by two
methods: the traditional method using an optical microscope equipped with a grid, and computer-assisted
measurement based on the image displayed on the screen. Metallographic samples were prepared by wet
grinding with SiC paper up to 4,000 grit, polishing with /4 um diamond paste, and etching with 3% HNO,
in ethanol.

Decarburization varies on different surfaces (top and side surfaces exposed to atmosphere, and the
bottom surface in contact with the refractory brick, including edges and corners) due to differences in
oxidation states. Typically, decarburization is more pronounced on surfaces with lower oxidation capacity;
therefore, the bottom surfaces usually exhibit stronger decarburization [13, 15].

This study focused exclusively on flat surfaces exposed to the atmosphere. Decarburization
was measured on three sections perpendicular to the long side of the sample on the top and both side
surfaces.
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Results of the research

Carbon content analysis

The surface layer of the low-alloy steel initially had a relatively low carbon content of approximately
o =(0.21 £0.06) wt. %. before carburization, which corresponded to the initial carbon amount of low alloy
steels, as shown in Table.

Effect of carburization period on carbon content in Steel 20

Chemical elements, %
C Si Mn S P Ni Cr
GOST 1050-2013 0.17-024 | 0.17-037 | 035-065 | (PO | PO | PO P
e 021 | 027 | 036 | §hse | ooso | os0 | o2s
Cementation period: 4 hours 0.53 0.27 036 (1)1;()) ;(; (1)11()) ;c()) 1:)1‘);(()) 1(1)1‘)2?
Cementation period: 6 hours 0.68 0.27 036 (1)11()) ;(; (1)1% ;(()) 1(1)1.)3‘((()) 1(1)1')2‘[;)

However, after carburization of varying duration, the carbon content in the surface layer gradually
increased. Specifically, after 4 hours of carburization, the carbon content reached a = (0.53 = 0.016) wt. %,
after 6 hours, it reached a = (0.68 = 0.012) wt. %. Experiments with longer saturation duration were also
carried out.

The results of the experiments are shown in Fig. 1-3. It was found that increasing the saturation period
of the samples with carbon to 8 hours increases the carbon content in the surface layer of steel. Moreover,
with saturation of 8 hours or more, the samples completely have a pearlite structure with a carbon content
of 0.8 %. Based on these experiments, it was subsequently decided to reduce the saturation time to 2 hours
in order to minimize the experiments.

Microstructural analysis

After carburizing, a significant increase in the surface layer thickness by more than 41 % was observed
as the equalizing period increased (Figs. 1 and 2). The thickness increased from approximately 1,100 um to
more than 1,500 pm, as shown in Fig. 3.

As the equalizing period in the furnace increases, a decarburized layer appears during heating for
hardening. This can be seen from the results of microhardness measurements in Fig. 4 and the metallographic
analysis of the surface in Fig. 5. The effect of heating temperature on hardening is shown in Fig. 6.

In our experiments, it was found that temperature played an important role in decarburization. At
700 °C, no decarburization phenomenon was observed, indicating that the decarburization reaction did not
occur in the samples below 700 °C. When the temperature exceeds 750 °C, the sample exhibits obvious

a b c d
Fig. 1. The microstructure of the cemented layer of Steel 20 after equalizing for 4 hours at 900 °C:

a — surface layer; b — at a depth of 100 pum; ¢ — transition layer to the base metal; d — reverse side of the sample

CM Vol 27No. 32025



MATERIAL SCIENCE OBRABOTKA METALLOV %

a b
Fig. 2. Pearlite structure in the carburized layer of Steel 20 after equalizing for 6 hours at 900 °C:
a — pearlite structure in the surface layer; b — in the middle of the sample

Fig. 3. Comparative evaluation of carbon content,
microhardness, and depth of the cemented layer as a
function of saturation period

Fig. 4. Photo of point of indentation and graph
of microhardness distribution across the depth
of the surface cemented layer
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a b c
Fig. 5. Photo of the surface layer after heating for hardening at 950 °C and equalizing for 6 hours:
a and b — decarburized layer at different magnifications; ¢ — quenched martensite in the surface layer

Fig. 6. Depth of decarburization as a function of
heating temperature (equalizing for 50 min)

decarburization, and the ferrite structure becomes columnar, perpendicular to the decarburization surface.
A partly decarburized layer appears in the sample at 850 °C, and the thickness of the fully decarburized
layer decrease. The decarburized layer is composed of both complete and partial decarburization zones.
Above 900 °C, the sample mainly shows a partly decarburized layer, because at this temperature the steel
structure is completely austenitic, as ferrite and pearlite (a mixture of cementite and ferrite) are transformed
into austenite. Carbon from austenite passes into the furnace atmosphere and interacts with furnace oxygen.
As a result, the steel becomes depleted in carbon content. The average depth of the fully decarburized
layer of each sample is shown in Fig. 7. As shown in Fig. 6, at a heating temperature below 1,000 °C, the
thickness of the total decarburized layer increases slowly. However, above 1,000 °C, the thickness increases
rapidly, showing exponential growth. The experiments showed the effect of heating and equalizing periods
on the depth of the decarburized layer (Fig. 7).

The depth of the decarburized layer was measured using an optical microscope, and the average
decarburization depth of the samples is shown in Fig. 6. As can be seen in Fig. 6, the depth of the
decarburized layer of the samples increased exponentially with the heating temperature, and parabolically
with the equalizing period in the furnace at different temperatures (Fig. 7), with the growth rate gradually
slowing down.

To protect the surface of the cemented layer, it is necessary to apply a coating that will protect the
surface from contact with the furnace atmosphere during heating for hardening (Fig. 8). It is known that the
effective depth of the cemented layer is related to the hardness in depth after hardening, which ranges from
555 to 600 HV (Fig. 8).
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Fig. 7. The effect of heating temperature and equalizing pe-
riod on the overall depth of decarburization

Fig. 8 Microstructure of the surface layer after cementation
quenching with surface protection from oxygen
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Discussion of the results

From the analysis of the literature, it is evident [1-12, 17-21] that the theoretical discussion of the depth
of decarburization during heating remains a debatable issue.

The works [1, 2] provide information that in 1946 Pennington conducted a comprehensive study of the
decarburization of carbon steel in the temperature range of 691-927 °C in an atmosphere containing 20 %
H:0 — H:, in which oxidation of steel could not occur. In this study, it was found that a ferrite “band” formed
on the steel surface at 732—893 °C, but not at 691 °C and 927 °C, while the maximum ferrite thickness was
observed at 790-815 °C. Pennington explained the decrease in ferrite thickness above 905 °C by a decrease
in the solubility of carbon in ferrite to zero at 905 °C. One of the limitations of Pennington s analysis was
the assumption that the carbon concentration in the formed ferrite was constant throughout the ferrite
layer and, therefore, that carbon diffusion within the ferrite did not contribute to its growth. Simultaneous
oxidation and decarburization were studied by Birks and colleagues in 1970. Based on these studies, it was
stated that “the mechanism by which decarburization of steels occurs has been well studied, particularly in
the case of plain carbon and low alloy steels” [1, 2]. However, the scope of the studies by Birks et al. was
limited. First, the studies focused on decarburization occurring only in the austenite. Second, although it
was recognized that in an oxidizing atmosphere decarburization occurs through a reaction between the scale
and dissolved carbon in the steel, Birks and colleagues continued to assume that the carbon concentration
at the scale-steel interface was zero because of its low value.

It is known that decarburization and surface oxidation occur simultaneously on the steel surface when
heated in an oxidizing environment. In essence, decarburization is a reaction between carbon in the matrix
and oxygen, while oxidation is a reaction between iron and oxygen. Therefore, decarburization is closely
related to oxidation, and the relationship between them is competitive. The formation of an oxide layer
on the steel surface consumes part of the decarburized surface layer and, thus, reduces the final observed
decarburization thickness. Therefore, to obtain more accurate results, it is necessary to take into account
the oxidation process. The absolute thickness of the total decarburized layer can be considered as the sum
of the thicknesses of the observed total decarburization and the oxide scale. In practice, the thickness of the
oxide scale cannot be measured accurately, since the oxide layer tends to flake off from the sample surface
during the cooling period and subsequent manipulations.

When examining the Fe—O phase diagram [1, 2], we assumed that the oxide layer on the surface of iron
and unalloyed steel consists of only one oxide, FeO, which is formed during heating in air at temperatures
(T> 570 °C). In reality, according to [1, 2], the high partial pressure of oxygen and different iron chemical
valence create an oxide layer consisting of three different oxides at these temperatures. The sequence from
the oxide with the least amount of oxygen, closest to the metal, to the oxide with the highest amount of
oxygen, closest to the atmosphere, has been recorded as: FeO/FesOa/Fe20; — wustite / magnetite / hematite
[1, 2]. The layer thickness is generally constant at (7> 700 °C), and its composition is approximately 95 %
FeO, 4 % FesOa, and 1 % Fe20s [1, 2].

At temperatures (7 = 570-800 °C), however, results can be found [16-22] that deviate both in terms
of composition and thickness of the individual layers, demonstrating the complexity of the oxidation of
iron and unalloyed steel in this temperature range [14]. The formation of a three-layer oxide layer can be
explained simply using direct oxidation chemical reactions. The mechanism of formation of a three-layer
oxide layer at the FeO/FesO4 and FesO+/Fe:0; phase boundaries remains a subject of discussion due to its
complexity, which is a consequence of specific transport processes through individual oxide layers [2, 15, 16].

When discussing carbon oxidation, it is necessary to take into account the microstructure of the steel
at the heating temperature and the temperature range of stability for CO. and CO. Carbon in unalloyed
hypoeutectoid steel at temperatures T > A ., is present only in solid solution dissolved in Fe-a. (ferrite) and
Fe-y (austenite). Ferrite is stable at T < 4 .,, and austenite is stable at T > 4 .,. Carbon reacts with oxygen
to form CO and CO- during heating of steel in air. The reactions of direct oxidation of carbon by oxygen
(C+ 0: = CO: and 2C + O: — 2CO) intersect at approximately T = 700 °C [1, 2]. The lines of both
reactions show that at 7> 700 °C, CO is more stable, or that CO is preferentially formed at T> 4, [1, 2].
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This means that, relative to the Boudouard equilibrium (C + CO: <> 2CO), the reaction proceeds
from left to right at T > 700 °C) [1, 2, 12, 17], indicating a tendency towards decarburization at 7> 4_.,.
Since an increase in temperature favors the preferential oxidation of carbon to form CO, the equilibrium
concentration of CO in the resulting gas mixture also increases [1, 2].

According to [20-22], it is important to know that gas mixtures (CO + CO:) cause decarburization of
steel if their composition lies below or to the right of the equilibrium line for this steel, while they cause
carburization if their composition lies above or to the left of this line.

During heating for quenching in air, decarburization of steel is initiated by the general oxidation of the
steel surface due to the high partial pressure of oxygen. The oxidation and decarburization reactions occur
simultaneously; therefore, various effects on both processes are intertwined, some directly proportional and
some inversely proportional. As mentioned earlier, decarburization is visible only if the oxidation of the
steel surface is slower than its decarburization, i.e., when the oxidation of carbon and the rate of carbon
diffusion are greater than the oxidation rate. Visible decarburization depends on the oxidation potential of
the atmosphere in the quenching furnace, which also determines the degree of surface oxidation. This is the
reason for the large differences in visible decarburization that occur when heating in air or, for example, in
a mixture of N2+ 2% O: [8].

Visible decarburization is always greater when heated in low-oxygen atmospheres [8, 10]. It is also
influenced by the adherence of the oxide layer to the steel surface (poor adherence of the oxide layer increases
decarburization due to a decrease in the oxidation rate) and its permeability to gases (an impermeable
oxide layer reduces decarburization), the carbon content of the steel, and the cooling rate after heating,
while different alloying elements affect the kinetics of oxidation and decarburization. At low cooling
rates, decarburization also occurs during cooling, especially in the two-phase (o + y) region where the
surface ferrite layer thickens due to slower oxidation. In hypoeutectoid unalloyed steels, the overall visible
decarburization decreases with higher cooling rates. This is a consequence of the decrease and convergence
of the temperatures 4 ;, and 4 , and the resulting decrease in ferrite content due to the increased pearlite
content [1, 2]. At some point for each steel characteristic, the critical cooling rate is reached, 4 ; and 4 ,
temperatures become equal. At this point, there is no longer any hypoeutectoid ferrite in the microstructure.
If the cooling rate is thus high enough for the partially decarburized layer, then hypoeutectoid ferrite will
no longer form in this layer either, and only pearlite will exist there.

At even higher cooling rates, bainite or martensite is formed in the partially decarburized layer. Because
of this, the partially decarburized layer is not fully visible at higher cooling rates and may disappear
completely at a sufficiently high cooling rate, leaving only the fully decarburized surface layer visible.
The metallographically determined decarburization depth is always smaller than the actual depth [1, 2].
In metallographic analysis, it is also necessary to take into account the limited ability of the human eye to
detect small differences in the content of ferrite and pearlite or globular cementite in ferrite (spheroidized
state), which further reduces the estimated thickness of the decarburized layer and increases the observation
error. More accurate values for the decarburization depth are determined by microhardness measurements,
but these are still not as accurate as the actual depths measured by chemical analysis [19, 22].

Thus, our experiments show a significant increase in carbon content by more than three times with
longer equalizing periods during the carburizing process (Fig. 3).

The observed increase in carbon content can be explained by carbon diffusion, which is influenced by
both the absorption rate and the carburizing duration. This diffusion process facilitates the reaction with
iron in the low alloy gear steel, resulting in the formation of a new carbon-based phase. A similar trend of
increasing carbon content in the surface layer of Fe-C-Mn steels with longer carburizing periods has been
observed [14-20]. The increase in thickness indicates successful diffusion of carbon into the surface layer
during carburizing. As carbon diffuses into the steel, it combines with iron to form a new carbon-based
phase, resulting in an increase in the layer thickness. This increased thickness is desirable, as it implies
improved mechanical properties after quenching.
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Conclusion

1. Oxidation, maximum visible surface decarburization, and the completely decarburized ferrite layer increase
with increasing heating period during quenching in a furnace with an air atmosphere, following the parabolic growth
law. It is shown that with increasing heating temperature for quenching, the depth of the decarburized layer increases
exponentially. The decarburization temperature plays a more important role in the decarburization rate compared
to other influencing factors, since decarburization is a thermally activated process and exhibits high temperature
sensitivity.

2. It was found that heating to a quenching temperature of T=850-870 °C for = 1 hour, under oxidizing furnace
conditions, leads to decarburization of the surface layer to a depth of 5-10 pum.

3. It was found that heating to a quenching temperature of T = 1,100 °C in the oxidizing atmosphere of the
furnace, with holding times ranging from 0.5 hours to 2 hours at an ambient temperature of 7, results in the formation
of a ferrite layer with a thickness of 50-100 pum.
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Introduction

For over two decades, the global community of materials scientists has been developing and investigating
anovel class of metal alloys, known as high-entropy alloys (HEAs) [ 1-4]. Unlike conventional metal alloys
with a single principal component, HEAs are composed of multiple principal components in equiatomic
or near-equiatomic concentrations [3]. Due to the high mixing entropy, HEAs typically exhibit disordered
solid solutions. This phase configuration endows them with enhanced strengthening capabilities and
favorable ductility characteristics, making HEAs promising candidates for structural materials [4—6]. One
of the most extensively studied systems is the CoCrFeNi alloy, which is often modified by the addition of
a fifth element, such as Cu, Mo, Mn, or Al [7-11]. For instance, the thoroughly studied 4/CoCrFeNi alloy
demonstrates excellent synergy of its constituents, as well as the ability to control its phase composition
and structure by heat treatment. Consequently, the resulting alloy achieves an advantageous combination of
strength and ductility properties [12—19].

In the search for optimal HEA compositions for the manufacture of machine components, contemporary
researchers are advancing in two primary directions: either reducing/increasing the content of one of the
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components of the existing HEAs [6, 19-21] or introducing additional elements as alloying agents, such as
Ti, Zr, Si, V, C, Nb, and others [22-27].

Several studies have demonstrated the effect of Nb doping on the structure and properties of A/CoCrFeNi
and related HEA systems [28-31]. It is well established that Nb and the HEA components exhibit negative
mixing enthalpies. Furthermore, Nb possesses the largest atomic size in the system. These characteristics
of Nb contribute to the formation, on one hand, of a stable solid solution with enhanced interatomic bonds,
and on the other hand, of secondary phases that are essential for alloy strengthening. For instance, the work
[28] showed that Nb doping of the A/CoCrFeNi HEA resulted in the formation of a eutectic structure that
included the ordered Laves phase (CoCr)Nb. This leads to alterations in the microstructure and properties of
the alloy, where the compressive yield strength and hardness increase, while ductility decreases. An optimal
combination of mechanical properties is achieved in the hypoeutectic A/CoCrFeNiNb,, , alloy, which was
chosen for this investigation.

Various heat treatment methods, including annealing and quenching, are employed to strengthen HEAs
[20, 32—-37]. In certain instances, heat treatment can enhance both strength and ductility of HEAs [5]. This
unique effect, which is not typical for conventional alloys, necessitates thorough investigation and analysis.

The purpose of this paper is to investigate the effect of heat treatment on the structure and properties
of the AICoCrFeNiNb,, ,, high-entropy alloy (HEA). The heat treatment process involves heating to 900 °C,
1,000 °C, and 1,100 °C followed by air cooling.

Methods

The AICoCrFeNiNb, ,,alloy witha near-equiatomic composition was produced by the arc melting method
in a water-cooled copper crucible under an argon atmosphere. The alloy, whose chemical composition is
detailed in Table 1, was made of components with more than 99.5 wt. % purity. To ensure the homogeneity
of the chemical composition, the ingot was remelted at least five times. The dimensions of the resulting
ingot were 70x35x12 mm. Prior to heat treatment, ingots were cut into fragments measuring 35x12x6 mm.
After heat treatment, the central portions of the fragments were further cut into parallelepipeds measuring
10x4x4 mm. The cut samples were polished and used for compression testing. The remaining portions of
the fragments were utilized for X-ray diffraction analysis, microstructural evaluation, and microhardness
measurements.

Table 1
Chemical composition of AICoCrFeNiNb,, ,; (at.% and wt.%)
Element Al Co Cr Ni Fe Nb
at.% 19.1 19.1 19.1 19.1 19.1 4.5
wt.% 9.8 21.5 18.9 21.4 20.4 8.0

Samples of the AICoCrFeNiNb, , alloy were heat-treated as follows: heating to 900 °C, 1,000 °C, and
1,100 °C, holding for 1 h, and air cooling. For simplicity, the heat-treated samples were designated as 7900,
T1000, and T1100, respectively while the as-cast sample was designated 730

Thin sections were prepared from the samples, and their microstructure was analyzed using an Axio
Observer Alm optical microscope and a Quanta 200 scanning electron microscope (SEM) equipped
with an EDAX energy-dispersive X-ray spectroscopy (£DS) unit. The phase composition was determined
using an XRD-6000 diffractometer with Cu-Ka radiation. The scanning angles ranged from 20° to 80°
with a step of 0.02°. Microhardness measurements were performed with a PM7-3 hardness tester with
a load of 100 g. Compression tests were performed using a universal testing machine (MTS SANS
CMT5105) at a compression rate of 5x10 > mm/s. At least three samples per treatment condition were
measured.
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Results and Discussion

Fig. 1, a shows X-ray diffraction (XRD) patterns of the A/CoCrFeNiNb,,,; alloy in the as-cast state and
after heat treatment. In the as-cast state, the alloy consists of a primary BCC phase, which represents a
disordered solid solution of all components present in the system. The disorder of the solid solution in the
primary phase is attributed to the redistribution of components with various atomic radii in the BCC lattice
and their segregation into two phases with different parameters. The solid solution disorder manifests in
the XRD pattern as splitting of the main BCC peak into two distinct peaks (Fig. 1, ). Furthermore, the
XRD pattern exhibits peaks corresponding to the crystal lattice of the Nb-rich Laves phase, which can be
identified as (CoCr)Nb with a hexagonal structure, as well as the [001] reflection peak of the B2 phase
representing AINi with a BCC lattice [29, 32].

b

Fig. 1. XRD patterns of 4ICoCrFeNiNb,, , alloy in the as-cast state and after
heat treatment (@) with enlarged image in the 20 range of 41-48° (b)
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The existence of the Laves phase is characteristic of AIFeNiCoCrNb alloys where the Nb concentration
corresponds to a molar ratio of 0.25 or higher. In this case, Nb not only dissolves in the primary BCC phase
but also promotes the formation of the secondary — Laves — phase, which forms a eutectic mixture with the
BCC phase [29].

According to the findings of [32], during cooling of the A/FeNiCoCr alloy, the primary crystallized
BCC phase may incoherently separate into a mixture of an unordered BCC phase enriched in Cr-Fe and an
ordered B2 phase enriched in A/-Ni, which is evidenced by the presence of a peak corresponding to the B2
phase in the XRD pattern.

Subsequent heat treatment of the alloy leads to the following changes in the XRD patterns. As the
heating temperature increases, the intensity of the B2-phase peak decreases, while the intensity of the peak
corresponding to the Laves phase slightly increases. In addition, changes occur in the lattice of the primary
BCC phase. Fig. 1, b presents an enlarged view of the (110) peak of the BCC phase. It is evident that, with
an increase in the heating temperature, the peak shifts towards smaller angles, indicating an increase in the
lattice parameter of the BCC solid solution, which suggests changes in the composition of the solid solution.

After heat treatment at 900 °C, peaks of a new phase emerge, which is identified as the tetragonal ¢
phase composed of Cr and Fe. The o phase is absent at higher heating temperatures. The phenomenon of
the o-phase precipitation and dissolution in the BCC phase within a similar temperature range was also
observed previously [29].

The XRD analysis of the AICoCrFeNiNb,,, alloy throughout the entire heating temperature range
shows that the primary phase remains an unordered BCC solid solution. However, upon heating of the
AlFeNiCoCr alloy without Nb, part of the material transforms into an FCC solid solution [29]. Thus, the
addition of Nb helps stabilize the BCC phase and maintain a predominantly single-phase structure in the
high-entropy alloy.

Fig. 2 depicts the microstructure of the 4A/CoCrFeNiNb, ,, alloy both in the as-cast state and after heat
treatment. The alloy consistently exhibits a dendritic morphology with hypoeutectic characteristics. The
microstructure comprises primary dendritic and interdendritic eutectic regions. Dendritic regions consist
of'a BCC phase, while the eutectic structure is a mixture of the BCC and Laves phases. In the as-cast state,
dendritic segregation results in compositional heterogeneity: dendritic cores (BCC phase) are enriched in
Ni and Al, whereas the dendritic periphery and eutectic regions are enriched in Cr and Fe. Nb partially
dissolves in the BCC phase, but most of it enters the composition of the Laves phase [29]. Results of
the elemental analysis in different zones of the as-cast alloy are detailed in Table 2. The same pattern of
formation of the dendritic structure in the alloy was reported in [15, 29].

The dendritic structure that exhibits a dark contrast after etching is surrounded by lighter layers of
the Laves phase, which represents a secondary phase. The secondary Laves phase forms along the solid
solution boundaries during dendritic growth and is attributed to the reduced solubility of niobium in the
solid solution of the principal components during cooling. The enrichment of the peripheral regions of
dendrites with niobium and chromium creates conditions for the formation of the secondary Laves phase
based on these components.

Fig. 2, b shows a defective eutectic structure. Grains of the Laves phase are divided into fragments
with random crystallographic orientations. Since the eutectic, which includes the Laves phase, forms in the
interdendritic space, it is structurally impossible to distinguish between the secondary Laves phase and the
Laves phase present in the eutectic.

