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This study investigates the distribution of Ti-6Al-4V alloy powder microparticles used in 3D printing under different discharge 
frequencies and NaCl electrolyte concentrations. This work analyzed the process for obtaining monodisperse Ti-6Al-4V alloy powders 
using the Electrochemical Discharge Machining (ECDM) method. The results showed that an optimal NaCl electrolyte concentration 
of 30 g/L ensures stable plasma channel formation and a narrow particle size distribution. Regression analysis and low standard error 
values (0.00386–0.00834) confirm the process's high controllability. The effect of frequency on particle size was also investigated: at 
3.2 kHz, the minimum average particle size of 16.598 µm was recorded, whereas increasing the frequency to 32 kHz increased particle 
size to 28.063 µm due to thermal accumulation. The results indicate that at both 3.2 kHz and 32 kHz frequencies, 58.24% to 68.89% 
of the produced powders fall within the 15–55 µm range required for PBF-LB/M technology. These findings demonstrate the suitability 
of the obtained powders for additive manufacturing technologies. 
Keywords: Ti-6Al-4V powder; ECDM; Additive manufacturing; NaCl electrolyte; Electrolyte concentration; Particle size distribution; 
Frequency; Regression analysis 

INTRODUCTION 
The increasing prevalence of orthopedic and dental diseases worldwide has driven steady growth in demand for 

implants made from biomedical titanium (Ti) and its alloys [1]. Fabricating these implants using additive manufacturing 
(AM) technologies allows production of 3D shapes with high geometric accuracy while ensuring maximum conformity to 
individual anatomical structures [2]. Such biocompatible implants are primarily made from the Ti-6Al-4V alloy. Owing to 
its low thermal conductivity and density, high strength, favorable strength-to-weight ratio, and excellent resistance to 
temperature and corrosion, Ti-6Al-4V finds wide application in aerospace and defense [3], automotive [4], shipbuilding [5], 
energy [6], petrochemical industries [7], as well as in medical instruments and implants [8]. 

In these fields, Ti-6Al-4V alloy powders are used in AM processes, specifically PBF-LB/M (Powder Bed Fusion – 
Laser Beam/Metal) 3D printing. In these processes, particle shape, chemical purity, and particle size distribution are 
critical [9], as larger particle sizes reduce the surface area available for laser energy absorption [10], necessitating higher 
laser energy input [11]. Fine powders allow higher packing density but may increase internal defects in the fabricated 
part [12]. 

Metal powders are produced with various size distributions using mechanical [13], chemical [14], and physical [15] 
methods, often resulting in irregular shapes, rough surface textures, internal porosity, and uneven surface morphology. 
Furthermore, these production methods require complex equipment and high costs, which can lead to variability in powder 
flowability [16], density, melting behavior, part surface quality, porosity [17], and mechanical properties [18], as well as 
increase production costs [19, 20]. 

The particle size distribution of powders produced by the above methods ranges from 0–250 µm, and in PBF-LB/M 
powder spreading technologies, particles larger than 45 µm [21] require additional processing [22]. Reprocessing Ti-6Al-
4V powders, however, significantly increases oxygen content [23]. To address these limitations, recent studies have 
increasingly focused on unconventional methods for producing metal powders, particularly via electrical discharge 
machining (EDM) [24]. This approach enables the production of nano [25] and micro-sized particles of metals [26] and 
their alloys [27] in dielectric media [28]. 

An additional advantage of this method is that particle size distribution can be controlled by adjusting the current, 
frequency [29], discharge energy, and machining depth [30]. To further optimize these parameters, various alloys, metal 
powders, and salts are added to the dielectric fluid to improve its electrical conductivity, allowing the use of electrolytes 
instead of conventional dielectric fluids. This method, known as Electrochemical Discharge Machining (ECDM), operates 
at lower current levels compared to EDM and can reduce energy consumption and costs while preserving particle size 
distribution [31]. 