Heat treatment at 900—1,100 °C does not alter the dendritic structure of the alloy (Fig. 2). The dendrite
width along the secondary axes ranges from 11 to 15 um. Increasing the heating temperature from 900 °C
to 1,100 °C leads to changes in the structure of the eutectic, this can be observed in high-magnification
metallographic images (Figs. 2, f, h). At the heating temperature of 900 °C, no noticeable changes in the
eutectic structure occur. However, at 1,000 °C, Laves phase fragments begin to align, which is typical of
the eutectic, and the formed lines alternate with the solid solution. At 1,100 °C, eutectic grains are well
defined in the interdendritic space (Fig. 2, #).The XRD analysis confirms the eutectic transformation: the
peak intensity of the Laves phase increases with temperature. This may arise from either the coalescence of
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a b
c d
e f
g h

Fig. 2. Microstructure of 4/CoCrFeNiNb,, , alloy in the as-cast state and after heat treatment:
T30 (a, b); T900 (c, d); T1000 (e, f); T1100 (g, h)
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Table 2
Chemical compositions (at.%) in the 4A/CoCrFeNi alloy in the as-cast state
T30 Al Cr Fe Co Ni Nb
Dendrite core 17.76 16.46 18.61 20.30 24.56 2.40
Dendrite 14.85 21.61 20.75 20.14 21.06 1.59
periphery
Solid solution 12.09 23.86 22.05 19.78 19.28 2.96
1n eutectics
Laves phase 3.80 18.36 21.43 23.66 11.56 21.17

secondary-phase grains or from its increased fraction in interdendritic zones via solid solution precipitation
(Fig. 1, a).

The XRD analysis confirms that an ordered ¢ phase forms in the alloy at 900°C. In [32], it was reported
that the ¢ phase precipitated from the disordered solid solution where it was enriched in Cr and Fe in the
form of dispersed particles. Our SEM studies reveal that 6-phase particles are distributed throughout the
dendrite volume (Fig. 3, b). After heat treatment at 1,000 °C, o-phase particles are still observed, but in
smaller amounts (Fig. 3, ¢). At 1,100 °C, they completely disappear (Fig. 3, d).

The SEM analysis reveals that heat treatment significantly alters the structure of the solid solution within
dendrites (Fig. 3). During alloy solidification, the cooling process leads to the spinodal decomposition of
the disordered solid solution into a Fe- and Cr-enriched disordered solid solution and an ordered B2 phase
enriched in Ni and A4/ [32]. This decomposition results in the formation of the so-called basket weave

c d

Fig. 3. Microstructure of 4A/FeNiCoCrNb,, , alloy in the as-cast state and after heat treatment,
obtained using SEM: T30 (a); T900 (b); T1000 (c); T1100 (d)
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structure, which was described in detail in [15, 32, 37]. In the investigated as-cast alloy, a characteristic
basket weave or banded structure forms in the peripheral regions of dendrites, which is attributed to the
spinodal decomposition of the solid solution. No banded structure is observed in the center of dendrites
(Fig. 3, a).

When the alloy is heated to 900 °C and subsequently cooled, structural heterogeneity in dendrites and
the basket weave structure become more pronounced (Fig. 3, ). Furthermore, as mentioned above, 6-phase
particles precipitate from the solid solution. According to X-ray structural analysis, after heat treatment,
the proportion of the ordered B2 phase decreases, suggesting that the observed contrast within the basket
weave structure is due not to the spinodal decomposition of the solid solution into two phases but rather to
the heterogeneous segregation of atomic components within the disordered solid solution, as described in
[15]. At 1,000 °C, the basket weave structure increases in size and occupies the entire volume of dendrites
(Fig. 3, ¢). Further heating to 1,100 °C causes coarsening (Fig. 3, d).

The average microhardness and the microhardness of the structural components of the alloy are
presented in Table 3. In all heat treatment conditions, the interdendritic regions demonstrate significantly
higher microhardness compared to the dendritic cores.

Table 3
Microhardness of AICoCrFeNiNb,, , alloy in the as-cast state and after heat treatment
Measurement area T30 HV 7900 HV T1000 HV 71100 HV
Dendrites 614 £ 44 582 +37 489+ 53 520 +35
Eutectic 640 + 47 902 + 66 620 + 45 636 + 46
Average value 625 £28 730 £47 545+ 52 572 £56

The maximum microhardness in dendrites of the as-cast alloy is attributed to the unique structure of
the solid solution of the alloy components, which forms during crystallization and cooling. The spinodal
decomposition of the disordered solid solution coupled with the precipitation of the ordered B2 phase
strengthens the alloy. However, heating of the alloy during heat treatment leads to a partial loss of the order
characteristic of the B2 phase, resulting in a decrease in the microhardness of dendrites. Nevertheless, the
precipitation of o-phase particles upon heating to 900 °C allows the microhardness to remain at a high
level. When the heating temperature increases to 1,000 °C, the strengthening effect of the 6-phase particles
disappears. During heat treatment at 1,100 °C, coalescence of the basket weave structure occurs, leading to
the formation of more distinct phase boundaries, possibly due to the increased heterogeneous segregation
of atomic components within the solid solution. This, in turn, slightly increases the microhardness in the
dendritic zones of the alloy.

In the interdendritic space of the as-cast alloy, the microhardness of the eutectic is only slightly higher
than that of the solid solution in dendrites. This means that strengthening due to spinodal decomposition is
comparable in magnitude to that due to the Laves phase (a solid intermetallic compound) in the eutectic.
During heating at 900 °C, as mentioned above, ¢-phase particles precipitate from the solid solution and
concentrate in the Cr-rich interdendritic space. This significantly increases the microhardness of the
eutectic due to strengthening of the solid solution with 6-phase particles in its composition. Dispersed
o-phase particles precipitate in the solid solution of all structural components, significantly enhancing the
microhardness in dendrites. Heating to 1,000 °C and 1,100 °C leads to the dissolution of 6-phase particles
in the primary phase [11], which contributes to a decrease in the microhardness in the interdendritic space
to the values of the initial structure. This is due to the removal of the effect of strengthening due to 6-phase
particles.

When evaluating the integral microhardness of all structural components of the alloy, the overall trend
in the variation of microhardness with heating temperature is retained (Table 3).
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Fig. 4 illustrates compressive stress-strain
responses of the as-cast and heat-treated alloys.
The offset yield strength, compressive strength,
and residual strain are presented in Table 4. The
as-cast alloy exhibits good strength and plasticity
characteristics. Structural transformations in the
alloy during heating to 900 °C have little effect
on the strength properties of the material but
significantly reduce its plasticity. This reduction is
attributed to the precipitation of the brittle 6 phase
in the structure. The authors of [32] also pointed
out the effect of decreased plasticity within a

similar temperature range of heat treatment.
During heat treatment at 1,000 °C and
Fig. 4. Compressive stress-strain curves of the 1,100 °C, a significant increase is observed in the
AlFeNiCoCrNb, , alloy in the as-cast state and after strength characteristics of the alloy. At 1,100 °C,
heat treatment the residual strain also increases. Based on the
results of XRD analysis and optical microscopy, it
can be suggested that the main reason for this effect is transformations occurring both in the solid solution of
the BCC phase (B2-phase dissolution, substructure rearrangement, and an increase in the lattice parameter)
and in the eutectic (increase in the proportion of the Laves phase and refinement of eutectic cells). The
simultaneous increase in plasticity is likely due to the relief of internal stresses, a reduction in the number
of crystalline defects, and coalescence of structural components in dendrites and the eutectic. However, a
more precise analysis of this unique effect on the properties of the 4/CoCrFeNiNb,, , . alloy requires further

research.

Table 4

Offset yield strength, compressive strength and residual strain of A/CoCrFeNiNb,, ,; alloy
in the as-cast state and after heat treatment

o,,(MPa) ¢ (MPa) € (%)
T30 1356 1962 7.7
7900 1605 1894 2.8
T1000 1502 2438 9.8
T1100 1369 2494 16.4
Conclusions

Doping of the 4/CoCrFeNi high entropy alloy with niobium in a molar ratio of 0.25 led to the stabilization
of the solid solution based on the body-centered cubic (BCC) phase both in the as-cast state and after heat
treatment involving heating to 900 °C, 1,000 °C, and 1,100 °C followed by air cooling. The resulting
structure of the alloy, regardless of the heat treatment modes, consisted of dendrites of the solid solution
and a eutectic with the Laves phase in the interdendritic space.

Heat treatment altered the phase composition of the alloy and improved its structural components. Upon
heating to 900 °C, alongside the already formed solid solution and Laves phase, the ¢ phase precipitated in
the structure, which increased the microhardness of the alloy. However, this did not improve the strength
properties due to the low plastic characteristics of the ¢ phase.

The strength characteristics of the alloy significantly increased during heat treatment at 1,000 °C
and 1,100 °C. At 1,100 °C, the residual strain also rose. The main reasons for this effect may include
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transformations both in the solid solution of the BCC phase (such as the B2-phase dissolution, substructure
rearrangement, and an increase in the lattice parameter) and in the eutectic (an increase in the proportion of
the Laves phase and refinement of eutectic cells).
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Introduction. This paper presents the results of a comprehensive study of the corrosion properties of innovative
coatings based on self-fluxing NiCrBSi alloys (PR-NKh17SR4) modified with 10 wt.% boron carbide (B,C) nanoparticles,
produced by detonation spraying. The relevance of the study stems from the critical need to develop new high-performance
materials for protecting essential equipment operating under extreme conditions, including marine environments, chemically
aggressive solutions, and elevated temperatures. Particular attention is paid to a detailed analysis of the influence of B,C
on corrosion mechanisms, the formation of protective passivating layers, and the relationship between microstructure and
functional properties of the coatings. Objective. A comprehensive evaluation of the effect of 10 wt.% B,C addition on the
corrosion resistance, microstructure, and mechanical properties of coatings in comparison with the base alloy NiCrBSi
alloy (PR-NKh17SR4) and the commercially available counterpart NiCr/WC alloy (VSNGN-85), widely used in industry.
Methods. The coatings were applied to 0.40% C-Mn steel substrates using a multi-chamber cumulative detonation spraying
unit (MKDU). Modern analytical methods were employed for thorough characterization: scanning electron microscopy
(SEM, Mira 3) with energy-dispersive spectroscopy, X-ray diffraction (XRD, ARL X 'TRA diffractometer) with quantitative
phase composition assessment using the Rietveld method. Corrosion tests were conducted in a 3.5% NaCl solution simulating
marine environments, using potentiostatic measurements and electrochemical impedance spectroscopy on a SmartStat PS-
10-4 potentiostat-galvanostat. The depth of corrosion penetration was evaluated using confocal laser microscopy (Lext
OLS5000) with a resolution of 10 nm. Results and discussion. It was established that the addition of 10 wt.% B,C leads
to the formation of a unique multilayered coating structure with an amorphous phase content of up to 12.3% and promotes
the formation of passivating chromium (Cr:0s) and boron (B:0s) oxides. Electrochemical measurements revealed an
exceptionally low corrosion rate of 0.0014 mm/year, which is an order of magnitude lower than that of the base alloy (0.021
mm/year) and 30 times lower than that of the commercial counterpart NiCr/WC alloy (VSNGN-85) (0.041 mm/year). The
modified coating exhibits remarkably high polarization resistance (215425 kQ-cm?) and minimal porosity (0.6+0.1%). The
microhardness reached 680+40 HV, significantly exceeding that of the base alloy (520+30 HV), which is attributed to the
formation of dispersed NiB: particles. XRD and EDS analyses confirmed the catalytic effect of B,C, facilitating a more
complete transition of silicon into nickel silicide (NViSi). The developed coatings possess a unique combination of high
corrosion resistance, wear resistance, and adhesive strength. The obtained results recommend this technology for creating
protective coatings for critical components in the oil and gas industry, shipbuilding, and energy sectors. Future research
prospects include optimizing powder compositions and spraying parameters for various operational conditions, including
elevated temperatures and combined loads.

For citation: Sirota V.V., Prokhorenkov D.S., Churikov A.S., Podgorny D.S., Alfimova N.I., Konnov A.V. Corrosion properties of coatings
produced from self-fluxing powders by the detonation spraying method. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) =
Metal Working and Material Science, 2025, vol. 27, no. 3, pp. 151-165. DOI: 10.17212/1994-6309-2025-27.3-151-165. (In Russian).
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Introduction

Modern wear-resistant coatings made of self-fluxing nickel-based alloys are widely used in industry
[1]. However, when operating in aggressive environments, such as seawater or chemically active solutions,
these coatings are subjected not only to mechanical stress but also to corrosive degradation. In this case, the
corrosion rate can significantly affect their wear resistance and durability, leading to premature failure of
components and substantial economic losses [2—4].

The relevance of this work lies in the need for a comprehensive study of the corrosion behavior of wear-
resistant coatings, since their traditional evaluation is mainly limited to mechanical characteristics, such as
hardness and abrasion resistance [5—8]. However, even high-strength coatings, for example, those based
on tungsten or boron carbides, can lose their operational properties due to corrosion processes developing
at particle boundaries or pores [9-12]. It is particularly important to investigate corrosion kinetics, as it
determines not only the service life of the coating but also its interaction with the substrate, ultimately
affecting the overall performance of the system [13—15].

In this study, the detonation spraying method was used to apply the coatings, which offers several
significant advantages over alternative technologies. The key advantages of the detonation spraying method
include: high particle velocity (up to 2,500 m/s), ensuring better coating adhesion to the substrate and
reducing porosity [16], lower heating of the sprayed material, minimizing the risk of undesirable phase
transformations and oxidation [17], and the ability to precisely control process parameters, including the
gas mixture composition and explosion energy, allowing for optimization of the coating structure and
properties [18].

The practical significance of this work lies in the potential application of the obtained results in the
development of new wear- and corrosion-resistant coatings for equipment in the oil and gas industry,
shipbuilding, and energy sectors operating under extreme conditions. The scientific novelty of the study
consists in establishing quantitative relationships between the boron carbide content, detonation spraying
parameters, and the corrosion resistance of nickel-chromium-boron-silicon coatings, which has not been
previously addressed in the literature to such an extent.

The objective of this work was to evaluate the corrosion rate of wear-resistant coatings based on the
self-fluxing alloy PR-NKh17SR4 and its modified counterpart with the addition of boron carbide.

The specific aims of this study were to:

— mechanically blend the self-fluxing powder NiCrBSi alloy (PR-NKh17SR4) with 10 % boron carbide
(B ,C) and assess the uniformity of particle distribution;

— compare the granulometric composition and bulk density of the initial powders and the resulting
mixture;

— study the microstructure of the coatings using scanning electron microscopy (SEM) and X-ray
diffraction (XRD) analysis;

— perform electrochemical tests (potentiostatic measurements, impedance spectroscopy) in a 3.5 %
NaCl solution,

— compare the corrosion behavior of NiCrBSi alloy (PR-NKh17SR4), NiCrBSi (PR-NKh17SR4)+10 wt.
% B ,C coatings, and a commercial counterpart NiCr/WC alloy (VSNGN-85).

Methods

For the research, plates made of structural steel grade 0.4 C-Mn (40G) (40x40x5 mm) were used as
substrates. The chemical composition of the steel complies with the requirements of GOST 1050-2013.
Spectral analysis performed on an optical emission spectrometer “ISKROLINE 100” (Russia) confirmed
that the steel met the declared grade. The content of the main alloying elements was as follows: 0.40
% carbon, 0.25 % silicon, and 0.78 % manganese, with the total content of sulfur and phosphorus not
exceeding 0.03 % each.

Substrate surface preparation involved thorough sandblasting with quartz sand (grain size 1.0+0.2 mm)
at a compressed air pressure of 0.6 MPa.
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For coating deposition, a multi-chamber cumulative detonation spraying setup (MKDU, BSTU named
after V.G. Shukhov, Russia) was employed. A distinctive feature of this setup is its dual-chamber system
with a focusing lens, enabling particle velocities of up to 2,500 m/s. The system is equipped with a precision
gas mixture supply unit and an automated process parameter control system. The gas mixture composition
(propane-butane/oxygen/air) was set at a ratio of 13/57/30 vol. %. The process parameters were optimized
based on the authors’ previous research [19-20].

Three types of powders were used as feedstock materials. The base material was the self-fluxing powder
NiCrBSi alloy (PR-NKh17SR4) produced by POLEMA JSC (Russia). To prepare a composite mixture based
on this self-fluxing powder, boron carbide grade F'/200 manufactured by Promkhim LLC (Russia) was
used. The addition of 10 wt. % boron carbide was performed by mechanical mixing in a Pulverisette 6
planetary mono-mill (Fritsch, Germany) at a rotation speed of 200 rpm for 120 minutes. The uniform
distribution of boron carbide particles in the NiCrBSi alloy (PR-NKh17SR4) powder was visually confirmed
by backscattered electron imaging (Fig. 1, d).

As a reference material, commercial powder NiCr/WC alloy (VSNGN-85) produced by Technicord LLC
(Russia) was employed. This material was selected as a typical representative of wear-resistant coatings
widely used in industry. The elemental composition of the initial powders was analyzed using energy-
dispersive spectroscopy, particle morphology was determined by electron microscopy imaging, and apparent
density was measured using a graduated cylinder. The characterization results of the initial powders are
presented in Table 1.

Fig. 1 shows the morphology of the initial powders and prepared mixture.

The samples were prepared for microstructure and corrosion properties investigation using a precision
cutting machine IsoMet 5000 (Buehler, Germany) and a grinding-polishing machine MetaServ 250 (Buehler,
Germany). The final polishing was performed with a 3 pm Carat diamond polishing disc (Labortek, Russia).
Porosity evaluation was conducted on coating cross-sections using the SIAMS 800 hardware-software
complex analyzer. The thickness of the deposited coatings was controlled with an ultrasonic thickness

Table 1
Characteristics of the initial powders
, Chemical composition, wt.% Particle Apparent
Material - - . 3
C Cr | Si B Fe w Ni morphology | density, g/cm
NiCrBSi alloy (PR-NKhI178R4) | 1.0 | 17.1 | 41 | 3.6 | 48 | — | bal Spherical 4.1£0.2
NiCrBSi (PR-NKh17SR4)+ Mixed spheri-
— +
10 wt. % B,C 3.1 | 150 3.5 | 11.1 | 43 bal. cal/angular 3.9+0.2
NiCr/WC alloy (VSNGN-85) | 53 | 2.5 | 0.6 | 0.55 | 0.4 | 79.8 | bal. | Agglomerated 7.0+£0.2

Fig. 1. Micrographs of the initial powders and mixture. (@), (b), (¢) SE images of B,C, NiCrBSi (PR-NKh17SR4),
and NiCr/WC (VSNGN-85) powders, respectively. (d) BSE image of the NiCrBSi
(PR-NKh17SR4)+10 wt. % B,C mixture
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gauge 45MG (Olympus, Japan). The particle size
distribution of the initial powders and mixture was
determined using an Analysette 22 NanoTec Plus powder
granulometry analyzer (Fritsch, Germany), as shown
in Fig. 2.

The investigation of the obtained coatings was per-
formed using a comprehensive set of modern analyti-
cal methods to thoroughly evaluate their structural and
functional properties. Microstructural studies were con-
ducted using a Mira 3 scanning electron microscope
(Tescan, Czech Republic) equipped with an X-Max 50
energy-dispersive spectroscopy system and AZtec soft-
ware (Oxford Instruments, UK). Secondary electron
(SE) and backscattered electron (BSE) imaging, along
with elemental composition analysis, were performed at
an accelerating voltage of 15 kV and a working distance
of 15 mm. The EDS data were processed using special-
ized AZtec software.

Porosity evaluation was carried out by analyzing
SEM images of coating cross-sections with a 1,000 pm field of view using ImageJ software.

The phase composition of the coatings was examined by X-ray diffraction analysis using an ARL X TRA
diffractometer with Cu-Ke, radiation (A = 1.5418 A). Measurements were performed in 0-20 scanning mode
within the angular range of 10-90° with a step size of 0.02° and an exposure time of 1 s per point. Phase iden-
tification was conducted using the PDF-2 database from the International Centre for Diffraction Data (/CDD).

Corrosion testing was performed using a three-electrode electrochemical cell with a SmartStat
PS-10-4 potentiostat-galvanostat. A 3.5 % sodium chloride solution (pH = 6.8+0.2), prepared from
analytically pure (“chemically pure”) grade reagent and distilled water, served as the working electrolyte.
The reference electrode was a silver/silver chloride (4g/AgCl) electrode, and the counter electrode was
made of graphite.

The electrochemical testing protocol consisted of several sequential stages. Initially, the open circuit
potential (OCP) was monitored for 60 minutes until it reached a steady-state condition (£10 mV/10 min).
This was followed by electrochemical impedance spectroscopy (ELS) measurements across a frequency
range of 50 kHz to 10 mHz with an AC signal amplitude of 10 mV. The obtained Nyquist spectra were fitted
using equivalent electrical circuits with the “impedance.py” script [21]. Subsequently, potentiodynamic
polarization curves were recorded at a scan rate of 1 mV/s, covering a potential range from =300 mV versus
OCP to +1.2 V versus Ag/AgCl, or until reaching a current density of 10 mA/cm’. Special attention was
paid to analyzing the 7afel regions of both anodic and cathodic branches to determine kinetic parameters
of the corrosion process. For each sample, a minimum of three replicate tests were conducted, followed by
statistical analysis of the results.

Post-corrosion characterization included surface examination using scanning electron microscopy. The
depth of corrosion penetration was evaluated using a confocal laser microscope with a vertical resolution
of 10 nm.

Mechanical tests involved Vickers microhardness measurement criteria on a NEXUS 4504-IMP
hardness tester (/INNOVATEST, Netherlands) at 1 kg and a holding time of 15 s. For each sample, at least
10 measurements were made with subsequent exclusion of gross errors using the Student criterion.

Fig. 2. Particle size distribution of the initial
powders and mixture

Results and Discussion

A comprehensive study of the coating microstructure revealed significant differences between the stud-
ied compositions. The coating based on the self-fluxing powder NiCrBSi (PR-NKh17SR4) demonstrated
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a characteristic layered structure with clearly defined boundaries between individual sprayed particles
(Fig. 3, a). The average size of the structural elements was 10-30 pm, which corresponds to the granu-
lometry of the original powder. The porosity determined by quantitative image analysis did not exceed
0.7£0.1 %, with most of the pores located at the interparticle boundaries.
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Fig. 3. SEM images of the cross-sectional microstructure of the coatings:

a — NiCrBSi (PR-NKh17SR4); b — NiCrBSi (PR-NKh17SR4)+10 wt.% B,C; ¢ — NiCr/WC
(VSNGN-85)
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The introduction of 10 % boron carbide resulted in a significant change in the microstructure
(Fig. 3, b). While maintaining the average size of the structural elements and porosity at the same level
(Table 2), a qualitative change in the boundaries between individual sprayed particles was observed.

Table 2
Structural characteristics of the studied coatings
Parameter NiCrBSi (PR-NKh17SR4) (PR- NKhjv;ggiil 0% B,C NiCr/WC (VSNGN-85)
Average thickness, um 410<£15 390+40 430+30
Porosity, % 0.7+0.1 0.6+0.1 0.9+0.3
Hardness HV, 520+30 680+40 1,250+120

EDS analysis showed saturation of grain boundaries with boron and the total boron content close
to the added one (see Fig. 4). At the same time, the content of boron carbide particles was significantly
lower than in the initial mixture. This indirectly indicates partial decomposition of boron carbide and
active interaction of boron with other components of the coating in the process. X-ray phase analysis also
showed the presence of an amorphous peak and broadening of the base of the nickel peak, which confirms
the formation of solid solutions in greater quantities compared to the NiCrBSi (PR-NKh17S5R4) coating
(see Fig. 5). For data processing and quantitative phase analysis, the Rietveld method implemented in the
Match3 software was used, which allows for taking into account the overlap of peaks and the influence
of microstructural factors.