In ECDM, the surrounding medium plays a crucial role, as the machining rate is often closely related to the properties 
of the medium [32-34]. Although considerable work has been conducted on process efficiency, data on the effect of the 
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medium on particle size distribution remain insufficient [35]. Previous studies have employed fluids that affect the final 
product quality [36], overly aggressive media [37], or fluids that require high-energy input and increase brittleness in the 
final product [38]. Based on the above, selecting a fluid medium for ECDM that ensures particle size distribution without 
affecting the quality of the final product remains a highly pressing challenge [31–38]. This scientific article is devoted to 
practical solutions to this critical issue. 

In this study, the production of Ti-6Al-4V powders using various electrolytes in the ECDM process and the 
investigation of their particle size distribution are proposed. 

 
EXPERIMENTAL PROCEDURE 

The synthesis of Ti-6Al-4V alloy-based powder was carried out on an experimental setup designed for ECDM, the 
schematic diagram of which is shown in Figure 1. The key feature of the system is a pulsed power supply assembled 
using high-speed IRG4P50UD IGBT switches and 150EBU04 diodes. This control architecture enables precise 
adjustment of the process parameters, including voltage amplitude up to 400 V, current up to 20 A, and pulse modulation 
frequency up to 100 kHz. 

To generate a stable spark discharge, the anode was fully immersed in the electrolyte, while the vertically aligned 
cylindrical cathode, positioned above it, was submerged to a depth of 1–5 mm. The stability of the physicochemical 
conditions in the reaction zone was maintained by a filtration system and forced circulation of the working fluid. A pump 
with a flow rate of 2 L/min was used to ensure liquid circulation. This provided efficient heat removal and rapid evacuation 
of erosion products from the interelectrode gap, preventing thermal degradation of the microstructures, re-melting, and 
uncontrolled coagulation (agglomeration). 

 

Figure 1. Schematic diagram of the ECDM setup. 

For powder production, electrodes with a diameter of 4 mm made of biocompatible Ti-6Al-4V alloy were used. The 
electrodes were immersed in an aqueous NaCl electrolyte with concentrations of 10–60 g/L, where a negative potential 
was applied to the cathode and a positive potential to the anode. 

As shown in the schematic, the electrodes were submerged in a vessel filled with the working electrolyte (vessel 
volume: 2 L). A servo system controlled the interelectrode gap and ensured the stability of micro-discharges. Rod 
electrodes with a diameter of 4 mm fabricated from biocompatible Ti-6Al-4V alloy were employed. During the 
experiments, a DC voltage of up to 280 V was applied to the system, while the control unit provided pulse generation 
with frequencies up to 32 kHz. The current was maintained at up to 0.6 A, which allowed stable spark discharge conditions 
to be sustained. 

To prepare the working medium (electrolyte), deionized water with a specific resistivity of 18 MΩ·cm was used. 
NaCl of chemically pure (“CP”) grade was added to the water at concentrations of 10, 30, and 60 g/L. The amount of 
reagents was controlled using an analytical balance with an accuracy of ±0.001 g. The applied high-frequency pulsed 
operating mode enabled direct localization of energy within the spark discharge channel. This minimized undesirable 
electrolysis effects and ensured the dominant contribution of electro-spark processes in the electrolyte to the formation of 
the phase composition of microparticles. 

The particles formed after discharge were separated from the working solution using a Hittech “EBA 20S” centrifuge 
at a rotation frequency of 60 s⁻¹ for 5 minutes. The obtained precipitate was dried in a FAITHFUL SH-6C drying oven at 
70 °C for 24 hours. Particle size distribution was determined using a WJL-602 laser particle size analyzer. This instrument, 
operating with a He–Ne laser (λ = 632.8 nm), provides measurements in the range of 0.1–800 μm with an accuracy of 
±0.5%. The analysis was performed in distilled water at a particle concentration of 1.5–1.7%. 

The obtained experimental data were processed and analyzed using OriginPro 9.1 software. The measurement error 
of the data did not exceed 3%. 

 
RESULTS AND DISCUSSION 

Initially, the granulometric analysis of Ti-6Al-4V alloy powder obtained by the ECDM method was performed using 
a laser particle analyzer (Table 1). The table presents the analysis results of powder particles obtained under identical 
voltage and current conditions, but at three different NaCl electrolyte concentrations. 
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Table 1. Granulometric analysis of powder obtained at different concentrations using a laser particle analyzer. 