The NiCr/WC (VSNGN-85) coating has a characteristic “island” structure with clearly defined tungsten
carbide particles in a nickel matrix (see Fig. 3, ¢). X-ray phase analysis also showed sharp peaks of tungsten
carbide against the background of diffuse peaks corresponding to nickel-based solid solutions. The results
of electrochemical studies showed a significant effect of the coating composition on their corrosion behavior
in a 3.5 % NaCl solution. Potentiometric measurements revealed significant differences in the corrosion
potential values (Fig. 7, a). The most noble potential (—250+30 mV) was recorded for the NiCrBSi (PR-
NKh175R4)+10 % B ,C coating, which indicates its increased thermodynamic stability.

Analysis of the polarization curves (Fig. 6) revealed that the boron carbide-modified coating exhibited
the lowest corrosion current density (0.8+0.02 uA/cmz), which was an order of magnitude lower than that of
the base composition (6.5+0.2 uA/cmz). Electrochemical impedance spectroscopy confirmed the formation
of a dense protective film on the modified coating surface, as evidenced by the high polarization resistance
values (215+25 kOhm-cm? and low constant phase element parameters (4545 uF-cmi-s*l).

Fig. 4. EDS mapping of the cross-section of NiCrBSi (PR-NKh175R4)+10 wt.% B ,C
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X-ray diffraction patterns of samples
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Fig. 5. XRD patterns of the studied coatings:

A — Fm-3m (a = 0.350 = 0.003 nm) Solid solutions of interstitial and substitutional
types based on nickel; B — Fm-3m (a = 0.414 £ 0.003 nm) Intermetallic compounds;
C—P-6m2 (a=0.291 nm, ¢ = 0.284 nm) — Tungsten carbide (WC)

Fig. 6. Kinetics of the open circuit potential (OCP) establishment (left top);

linear polarization curves (bottom left); and Tafel plots (right) in an aqueous

solution containing 3.5% NaCl. Potential data are given relative to a silver/
silver chloride (Ag/AgCl) electrode
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The Tafel slopes for both anodic and cathodic reactions were determined from polarization curves
plotted in semi-logarithmic coordinates (see Fig. 6), enabling calculation of corrosion current densities
and potentials (Table 3). The results demonstrated that the boron carbide-modified coating exhibited the
lowest corrosion current density (0.8 uA/cmz), which was one order of magnitude lower than both the base
NiCrBSi (PR-NKh17SR4) composition (6.5 pA/cm”) and the NiCr/WC (VSNGN-85) coating (13.9 pA/cm?).

Table 3
Corrosion behavior parameters in 3.5 % NaCl
Parameter Steel 0.4 C-Mn Nich]S; égf)_NKh_ %ggi%zﬁ]\ghc_ (%]\(ggg §5)

E, (vs. SCE) (mV) —690+15 -470£10 —260<10 —480+12

i (nAlem?) 40.241.5 6.5+0.2 0.8+0.02 13.9+0.4

R, (kQ-cm?) 0.4+0.1 6.6+0.8 66.4+5.2 3.1+1.0
OCPE (uF-cm >'s ") 0.3 600 240 1100

n 1 0.63 0.66 0.6

Electrochemical impedance spectroscopy studies
in 3.5 % NaCl aqueous solution revealed that the
impedance data for all investigated coatings fitted well
with the Randles-Ershler equivalent circuit model
(Fig. 7). In this circuit, the constant phase element
(CPE) describes the double layer capacitance, R,
represents the charge transfer resistance, and ZW
corresponds to Warburg impedance associated with
diffusion processes. The typical Nyquist plot featured
a semicircular segment that rapidly transitioned into a sloping straight line (diffusion impedance) in the
high-frequency region. However, the NiCr/WC (VSNGN-85) coating exhibited several inflection points,
attributed to the presence of large heterogeneous phases (tungsten carbide and binder).

The electrochemical impedance spectroscopy data of the coatings and the substrate with superimposed
approximation lines using the Randles-Erschler equivalent circuit are presented in Fig. 8 as Nyquist plots.
The approximation parameters (see Table 3) confirmed the formation of a dense protective film on the
surface of the NiCrBSi (PR-NKh17SR4)+10 wt.% B,C coating, as evidenced by high values of polarization
resistance and low values of the phase element constant. The low degree index of the studied coatings
(0.6-0.7) indicates the heterogeneity and porosity of the coatings, which is consistent with the microstructure
(see Fig. 3). At the same time, for the NiCrBSi (PR-NKh17SR4)+10 wt.% B C coating, this parameter is
higher for the others, that is, it indicates higher homogeneity and lower porosity.

After corrosion tests, the surface of the coatings was examined using electron microscopy methods (see
Fig. 9).

On the NiCrBSi (PR-NKh17SR4)+10 wt.% B C coating, shallow, predominantly surface corrosion was
observed, while on the reference NiCr/WC (VSNGN-85) coating, numerous deep corrosion lesions of the
metal bond were noted along the boundaries of tungsten carbide particles.

Fig. 7. Randles-Ershler equivalent circuit

Conclusion

1. The conducted study allowed us to comprehensively evaluate the corrosion properties of self-fluxing
powder coatings obtained by detonation spraying. The results showed that the introduction of 10 % boron
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c d
Fig. 8. Nyquist plots of coatings in an aqueous solution containing 3.5% NaCl near the stationary
potential in the frequency range from 50 kHz to 10 MHz:

a — NiCrBSi PR-NKh17SR4); b — NiCrBSi (PR-NKh17SR4)+10 wt.% B,C; ¢ — NiCr/WC (VSNGN-85);
d—0.4% C-Mn

carbide into the self-fluxing alloy NiCrBSi (PR-NKh17SR4) significantly improves the corrosion resistance
of the coating.

2. The modified coating demonstrates the most noble corrosion potential (—260+10 mV) and the mini-
mum corrosion current (0.8+0.02 uA/cmz), which indicates its high thermodynamic and kinetic stability in
an aggressive environment. These indicators significantly exceed the characteristics of both the base alloy
NiCrBSi (PR-NKh17SR4) and the commercial coating NiCr/WC (VSNGN-835).

3. Microstructural analysis revealed that boron carbide promotes the formation of a dense multilayer
protective system, including an external passivation layer based on chromium and boron oxides, a main
matrix with dispersed NiB, particles, and an increase in the volume of the NiSi phase. Such a structure not
only reduces the porosity of the coating, but also provides effective protection against the development of
general and crevice corrosion.

4. Impedance spectroscopy confirmed the formation of a dense protective film, as evidenced by
high values of polarization resistance (215+25 kOhm sz) and low values of the phase element
constant.
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Fig. 9. SEM images of the surface microstructure after corrosion tests:

a — NiCrBSi (PR-NKh17SR4); b — NiCrBSi (PR-NKh17SR4)+10 wt.% B,C
and ¢ — NiCr/WC (VSNGN-85)
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Introduction. Electron beam additive manufacturing (EBAM) is a promising method for producing new alloys with unique
properties. At the same time, existing problems with obtaining a high-quality structure require a search for a technical solution that
ensures grain refinement and the formation of a more homogeneous microstructure. For strain-hardened copper alloys, severe plastic
deformation (SPD) methods are effective ways to control their structural state and mechanical properties. Currently, the effect of
severe plastic deformation on the structure, mechanical, and tribological properties of Cu-A/-Si-Mn bronze, which is promising for
industrial application, has not been studied. The aim of this work is to study the relationship between the structural state formed
as a result of severe plastic deformation and the mechanical and tribological properties of Cu-AI-Si-Mn bronze samples. The paper
studies samples of Cu-A[-Si-Mn bronze, made from bronze (3% Si-1% Mn) wires and commercially pure aluminum using multiwire
electron beam additive manufacturing. For targeted changes in structure and properties, the resulting additively manufactured blanks
were subjected to severe plastic deformation. Multi-axial forging and rolling were used as SPD methods, aimed at significant grain
refinement and increased strength characteristics. The work uses such research methods as transmission electron microscopy
(TEM) for a detailed analysis of the submicron structure after SPD, X-ray diffraction (XRD) to identify the phase composition of
the alloy, tensile tests to determine key mechanical properties such as tensile strength, yield strength, and percentage of elongation,
microhardness measurements to assess the hardening of samples using Vickers loads, confocal laser scanning microscopy (CLSM)
for three-dimensional analysis of the surface topography and studying the morphology of worn surfaces, and dry sliding friction
tests to assess the wear resistance of the material and the friction coefficient in the absence of lubrication under specified loads and
sliding speeds. Results and discussion. Based on the data of transmission electron microscopy, it was found that the use of multi-
axial forging and rolling led to significant changes in the structure of the material, as well as its phase composition. Based on the
X-ray diffraction analysis, it was revealed that severe plastic deformation contributed to the deformation-induced dissolution of the
v- and B-phases. The results of tensile tests showed that the highest strength is achieved after intense plastic deformation by rolling,
after multi-axial forging. SPD by multi-axial forging and subsequent rolling led to an increase in the microhardness of bronze. The
results of tribological tests showed that SPD contributes to a decrease in the friction coefficient (FC) compared to the material in the
printed state. Heat treatment of samples after SPD led to an increase in FC and an increase in fluctuations in its value. SPD by multi-
axial forging and subsequent rolling contributes to a significant increase in the wear resistance of samples under dry sliding friction
conditions. Low-temperature annealing after SPD leads to a decrease in the wear resistance of deformed samples. Thus, the use of
SPD makes it possible to increase the strength and wear resistance of bronze samples of the Cu-AI-Si-Mn system.

For citation: Filippov A.V., Shamarin N.N., Tarasov S.Yu., Semenchyuk N.A. The influence of structural state on the mechanical and
tribological properties of Cu-Al-Si-Mn bronze. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material
Science, 2025, vol. 27, no. 3, pp. 166—182. DOI: 10.17212/1994-6309-2025-27.3-166-182. (In Russian).

Introduction

Bronzes are metal alloys that have a range of qualities making them essential for numerous uses,
especially in corrosive environments and under sliding friction. The structural and phase states of bronzes
dictate their mechanical, tribological, and corrosion properties, which are chosen based on the alloy’s
intended use and can be modified through suitable alloying. The key alloying elements for bronzes are
aluminum, iron, nickel, tin, zinc, lead, manganese, and silicon, which are part of the composition of well-
known bronze grades from the Cu-A/, Cu-Mn, Cu-Zn, Cu-Pb, Cu-Si, Cu-Al-Fe, Cu-Ni-Al, and Cu-Al-Fe-Ni
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systems. The desired level of properties is attained not just by adjusting the alloying components but also
through further thermal treatment and mechanical processing, which influences the material’s physical and
mechanical properties [1]. Even though a significant amount of work has already been accomplished in this
field, ongoing exploratory research continues to be directed toward the creation of innovative structural and
functional materials to meet contemporary industrial demands [1].

Although significant progress has been made in this field, ongoing exploratory research continues to
focus on creating new structural and functional materials for contemporary industrial requirements.

The present phase of progress in material technologies is linked to the enhancement of additive
techniques for creating items from robust materials that have excellent processability, adequate corrosion
resistance, and wear resistance. To achieve an additive material with an adequate level of strength and
functional characteristics, it is essential to identify a logical combination of printing parameters and filament
formulation. The most crucial factor is the selection of the alloying element composition that will yield the
required structure and phase constitution. Following this, the thermal treatment and mechanical processing
modes for the printed material are established to achieve the intended functional characteristics.

Aluminum bronzes are noted for their excellent strength and formability under pressure. Incorporating
silicon enhances ductility and improves resistance to corrosion and cyclic impact loads, all while preserving
high strength. These properties can be further enhanced by adding manganese to the Cu-AI/-Si system,
which promotes increased strength, hardness, and corrosion resistance. Silicon and manganese enhance the
stability of the ductile FCC a-phase formed from alloying elements in copper and inhibit the development
of the brittle B-Cu,A/ phase. Nonetheless, high concentrations of these elements can also result in the
formation of silicide particles and other reinforcement phases within the Mn-A4/ system. This is crucial for
enhancing the mechanical characteristics of bronze through mechanical processes (forging, rolling, etc.). In
industrial alloys of the Cu-A/ system, with approximately 8—12 wt. % A/, the phases that exist in equilibrium
at room temperature include the solid solution phase a-Cu(A/) and the intermetallic compounds B-Cu A4/ and
v,-Cu,Al,. The latter is the product of the decomposition of high-temperature f-Cu,A! into v,-Cu,Al, and
a-Cu. The development of y,-Cu,Al, causes a reduction in the plasticity and corrosion resistance of bronze;
thus, attempts are being made to remove it. One method to accomplish this could involve encouraging the
diffusionless change from f3 to B'. The presence of B'-Cu A/ greatly influences the mechanical characteristics
by enhancing microhardness and strength [5, 6, 7].

In the Cu-Si system, the predominant phase is the solid solution a-Cu(Si). A multiphase composition,
comprising copper silicides, develops when the silicon content exceeds 5 wt.% [8]. The creation of copper
silicides with higher silicon levels leads to enhanced strength and hardness in copper alloys [9].

The scenario is more intricate with the Cu-A4/-Si system. The majority of the research on this system
centers on analyzing the phase composition in areas with ele-vated aluminum levels [10-12], along
with high silicon concentrations [13]. It has been previously noted that in such bronze, structures with
FCC, BCC, and HCP crystal lattices, along with silicide particles, may develop [14]. The composition
of phases is directly influenced by the amounts of aluminum and silicon, along with the temperature
and the rate of solidification. This study suggests that a rise in aluminum content aids in creating a
more multiphase structure. According to the modeling results [15], at temperatures of 500 °C and
700 °C in the Cu-AI-Si ternary system with approximately 10 at.% A4/ and about 3 at.% Si, the alloy
appears to be multiphase. Nonetheless, this paper does not provide findings from structural studies that
validate this information.

Aluminum bronzes typically exhibit a structure with large columnar grains or dendrites after casting.
Similarly, in the three-dimensional printing process using electron beam additive manufacturing, bronzes
based on copper-aluminum (Cu-A/), copper-silicon-manganese (Cu-Si-Mn), and copper-aluminum-
manganese (Cu-AI-Mn) systems also develop a columnar grain structure in the samples [16—18]. These
grains are undesirable, hindering the material’s strength and ductility. Therefore, a critical challenge for
current researchers is to devise methods for controlling the microstructure of bronze alloys — through
techniques like thermomechanical processing or alloying — to ensure improvements in their strength, wear
resistance, and fatigue life.
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Bronzes containing aluminum, silicon, and manganese are considered strain-hardening alloys. Applying
severe plastic deformation (SPD) methods is a practical approach to intentionally modify their structural-
phase state and, thereby, their mechanical properties. These methods encompass: forging, rolling, equal-
channel angular pressing, high-pressure torsion, and surface plastic deformation [19, 20].

Currently, the impact of SPD on the structural, mechanical, and tribological characteristics of the Cu-A!-
Si-Mn bronze system, a material with considerable potential for industrial use, remains unexplored. This is
particularly the case for materials fabricated via additive manufacturing techniques.

In light of the foregoing review, the inherent promise of the material, and the identified deficiencies
in existing studies, the objective of this research was established: to explore the correlations between the
diverse structural states and the properties of the Cu-A/-Si-Mn copper alloy.

To realize this objective, the following experimental tasks were undertaken:

—to characterize the structure and phase composition of samples in the as-printed condition and following
the application of intense plastic deformation techniques;

— to evaluate mechanical properties, specifically tensile strength and microhardness, for samples
exhibiting various structural states;

— to analyze the tribological behavior of the samples;

— to examine the morphology of the wear track surfaces.

Methods

To investigate the influence of structural states on the properties of Cu-A4/-Si-Mn bronze, samples in the
form of prismatic blocks (20x20x40 mm?®) were fabricated using electron beam additive manufacturing.
Printing was performed by simultaneously feeding two wires: Cu-3 Si-1 Mn (BrKMts 3-1) and commercially
pure aluminum, in a ratio of 90 % bronze to 10 % aluminum [21]. The chemical composition of the samples
was 93.8 wt.% Cu, 2.5 wt.% Al, 2.8 wt.% Si, 0.9 wt.% Mn. The printed blocks were subjected to severe
plastic deformation (SPD) by means of multi-directional forging and rolling. In addition, the samples were
also subjected to low-temperature heat treatment after SPD. The designations of the investigated samples
and the processing parameters are listed in Table.

Designation of samples and methods for forming their structure

Sample designation Method of forming a structural state

1 Electron beam additive manufacturing

) Multi-axial forging along three geometric axes until 40% plastic deformation is achieved
in each direction

3 Rolling after multi-axial forging until 50% plastic deformation is achieved

4 Low-ternperature annealing (30 min. at 400°C) after multi-axial forging with rapid cooling
In water

5 Low-temperature annealing (30 min. at 400°C) after rolling with rapid cooling in water

Flat tension test specimens were cut from the obtained samples using an electrical discharge machine
for mechanical testing on a Testsystem UTS-110M testing machine. The tensile speed was 1 mm/min.
Samples in the form of plates were additionally cut for conducting X-ray diffraction analysis on a Shimadzu
XRD-7000 diffractometer. Microhardness measurements were performed using a Tochline-TBM
microhardness tester with a load of 100 N. The fine structure of the samples was investigated by transmission
electron microscopy on a JEOL JEM-2100 microscope.

Tribological tests were conducted at a fixed sliding speed of 0.1 m/s and a normal load of 20 N under
dry sliding friction conditions using a pin-on-disk scheme. Disks were cut from bronzes with different
structural states. Counterbodies were made of ball-bearing steel (I C-1.5 Cr). Tescan MIRA 3 LMU and
Olympus OLS-4100 microscopes were used to investigate the surface condition of the samples after friction
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using scanning electron microscopy and laser scanning microscopy, respectively. Energy-dispersive X-ray
spectroscopy (EDS) was performed to identify the features of the sample condition after friction.

Results and Discussion

Based on previously obtained results [21] from metallographic studies, it was established that the
structure of the printed bronze consists of a-Cu(A/) solid solution grains with a size of approximately 75 um,
interspersed with layers of a secondary phase. Upon examination of the fine structure using transmission
electron microscopy, it was revealed that the printed bronze (Sample 1) exhibits laths representing o/
eutectoid lamellae, in which the decomposition f—vy,+ o has occurred (Fig. 1, a). The high dislocation
density and two overlapping systems of deformation twins (Fig. 1, b) are a result of multi-directional
forging (Sample 2). Rolling (Sample 3) creates a high dislocation density and deformation twins within
the material (Fig. 1, ¢). Primary systems of deformation twins can be disrupted due to the high degree of
deformation and replaced by secondary ones, which are significantly smaller than those formed during the
multi-directional forging stage. In Sample 4 (Fig. 1, d), one system of deformation twins predominates,
remaining intact even after annealing, indicating their sufficiently high stability with respect to heating.
In Sample 5 (Fig. 1, e), stacking faults, recrystallized submicron grains, and annealing microtwins were
formed in the material. These structural changes indicate that the high degree of deformation promoted
recrystallization of grains even during annealing below the recrystallization temperature.

X-ray diffraction analysis revealed the influence of the SPD method and subsequent heat treatment on
the phase composition of the printed bronze. The X-ray diffraction patterns clearly show intense reflections
of the a-Cu(Al) phase, with the (111) peak being the highest, indirectly indicating the absence of a growth
texture (Fig. 2, a). Upon detailed examination, reflections of y,-Cu Al were also identified, which are only
found in samples of the as-printed bronze (Sample 1, Figs. 2, ¢, d) and samples after multi-directional

d e

Fig. 1. TEM images of the typical microstructure of Cu-A4/-Si-Mn bronze samples. Sample 1 (a), sample 2 (b),
sample 3 (c), sample 4 (d) and sample 5 (e)
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c d
Fig. 2. X-ray diffraction (XRD) patterns of Cu-AI-Si-Mn bronze samples

forging (Sample 2, Figs. 2, ¢, d). The intensity of the reflections from this phase increased after multi-
directional forging, presumably due to the formation of y,-Cu 41, during plastic deformation within the Cu-
Al system. It is known that y,-Cu,A[, is formed during mechanical alloying and friction stir processing and
decomposes into its components when heated above 180 °C [22]. Therefore, either intermediate annealing
before rolling or complete annealing at 400 °C can completely eliminate this phase.

In addition, reflections of the B-Cu A/ phase are observed, which are found in samples of the as-printed
bronze (Sample 1, Figs. 2, ¢, d), samples after multi-directional forging (Sample 2, Figs. 2, ¢, d), and heat-
treated samples after multi-directional forging (Sample 4, Figs. 2, c, d).

One of the key factors affecting the phase composition of samples after SPD is the mechanism of
deformation-induced dissolution of intermetallic phases [23]. As a result of SPD, particles of secondary
phases dissolve, are fragmented, and refined under the influence of high stresses and a dislocation density
close to the theoretical limit [24]. The possibility of precipitation of finely dispersed intermetallic particles
is also not excluded, which is also a consequence of SPD and leads to additional strengthening of the alloy.

The modification of the material’s structure through severe plastic deformation (SPD), followed by
subsequent heat treatment, resulted in changes to the mechanical properties of the bronze, in comparison to
the as-printed condition. The conducted investigations clearly demonstrate that the sequential application of
SPD methods — namely, multi-directional forging and rolling — causes a substantial increase in the tensile
strength of the bronze compared to the initial state obtained by the electron beam additive manufacturing
method (Fig. 3, a).

In particular, the use of multi-directional forging provided a significant strength increase of 179 MPa,
while the rolling process led to an even more pronounced enhancement of mechanical properties, increasing
the tensile strength by 515 MPa.
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Following heat treatment via annealing, conducted at a temperature of 400 °C, a further strengthening
effect was demonstrated for both types of deformed samples. Notably, for samples that had undergone multi-
directional forging, annealing contributed to a further increase in tensile strength by 30 MPa. Regarding the
samples after rolling, annealing at the same temperature resulted in a more substantial additional increase
in strength, amounting to 43 MPa.

The performed analysis also revealed that SPD induces a significant increase in the yield strength of the
bronze, relative to the characteristics of the samples formed after additive manufacturing. Multi-directional
forging led to a substantial increase in yield strength (by 359 MPa), whereas the application of rolling
produced an even more significant increase — 725 MPa

Subsequent heat treatment via annealing, also demonstrated a positive influence on this parameter for
all types of samples considered after SPD. In particular, for samples pre-processed by multi-directional
forging, annealing contributed to a further increase in yield strength by 16 MPa. In the case of samples
subjected to rolling, a similar annealing process resulted in a greater additional increase in yield strength,
which amounted to 26 MPa.

The application of multi-directional forging and rolling led to a reduction in the relative elongation
of the bronze samples by 2.6 and 4.5 times, respectively, compared to the as-printed sample (Fig. 3, b).
Annealing at 400 °C resulted in a minor increase in relative elongation of 1.1 % for the sample after multi-
directional forging and 1.8 % for the sample after rolling.

a b
Fig. 3. Mechanical properties of Cu-A4/-Si-Mn bronze samples

Based on the experimental data, it was established that SPD significantly affects the strength and
ductility of the printed Cu-A/-Si-Mn bronze samples. An increase in strength and a decrease in ductility are
expected for an alloy with an FCC lattice, due to strain hardening mechanisms and structural refinement.
Annealing has a minimal impact on the strength of the post-SPD samples, while their ductility improves by
approximately 5-13.6 % compared to the deformed state. This is due to the influence on the structure and
phase composition of the samples. On the one hand, annealing led to partial recrystallization of the structure
and a reduction in the number of crystal lattice defects. On the other hand, the sizes of the structural elements
remained at the submicron level. As a result, an increase in ductility and the retention of the material’s
strength were achieved. The small increase in strength after annealing is associated with the cooperative
contribution from grain boundary and dislocation strengthening mechanisms in the FCC alloy and has been
previously noted for alloys with an ultrafine-grained structure [25-29]. In addition, the contribution to solid
solution strengthening comes from the deformation-induced dissolution of secondary phase particles [30],
as well as the possible precipitation of dispersed phases from the solution as a result of aging.

Severe plastic deformation (SPD) through multi-directional forging followed by rolling increased the
microhardness of the bronze by 46% and 80%, respectively, compared to the as-printed samples (Fig. 4).
Annealing the multi-directionally forged sample at 400°C increased the microhardness from 2.05 GPa to
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2.37 GPa. Based on the microstructural data and phase
composition, the increased hardness is likely due to the
dissolution of the primary B-phase and the precipitation
of secondary coherent phases within the grain volume.
Annealing the rolled sample at 400°C decreased the
microhardness from 2.52 GPato 2.25 GPa. As annealing
did not alter the phase composition of the rolled sample,
the change in microhardness is attributed solely to
structural modifications within the material.

During the tribological tests, the change in the
coefficient of friction (CoF) over time was recorded
(Fig. 5, a), from which the average value was calculated
(Fig. 5, b). When the printed bronze sample (Sample 1)
was subjected to friction, the CoF remained relatively Fig. 4. Microhardness of Cu-AI-Si-Mn bronze
constant throughout the test at 0.245, with the amplitude samples
of fluctuations not exceeding 0.02. In addition to
changing the mechanical properties, multi-directional forging also affected the tribological properties of
the investigated bronze. At the start of the test, the CoF for Sample 2 was 0.2, but then decreased to 0.14
within the first 300 seconds. Then the CoF gradually increased to 0.172, and its short-term fluctuations did
not exceed 0.05. After rolling (Sample 3), the CoF changed insignificantly; its average value was 0.189,
and short-term fluctuations were 0.03. Heat treatment of the sample after multi-directional forging led to
an increase in the average CofF to 0.18, and short-term fluctuations to 0.05 (Fig. 5, a, Sample 4). During
friction, the CoF monotonically increased from the beginning to the end of the test. Heat treatment of the
sample after rolling led to an increase in the average CoF to 0.226, and short-term fluctuations to 0.05
(Fig. 5, a, Sample 5). The change in CoF during friction was not monotonic. At the initial stage, the CoF
increased, but then decreased approximately in the second half of the test.

Fluctuations in the coefficient of friction reflect dynamic alterations during the sliding friction process.
The greater their amplitude, the more unstable the friction process becomes, which may reflect a change in
the conditions of contact interaction between the steel ball and the bronze. Based on the obtained results,
it can be noted that SPD contributes to a reduction in the CoF compared to the as-printed material. Heat
treatment of the samples after SPD led to an increase in the CoF and an increase in the amplitude of its
fluctuations.

Based on the analysis of optical image data, characteristic regions reflecting the condition of the wear
track surface on the bronze samples were identified (Fig. 6). After friction of the as-printed bronze, fine
microgrooves formed on the track, oriented along the direction of the friction force, along with dark areas

a b
Fig. 5. Coefficients of friction as a function of time during sliding tests (@) and their average values ()
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containing oxidized material (Fig. 6, a). Signs of plastically displaced material are visible at the edges
of the track, indicating substantial plastic deformation of the material. Following friction of the bronze
sample with the structure produced by multi-directional forging (Fig. 6, b), fragments of detached wear
particles are observed on the surface, in addition to microgrooves and extended regions of oxidized material.
Rolling significantly influenced the post-friction condition of the material (Fig. 6, c¢). The resulting image
reveals that the wear track consists of microgrooves without noticeable oxidation or wear debris. After
annealing the multi-directionally forged sample (Fig. 6, d), the microgrooves are preserved and become
more pronounced; the traces of oxidation approximately coincide with those observed on the deformed
Sample 2. Concurrently, individual wear particles are absent. Annealing the rolled sample (Fig. 6, ¢) had a
minimal effect on the morphology of the wear track surface; only a slight increase in its width was observed,
suggesting an increase in the wear volume.

d e

Fig. 6. Optical images of the wear track surfaces of Cu-A4/-Si-Mn bronze samples. Sample 1 (a),
sample 2 (b), sample 3 (¢), sample 4 (d) and sample 5 (e)

Annealing promotes increased material plasticity; therefore, the amount of wear particles on the heat-
treated samples after SPD by multi-directional forging decreased. This is attributed to a reduced likelihood
of fracture of the ductile bronze material due to deformation induced by the steel counterbody.

Following the tribological tests, the surface condition of the steel balls was also investigated
(Fig. 7). Signs of adhesive material transfer were observed on the surfaces of all the balls, a characteristic
feature of bronze-steel friction pairs [31]. Bronze particles detaching during sliding friction adhered to
the surface of the steel counterbody due to adhesive bonds. This process results in the formation of
a protective layer, acting as a third body between the sample and the counterbody. The state of this
layer is dependent on the wear characteristics of the softer material — the bronze. Previous results
indicated that the wear of as-printed bronze results in the formation of microgrooves on its surface
accompanied by minor oxidation. Correspondingly, grooves and minor areas with oxidized material are
also observed on the surface of the ball (Fig. 7, a). Increased oxidation during friction of bronze Sample
2 and Sample 4 (following multi-directional forging and subsequent annealing) is reflected in the
formation of an adherent layer on the counterbody’s surface. Instead of microgrooves, the formation of
a mechanical mixture of non-uniform thickness, composed of bronze and oxidized material, is observed

(Fig. 7, b, d).
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a b c d e

Fig. 7. Optical images of the steel ball surfaces after sliding against Cu-A4/-Si-Mn bronze samples. Sample 1 (a),
sample 2 (b), sample 3 (¢), sample 4 (d) and sample 5 (e)

Following friction of Sample 3 and Sample 5 (Fig. 7 ¢, d), a noticeable layer of bronze, transferred from
the wear track, forms on the surface of the balls. Its formation is attributed to a reduction in the oxidation
of the copper alloy surface during sliding friction in the examined structural states, which also leads to less
pronounced mechanical removal of material from the ball surfaces.

To provide a more detailed assessment of the wear track surface condition, energy-dispersive X-ray
spectroscopy (EDS) analysis was performed (Figs. 8, 9). As a result of friction, dark layers of material
formed, unevenly covering the worn surface of the Cu-A[-Si-Mn alloy samples. EDS analysis revealed that
these layers contained an increased concentration of oxygen (Fig. 9). Therefore, these layers consist of a
mechanical mixture of bronze and wear particles, which underwent oxidation due to thermomechanical

d e

Fig. 8. SEM images of the wear track surfaces of Cu-A[-Si-Mn bronze. Sample 1 (a), sample 2 (b), sample 3 (c),
sample 4 (d) and sample 5 (e)
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d e
Fig. 9. Elemental mapping of oxygen on the wear track surfaces of Cu-A4/-Si-Mn bronze. Sample 1 (@),
sample 2 (b), sample 3 (c), sample 4 (d) and sample 5 (e)

action during sliding friction. During friction, these layers were disrupted by repeated mechanical action
from the counterbody.

Three-dimensional surface scanning provided detailed data on the morphology of the wear track cross-
sections, as shown in Fig. 10. The profile shape of each track closely mirrored the spherical configuration
of the steel balls used, without any noticeable deviations. Furthermore, the track profiles clearly visualized
characteristic surface microroughness formed during frictional interaction and subsequent wear of the
material.

Quantification of wear, achieved through accurate determination of the cross-sectional area of the
obtained profiles, revealed a significant disparity in the wear resistance of the samples. Specifically, printed

a b
Fig. 10. Cross-sectional profiles (@) and areas (b) of the wear tracks of Cu-A[-Si-Mn bronze
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sample 1 (Fig. 10) exhibited the lowest wear resistance, supported by the highest wear area value of 87,084
um?, significantly exceeding the respective values of the other examined samples. The wear on the sample
after multi-side forging (Fig. 10, sample 2) was notably lower, measuring 34,545 um?. The sample’s wear
after rolling (Fig. 10, sample 3) was the lowest at 26,732 um?. Following heat treatment after multi-side
forging, the wear of the specimen (Fig. 10, sample 4) increased to 40,869 pm?. Following heat treatment
after rolling, the wear of the sample (Fig. 10, sample 5) increased to 40,124 um?. These experimental data
confirm that incremental plastic deformation (/PD) results in reduced bronze wear compared to the printed
condition. Heat treatment, in turn, increased the wear of samples relative to their deformed state.

Conclusion

This study investigated the effect of severe plastic deformation (SPD) on the structural state, mechanical
properties, and tribological performance of a Cu-A4/-Si-Mn copper alloy fabricated by electron beam additive
manufacturing. The experimental results established a correlation between the microstructure, tensile
mechanical properties, and tribological behavior of the bronze alloy under unlubricated sliding friction.

1. SPD via multi-side forging and rolling resulted in a high density of dislocations and deformation
twins within the material.

2. Annealing at 400 °C following multi-side forging led to partial recrystallization of the material;
however, a system of deformation twins remained, demonstrating considerable structural stability. Low-
temperature annealing at 400 °C after rolling resulted in the development of stacking faults, recrystallized
submicron grains, and annealing micro-twins within the material.

3. X-ray diffraction analysis indicated that rolling and annealing induced deformation dissolution of
secondary phases (B- and y-phases), resulting in the Cu-A[-Si-Mn alloy becoming a single-phase consisting
of the a-phase of face-centered cubic (FCC) copper.

4. Multi-side forging and rolling enhanced the tensile strength of the bronze alloy by factors of
1.43 and 2.24, respectively, while reducing its relative elongation by factors of 2.6 and 4.5 compared to the
as-printed condition.

5. Annealing had a minimal impact on the strength of the post-SPD samples, whereas their ductility
increased by approximately 5—13.6% relative to the deformed condition.

6. SPD via multi-side forging followed by rolling increased the microhardness of the bronze by
46% and 80%, respectively, compared to the as-printed samples. Annealing the sample at 400 °C after
multi-side forging led to a 15.6% increase in microhardness. Annealing the sample at 400 °C after rolling
resulted in a 12% decrease in microhardness.

7. Multi-side forging and rolling reduced wear by factors of 2.5 and 3.3, respectively, compared to the
alloy in its as-printed state. Annealing increased the wear of the alloy by a factor of 1.5.

8. Based on these findings, a processing route involving a combination of multi-side forging, followed by
rolling and low-temperature annealing, is proposed to enhance the mechanical and tribological properties of
the Cu-AI-Si-Mn copper alloy. These experimental results provide valuable insights for developing practical
strategies aimed at significantly improving the strength properties and wear resistance of bronzes in the Cu-
Al-Si-Mn system, fabricated using electron beam additive manufacturing.
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Introduction. The growing demand for real-time environmental monitoring technologies has led to increased interest
in high-performance humidity sensors with rapid response, high sensitivity, and long-term stability. Zinc oxide (ZnO) is a
widely used semiconducting oxide material for such applications due to its chemical stability and sensitivity to humidity
variations. However, its performance can be further enhanced through material engineering. This study investigates the
doping of ZnO nanoparticles with nanographite material (NGM) to improve humidity-sensing characteristics. The purpose
of the work is to develop ZnO—-NGM nanocomposite-based capacitive humidity sensors with improved response/recovery
time and sensitivity by modifying the electronic and surface properties of ZnO through NGM doping. Research methods.
ZnO-NGM nanocomposites with varying NGM content (1 wt.%, 2 wt.%, 4 wt.%, 5 wt.%, and 10 wt.%) were synthesized via
a chemical precipitation route. The optical behavior of pure ZnO was analyzed using UV-Vis spectroscopy, which revealed a
sharp absorption edge at 367 nm, indicating a bandgap near 3.3 eV. Structural and morphological properties were examined
using X-ray diffraction (XRD) and scanning electron microscopy (SEM), confirming NGM integration and enhanced surface
porosity. The composite sensing films were deposited onto FTO-coated glass substrates using the ‘doctor blade’ method to
fabricate the capacitive sensors. The sensing performance was evaluated in a nitrogen-controlled chamber over a relative
humidity (RH) range of 10% to 95%, with capacitance measurements recorded across a frequency range of 10 kHz to 1
MHz. Results and discussion. Among all tested compositions, the 4 wt.% NGM-doped ZnO sensor demonstrated the best
performance, with a rapid response time of 4.0 s, a recovery time of 6.2 s, and excellent sensitivity. These improvements
are attributed to enhanced surface conductivity and more active adsorption-desorption kinetics due to NGM. The developed
sensors show strong potential for integration in real-time environmental monitoring systems, industrial automation, and
smart home humidity control applications. The incorporation of nanographite into ZnO matrices significantly enhances
humidity-sensing capabilities. The ZnO-NGM composite, particularly at 4 wt.% doping, offers a promising pathway for the
development of next-generation, high-efficiency humidity sensors.

For citation: Waheed F., Qayoom A., Shirazi M.F. Fabrication, characterization and performance evaluation of zinc oxide doped nanographite
material as a humidity sensor. Obrabotka metallov (tekhnologiva, oborudovanie, instrumenty) = Metal Working and Material Science, 2025,
vol. 27, no. 3, pp. 183-204. DOTI: 10.17212/1994-6309-2025-27.3-183-204. (In Russian).

Introduction

Humidity sensors have significant applications in agriculture, food technology, medical diagnostics,
and environmental monitoring due to the increasing need for real-time, accurate measurements in state-
of-the-art intelligent systems. Low power consumption, rapid response, stability, and low cost are key
requirements of contemporary sensors [1-2]. A research paper discusses a flexible humidity sensor that
can sense minor changes in breath for medical use [3-4]. Similarly, another study presents highly sensitive
humidity sensors constructed with carbon nanotube composites, emphasizing rapid response times suitable
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for various environments [5]. Another study showcases the efficacy of using encapsulated ionic liquids in
nanostructured frameworks for enhanced humidity sensing capabilities, reinforcing the trend of leveraging
novel materials for improved performance [6]. Self-powered and biocompatible sensors are increasingly
under research, and graphene oxide-based humidity sensors promise energy-efficient, sensitive detection
[7]. An rGO:MoS:-based temperature-integrated humidity sensor proves the versatility of its applications
in reality [8]. Research investigating 7i0,-SnS, heterostructures for use in humidity sensors emphasizes the
advantages of nanoarchitectures in enhancing sensor performance [9-12].

Metal oxide humidity sensors, like ZnO, TiO-, and SnO-, are commonly researched for their stability and
moisture sensitivity and measure humidity through capacitance or resistance changes after water adsorption
[1-3]. These characteristics make ZnO an exceptionally versatile material for fabricating high-performance
humidity sensors. Furthermore, the tunable electronic properties of ZnO, achieved through doping with
various elements and precise nanostructuring, allow for fine-tuning of the sensor’s performance to meet
specific application requirements [ 13-14]. Nanographite material (NGM), which is green synthesized from
orange and lemon peels, improves ZnO-based humidity sensors with enhanced charge transfer, adsorption
ability, and stability, thereby supporting sustainable nanotechnology [10].

Recent studies emphasize the need for improvements in response times and recovery cycles in humidity
sensors, highlighting that these parameters are critical for effective real-time applications [15-16]. A study
conducted by Ullah et al. demonstrated that by integrating nanographite with metal oxides, the resulting
sensor achieved significant reductions in response and recovery times, addressing previous limitations [17].
Furthermore, research by Chaudhary et al. emphasized the importance of utilizing innovative architectures
and materials to enhance the sensor’s overall performance metrics [18]. Moreover, the study by Li ef al.
outlined the effectiveness of doping ZnO with nanographite in improving the sensor’s performance at
various humidity levels, showcasing its potential for practical application [13]. The tunability of electronic
properties through the introduction of nanographite provides researchers with new avenues for enhancing
sensor reliability and efficiency, making them more suitable for integration into /o7 and smart technology
frameworks [14]. Despite the aforementioned studies, there is still a need for enhancement of zinc oxide-
based nanosensors for lower response times.

Despite these advancements, there is still a clear need to develop ZnO-based humidity sensors with
lower response times, improved stability, and environmentally friendly, scalable fabrication techniques.
Specifically, the integration of NGM into ZnO using cost-effective and simple chemical methods remains
relatively underexplored.

The present work aims to address these limitations by synthesizing ZnO-NGM nanocomposites via a
low-cost chemical precipitation method. The nanocomposites are deposited onto fluorine-doped tin oxide
(FTO) substrates using the doctor-blade technique to fabricate capacitive-type humidity sensors. The use
of NGM is expected to improve the sensor’s performance by enhancing electrical conductivity and water
molecule interaction at the surface. Comprehensive characterization, including UV-Vis spectroscopy, SEM,
XRD, and FTIR, was conducted to analyze the structural, optical, and chemical features of the material.
Humidity sensing was evaluated through capacitance and impedance analysis in a nitrogen-controlled
environment across RH levels from 10% to 95% [19]. Capacitance and impedance measurements assessed
the humidity sensing capability of these synthesized sensors. The results contribute to the development of
improved humidity nanosensors, with implications for environmental monitoring, healthcare, and industrial
automation.

Investigation techniques

Materials and Methods

High-purity analytical-grade zinc acetate (Zn(CHsCOO):), ammonium hydrogen carbonate (NHHCO:),
nanographite material (NGM), ethanol (analytical grade), and ethyl cellulose were sourced from BDH,
Merck, and Sigma-Aldrich. Deionized water was employed throughout the synthesis and washing to avoid
1onic or particulate contamination. Fluorine-doped tin oxide (F70) glass substrates were employed for
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device fabrication. Copper and silver electrodes were used for device fabrication. Before application, all
the substrates and components were properly cleaned with a Liguinox detergent solution (4/conox Inc.) and
then rinsed with analytical-grade acetone (Sigma-Aldrich) to remove organic impurities and provide a clean
surface free of contaminants.

Synthesis of zinc oxide (ZnO) nanoparticles via chemical precipitation

10 ml of 1.5 mol/L zinc nitrate (Zn(NOs):) was slowly added to 10 ml of 2.25 mol/L ammonium
carbonate ((NH+):CO:s) solutions with magnetic stirring. A white ZnCO; precipitate confirmed successful
synthesis [1].

The chemical reactions involved are:

Zn(NO:s)2S + (NH4):COs — ZnCOs | + 2 NH«NO:s

The precipitate was collected through vacuum filtration with an appropriate pore filter paper to remove
liquid by-products and unreacted precursors. It was washed three times with deionized water. The high
volatility of ethanol allowed for quicker drying, yielding a pure precipitate to be used in subsequent ZnO
nanoparticles synthesis.

The ZnCOs was filtered and dried at 80°C to evaporate residual solvents without agglomeration,
maintaining the nanostructure. The dried precursor powder was calcined at 550°C for 2 hours using a muffle
furnace, promoting the thermal decomposition of ZnCO:s to ZnO.

ZnC0Os; — Zn0O + CO:

Doping of ZnO nanoparticles with nanographite (NGM)

Both ZnO and NGM were initially in powdered form. Both were dispersed separately in ethanol. The
NGM suspension was then added dropwise to the ZnO solution with continuous stirring for 25 minutes to
achieve good mixing. ZnO to NGM weight ratios were varied to obtain 99:1, 98:2, 97:3, 96:4, 95:5, and
90:10 composites. Next, 10 mL of ethanol was further added as a dispersant to facilitate dispersion and
to lower surface tension. For the powder form, the paste was dried at 50-70 °C for 1-2 hours to prevent
nanoparticle agglomeration and ensure equal NGM distribution.

Fabrication of the humidity sensor

FTO glass substrates were sequentially sonicated in detergent, deionized water, acetone, and ethanol to
clean them for the best adhesion and consistent sensor performance. ZnO nanoparticles doped with NGM
were combined with ethanol to produce a viscous paste appropriate for doctor-blading. The paste was cast
on cleaned FTO substrates by the doctor-blade method and thermally treated at 150 °C for 1 hour for the
improvement of film adhesion, evaporation of the residual solvents, and durability. Fig. 1 shows the ZnO
doped with NGM paste on a FTO glass substrate. Figs. 1, a and 1, b show the ZnO doped with NGM paste
on a FTO glass substrate.

For further stabilization of the film and to increase its stability, ethyl cellulose (2—-10 wt %) was dissolved in
ethanol with constant stirring to produce a uniform solution. This was added progressively into the ZnO doped
NGM paste to achieve optimal coating. Incorporation of ethyl cellulose enhanced adhesion, surface smoothness,
and mechanical strength to yield stable, uniform nanocomposite layers for humidity sensing [1, 30].

Results and Discussion

Structural and morphological analysis

The optical properties of the as-synthesized ZnO nanoparticles were investigated by UV—Vis spectroscopy.
The absorption spectrum, shown in Fig. 2, shows a sharp and intense absorption edge at around 367 nm,
which is consistent with the intrinsic bandgap transition of ZnO. The UV—-Vis was performed using a UV-
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a b
Fig. 1. (a) Side-view of ZnO-NGM paste on FTO substrate, (b) Top view showing surface morphology

Fig. 2. UV-Vis absorption spectrum of as-synthesized ZnO nanoparticles

exhibiting a narrow absorption peak at 367 nm, suggesting a direct bandgap

transition and validating nanoscale crystallinity for optoelectronic and
sensing purposes

1800 SHIMADZU. This peak is related to a direct bandgap energy of about 3.38 eV, which verifies the
semiconducting nature of the ZnO nanostructures. The blue shift of the absorption edge from the bulk ZnO
(~375 nm) as shown in Fig. 2 indicates a quantum confinement effect, a signature of the nanoscale size of
the particles. The sharp and steep slope of the absorption also indicates the high crystallinity and purity of
the as-synthesized ZnO nanoparticles. These optical characteristics render the material particularly apt for
humidity sensing, UV photodetectors, and other optoelectronic uses, where there is a need for a fast and
sensitive response to environmental stimuli.

SEM images (in Fig. 3) indicated well-distributed ZnO nanoparticles with well-defined morphology.
Higher magnification images indicated well-dispersed particles with increased surface texture and observable
agglomeration in certain areas. The scanning was performed using a JEOL JSM-6490A4 scanning electron
microscope (JEOL Ltd., Japan). The addition of NGM enhanced the surface roughness and uniformity
of distribution. The increased roughness increases the number of active sites, which aids in better water
molecule adsorption, which is essential for enhanced humidity sensing performance [3].

XRD patterns showed a well-crystallized hexagonal structure of ZnO (quartzite). Peak broadening
and minor shifts were noted with increasing NGM concentration, which are signs of successful NGM
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a b c
Fig. 3. Scanning electron microscopy (SEM) images of ZnO nanoparticles at different magnifications:
a—10,000%; b —20,000%; ¢ —30,000x; d — 2,500%

incorporation. These shifts are most likely due to lattice strain, resulting in smaller crystallite size and the
creation of structural defects that increase surface area and water adsorption capacity [3].

Fig. 4 shows XRD patterns of different samples. Sample 1 (B-3K953) showed several peaks between
20° and 80° (20), with major peaks near 30°, 40°, and 50°, relating to ZnO and traces of impurities.
Sample 2 (B-3K954) had sharper peaks, indicating better crystallinity. Sample 3 (B-3K955) had
intermediate crystallinity. All the samples consisted of mostly the ZnO phase, while peak width and
intensity variations were due to variations in crystallinity due to doping and processing conditions [3].

FTIR spectra verified the inclusion of NGM within the ZnO matrix Fig. 5. A typical Zn—O stretching
vibration around 450 cm ' ensured the presence of ZnO. Peaks around 1,570 cm’! (C=C) and 1,730 cm™
(C=0) ensured the occurrence of carbon-containing functional groups in NGM. A broad band around ~3,400
cm ' indicated O-H stretching, due to hydroxyl groups, responsible for adsorption of water.

c d
Fig. 4. XRD patterns of (a) pure ZnO, (b) ZnO—NGM Sample 1, (¢) Sample 2, and (d) Sample 3
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Fig. 5. FTIR spectra of pure ZnO, nanographite material (NGM),
and NGM-doped ZnO composites

Doped ZnO showed characteristic Zn—O vibrations (400—-600 cmfl) and O-H stretching (~3,400
cm ). NGM spectra included C=C stretching (~1,600 cm '), C-O (~1,400 ¢cm "), and C—H bending
(~1,100-1,200 cmfl), characteristic of sp*hybridized carbon structures. Composites of ZnO-NGM
showed shifted and intensified peaks, especially for Zn—O and C=C, indicating strong chemical bonding
and successful doping. The broadened O—H peak indicated enhanced hydrogen bonding, which provided
enhanced water affinity.

These microscopic and spectroscopic findings establish the successful integration of NGM into the ZnO
structure. Increased surface area, lattice tension, and chemical functionalization enhance sensor performance
and water adsorption. Decreased crystallite size and enhanced defect sites also enhance improved charge
transport, which further increases the response rate and sensitivity of the humidity sensor.

The characteristic peaks of ZnO, NGM, and their composite indicate the presence of functional groups
corresponding to ZnO vibrations and carbon-based materials. The shift in peak positions and intensity
variations suggests successful doping of NGM into ZnO.

Electrical characterization and humidity sensing performance

To compare the electrical performance of the ZnO-NGM humidity sensors, a controlled humidity
chamber was utilized. The sensor was positioned in a sealed chamber where humidity was accurately
controlled from 10% to 90% RH using a dual-path nitrogen gas system. One path supplied nitrogen gas
through a reservoir of distilled water to humidify it, while the other provided dry nitrogen to dehumidify it.
The relative humidity was controlled by varying the flow rates of the two paths of nitrogen.

A digital hygrometer with +0.8% RH accuracy was placed close to the sensor to continuously monitor
RH, and the ambient temperature was held at 23 + 1 °C. As shown in Fig. 6, the sensor was interfaced to a
Fluke PM6304/023 precision LCR meter with shielded terminals to reduce electrical noise. Automated data
acquisition with real-time plotting and saving of capacitance values was carried out using a Python-based
script. The capacitance of the sensor was recorded at 10 kHz, 20 kHz, 50 kHz, 80 kHz, 100 kHz, and 1 MHz
frequencies under different humidity conditions.

The 2% ZnO-NGM sensor demonstrated a distinct monotonic increase in capacitance with RH. This
was due to the adsorption of water molecules and increased dipolar polarization. The degree of doping made
the sensor more sensitive than the pure ZnO because of the enhanced surface area and charge conduction
pathways provided by the NGM flakes. The composite structure facilitated ionic conduction by adsorbed
water layers and enhanced the dielectric constant via interfacial polarization. The response time was
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Fig. 6. Experimental setup for humidity sensing using an LCR meter
and a controlled chamber

4.5 seconds, and the recovery time was 6.9 seconds, reflecting efficient adsorption-desorption kinetics. As
shown in Fig. 7, a, the capacitance-RH curve confirms moderate sensitivity and reliable humidity tracking
at lower frequency ranges.

The 4% ZnO-NGM sensor exhibited well-balanced performance in sensitivity, response time, and
recovery time. The capacitance rose steeply in the range of 10% to 60% RH and gradually at higher RH,
with a good correlation between RH and capacitance. At lower frequencies (10-80 kHz), the sensor showed
increased sensitivity as a result of improved dipole relaxation and ionic conduction, whereas at 1| MHz, the
capacitance response became flattened as a result of polarization response time limitations. The response
time was 4.0 s, and recovery time was 6.2 s, both of which were among the shortest recorded at all doping
levels. As shown in Fig. 7, b, the capacitance-RH curve confirms moderate sensitivity and reliable humidity
tracking at lower frequency ranges.

The 1% ZnO-NGM sensor had moderate capacitance sensitivity, response time, and recovery time.
Capacitance increased with RH because of the dielectric polarization due to adsorbed water molecules. At
lower frequencies (10 kHz and 50 kHz), the sensor was more sensitive, whereas at higher frequencies (1
MHz), the polarization response was restricted, leading to a flat capacitance curve. The response time was
4.8 seconds, and recovery time was 6.9 seconds, which provided a moderate improvement compared to
the pure ZnO. As shown in Fig. 7, ¢, the capacitance-RH curve confirms moderate sensitivity and reliable
humidity tracking at lower frequency ranges.

The 5% ZnO-NGM sensor exhibited high sensitivity to changing humidity levels, and the sensitivity
was 53.9 pF/%RH. The capacitance rose sharply between 10% and 60% RH and gradually at higher RH.
Although the sensor showed much higher sensitivity than with lower doping concentrations, the response
and recovery times (4.2 and 6.6 seconds) were marginally slower as a result of partial agglomeration of
the NGM, which lowered the number of active adsorption sites available. Despite the reduced kinetics, the
sensor showed high sensitivity and was therefore appropriate for applications where sensitivity is more
important than rapid response times. As shown in Fig. 7, d, the capacitance-RH curve confirms moderate
sensitivity and reliable humidity tracking at lower frequency ranges.

The 10% ZnO—-NGM sensor showed the highest capacitance sensitivity (62.1 pF/%RH) of all the doping
levels, but its response time (6.0 s) and recovery time (8.0 s) were slower than those of the other sensors.
The slower kinetics were mainly caused by the agglomeration of the NGM at this higher doping level, which
restricted water molecule adsorption and desorption and also ionic mobility. Despite these limitations, the
10% doping level showed better sensitivity, and this is beneficial in many applications where sensitivity
is important even at the cost of reduced response speed. As shown in Fig. 7, e, the capacitance-RH curve
confirms moderate sensitivity and reliable humidity tracking at lower frequency ranges [31].
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e

Fig. 7. Capacitance as a function of RH for ZnO-NGM sensors with (a) 2 wt.%, (b) 4 wt.%, (c) 1 wt.%,
(d) 5 wt.%, and (e) 10 wt.% NGM doping

The dynamic behavior of the sensor was evaluated in terms of response and recovery time, which are
defined as the time to achieve 90% of the maximum capacitance change when exposed to humidity and the
time to recover to 10% of the initial value when moisture is removed, respectively (Table 1). The undoped
ZnO had a response time of 5.0 s and a recovery time of 7.0 s. After doping, these values were significantly
enhanced, and the 4% ZnO-NGM sensor realized an optimal trade-off: a quick response time of 4.0 s and
a recovery time of 6.2 s. This is a characteristic of good water molecule adsorption—desorption kinetics
facilitated by the synergy between ZnO s porous nature and NGM s charge transport ability.

At elevated NGM doping concentrations (>5%), response and recovery times started to grow. For
example, the 10% ZnO-NGM sensor had slower response (6.0 s) and recovery (8.0 s) times due to probable
NGM agglomeration. Agglomeration decreases the number of active adsorption sites and inhibits water
diffusion paths, thereby reducing sensing speed even though high capacitance sensitivity exists.

Capacitance variation with RH for different doping levels is shown in Fig. 8, a. While pure ZnO exhibited
a baseline sensitivity of 18.5 pF/% RH, the introduction of NGM significantly enhanced the response.
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Table 1

Effect of NGM doping on capacitance sensitivity, response time, and recovery time
of ZnO-based humidity sensors

NGM Doping (%) | Capacitance sensitivity (pF/% RH) | Response time (s) | Recovery time (s)
0% (pure ZnO) 18.5 5 7
1% 25.2 4.8 6.9
2% 38.7 4.5 6.9
4 % 47.3 4.0 6.2
5% 53.9 4.2 6.6
7% 56.8 4.4 6.6
10 % 62.1 6 8
a b

Fig. 8. (a) Response and recovery times as a function of NGM doping level; (b) Capacitance sensitivity
as a function of NGM doping level

Although 10% doping resulted in maximum sensitivity (62.1 pF/% RH), it came at the expense of slower
kinetics. The 4% and 5% ZnO-NGM sensors presented the best compromise between high sensitivity and
rapid response/recovery behavior, making them ideal candidates for real-time humidity detection.

ZnO-NGM-based humidity sensor response and recovery behavior was investigated to analyze real-time
performance (Fig. 8, b). The best response (4.0 s) and recovery (6.2 s) times were obtained at 4% ZnO-
NGM, due to the synergy between ZnO s high surface area and NGM s superior charge transport properties.
For doping above 5%, performance decreased because NGM agglomeration decreased active adsorption
sites and hampered electron mobility. At 10% doping, response and recovery times were elevated to 6.0 s
and 8.0 s, respectively.

In general, controlled NGM doping greatly improves ZnO sensor performance, outperforming the
drawbacks of conventional metal oxide sensors. The optimized ZnO-NGM composites surpass or match
current sensors, showing great potential for use in environmental monitoring, industrial systems, and
biomedical diagnostics. The cyclic sensing performance is indicated in Fig. 9, illustrating capacitance and
RH levels against time over a period of 1,000 seconds. The capacitance (dotted red-blue line) closely
follows the humidity (red squares), with evidence of synchronized and repeatable behavior.

The rapid slopes at times of humidity transition reflect rapid response and recovery behaviors. The
regular periodic behavior supports sensor stability, repeatability, and suitability for dynamic environmental
monitoring.
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Fig. 9. Cyclic capacitance and humidity variation
over 1,000 s, demonstrating sensor stability

Capacitive Sensitivity and Frequency Response

Capacitive sensitivity was greatly increased by NGM doping, reaching a peak of 65 a.u. for 5% NGM
doping at 90% RH (Fig. 10, ¢). This is due to the high conductivity and high surface area of NGM, promoting
increased charge storage and water molecule adsorption [8]. Doping concentrations higher than 5% caused
decreased capacitance through agglomeration, limiting effective surface area and sites for adsorption.

Frequency-dependent measurements (Figs. 10, @ and 10, b) identified that lower frequencies (<10 kHz)
had more capacitance change, which is enhanced by stronger polarization. However, higher frequencies
(>100 kHz) were less sensitive due to quicker charge carrier relaxation, restraining the capacity of water
molecules to align with the electric field [9]. Fig. 7, d also verifies that at 5% doping, the sensor recorded
high RH sensitivity over a range of frequencies, particularly at lower frequencies.

c d

Fig. 10. (a) Capacitive response at 90% RH; (b) Response for 5 wt.% NGM doping; (c¢) Capacitance
as a function of doping level at 90% RH; (d) Capacitance as a function of RH at different frequencies
(5 wt.% NGM doping)
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Electrode Influence on Sensor Performance

The influence of various electrode materials (F7O, silver, and copper) on sensor performance was
assessed. FTO electrodes gave stable and reproducible responses, probably because of their chemical stability
and strong adhesion to the sensing material. Silver electrodes improved sensitivity, probably because of
their higher conductivity, which supports efficient charge transfer. Nevertheless, copper electrodes showed
minor performance degradation with time, possibly because of oxidation effects, which can increase the
contact resistance and lower the sensor sensitivity [32].

Comparison with existing sensors

Comparative studies between various humidity sensors emphasize the relative merits of ZnO-NGM
sensors compared to multiple carbon-based and metal oxide-based materials. As an example, gram carbon
quantum dot-based sensors have good sensitivity (178.6-254.86 pF/% RH) but less desirable response
and recovery times (7.3—14.1 s) and therefore experience difficult detection at lower relative humidity
(RH) concentrations. PAA-MWCNT composite sensors also register a notable resistance change (930 Q)
with humidity fluctuation but have very high response (680 s) and recovery (380 s) times, restricting their
applicability. Graphene oxide (GO)-modified PEDOT sensors, though highly responsive to humidity
(4.97% sensitivity at 97% RH), are characterized by sluggish response (31 s) and recovery (72 s). Other
graphene-based sensors, including Fe-GO and GO/WS: composites, offer modest performance but tend to
have low sensitivity or high response/recovery times.

In order to put the performance of the ZnO—NGM humidity sensor prepared in the present research into
perspective, its performance was compared to a vast array of recently published nanomaterial-based humidity
sensors. Table 2 gives an overview of sensitivity, response time, recovery time, and some observations from
past research work along with data from this research work.

The study shows that although some materials like gram carbon quantum dots have quite high sensitivity
(178.6-254.86 pF/% RH), they have slow response and recovery times of up to 14.1 seconds, which restricts
their use in fast-switching environments. Some designs, like the PA4-MWCNT composites, possess large
resistance changes (930 Q) but are weighed down by very long response (680 s) and recovery (380 s) times,
making them unsuitable for real-time sensing.

Likewise, GO-modified PEDOT sensors exhibit a humidity sensitivity of 4.97% at 97% RH but with
slower response (31 s) and recovery (72 s) cycles. Fe—GO and GO/WS: sensors possess better speed but
relatively lower sensitivity, particularly at lower RH values. Even GO-based sensors with abnormally high
sensitivity (e.g., 37,800%) suffer from slow recovery times (~41 s) or are limited due to poor applicability
in real-world situations because they are unstable at lower RH.

Conversely, ZnO-NGM sensors prepared in this work show a balanced and superior performance profile.
The 5% NGM-doped ZnO sensor recorded a sensitivity of 53.9 pF/% RH, a response time of 4.2 s, and a
recovery time of 6.6 s, outperforming many of the reported sensors with a significantly better dynamic
response while retaining good sensitivity. At lower doping levels (e.g., 2% NGM), the sensor retained fast
response (4.5 s) and recovery (6.9 s) times with a nominally lower sensitivity of 38.7 pF/% RH.

In addition, in contrast to most carbon-based sensors that exhibit scattered results across different RH
levels, the ZnO—-NGM sensors exhibited stable and reproducible performance within a broad RH range
(10%—-95%), rendering them feasible for application in real-time environmental or industrial monitoring
systems. The fact that such sensors can also be made from inexpensive materials and using a facile doctor-
blade method on F70 substrates further contributes to their practical benefits.

Structural and morphological analyses confirmed the successful incorporation of nanographite material
(NGM) into the ZnO matrix. X-ray diffraction (XRD) patterns showed distinct peak shifts with increasing
NGM content, indicating lattice strain and structural modification. Scanning electron microscopy (SEM)
images revealed a uniform distribution of NGM within the ZnO matrix, resulting in increased surface
roughness and the formation of additional active sites for water molecule adsorption. Fourier transform
infrared (FTIR) spectroscopy further confirmed the presence of functional groups associated with humidity
sensing, such as O—H stretching and C=C vibrations.
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Table 2
Comparison of recent nano humidity sensors
. Sensitivity Response | Recovery Refer- .
No. Sensor Material (pF/%RH or %) | Time (s) Time (s) ence Key Observation
Gram Carbon — High sensitivity;
1 Quantum Dots 178.6-254.86 | 13.3/7.3 | 14.1/4.7 33 | g ng o Y>
(C-1, C-2) y
) PAA-M WCNT 930 Owm (resis- 680 380 [34] — Excessively high .
(1:4 ratio) tance change) response/recovery time
GO-modified 4.97 % at 97 % .
3 PEDOT RH 31 72 [35] — Poor dynamic response
4 MWCNT in NMP 6.41 36 32 [36] — Moderate performance
5 SnO>-RGO 146.53 102 several [37] | - Slow at high RH
seconds
6 GO 37.800 % 10.5 41 (38] |~ Yy high sensitivity;
— Long recovery
7 Fe-GO 518 31 1 [39] — Low sensitivity at low
RH
8 GO 9.5 /% RH 5 - o) |~ Good speed;
— Limited range
. . — Stable performance
9 | GO/WS: Composite | Not specified 11.3 12.4 [41] 25959 RH
CNT@CPM . — Fast;
10 (Chitosan-PAMAM Not specified <20 <20 [42] — No sensitivity data
— Best balance;
0 _ s
11 % Z.nO NGM 53.9 4.2 6.6 this work | — High sensitivity;
(this work)
— Fast response
— Slightly lower sensi-
o —
12 | 2% ZnO-NGM 38.7 4.5 6.9 this work | tivity;
(this work) :
— Still fast

Electrical characterization demonstrated that NGM doping significantly enhanced sensor performance.
Among the samples, the ZnO sensor doped with 2% NGM exhibited the most favorable dynamic response,
with a response time of 4.5 seconds and a recovery time of 6.9 seconds. This improvement is attributed to
enhanced charge transport properties and a greater number of available adsorption sites. However, at higher
doping concentrations (above 5%), although sensitivity increased, the response and recovery times became
longer. This behavior is likely due to agglomeration effects, which reduce the effective surface area and
hinder rapid adsorption-desorption kinetics.

A comparison with previously reported humidity sensors highlights the advantages of ZnO-NGM
nanocomposites. While many conventional sensors suffer from slow response and poor recovery, the
optimized doping concentration in this study achieved a desirable balance between sensitivity and speed.
These enhancements suggest that NGM-doped ZnO sensors are promising candidates for real-time humidity
monitoring across various domains, including industrial process control, environmental sensing, and
biomedical diagnostics.

Future work should focus on further optimizing the doping concentration to enhance performance
without compromising long-term stability. Additionally, exploring alternative film deposition techniques
and integrating the sensor onto flexible substrates could enable the development of wearable or portable
humidity sensors for next-generation smart systems.
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Conclusions

This work reports the effective synthesis of ZnO nanoparticles doped with nanographite material (NGM)
for high-performance capacitive humidity sensing. UV—Vis spectroscopy verified a strong absorption peak
at 367 nm, confirming the semiconductor nature and optical suitability of the ZnO structure. Structural
(XRD) and morphological (SEM) analyses showed enhanced crystallinity and surface texture, while NGM
doping significantly improved adsorption kinetics and charge transport. Among the different doping levels
that were tested, the 4% NGM-doped ZnO sensor had the best sensitivity-speed balance with a fast response
time of 4.0 s and recovery time of 6.2 s. While doping levels of 5% and above provided higher capacitance
sensitivity, the response speed was reduced, possibly due to agglomeration and lower active surface area.
The sensors also exhibited very good repeatability, negligible hysteresis, and robust performance over a
broad frequency and humidity range (10-95% RH, 10 kHz—1 MHz).
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Introduction. Traditionally, the most common technology for producing parts from nickel alloys involves casting
followed by heat treatment to achieve the required phase composition. Significant disadvantages of this method include the
segregation of chemical elements, the presence of large undesirable inclusions such as Laves phase and eutectic structures,
and the non-uniform distribution of strengthening phases throughout the workpiece cross-section. At the same time,
many complex-shaped parts are assembled into a single combined structure using welding. An analysis of the hardening
characteristics of nickel alloys and the products derived from them suggests that additive manufacturing techniques are a
promising approach for fabricating such workpieces. The structure and phase composition of the material volumes formed
via layer-by-layer deposition will differ significantly from those obtained by conventional methods. In the case of producing
combined structures using additive methods, identifying the patterns of structure and phase composition formation becomes
an even more complex challenge. Therefore, the purpose of this work is to identify the structural features of “steel - nickel
alloy — steel” gradient layers fabricated by direct metal deposition. The study examines dissimilar joints produced using the
“Welding and Surfacing Complex based on a Multi-Coordinate Arm and a Fiber Laser” at the S.A. Khristianovich Institute
of Theoretical and Applied Mechanics of the Siberian Branch of the Russian Academy of Sciences, employing direct metal
deposition technology. Research methods. A Carl Zeiss Axio Imager Alm light microscope and a Carl Zeiss EVO 50 XVP
scanning electron microscope, equipped with an INCA X-Act energy-dispersive X-ray spectroscopy (EDS) attachment, were
utilized for microstructural investigations of the fabricated layers. Phase composition analysis of the samples was performed
using an ARL X 'TRA X-ray diffractometer. Microhardness testing was conducted using a Wolpert Group 402 MVD Vickers
hardness tester. Results and discussion. It was observed that the maximum layer height (up to 7 mm) was achieved when
implementing the following parameters: 1,000 W laser power with a scanning speed of 35 mm/s, and 1,500 W laser power
with a scanning speed of 15 mm/s. In the first case, minimal material mixing at the fusion boundary was noted. In all
fabricated compositions, defects in the form of unmelted powder particles were observed, as well as cracks in the first steel
layers. During the deposition of Inconel 625 onto 316L stainless steel, the transition zone exhibited solidification modes
consistent with the formation of iron-based alloys, specifically /4 (ferrite-austenite), AF (austenite-ferrite), and 4 (austenite)
sequentially. When depositing 3/6L stainless steel onto Inconel 625, the transition zone exhibited a solidification mode
characterized by the formation of only the austenite phase. The microhardness values were found to be 230 +15 HV for 316L
stainless steel and 298 + 20 HV for Inconel 625.
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Introduction

Nickel-based alloys are widely used for manufacturing critical components across various industries,
including aerospace, power generation, petrochemical, and marine sectors. This widespread application is
attributed to their combination of high corrosion resistance and mechanical strength at moderately elevated
temperatures. The high strength of these alloys is achieved through a specific phase composition, which
in turn is determined by the presence of particular alloying elements and the corresponding strengthening
mechanisms [1-3].

Traditionally, the most common method for producing components from nickel alloys is casting,
followed by heat treatment to form the desired phase structure [4]. However, this approach has several
significant drawbacks. These include chemical element segregation, the presence of large undesirable Laves
phase inclusions and eutectics [5, 6], as well as an uneven distribution of strengthening phases across the
cross-section of the workpiece [7]. Moreover, many complex-shaped components are assembled into a
single combined structure using welding techniques.

Additive manufacturing technologies present a promising alternative for producing nickel alloy
components, as evidenced by analysis of strengthening mechanisms in these alloys and their manufactured
parts [8—12]. This approach offers several key advantages: (1) it addresses the challenge of fabricating
geometrically complex components; (2) the rapid cooling rates characteristic of additive processes
minimize chemical segregation; (3) the layer-by-layer deposition induces repeated thermal cycling, which
can promote in sifu precipitation of strengthening phases during the build. Moreover, the ability to create
hybrid structures reduces the consumption of expensive materials. As a result, the microstructure and phase
composition of additively manufactured materials are anticipated to differ significantly from those produced
via conventional methods.

Despite the growing interest in this topic in the scientific literature, a comprehensive understanding of
the microstructural and phase characteristics of various alloys produced by additive technologies is still
lacking. This is primarily due to the wide variability in processing methods and parameters used in different
studies. Furthermore, in the case of hybrid structures produced via additive manufacturing, identifying the
patterns of structure and phase formation becomes an even more complex task [13—15].

Consequently, the purpose of this work is to investigate the structural features of gradient layers in
«steel — nickel alloy — steel» systems fabricated by direct laser deposition.

Research methods

Research materials

For sample fabrication, powders of Inconel 625 nickel-based alloy (particle size: 50—70 um) and AIS7
316L stainless steel (particle size: 15-45 um) were used (Fig. 1). A 50x50%5 mm plate made of 0.12
C-18 Cr-10 Ni-Ti stainless steel served as the substrate. The chemical compositions of the initial materials
are presented in Table 1.

Sample preparation

Dissimilar joints were fabricated at the Khristianovich Institute of Theoretical and Applied Mechanics
SB RAS using a “Cladding and Welding Complex Based on a Multi-Axis Robotic Arm and a 3 kW Fiber
Laser (IPG Photonics) with a Wavelength of 1.07 pum”. Direct laser deposition (DLD) was employed as the
processing method, where powder is delivered through a coaxial nozzle into a localized melt pool generated
by laser radiation. The high scanning speed and rapid cooling rates inherent in this technique minimize
thermal gradients and reduce the likelihood of secondary phase formation in the joint region. Argon served
as the shielding gas. Detailed deposition parameters are provided in Table 2 [16].

The samples were fabricated in a unidirectional manner. Sequentially, four layers of each material were
deposited in the order: steel — nickel alloy — steel. Each subsequent layer overlapped the previous layer by
50%, which was intended to ensure a smooth transition between the materials.
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a b
Fig. 1. Particles of Inconel 625 (a) and AISI 316L (b) powders
Table 1
Chemical composition of the materials
) Chemical element, wt.%
Material
Fe Ni Cr C Mo Nb Ti S P
316L bal. 8.84 18.69 0.03 2.50 - 0.71 0.013 | 0.015
Inconel 625 3.8 bal. 19.16 0.1 8.1 3.36 0.28 0.011 0.01
0.12 C-18 Cr-10 Ni-Ti bal. | 7.852 18.16 0.027 - — 0.002 0.002 | 0.027
Table 2
Deposition parameters for specimens
Mode Power, W Speed, mm/s Consumptlon, g/ Beam diameter,
min mm
1 1,000 35
2 1,250 25 12 4,1
3 1,500 15
Structural studies

Structural characterization was performed using an optical microscope Carl Zeiss AI1Z and a scanning
electron microscope (SEM) Carl Zeiss EVO 50 XVP. Sample preparation followed standard metallographic
procedures, including grinding and polishing steps. To reveal the microstructure of the joints, electrolytic
etching was carried out in a 10 % aqueous solution of oxalic acid.

The chemical composition in the joint zones between dissimilar materials was analyzed using energy-
dispersive X-ray spectroscopy (EDS) with an INCA X-Act detector attached to the SEM.

Phase composition analysis was conducted on an ARL X'TRA X-ray diffractometer equipped with a Mo
Kal/a2 radiation source (A = 0.7093 A), using a step size of A20 = 0.03° and an acquisition time of 5 s per
point.

Microhardness testing was carried out using a Wolpert Group 402 MVD Vickers hardness tester under a
load of 100 g with a dwell time of 10 s applied to a diamond indenter.

Results and Discussion

An example of the fabricated hybrid structure is shown in Fig. 2. During deposition, a uniform wall
was formed without visible surface cracks. The height of the built structures reached 7 mm for processing

Cm
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Fig. 2. Example of a fabricated specimen

modes 1 and 3, and 5 mm for mode 2. For microstructural analysis, the bimetallic specimen was sectioned
along a plane perpendicular to the direction of layer growth.

The homogeneous layers produced from chromium-nickel steel or nickel-based alloy powder exhibit
a characteristic dendritic microstructure with the formation of both equiaxed and columnar dendrites.
At the interfaces between successive layers and near the boundaries of the deposited structure, where heat
dissipation was more intense, columnar dendrites predominate. These dendrites are typically characterized
by the presence of secondary arms (Fig. 3). At the edges of the deposited structures, regardless of
the processing mode, spherical particles with diameters ranging from 25 to 40 um were observed
(Figs. 4, a, b). These are unmelted or partially melted particles of the original powder, which is a characteristic
feature of the direct laser deposition (DLD) process [17, 18]. In addition, the formation of cracks was noted
both at the interface between dissimilar materials (Fig. 4, ¢, d) and at the fusion boundaries between similar
materials. This phenomenon is attributed to thermal stresses that arise during the formation of dissimilar
gradient materials.

Fig. 3. Location of elongated dendrites:

a — transition layers boundary; b — dissimilar material interface; ¢ — layer edge; d — secondary
arms in elongated dendrites
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c d
Fig. 4. Defects in fabricated materials: unmelted particles at layer boundaries in mode 1 (@)
and mode 2 (b); thermal cracks at the dissimilar material interface (¢) and within the
homogeneous material (d)

The sequential deposition of four layers during material transitions resulted in the formation of smooth
gradients between dissimilar materials. At the same time, a visible interface and mixing zones were
observed for both material combinations (Figs. 5-7). The appearance of these zones may be attributed to
the high melting rate, which can lead to the formation of an unstable melt pool [17, 19, 20]. Such zones
were observed under all deposition modes; however, it was noted that with decreasing laser power, both the
number and width of these regions were reduced.

In the case of Inconel 625 deposited onto 3/6L steel, the mixing zones exhibited sharper boundaries
(Fig. 8, @) compared to those formed during deposition of austenitic steel onto the nickel-based alloy (Fig. 8, b).

Fig. 5.Cross-section of specimenfabricated using mode 1:

a — general view; b — Inconel 625 — 316L stainless steel interface; ¢ — mixing zones of nickel alloy and
steel; d — 316L stainless steel — Inconel 625 interface with mixing zone; e — clear interface region
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Fig. 6. Cross-section of specimen fabricated using mode 2:

a — general view; b — Inconel 625 — 316L stainless steel interface; ¢ — mixing zones of nickel alloy and
steel; d — 316L stainless steel — Inconel 625 interface; e — mixing zones of steel and nickel alloy

Fig. 7. Cross-section of specimen fabricated using mode 3:

a — general view; b — Inconel 625 — 316L stainless steel interface; ¢ — mixing zones of nickel alloy and
steel; d — 316L stainless steel — Inconel 625 interface; e — mixing zones of steel and nickel alloy

Fig. 8 Microstructure of mixed regions:
a — Inconel 625 deposited on steel; b — 3/6L stainless steel deposited on Inconel 625

CM Vol 27No. 32025
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Fig. 9 shows the distribution of chemical elements along a line positioned perpendicular to the transition
zone in the case of nickel alloy deposition onto steel. In all cases, a wide transition zone is observed. As
can be seen, under processing mode 1 (1,000 W, 35 mm/s), the concentrations of iron and nickel equilibrate
within 50 um from the visible fusion boundary between the dissimilar materials, already within the first
deposited layer (Fig. 9, ). Under mode 2 (1,250 W, 25 mm/s), the concentrations of nickel and iron begin
to equalize at a distance of 500-600 um from the visible fusion line (Fig. 9, ). This region corresponds
approximately to the boundary of the second deposited layer of the nickel alloy. In contrast, under mode
3 (1,500 W, 15 mm/s), the concentration equalization occurs significantly beyond the second nickel alloy
layer and corresponds to a distance of 800-900 um from the visible fusion boundary between the dissimilar
materials (Fig. 9, ¢). In these transition regions, the nickel concentration is lower than that of the original
nickel alloy and ranges between 3545 wt. %. Below the visible fusion boundary, the steel regions retain
their original composition, with a slightly elevated nickel content of up to 11 wt. %.

a b c
Fig. 9. Energy-dispersive X-ray spectroscopy (£DS) analysis results for the 3/6L stainless steel —
Inconel 625 joint:
a—mode 1; b — mode 2; ¢ — mode 3

According to quantitative energy-dispersive X-ray spectroscopy (EDS) analysis, the zones of mechanical
mixing of steel into the nickel alloy are characterized by reduced iron content and increased nickel content
(Table 3). An increase in both distance from the fusion boundary and laser power promotes higher nickel
content in these regions.

During the deposition of steel onto the nickel-based alloy, a wide transition zone and numerous regions
of mechanical mixing were also observed (Fig. 10). The visible fusion boundary between the nickel alloy
and steel is well-defined under the first two processing modes. Under mode 1 (1,000 W, 35 mm/s), the
concentrations of iron and nickel begin to equilibrate within the first deposited layer of the nickel alloy
at a distance of 300400 um from the visible fusion line, with the iron concentration starting to gradually
increase within 50-100 um beyond that point. Under mode 2 (1,250 W, 25 mm/s), the equalization of iron
and nickel concentrations occurs at a distance of 600—700 pum from the visible fusion boundary between the
dissimilar materials, corresponding to the level of the second deposited steel layer. Under mode 3 (1,500
W, 15 mm/s), the visible interface between the nickel alloy and steel becomes more diffuse, and the iron
concentration exceeds that of nickel at the boundary of the second deposited steel layer, similarly to mode 2.
In this region, the iron concentration within the second deposited steel layer is in the range of 40—45 wt. %.

In the regions of the nickel alloy located below the visible fusion boundary, the chemical composition
under mode 1 corresponds to that of the original alloy. However, for modes 2 and 3, an elevated iron content
and a slightly reduced nickel content were observed — 9 wt. % and 52 wt. %, respectively. The composition
of the mechanical mixing zones, where nickel alloy is incorporated into the steel matrix, is characterized
by an increased iron content and a correspondingly reduced nickel content compared to the original /nconel
625 alloy (Table 4).

The varying ratio of chromium and nickel equivalents indicates the formation of zones with different
phase compositions. According to established models of phase formation during welding of dissimilar
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Table 3

Chemical composition of mixing zones in the transition region when depositing Inconel 625
on 316L stainless steel

Point Chemical element, wt.%

Fe Ni Cr Ti Mo Nb Si Mn

Mode 1
1 35.04 35.15 20.12 0.4 5.27 2.22 0.87 0.94
2 62.4 15.55 19.45 0.77 - - 1.13 0.7
3 67.69 10.73 18.86 0.9 0.27 — 1.11 0.44
4 67.35 11.16 18.82 1.03 - - 1.03 0.61

Mode 2
1 22.32 45.51 21.1 0.24 6.45 2.9 0.75 0.74
2 58.92 17.91 19.23 0.55 1.36 0.5 0.86 0.66
3 68.4 9.9 18.88 0.58 0.29 0.25 0.92 0.79
4 68.13 10.41 18.79 0.42 0.4 - 1.05 0.8

Mode 3
1 22.32 44.94 20.91 0.27 7.36 3.11 0.73 0.31
2 49.3 25.42 18.98 0.58 3.22 1.31 0.67 0.52
3 67.26 11.66 18.28 0.73 0.53 - 0.92 0.61
4 68.51 10.24 18.33 0.58 0.55 0.31 0.97 0.55

a b c

Fig. 10. Energy-dispersive X-ray spectroscopy (EDS) analysis results for the Inconel 625 — 316L stainless
steel joint:

a—mode 1; b — mode 2; ¢ — mode 3

steels [21, 22], in the case of Inconel 625 being deposited onto 37/6L steel, the transition zone, where iron-
based alloys form based on chemical composition, undergoes sequential solidification modes: FA (6-Fe +
v-Fe), AF (y-Fe + 6-Fe), and 4 (y-Fe) (Fig. 11, regions 1-3). Although nickel atoms have higher mobility in
iron, the melting point of 3/6L steel is slightly higher than that of the nickel alloy, resulting in a relatively
narrow transition zone. At the same time, nickel diffusion is sufficiently intense, leading to changes in the
chromium-to-nickel equivalent ratios in these areas. The formation of ferrite in the transition layers of the
«steel — nickel alloy» system was confirmed by X-ray diffraction analysis (Fig. 12) and scanning electron
microscopy (Fig. 13).

In regions 4-7 (Fig. 11), nickel-based alloys are formed. Regions 5 and 6 correspond to the original
Inconel 625 composition, while regions 4 and 7 are characterized by a reduced nickel content compared to
the base alloy.

During deposition of steel onto the nickel alloy, the higher processing temperature leads to the formation
of'a wider transition zone. However, the nickel content in this zone remains relatively high, which ultimately
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Table 4

Chemical composition of mixing zones in the transition region when depositing 376L
stainless steel on Inconel 625

Point Chemical element, wt.%
Fe Ni Cr Ti Mo Nb Si Mn S
Mode 1
1 51.74 23.78 20.09 0.54 1.44 0.79 0.78 0.54 0.31
2 47.39 26.05 19.71 0.51 3.36 1.43 0.85 0.7 -
3 19.11 46.48 21.12 0.17 7.88 3.64 1.02 0.6 -
4 0.7 61.09 22.37 — 10.26 4.44 0.74 0.34 —
Mode 2
1 55.01 20.76 19.36 0.61 2.07 1.06 0.8 0.32 -
2 45.64 27.86 20.07 0.47 3.2 1.35 0.93 0.48 -
3 22.81 44.47 21.05 0.29 6.66 3.5 0.76 0.47 -
4 7.79 55.57 22.15 - 9.54 3.82 0.83 0.3 —
Mode 3
1 43.8 29.34 20.31 0.5 2.81 1.35 0.82 0.51 —
2 38.89 31.86 20.1 0.42 4.76 2.35 0.96 0.67 —
3 14.44 50.49 21.76 0.17 7.34 3.65 0.95 0.66 0.53
4 8.57 55.79 21.17 0.11 9.14 3.83 0.84 0.56 —

Fig. 11. Chromium and nickel equivalent ratios in different regions of the combined material.
Solidification modes: AF, FA (austenite-ferrite); 4 (austenite)

results in the 4-mode solidification regime (Fig. 11, region 8). Region 9 corresponds to the chemical
composition of the original 3/6L stainless steel.

A sharp change in microhardness levels is observed across the gradient transition from steel to the
nickel alloy (Fig. 14), which is typical for dissimilar material systems. At the same time, the differences in
microhardness values between materials produced under different processing modes are relatively minor.
It is worth noting that near the fusion boundary, the microhardness of 3/6L steel deposited onto the nickel
alloy is slightly higher than that of the steel layers onto which the nickel alloy was deposited. The average
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Fig. 12. X-Ray diffraction (XRD) patterns of heterogeneous
compositions fabricatedusing different deposition modes

Fig. 13. Ferrite formed in the transition region during
deposition of nickel alloy on steel

Fig. 14. Results of microhardness testing of the combined
materials
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microhardness for the steel regions in both cases is approximately 230 + 15 HV, while for Inconel 625 it is
around 298 += 20 HV.

Under the second and third processing modes, a slight decrease in the microhardness of the nickel
alloy was observed, which can be attributed to higher heat input compared to mode 1. These results
are in good agreement with previously published data, regardless of the specific deposition method used
[10, 11, 19].

Conclusoin

This study analyzed the structural features of gradient «3/6L steel — Inconel 625 — 316L steel»
compositions fabricated via direct laser deposition. Results revealed that, during layer-by-layer fabrication
of gradient structures comprising 12 layers, a maximum build height (up to 7 mm) was achieved under two
distinct processing conditions: 1,000 W with a scanning speed of 35 mm/s, and 1,500 W with a scanning
speed of 15 mm/s. Specifically, the former condition (1,000 W, 35 mm/s) resulted in minimal material
mixing at the fusion boundary. All compositions exhibited a low density of defects, primarily in the form of
unmelted powder particles located at the edges of the deposited structures. Cracking was most prevalent in
the initial steel layers when employing higher laser power processing modes.

The chromium-to-nickel equivalent ratio correlated with the formation of mixing zones exhibiting
distinct solidification modes and phase compositions. Specifically, deposition of Inconel 625 onto 316L
steel resulted in a transition zone, characteristic of iron-based alloy compositions, exhibiting successive
solidification modes: FA (ferrite—austenite), AF (austenite—ferrite), and A (austenite). Conversely, deposition
of 316L steel onto Inconel 625 yielded a transition zone with exclusively austenite solidification. These
phase identification results were confirmed by X-ray diffraction analysis. Scanning electron microscopy
further confirmed the presence of ferrite in the interdendritic regions on the steel side.

Microhardness testing revealed minimal impact of deposition parameters on the average hardness of
the materials. The microhardness of 3/6L steel was consistently measured at 230 + 15 HV, while that of
Inconel 625 averaged 298 + 20 HV.
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Introduction. The granulometry (particle size distribution) of the starting powders significantly influences
the hardness and strength of compacted tungsten carbide (#WC) metalloceramic materials, but this effect has not
been extensively studied in the context of WC/Fe-Ni-Al coatings. The purpose of this work is to investigate
the influence of the granulometry of the starting WC powder introduced into the non-localized electrode on the
kinetics of mass transfer, chemical composition, cross-sectional microstructure of WC/Fe-Ni-Al coatings, and their
corrosion and tribological properties. Methods. WC/Fe-Ni-Al coatings were deposited on 45 steel substrates using
the electrospark deposition (£SD) method with a non-localized electrode. The electrode comprised iron granules
(@ = 4 mm), Ni and Al powders, and WC powders with varying particle sizes. X-ray diffraction (XRD) analysis
revealed that the coatings consisted of tungsten carbide, tungsten semicarbide (W-C), intermetallic phases (A4lssFei+),
ferronickel (FeNi), and body-centered cubic (BCC) phases (4/Ni, AlFe). Results and discussion. It was determined
that, with an increase in the WC powder particle size fraction in the electrode, the coating matrix composition
became enriched with aluminum, while the iron concentration decreased from 60 to 30 at.%. The lowest values for

\V,I&/,?;ano owder hardness, wear resistance, and oxidation resistance were observed for the sample obtained using WC nanopowder.
P The microhardness of the coating surface ranged from 4.39 to 9.16 GPa. The oxidation resistance of the coated
Funding samples at 700 °C increased monotonically with increasing WC powder particle size. The study found that the use

of WC powder with a particle size fraction of 20 to 40 pm resulted in the best performance in terms of hardness,
wear resistance, and oxidation resistance of the WC/Fe-Ni-Al coatings at 700 °C. The application of these coatings
increased the oxidation resistance of 45 steel by 11.6 times and wear resistance by 44 to 80 times, suggesting their
potential for use in high-intensity applications.

The work was carried out within
the framework of state assignment
No. 075-00399-25-04.

For citation: Burkov A.A., Dvornik M.A., Kulik M.A., Bytsura A.Yu. The influence of tungsten carbide particle size on the characteristics
of metalloceramic WC/Fe-Ni-Al coatings. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material
Science, 2025, vol. 27, no. 3, pp. 221-235. DOI: 10.17212/1994-6309-2025-27.3-221-235. (In Russian).

Introduction

Recently, Nidl coatings have attracted attention due to their excellent resistance to high-temperature
oxidation [1, 2]. The application of NiA/ coatings in high-temperature environments has gained wide
attention due to their ability to form a dense and stable A/,0; scale [1]. It is known that the hardness, wear
resistance, and compressive yield strength of Nid/-based alloys increase with an increase in iron content
up to 20 at.% [3]. In the study [4], Fe,Ni Al,, and Fe,Ni, Al,, coatings were obtained on the surface
of low-carbon steel using the method of gas flame spraying of a mixture of iron, nickel, and aluminum
powders. It has been shown that increasing the concentration of aluminum in Fe-Ni-Al coatings improves
their oxidation resistance.
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At the same time, a cursory literature analysis shows that the wear resistance of Fe-Ni-Al composites is
still significantly inferior to that of metalloceramic composites (MMCs). Therefore, reinforcing Fe-Ni-Al
compositions with ceramic powder particles presents a promising strategy to significantly increase their
hardness and wear resistance while maintaining high oxidation resistance.

Tungsten carbide (WC) is often considered as a reinforcing component of MMCs due to its high hardness
and good wettability with metal melts [5—7]. The Fe-Ni-Al composition exhibits exceptionally high
oxidation resistance but relatively poor wear resistance, while hard tungsten carbide is easily oxidized at
high temperatures. Therefore, reinforcing the Fee-Ni-Al matrix with tungsten carbide allows for the creation
of a WC/Fe-Ni-Al composite coating that combines high oxidation resistance and wear resistance.

According to a literature analysis, metalloceramic WC/Fe-Ni-Al coatings have previously been applied
using techniques such as flame spraying [8], plasma-arc powder spraying [9], and electrospark deposition
(ESD) [10]. Electrospark deposition (£SD) is a surface hardening technology that uses low-voltage, high-
current electrical discharges to melt and transfer material from the working electrode to the substrate
surface, significantly increasing the surface hardness and wear resistance. ESD technology offers notable
advantages such as process simplicity, low cost, low residual stresses, and minimal substrate deformation,
making it a highly effective method for producing coatings on metals and alloys [11]. The high temperature
generated during the spark discharge process melts the electrode material, resulting in a uniform and dense
coating, and the metallurgical bond ensures high adhesion of the coating to the substrate. The ESD method is
employed in various applications: to improve the physical and chemical properties of metallic materials by
applying refractory metals and their compounds; to expand the scope of application of composite materials
by creating wear-resistant and oxidation-resistant layers on their surface; and to alter the chemical and
phase composition of the surface in a controlled manner by processing in the presence of a reactive gas
(e.g., nitriding of a titanium alloy) [12].

The use of a non-localized electrode (NE) for ESD facilitates the automation of the coating application
process, including on curved parts, and enables the use of powders as the primary coating constituent [13]. In
a previous study, WC/Fe-Ni-Al coatings with a high ceramic content were produced by the ESDNE method
using a NE consisting of nickel and aluminum granules, and aWC powder with an average particle size of
I um [10]. In the field of compact WC-Co metalloceramic materials, the particle size of tungsten carbide
has a significant effect on the hardness and strength of sintered products [14, 15]. However, the influence
of the WC powder particle size on the properties of metalloceramic coatings has not been systematically
investigated.

Aim of the study is to investigate the influence of the particle size distribution (granulometry) of the
initial WC powder introduced into the non-localized electrode on the kinetics of mass transfer, chemical
composition, cross-sectional structure of WC/Fe-Ni-Al coatings, and their corrosion and tribological
properties.

To achieve the stated aim, the following tasks were accomplished:

— preparation of various tungsten carbide powder fractions via grinding in a planetary ball mill and sieve
analysis;

— investigation of the influence of the particle size distribution of the initial tungsten carbide powder
used in a non-localized electrode on mass transfer, composition, and structure of the coating;

— establishment of the relationship between the coating’s structure and its properties: roughness,
wettability, hardness, wear resistance, and oxidation resistance.

Methods

The working electrode for the ESD was a non-localized electrode consisting of iron granules and Ni,
Al and WC powders (Table 1). Iron granules were obtained by cutting welding wire (SV-0844) with a
diameter of 4+0.1 mm into cylinders with a length of 4+0.5 mm. The tungsten carbide powder fractions
ranged from 80 nm to 40 um. The most dispersed fraction was nanostructured WC powder (99.95%) with
an average particle diameter by volume D [4.3] of 0.8 um, produced by Hongwu (China) (Fig. 1, a, b).
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Table 1
Composition of non-localized electrode and coating designations
Designation Proportion Proportion Prqportwn Proportion WC powder
of coatings of granules, | of A/ powder, | of Nipowder, | of WC powder, fraction, pm
vol.% vol.% vol.% vol.% ’
WCn 0.08<wWC<0.1
wC20 93.80 2.05 1.35 2.80 1 <WC<20
WwC40 20<WC <40
a b
c d

Fig. 1. SEM image of WCn fraction powder particles (a) and the results of its BET analysis (b);
integral distribution of Ni, Al, WC20, WC40 powders (c) and X-ray diffraction patterns
of WC powders (d)

To prepare larger fractions, WC powder (TU 6-09-03-360-78) with particle size of 1 < WC <40 pm was
used, which was separated through 40 um and 20 pm sieves using a vibrating table. The particle diameter
of the powders was measured using the arbitrary secant method according to ASTM E112-12. The average
particle size of aluminum and nickel powders was 18.0£10.3 pm and 11.3+6.4 um, respectively (Fig. 1, ¢).
X-ray diffraction (XRD) patterns revealed that as the WC particle diameter decreased, a monotonic decrease
in reflection intensity and an increase in reflection width were observed, consistent with the Scherrer equa-
tion (Fig. 1, g).

The substrate (cathode), made of grade 45 steel in the form of a cylinder (d = 12 mm and 4 = 10 mm),
was immersed in a mixture of granules and powders with the end surface facing down. Thus, the coating
was formed on the end and side surfaces of the substrate, with a total covered area of 2.88 cm’. An IMES-
40 generator was used as a source of current pulses. The device settings were as follows: pulse duration —
100x10°° s, frequency — 103 Hz, pulse current amplitude — 170 A at an open circuit voltage of 25 V.
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The coatings were applied in an argon flow at a rate of 0.3 m’/hour to protect the electrodes from
oxidation. The total coating time for one sample was 10 minutes. A more detailed description of the
laboratory setup for automatic coating application using the ESDNE method with powders is given in the
study [16].

The weight gain of the substrate was measured on a laboratory scale (Vibra HT120) (1074 g) every
120 s of ESDNE treatment. The phase composition of powders and prepared samples was studied by X-ray
diffraction. For this purpose, a multifunctional X-ray diffractometer DRON-7 (NPP Burevestnik, Russia)
with Cu-Ka radiation (A = 1.54056 A) was used in this work. For metallographic examination of the
microstructure and chemical microanalysis of samples with coatings, a scanning electron microscope Vega
3 LMH (Tescan, Czech Republic) equipped with a microanalyzer (EDS) X-max 80 (Oxford Instruments,
UK) was used. The surface roughness of the coatings was measured using a 296 profilometer (USSR). For
each sample, 10 roughness measurements were taken and average values were calculated. To determine
wettability, the “sessile drop” method was used. A drop of distilled water was applied to the horizontal
surface of the coating, and the contact angle with the surface at a temperature of 25 °C was determined
from the drop profile [17]. For each sample, 5 measurements of wettability were performed, and average
values were calculated. Microhardness was determined using the restored indentation method using a
PMT3-M microhardness tester. Microhardness measurements were carried out using the Vickers method
with a loading force of 1.96 N and an exposure time of 12 s. On each sample, 20 indentations were made,
20 measurements of the microhardness value were carried out, and the average values were calculated.
Tests for the coefficient of friction and wear of samples were carried out using the “pin-on-disk” scheme
[18-20] under a load of 25 N at speeds of 0.47 and 1.89 m/s for 10 minutes. Discs (d = 50 mm) made of
high-speed steel M45 (60 HRC) were used as the counterbody. For each sample, at least 4 measurements
were made, the average data sets were calculated, and the average values of the friction coefficient were
determined. To determine wear resistance, at least 6 measurements were taken for each sample. To study
cyclic oxidation resistance, samples of Stee/ 45 and samples with coatings that had a cubic shape with a
6 mm edge were used in the experiment. The samples were kept in a muffle furnace in cycles of ~6 hours
at a temperature of 700 °C, and then placed in a desiccator to cool, and then weighed. The experiment was
carried out for 100 hours.

Results and Discussion

When testing new compositions of non-localized electrodes, it is necessary to monitor the cathode
weight gain during processing to establish the specific weight gain, as it characterizes the volume of
material transferred to the substrate. Negative weight gain values indicate that a coating will not form.
At the moments of voltage pulse application, electrical discharges occurred at the points of electrical
contact between the granules and the substrate. This was accompanied by the transfer of metal from
the melt pool of the granule to a pool on the surface of the substrate. Particles of Ni, A/, and WC powders
located on the surface of the substrate or granules in the discharge impact area were wetted by the molten
metal and incorporated into the melt pool on the substrate, forming a coating. With increasing processing
time, the weight gain of the substrate gradually increased for all samples (Fig. 2, a). After 10 minutes
of processing, the average values of the total specific weight gain of the cathode ranged from 2.74
to 4.76 mg/cmz, with the W(C40 sample exhibiting the minimum value. The total weight gain values
for the WCn and WC20 samples were very close, whereas the weight gain rate for W40 was noticeably
lower. This may be due to the low specific surface area of large particles. The low surface area results
in a lower specific surface free energy, which may not be sufficient for reliable particle attachment
to the granule and cathode surfaces, potentially limiting the incorporation of such particles into the
coating.

X-ray diffraction (XRD) analysis revealed that the structure of the coatings contains tungsten carbide
(WC), tungsten subcarbide (W,C), body-centered cubic (BCC) phases, an intermetallic compound (47, Fe, ),
and an FeNi solid solution (Fig. 2, b). BCC phases may be represented by intermetallic compounds AINi
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a b

Fig. 2. Mass transfer of samples during coating deposition (a) and XRD analysis of the obtained
coatings (b)

and AlFe, the reflections of which overlap on the 20 scale. The W,C phase formed as a result of tungsten
carbide decarburization during interaction with molten iron in a melt pool, according to reaction 1:

2WC+ 3Fe=W,C+ Fe,C (1)

Thus, the prepared coatings exhibit a metalloceramic structure, where the metal binder is composed
of aluminides and ferronickel, while tungsten carbides serve as reinforcing phases. The X-ray diffraction
patterns of coatings obtained using micron-sized powders differ significantly from those obtained using
nanopowders. Specifically, tungsten carbide (WC) is the most abundant phase in the WC20 and WC40
coatings, whereas ferronickel and the A/, Fe,, aluminide are present in higher concentrations in the WCn
coating (Table 2). Furthermore, the concentration of the W,C phase is lowest in the WCn coating compared
to the other samples.

Table 2
Results of semi-quantitative phase analysis of coatings in accordance
with Fig. 2, b
Concentration, vol.%
Samples
wcC BCC Ww,C FeNi Al Fe,,
WCn 19.5 20.5 3.9 40 16.1
wC20 323 23.6 209 15.6 7.5
wC40 31.0 284 30.0 6.4 4.6

Cross-sectional images of the MMCs coatings are shown in Fig. 3, a—d. The average coating thickness
was very similar, ranging from 24.3 to 26.1 pm. The coating structure consists of a Fee-Ni-A/ matrix and
grains in the micron and submicron ranges. The Wn coating appears homogeneous without micron-sized
inclusions (Fig. 3, a). At higher magnification, diamond-shaped crystallites with sizes ranging from 0.16
to 0.47 um are observed in the Wn coating, uniformly distributed throughout the coating layer (Fig. 3, b).
Given the low concentration of the W,C phase in this coating (Fig. 2, b), it is reasonable to assume that
the diamond-shaped crystallites are tungsten carbide. In the W20 and W40 coatings, both micron- and
submicron-sized carbide grains are observed. Elemental mapping results reveal that the micron-sized
inclusions are enriched in tungsten and carbon (Fig. 4). The difference in size and non-uniform distribution
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SEM HV: 20.0 kV WD: 14.10 mm | VEGAS3 TESCAN SEM HV: 20.0 kV WD: 13.01 mm VEGA3 TESCAN
SEM MAG: 3.00 kx Det: BSE SEM MAG: 24.0 kx Det: BSE

SEM HV: 20.0 kV WD: 14.81 mm | | VEGAS3 TESCAN SEM HV: 20.0 kV WD: 15.00 mm | VEGA3 TESCAN

SEM MAG: 3.00 kx Det: BSE 20 pm SEM MAG: 3.00 kx Det: BSE 20 pm

c d
Fig. 3. SEM images of the cross-section of coatings: WCr (a, b), WC20 (c) and WC40 (d)

Fig. 4. Mapping of the WC20 coating area
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of the white micron-sized inclusions in the WC20 and W(C40 coatings suggest that they are original tungsten
carbide WC particles. The cross-sectional images clearly show that the size of micron-sized WC inclusions
increases with an increase in the WC powder fraction in the electrode. The diameter of the micron grains was
smaller than the median particle diameter in the original W20 and W40 powders (Fig. 1, ¢, d). This suggests
that the original powder particles were agglomerates of carbides, which disintegrated into fragments when
wetted by the Fe-Ni-A/ melt in the discharge pool and dissolved upon interaction with iron. The submicron
inclusions in Fig. 4 likely formed via WC crystallization from the melt, as they resemble the diamond-
shaped inclusions of the WCn sample, and reaction 1 is reversible. Micron inclusions could also act as
WC crystallization centers, growing further during crystallization of the melt microbath after the discharge
ceased. The distribution of aluminum, nickel, and iron is uniform, indicating a homogeneous composition
of the coating matrix. The light grey areas in Fig. 4 are likely the result of tungsten carbide decarburization,
as described in Eq. 1.

According to EDS analysis, the coatings contain tungsten, nickel, aluminum, and iron (Fig. 5, a—c). The
source of iron is both the granules and the substrate. The concentration of elements remained relatively
constant throughout the coating thickness. Fluctuations in tungsten concentration can be attributed to the
presence of tungsten carbide grains in the path of the scanning electron beam. As the powder fraction size
in the NE increased, the aluminum content in the coating matrix increased, while the iron (Fe) content
decreased from 58 to 27 at.% (Fig. 5). The formation of the ESD coating inevitably involves the substrate
as a source of iron. It is worth noting that the use of iron granules results in comparable iron concentrations
in the coating to those obtained when using Ni and A4/ granules [10]. This can be explained by the fact

c

Fig. 5. Metal concentration distribution of across coating height, according to the results
of EDS analysis:

a—WCn; b—WC2;, c— WC40
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that powders participate much more intensively in the formation of coatings during ESDNE compared to
compact electrodes (granules).

The surface roughness (Ra) of the coated samples ranged from 5.87 to 8.23 um (Table 3). Furthermore,
the contact angle with distilled water ranged from 77.7 to 83.6°, which is significantly higher than that of
Steel 45 (54.1£1.4°). Thus, the application of WC/Fe-Ni-Al coatings to components made of Steel 45 will
increase the hydrophobicity of their surface due to a reduction in surface free energy. This is expected to
reduce the deposition of contaminants on the surface and, consequently, limit the development of corrosion
on steel structures.

Table 3
Thickness, roughness and wettability of coatings
Sampels
Characteristics
WCn wC20 wC40
Thickness, pm 25.19+5.78 24.354+5.68 26.1346.10
Roughness, pm 8.23+£2.17 6.73+0.89 5.87+£0.94
Wettability, © 77.7+1.6 83.6x1.6 82.7+1.6

The microhardness measurements on the coating
surface revealed values ranging from 4.39 to 9.16 GPa,
with the WCn sample exhibiting the minimum value
and the WC20 sample exhibiting the maximum (Fig.
6). Thus, the application of coatings allows for a 1.7 to
3.6-fold increase in the hardness of products made of
Steel 45. The low hardness values of the sample obtained
using tungsten carbide nanopowder can be attributed
to the absence of large tungsten carbide inclusions in
its composition. Moreover, this coating had the lowest
content of the W,C phase (30 GPa) [21]. The hardness of
the WC20 and W(C40 coatings was nearly identical, but
significantly higher than that of WCn due to the higher
content of the I¥,C phase.

The results of friction tests on WC/Fe-Ni-Al coatings
under a load of 25 N are shown in Fig. 7, a. During the
initial 30 m of sliding, a sharp increase in friction force
was observed, resulting from an increase in the contact
area between the counter-surfaces due to running-in and smoothing out of roughness asperities. The friction
coefficient curves of all coatings exhibited an ascending trend in the stable stage, while the friction force
values of Steel 45 fluctuated around a constant value. This can be attributed to the increased surface roughness
of the coatings (Table 3). Analysis of the friction coefficient curves revealed that the friction force noise
level was significantly lower for all samples with WC/Fe-Ni-Al coatings compared to Steel 45. The average
friction coefficient values of the coatings (0.73—0.83) were 6—18% lower than those of uncoated Steel 45
(0.88). This can be attributed to the anti-friction properties of WO,, which forms during oxidative wear of
tungsten carbide [22]. In conclusion, the use of the proposed WC/Fe-Ni-Al coatings allows for the reduction
and stabilization of the friction coefficient of components made of Steel 45.

The wear resistance of the coatings was investigated at linear sliding speeds of 0.47 and 1.9 m/s under
a load of 25 N. The wear rate of WC/Fe-Ni-Al coatings ranged from 0.61 X 10° to 10.91 x 10 mm’/
Nm at a speed of 0.47 m/s and from 0.30 X 10° t0 2.70 x 10 ° mm’/Nm at a speed of 1.89 m/s (Fig. 7,
b). Therefore, the wear resistance of the developed coatings was 5 to 80 times greater than that of the

Fig. 6. Microhardness of the coating surface
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a b
Fig. 7. Coefficient of friction at a sliding speed of 0.47 m/s and wear rate of coatings at 0.47 and 1.89 m/s

original Steel 45. At a sliding speed of 0.47 m/s, the wear of the samples was higher than at a higher speed
(1.89 m/s). This can be attributed to the formation of a self-lubricating tribo-oxide layer, resulting from
the high instantaneous temperature reached in the friction zone at the higher sliding speed [23, 24]. At
both speeds, the WCn coating exhibited the lowest wear resistance, while the W(C40 coating exhibited
the highest. The high wear resistance of the WC40 coating can be attributed to the presence of large WC
inclusions and areas with their accumulation, which prevented the counterbody from interacting with the
abraded metal matrix of the coating.

Based on the weight gain plots of WC/Fe-Ni-Al coatings and Steel 45 at 700 °C, after 100 hours of
testing, the weight gain of coated samples ranged from 37.0 to 133.8 g/mz, while that of uncoated Steel
45 was 429.2 g/m2 (Fig. 8, a). The weight gain of the coated samples increased with increasing powder
dispersion, increasing by 2.6 times when transitioning from the WC20 sample to the WCn sample. Thus, the
results indicate that decreasing the diameter of tungsten carbide particles reduces the oxidation resistance
of the WC/Fe-Ni-Al composition. This may be due to the increased decarburization of W(C particles with
an increase in their specific surface area, leading to a greater introduction of W and C elements into the

a b

Fig. 8. Graphs of weight gain of WC/Fe-Ni-Al coatings and 45 steel over time at a temperature
of 700 °C (a) and XRD patterns of coatings after oxidation resistance testing ()
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Fe-Ni-Al matrix, thereby reducing the barrier properties of the aluminum oxide layer formed during high-
temperature oxidation. The weight gain during the oxidation resistance test results from the fixation of
oxygen on the surface of the samples in the form of hematite Fe,O, (Fig. 8, b). In general, the WC20 and
WC40 composite coatings demonstrated high oxidation resistance at 700 °C. Their use allows for an 8.4 to
11.6-fold increase in the oxidation resistance of components made of Steel 45.

Conclusions

1. For the first time, the influence of tungsten carbide powder particle size distribution on the production
of WC/Fe-Ni-Al metalloceramic coatings on Steel 45 using electrospark deposition with a non-localized
electrode was investigated. Tungsten carbide powder fractions of 1 < WC < 20 um and 20 < WC <40 pm
were prepared via grinding in a planetary ball mill and subsequent sieve analysis.

2. The total weight gain values for samples WCn and WC20 were similar, while the weight gain rate
was noticeably lower for W40. X-ray diffraction analysis revealed that the deposited coatings consisted
of tungsten carbide, tungsten subcarbide (W,C), iron aluminide (4/yFe, ), ferronickel (FeNi), and BCC
phases (4INi, AlFe). It was shown that increasing the WC powder fraction size in the electrode resulted
in enrichment of the coating matrix with aluminum, while the iron concentration decreased from 60 to
30 at.%. The coating structure corresponds to a metalloceramic composite.

3. The surface roughness of the coatings ranged from 5.87 to 8.23 pm, with a minimum value for the
WC40 sample. The contact angle of the coatings ranged from 77.7 to 83.6+1.6°, with the lowest value
observed for the sample produced using tungsten carbide nanopowder.

4. The microhardness of the coating surface ranged from 4.39 to 9.16 GPa, with the lowest value
observed for the sample produced using tungsten carbide nanopowder.

5. This study demonstrated that tungsten carbide particle fractions ranging from 20 to 40 um provide the
best wear resistance and oxidation resistance of WC/Fe-N-Al coatings at 700 °C. It was shown that the use
of such coatings increases the oxidation resistance of Steel/ 45 by up to 11.6 times and the wear resistance
by 44 to 80 times.
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Introduction. Aluminum-based metal matrix composites (MMCs) have garnered considerable attention recently due to
their enhanced mechanical properties, making them suitable for a wide range of industrial applications. While other methods exist
for incorporating reinforcements into the base metal, stir casting is a particularly efficient process as it promotes a more uniform
distribution of reinforcement particles throughout the matrix. The purpose of this work. It has been demonstrated that adding silicon
carbide (SiC) reinforcements to alloys from the 7XXX series enhances their fatigue strength. The impact of SiC reinforcements on the
mechanical properties of 4356 composites, such as elongation, compressive strength, tensile strength, and hardness, has also been
investigated. However, there is a need for more research on how hybrid reinforcement particles affect the mechanical properties of
Al7075-T6 alloy. Methods. Considering the broad application spectrum of aluminum matrix composites (4MCs) in the automotive
and aerospace sectors, this study examines the influence of varying ratios of nano-sized SiC and graphene reinforcements on the
hardness and tensile strength of stir-cast 4/7075-T6 aluminum alloy. The scanning electron microscopy — energy-dispersive X-ray
spectroscopy (SEM-EDS) analysis of the composites’ microstructural and fractographic surfaces is also included. The objectives of
this work are to develop lightweight, high-performance hybrid metal matrix nanocomposite materials and to explore the feasibility
of integrating graphene and SiC nanoparticles into 4/7075 alloy. Particular emphasis is placed on the discussion of the mechanical
characteristics of these hybrid materials. Results and discussion. This study found that mechanical stirring improved the bonding,
wetting, and cohesion between the reinforcements and matrix while reducing porosity. Compared to composites produced without
stirring, stirred composites exhibited improved strength and toughness due to microstructural changes. The study suggests that
appropriate mixing strategies can significantly impact the mechanical properties and surface morphology of 4/7075 nanocomposites.
The results indicated that the hybrid reinforcement nanoparticles significantly improved both the hardness and tensile strength of the
Al7075-T6 alloy. Moreover, a distinct correlation between the ratio of silicon carbide to graphene nanoparticles and the mechanical
properties of the specimens was observed. Specifically, an A/7075 specimen reinforced with 0.5 wt.% graphene and 3 wt.% silicon
carbide nanoparticles demonstrated superior hardness and tensile strength compared to unreinforced 4/7075 and other combinations
of silicon carbide and graphene nanoparticles considered in this study. With a 0.5 wt.% graphene content and 1-3 wt.% SiC content,
the A17075-based nanocomposites consistently exhibited a well-defined grain structure with distinct, continuous grain boundaries. The
resulting finely dispersed nanoparticles, ranging in size from 62.57 to 91.54 nm, facilitated effective load transfer, grain refinement,
and impeded dislocation motion, leading to enhanced mechanical properties. An 4/7075-based nanocomposite exhibited superior
mechanical performance characterized by a dense, dimpled surface featuring uniform microvoids and minimal particle pull-out. This
behavior was attributed to ductile fracture resulting from strong matrix-reinforcement bonding and efficient load transfer. Consistent
with these observations, the study indicates that the mechanical behavior of hybrid 4/7075-based nanocomposites is significantly
influenced by the reinforcement ratio, particle size, and dispersion quality. This information is valuable for advanced industrial
applications. The study further demonstrates that a balanced combination of graphene and silicon carbide nanoparticle reinforcements
can enhance the mechanical properties of 4/7075, emphasizing the need for further investigation into these synergistic effects.

For citation: Patil S., Chinchanikar S. Investigation on the mechanical properties of stir-cast Al7075-T6-based nanocomposites with
microstructural and fractographic surface analysis. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and
Material Science, 2025, vol. 27, no. 3, pp. 236-251. DOI: 10.17212/1994-6309-2025-27.3-236-251. (In Russian).

Introduction

Hybrid metal matrix composites (HMMCs) are increasingly being utilized in the automotive and
aerospace industries due to their exceptional properties, including low density, high stiffness, high specific
strength, and a low coefficient of thermal expansion. Composite materials are categorized into two main
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groups: matrix-based (metal, polymer, or ceramic) and reinforcement-based (particulate, fiber, or whisker).
Currently, particulate metal matrix composites are widely adopted. These composites consist of a base metal
(such as aluminum or magnesium) and reinforcement particles (such as silicon carbide (SiC), graphene (C),
or boron carbide (B,C), as well as natural materials like rock dust, eggshell, or jute).

Various methods are employed to incorporate reinforcements into the base metal; however, stir casting
stands out as an effective technique, ensuring a uniform distribution of reinforcement particles throughout
the base metal. Aluminum-based metal matrix composites (4/-MMCs) have garnered significant attention
in recent years due to their improved mechanical properties, making them suitable for various industrial
applications. The incorporation of reinforcement particles, such as silicon carbide (SiC) and graphene, has
been shown to enhance the mechanical properties of metal matrix composites (MMCs). These MMCs have
gained significant attention in recent years due to their improved mechanical and thermal properties [1].

A substantial enhancement in the material’s mechanical properties is achieved by the addition of
components such as graphene nanoplates (GNPs), boron nitride (BN), and vanadium carbide (VC),
among others. For example, the hybrid 447075/GNPs+BN+VC material exhibited superior hardness and
compression strength due to the effective use of particle reinforcement [2]. Enhanced mechanical strength
can also be achieved through the utilization of boride nanocrystals, such as hafnium diboride (#/B,), which
improve hardness and facilitate grain refinement [3].

Optimizing the microstructure of a material can be achieved by employing methods such as equal
channel angular pressing (ECAP) and spark plasma sintering (SPS). This optimization, in turn, affects
the yield strength and hardness of the material [4]. To attain optimal outcomes, it is necessary to refine
grain size through hybridization and processing techniques. The enhanced grain boundary strengthening
resulting from smaller grain sizes contributes to the improvement of the material’s mechanical properties.
Strong interfacial bonding between the matrix and reinforcements is crucial for efficient load transfer,
directly influencing the mechanical performance of the composites.

Aluminum matrix composites (4AMCs) have become increasingly popular due to the advantages they
offer compared to monolithic aluminum alloys [5]. The mechanical and tribological properties of AMCs are
influenced by several factors, including the processing methods, the type of reinforcement, the size, and the
composition of the material [6]. Stir casting, friction stir processing, powder metallurgy, and spark plasma
sintering are a few examples of the various manufacturing techniques available for AMCs [7].

Techniques such as stir casting, powder metallurgy, and friction stir processing are particularly
significant in establishing a homogeneous distribution of reinforcements throughout the material. Friction
stir processing effectively reduces grain size, with reductions of up to 10.3 times compared to the base alloy.
This technique utilizes friction to stir the material, enhancing its mechanical properties. During friction stir
processing, the uniform distribution of hybrid reinforcement particles contributes to an increase in both the
hardness and compression strength of the resulting composites [2].

Powder metallurgy techniques, such as mechanical alloying and hot pressing, are used to enhance the
compressive strength, elongation to failure, and microhardness of composites. Researchers have found that
hot pressing yields superior mechanical properties for A42024/multi-walled carbon nanotube (MWCNT)
composites compared to other techniques, as it facilitates uniform MWCNT dispersion and improved
connectivity across interfacial surfaces [8].

Stir casting is a cost-effective method but faces challenges with agglomeration during production. Powder
metallurgy is also considered a successful approach for creating hybrid aluminum nanocomposites [5].
Nanocomposites produced via stir casting exhibit enhanced hardness and a lower wear rate. This technique
enables the creation of a dense microstructure with minimal porosity, leading to improved mechanical
properties in the composite [9].

Silicon carbide (SiC) and boron carbide (B,C) are two examples of established materials used as
reinforcements. Powders derived from agricultural waste, such as rice husk ash and coconut shell ash, can
also be effectively employed. The use of these reinforcements enhances characteristics such as compressive
strength, hardness, and wear resistance [10]. The incorporation of B,C and SiC reinforcements into A/6061
composites has been shown to affect mechanical properties, including hardness, tensile strength, and impact
energy [11].
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The addition of SiC reinforcements to 7XXX series alloys has been shown to improve fatigue strength
[12]. The incorporation of A/,0, reinforcements into scrap aluminum alloy wheels affects porosity, hardness,
ultimate tensile strength, and ultimate compressive strength [13-15]. Researchers have reviewed the effect of
mixed nanoparticles in base fluids on the properties of nanofluids and machining characteristics, suggesting
that nanoparticle size and concentration significantly influence nanofluid effectiveness [16-19]. Research
has also explored the effect of SiC reinforcements on the mechanical properties of 4356 composites,
including hardness, tensile strength, compressive strength, and elongation [20]. However, the effects of
hybrid reinforcement particles on 4/7075-T6 alloy remain largely unexplored.

Silicon carbide and graphene offer varying benefits as reinforcement materials: SiC is ideal for enhancing
hardness and tensile strength, while graphene excels in lightweight, high-strength applications. This study
aims to investigate the influence of varying proportions of nanosized SiC and graphene (Gr) on the hardness
and tensile strength of 417075-T6 alloy, prepared using the stir casting method. The study also examines the
microstructural and fracture surface analysis of the composites using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX).

This research aims to create lightweight, high-performance hybrid metal matrix nanocomposite
materials and explore the potential of combining SiC and Gr nanoparticles with 4/7075, with a focus on
characterizing the mechanical properties of these hybrid materials.

Materials and Design

Aluminum matrix composites (4MCs) reinforced with silicon carbide (SiC) and graphene are favored for
aerospace and automotive applications due to their enhanced mechanical and tribological properties [21].
Graphene’s high strength-to-weight ratio can improve property enhancement, although its poor wettability
and tendency to aggregate can be limiting factors [22]. Stir casting and other methods are employed to
achieve a homogeneous reinforcement distribution, which enhances the mechanical properties of 417075
composites [23]. In this study, A/7075-T6 serves as the matrix material, while silicon carbide (30-50 nm)
and graphene (5-10 nm) are used as reinforcements. Reinforcement materials influence the mechanical
and physical properties of composites. SiC and graphene are preferred reinforcements for engineering
applications due to their distinctive characteristics.

Silicon carbide, known for its hardness, thermal conductivity, and resistance to corrosion and chemical
attack, is well-suited for high-temperature environments and enhances durability. With a density of
3.22 g/cm? and a hardness of 2450 BHN, silicon carbide is a rigid, robust material ideal for wear-resistant
applications. Graphene, with a low density of 2.2 g/cm® and a hardness of 110 BHN, is well-suited for
strong, lightweight components. Despite its lower hardness compared to SiC, graphene can be used to
create flexible, high-strength composites. Graphene’s tensile strength of 130 GPa surpasses that of most
materials, benefiting advanced composites that require a high strength-to-weight ratio.

The mechanical properties of the cast specimens were characterized using hardness tests (ASTM E10)
and tensile tests (ASTM-B557). Hardness was measured using a Brinell hardness tester. Tensile tests were
performed on a universal testing machine (UTM). Scanning electron microscopy (SEM) was used to analyze
the particle distribution patterns in the composites. Energy dispersive X-ray spectroscopy (EDS) was used
to identify the elements present in the specimens. SEM and EDS were performed using a JEOL JSM-IT200
model.

The experimental setup for preparing 4/7075-based nanocomposites with varying reinforcements is
depicted in Fig. 1. Initially, 4/7075-T6 ingots weighing 1.5 kg each were obtained. These ingots were then
placed in a crucible within the stir casting furnace. The molten metal was heated to 750 °C and maintained
at that temperature for 120 minutes. Magnesium powder (1 wt.%) was added to the molten metal to prevent
oxidation. Varying combinations of graphene and silicon carbide reinforcements were then introduced into
the molten metal. Before introduction, these reinforcements were preheated for 5-7 minutes.

A mechanical stirrer was used to ensure uniform dispersion of reinforcements in the molten metal
for fifteen minutes. The slurry that formed on the surface of the molten metal was gradually removed to
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Fig. 1. Preparation of 417075 specimens with varying reinforcements by stir casting

ensure sound cast specimens. Specimens with a diameter of 20 mm and a length of 250 mm were obtained.
The mold was preheated for 5-7 minutes prior to pouring the molten metal to facilitate deoxidation. The
chemical composition of A/7075 is presented in Table 1. Table 2 describes the different specimens prepared
with varying reinforcements using stir casting.

Hardness was measured using a Brinell hardness tester according to ASTM E10. A load of 187.50 kg
was applied to the specimen using a 2.5 mm steel ball indenter for a dwell time of 20 seconds. To assess the
uniform distribution of hybrid reinforcements, hardness values were measured at two different locations on
the cast specimen. Tensile behavior of the nanocomposites was investigated by manufacturing and testing
specimens in accordance with ASTM B557. Before testing in the UTM, the test specimen was machined
according to the standard.

Table 1
Chemical composition of A/7075-T6 alloy
Element Si Fe Cu Mn Mg Cr Ni Zn Ti Zr Al
wt.% 0.10 | 023 | 1.48 | 0.07 | 2.11 | 022 | 0.01 | 5.29 | 0.07 | 0.02 | Balance

Table 2

Al7075 nanocomposites prepared with varying reinforcements
Specimen Reinforcement

S1 Unreinforced 477075 alloy

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
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Results and Discussion

This section presents the effects of varying ratios of nanosized SiC and graphene reinforcements on
the hardness and tensile strength of 4/7075-T6 aluminum alloy produced via stir casting, considering the
widespread use of aluminum matrix composites (AMCs) in aerospace and automotive applications. The
microstructural and fracture surface analysis of the composites, conducted using SEM-EDX analysis, is also
presented.

This research aims to develop lightweight, high-performance hybrid metal matrix nanocomposite
materials and explore the potential of combining SiC and graphene nanoparticles with 477075 alloy,
focusing on characterizing the mechanical properties of these hybrid materials.

The following aspects will be addressed:

— The influence of varying proportions of nanosized SiC and graphene on the hardness and tensile
strength of 4/7075-T6 alloy;

— The microstructure and fracture surface morphology of A4/7075-T6 nanocomposites, investigated
using SEM-EDJX analysis;

— Key findings of the study and directions for further research.

Mechanical properties of Al7075-T6 nanocomposites

This subsection discusses the mechanical properties - hardness and tensile strength — of both unreinforced
and reinforced A17075-T6 nanocomposite specimens prepared using stir casting. As shown in Table 2, a
total of eight different A/7075-T6 nanocomposite specimens were fabricated via stir casting, with varying
silicon carbide (SiC) and graphene nanoparticle reinforcements. The mechanical properties — hardness
and tensile strength — were measured and compared between the unreinforced and differently reinforced
Al7075-T6 nanocomposites. Fig. 2 illustrates the hardness and tensile strength of both unreinforced and
reinforced A17075-T6 nanocomposites.

As illustrated in Fig. 2, the addition of graphene
and SiC reinforcements to AIl7075 significantly
increases the material’s tensile strength and
hardness, resulting in a considerable improvement
in overall strength. Specimen 1, representing the
unreinforced 477075 material, exhibits a tensile
strength of 89.47 MPa and a Brinell hardness
number (BHN) of 84.3. Increasing the graphene
percentage from 0.1% to 0.3% in Specimens 2
through 4, while maintaining a constant 0.5%
SiC reinforcement, results in a gradual increase in
hardness (101.40-107.5 BHN) and tensile strength
(117.68-141.82 MPa). Furthermore, increasing the
SiC percentage from 1% to 3% in Specimens 5 through 7, while maintaining a constant 0.5% graphene
reinforcement, leads to a significant improvement in tensile strength (151.55-156.62 MPa) and hardness
(132.60-163.40 BHN).

Fig. 2 demonstrates that reinforced A/7075-T6 nanocomposites exhibit greater hardness and tensile
strength compared to the unreinforced 4/7075 specimen. Furthermore, these properties increase with
higher concentrations of SiC and graphene nanoparticle reinforcements. However, the increase in these
properties, particularly hardness, appears more pronounced with SiC reinforcement compared to graphene
reinforcement in the A17075-T6 alloy. With a constant 1% graphene reinforcement, tensile strength decreases
when SiC reinforcement exceeds 2%.

Increasing the SiC percentage from 2% to 4% in Al7075-based nanocomposites, while maintaining
a constant 1% graphene reinforcement (Specimens 8 and 9), results in a significant decrease in tensile
strength (120.24-126.16 MPa) compared to the increase in hardness (145.16-163.40 BHN). The decrease

Fig. 2. Hardness and tensile strength
of A17075-T6 nanocomposites
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in tensile strength for the 4/7075 nanocomposite when reinforced beyond 2% SiC with a constant 1%
graphene proportion may be attributed to increased brittleness in the nanocomposite, resulting from stress
concentrations caused by the SiC particles. This study underscores the importance of balancing hardness
and tensile strength in nanocomposites to achieve the desired properties, highlighting the need for careful
consideration of reinforcement material selection. It is crucial for researchers to carefully optimize
reinforcement percentages to balance strength and hardness in 477075-based nanocomposites.

When properly combined, graphene and silicon carbide reinforcements can synergistically enhance
mechanical properties. This study indicates that Specimen 7, composed of 417075, 0.5% graphene, and
3% SiC, exhibits an excellent balance between tensile strength (156.62 MPa) and hardness (155.52 BHN),
representing an optimal combination of these characteristics. The enhanced mechanical strength resulting
from the addition of SiC and graphene to the A/7075-T6 nanocomposite may be attributed to SiC's hardness
and modulus, which facilitate load transfer, grain refinement, and dislocation impediment. Furthermore,
graphene’s high tensile strength and large surface area improve interfacial bonding and inhibit cracking.
Differential thermal expansion between the reinforcements and the matrix generates dislocation networks
that impede plastic deformation. Consequently, SiC and graphene enhance the composite’s tensile strength,
hardness, and wear resistance.

The test results demonstrate that the hybrid nanocomposites possess higher tensile strength and hardness
than the unreinforced A/7075 alloy, and these properties increase with the hybrid reinforcement ratio. The
correlation between mechanical properties and the homogeneous dispersion of nano reinforcements, which
inhibits dislocation movement, reduces porosity, and minimizes nanoparticle agglomeration, is explored in
the subsequent subsection focusing on the microstructural and fracture surface analysis of 4/7075-based
nanocomposites.

The microstructural and fracture surface analysis of nanocomposites

The superior tensile strength (156.62 MPa) and hardness (155.52 BHN) observed for Specimen 7 among
the prepared nanocomposites can be elucidated through microstructural and fracture surface analysis.
Fig. 3 presents SEM images of the fracture surfaces of Specimen 7 (4/7075 + 0.5% Gr + 3% SiC) after
tensile testing. Figs. 3, a through 3, d display SEM images of the fracture surfaces at increasing magnification
levels. These images reveal the microstructural traits and features of the fracture surfaces at various scales.

The SEM analysis provides valuable insights into the material’s failure mechanisms and fracture
propagation characteristics. A dense, dimpled surface with homogeneous microvoids and minimal particle
pull-out is observed, indicative of ductile fracture with strong matrix-reinforcement bonding and efficient
load transfer. The presence of fine, uniformly distributed dimples suggests that SiC particles served as
solidification nucleation sites, while graphene blunted crack tips and impeded dislocation movement.

SEM images of the fracture surfaces of Specimen 8 (4/7075 + 1% Gr + 2% SiC) are shown in Figs. 4,
a through 4, d at increasing magnification levels. The fracture surfaces exhibit non-uniform dimples with
mixed-mode characteristics, indicating interfacial decohesion and reinforcement particle pull-out. Increased
graphene concentration may weaken matrix-reinforcement bonding due to graphene agglomeration and
reduced wettability. Stress concentrations caused by microstructural discontinuities can lead to premature
cracking, potentially explaining why Specimen 8 exhibits lower tensile strength and hardness compared to
Specimen 7 despite having a higher overall reinforcement content.

This study observed that 4/7075 nanocomposites prepared with stirring exhibit a more uniform and
homogeneous surface compared to those prepared without stirring. Scanning electron micrographs reveal
distinct surface morphologies for composites prepared with and without stirring. Fig. 5, a depicts the unstirred
composite’s flat, featureless surface characterized by scattered particles, non-uniform reinforcement
distribution, and agglomerates. This non-uniformity indicates inadequate matrix-reinforcement particle
dispersion resulting from insufficient mechanical mixing during fabrication. Visible voids and poor
interfacial bonding suggest weak matrix-reinforcement interaction, which can negatively impact composite
mechanical performance. Fig. 5, b displays the stirred composite’s smooth, homogeneous surface. Visible
striations and consistent fine particle dispersion suggest that stirring enhances mixing and reinforcement
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c d
Fig. 3. SEM images of fractured surfaces after tensile testing for Specimen 7

c d
Fig. 4. SEM images of fractured surfaces after tensile testing for Specimen 8
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a b
Fig. 5. Surface images without (@) and with () stirring for Specimen 7

distribution. Mechanical stirring reduces porosity and improves bonding, wetting, and cohesion between the
matrix and reinforcements. These microstructural alterations likely contribute to the superior strength and
toughness of stirred composites compared to unstirred ones. The study highlights that the implementation
of appropriate mixing techniques can significantly influence the surface morphology and mechanical
properties of 4/7075 nanocomposites.

Energy dispersive X-ray spectroscopy (EDX) analysis in this study confirms the homogeneous
distribution of SiC and graphene nanoparticles within the aluminum matrix. Figs. 6 and 7 present the
elemental analyses of Specimens 7 (4/7075 + 0.5% graphene + 3% SiC) and 8 (417075 + 1% graphene +
+ 2% SiC), respectively. The EDX analysis confirms the presence of SiC nanoparticles within the aluminum

Fig. 6. Elemental analysis of Specimen 7 (4/7075 + 0.5 % graphene + 3 % SiC)

Fig. 7. Elemental analysis of Specimen 8 (477075 + 1% graphene + 2% SiC)

CM Vol 27No. 32025



MATERIAL SCIENCE OBRABOTKA METALLOV %

matrix, indicated by the detection of carbon, silicon, and aluminum. Furthermore, the EDX results clearly
demonstrate the presence of graphene nanoparticles in the aluminum matrix, with carbon peaks observed
in both specimens. The dispersion of SiC and graphene nanoparticles throughout the aluminum matrix
highlights their potential to enhance the mechanical properties of the composite material.

Energy dispersive X-ray spectroscopy (EDX) analyzes the elemental composition of the 4/7075-based
nanocomposites. Figs. 6 and 7 show a dominant aluminum signal in the EDX spectra, confirming that the
matrix material is primarily aluminum. The presence of titanium (77) and zirconium (Zr) peaks suggests
their role in mechanical optimization as reinforcing elements. Silicon (Si) may be present as intermetallic
compounds or ceramics. Trace peaks of iron (Fe), manganese (Mn), chromium (Cr), nickel (Ni), copper
(Cu), and zinc (Zn) indicate the presence of a multi-elemental alloying system designed to improve strength,
wear resistance, and corrosion resistance. While EDX has limited sensitivity to light elements like carbon, a
minor carbon peak near 2 keV suggests the presence of graphene or graphitic carbon structures. Even at low
concentrations, graphene’s high tensile strength and large surface area contribute to enhanced structural and
functional performance of the composite. Overall, the EDX results demonstrate the successful incorporation
of both micro- and nano-scale reinforcements into the aluminum matrix, highlighting its suitability for
advanced structural applications.

Fig. 7 illustrates the elemental distribution within the eighth composite specimen. The prominent A/Ka.
signal at 1.5 keV confirms aluminum as the primary matrix material. The presence of a strong MgKa
peak indicates the addition of magnesium to enhance the strength-to-weight ratio and improve corrosion
resistance. Peaks corresponding to titanium (7iLa, 7iKa), zirconium (ZrLa), and silicon (SiKa) suggest
the presence of reinforcing phases that contribute to mechanical and thermal stability. Transition metals
such as chromium (Cr), manganese (Mn), iron (Fe), nickel (Ni), copper (Cu), and zinc (Zn) are detected
across a wide energy range, particularly between 5 and 9 keV, suggesting their role as alloying elements
or secondary reinforcements. These constituents can enhance the composite’s hardness, wear resistance,
and multifunctionality. Variations in magnesium content between spectra suggest a compositional design
modification. Overall, the spectrum depicts a complex multi-phase aluminum-based composite system with
tailored elemental additions for improved structural and functional performance.

Fig. 8 presents optical micrographs illustrating the microstructures of Specimen 7 (477075 + 0.5%
graphene + 3% SiC) and Specimen 8 (4/7075 + 1% graphene + 2% SiC). Both specimens were fabricated
with different combinations of graphene and SiC. Specimen 7 (Fig. 8, a) exhibits a consistently polished grain
structure with well-defined, continuous grain boundaries. The absence of porosity or clustering suggests
enhanced interfacial bonding, while the presence of fine grains indicates effective nucleation facilitated by
properly dispersed SiC particles.

High-resolution SEM images reveal the nanoscale reinforcement particle size and dispersion within
the composite matrix. The presence of fine particles ranging from 62.57 to 91.54 nm indicates a well-

a b
Fig. 8. Microstructure observed for (a) Specimen 7, (b) Specimen 8
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distributed reinforcing phase in Fig. 8, a. Due to their higher surface area-to-volume ratio, these nanoscale
particles exhibit strong bonding with the matrix, thereby improving mechanical properties. Effective load
transfer, grain refinement, and impediment of dislocation motion contribute to increased hardness, tensile
strength, and wear resistance. These microstructural observations corroborate the superior hardness (155.52
BHN) and tensile strength (156.62 MPa) observed for Specimen 7.

Conversely, Fig. 8, b depicts a coarser particle distribution ranging from 90.49 to 116.9 nm for
Specimen 8. Coarser and irregular grains with less distinct grain boundaries are apparent. The clustered
structure and larger particle size suggest agglomeration, often resulting from inadequate mixing or
thermodynamic instability during processing. Agglomerated particles concentrate stress and degrade matrix-
reinforcement interaction, limiting load transfer. The reduced grain boundary density and uniformity lead
to decreased dislocation impediment, which correlates with the diminished mechanical properties observed
for Specimen 8.

This comparative microstructure analysis demonstrates that reinforcement percentage, particle size, and
dispersion quality are key determinants of the mechanical behavior of hybrid 4/7075-based nanocomposites.
The study provides valuable insights for the development of advanced materials with enhanced performance
for various industrial applications.

Conclusions

This research investigated the effects of varying ratios of nanosized SiC and graphene reinforcements
on the hardness and tensile strength of 4/7075-76 aluminum alloy produced via stir casting, considering
the widespread use of aluminum matrix composites (AMCs) in aerospace and automotive applications.
The microstructural and fracture surface analysis of the composites was also performed using SEM-EDX.
This study aimed to develop lightweight, high-performance hybrid metal matrix nanocomposite materials
and explore the potential of combining graphene and SiC nanoparticles with 477075 alloy, with particular
attention given to characterizing the mechanical properties of these hybrid materials. The following
conclusions can be drawn from this work:

— An Al7075-based nanocomposite with a 0.5 wt.% graphene and 3 wt.% SiC composition exhibited
a tensile strength of 156.62 MPa and a hardness of 155.52 BHN. SiC nanoparticles were found to be
most effective in hardening metal matrix composites, while graphene contributed to enhancing the tensile
strength of the nanocomposites.

— Mechanical stirring effectively reduced porosity and improved bonding, wetting, and cohesion
between the matrix and reinforcements. The resulting microstructural changes led to superior strength
and toughness in stirred composites compared to unstirred composites. The use of appropriate mixing
techniques significantly influenced the surface morphology and mechanical properties of A/7075
nanocomposites.

— Al7075-based nanocomposites with 1 wt.% graphene and 2 wt.% SiC content exhibited decreased
mechanical properties, which correlated with reduced dislocation obstruction due to decreased grain
boundary density and uniformity.

—Al7075-based nanocomposites with 0.5 wt.% graphene and 1-3 wt.% SiC content displayed a uniformly
polished grain structure with distinct and continuous grain boundaries. The fine-polished nanoparticles
produced, ranging in size from 62.57 to 91.54 nm, demonstrated superior mechanical characteristics through
efficient load transfer, grain refinement, and dislocation motion impediment.

—Al7075-based nanocomposites with a dense, dimpled surface, homogeneous microvoids, and minimal
particle pull-out exhibited superior mechanical properties. This was attributed to ductile fracture with strong
matrix-reinforcement bonding and effective load transfer.

— Reinforcement percentage, particle size, and dispersion quality significantly influence the mechanical
behavior of hybrid A4/7075-based nanocomposites, providing valuable insights for advanced industrial
applications.
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HAVYHO-TEXHUYECKMA H NPOM3BOACTBEHHbIA HYPHAN

«O0padoTka MeTa/JI0B (TEXHOJIOTHS © 000pyI0BaHHE ®© HHCTPYMEHTBI)» — PELEH3UPYEMBIH HAy4dHO-
TEXHUYECKHI U MPOU3BOACTBEHHBIN XypHal, u3nawomuiica ¢ 1999 roxa ¢ nepuoauvHocTeio 4 pasza B rof.

B xypHaine myOIuKyrOTCS B OCHOBHOM pe3y/IbTaThl OPUTMHAIBHBIX (PyHIaMEHTAIbHBIX, PUKJIATHBIX U TIOUC-
KOBBIX HAay4YHBIX MCCIEJIOBAaHUN M aCIUPAHTCKUX PabOT. 3HAYUTEILHOC BHUMAHHUE YAENSETCs IMyOIUKalUsIM
0030pHBIX, TPOOJIIEMHBIX U IUCKYCCHOHHBIX pa0OT 110 aKTyaJIbHBIM BOIIPOCAM MAIIMHOCTPOCHHUS, MAaTEPHATIOBE-
JIEHUSI K COBPEMEHHOM MeTautyprun. HaydHo-TexHu4eckue cTaTby, HalpaBlIeHHbBIE B a/IpEC KypHAJIa, TPOXOAST
peLeH3upoBanue U pefaktupoBanue. Ilyonukayus cmameii 6ecniamuas.

XKypnan npennaznaueH s npogeCccopCKo-IpenoaaBaTeIbckoro CoOcTaBa U HayuyHbIX paOOTHUKOB BBICIIHUX
y4eOHBIX 3aBE/ICHUI  HAyYHO-UCCIIE0BATEIbCKUX HHCTUTYTOB, HH)KEHEPHO-TEXHUYECKUX PAOOTHHKOB ITPOU3-
BOJICTBEHHBIX PEANPHUATUN U IPOESKTHBIX OpraHU3aUi.

[TpucyrctBytor pasgensl: «Texnoaorus», «OoopynoBanune», «AHcTpymenTsi», «MarepuanoBeaeHue»,
«Hay4no-Texun4yeckasi uHpopManus» u Jp.
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Kypnan «O06paboTka MeTamuioB (TEXHOJIOTHS ® 00OPYJOBAaHHE ® MUHCTPYMEHTHI)»
WHJICKCUPYETCsl B KPYIHEHIINX B MUpe pedepaTuBHO-OMOIHOrpadMuecKix U HayKo-
MeTpuuyeckux 0aszax naHHbIX Web of Science u Scopus.

[Tonnelii TekcT xkypHana «O6paboTKa METAIIOB (TEXHOIOTHS ® 000PYIOBAHUE ® HHCTPYMEHTBI )» MOXKHO
EBS CO HaiiTi B 6a3ax manHeix komnanuu EBSCO Publishing va mnargopme EBSCOhost. EBSCO Publishing
SIBJIACTCS BEAYILMM MHPOBBIM arperaropoM Hay4HBIX M MOMY/SPHBIX M3AAHHM, a TAKXKE IEKTPOHHBIX
U ayJMOKHHIL.
e XKypnan Bxoaut B «IlepedeHp BeIylmUX peLiEH3UPYEMbIX HayYHBIX JKYPHAJIOB M M3aHHI, B KOTOPBIX

ATTECTALMOHHAR o
i G I[OJI)I(HIJIv6I>ITI> Ol'IyﬁHPIKOBﬁHbI OCHOBHBIC HAY4YHBIC PE3YJIbTAThl AUCCCPTALIUHM Ha COMCKAHUC YUCHBIX
CTCIICHEH NOKTOpa M KaHAuJaTa HayK».

ITpaBuia npeacTaBieHus cTaTei JJs Ny0JHKALMH U APyrasi HHGOpMAaLHsl 0 KypHaJie pa3MellleHbl Ha caliTe HAYYHOr0 M3IaHHU:

e http://journals.nstu.ru/obrabotka_metallov

@ 630073, r. HoBocubupck, npocnekt K. Mapkca, 20, xopm. 5, k. 137 BL]
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