NaCl concentration 
in deionized water D₃, μm D₁₀, μm D₅₀, μm Dav, μm D₉₀, μm D₉₇, μm 

10 g/L NaCl 4.585 7.659 25.631 29.082 58.684 78.369 
30 g/L NaCl 3.212 4.777 12.909 16.598 30.223 40.372 
60 g/L NaCl 4.074 6.405 20.254 23.968 46.727 61.246 

For example, the value of 4.585 μm in the D3 column for a 10 g/L NaCl solution indicates that 3% of the particles 
are smaller than this size. Similarly, the D10, D50, D90, and D97 parameters represent that 10%, 50%, 90%, and 97% of 
the particles, respectively, are smaller than the given size. Dav denotes the average particle size of the powder. 

Based on experiments conducted at different NaCl concentrations and a frequency of 0.32 kHz, the obtained powder 
samples were analyzed using a laser particle analyzer (Figure 2). 

 
Figure 2. Dependence of particle size distribution on concentration 

The graph presents the linear particle size distribution of powders obtained at three different NaCl concentrations 
(10 g/L, 30 g/L, and 60 g/L), where the X-axis represents particle size and the Y-axis shows the quantitative fraction of 
particles (differential distribution, DIF %). As can be seen from the graph, the distribution of particles obtained at a 30 
g/L concentration is relatively narrow. To quantify the narrowness of the distribution, the initial growth dynamics of the 
differential distribution (DIF %) were analyzed using a linear regression function (y = a + bx). From a mathematical and 
statistical perspective, the slope coefficient (Slope) in the graph reflects the intensity of particle formation and growth 
dynamics. The intercept represents the initial parameter of the linear relationship and is nearly identical for all cases. The 
standard error indicates the average deviation between experimental measurements. 

The results of the linear regression analysis show that at the minimum electrolyte concentration of 10 g/L, the slope 
coefficient is 0.009, which is a low value. This low value indicates a reduced number of ions, low current density, and 
low ion mobility, resulting in an unstable plasma channel with localized energy accumulation. This energetic state leads 
to a significant broadening of the particle size distribution, i.e., polydispersity. This is also confirmed by the large 
difference between the peak of the differential distribution (DIF = 35.573 μm) and the average particle size (Dav = 29.082 
μm, see Table 1). 

At the highest electrolyte concentration of 60 g/L, the lowest slope coefficient (0.007) and the highest standard error 
(0.00834) were recorded. In this case, due to the high concentration, the number of ions increases, current density and ion 
mobility become higher, and a longer plasma lifetime leads to the formation of larger particles. The average particle size 
was 23.968 μm, while the maximum DIF peak reached 32.506 μm, indicating a wide particle size distribution. 

The graph shows that at 30 g/L concentration, the slope value of 0.02 corresponds to the highest particle growth 
dynamics, while the standard error of 0.00386 is the lowest. This indicates the most balanced relationship between particle 
size and their quantitative fraction. The peak of the DIF distribution at 20.51 μm and the average particle size of 16.598 
μm (see Table 1) confirm a narrow size distribution. 

At this concentration, the ion concentration is sufficient, the electrolyte conductivity and ion mobility are high. The 
plasma lifetime is short and periodically reproducible. The energy exchange between the plasma channel and electrolyte 
is optimal, and the balance between discharge energy ensures the preservation of a narrow particle size distribution. 

According to the results of the linear regression analysis, electrolyte concentration has a significant effect on particle 
formation and size distribution. At 10 g/L, low ion activity leads to increased polydispersity, while at 60 g/L, the formation 
of larger and non-uniform particles is observed. The most balanced condition is achieved at 30 g/L NaCl solution, where 
the slope and standard error reach optimal values. Under these conditions, a narrow particle size distribution is formed, 
indicating a monodisperse system. Therefore, 30 g/L NaCl solution is considered the optimal medium for producing stable 
and uniform Ti-6Al-4V powder particles in the ECDM process. 

Based on this, the experimental conditions were optimized, and the granulometric analysis of Ti-6Al-4V alloy 
powder obtained by the ECDM method at different frequencies was performed using a laser particle analyzer (Table 2). 
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Table 2. Granulometric analysis of powder obtained at different frequencies using a laser particle analyzer. 

№ f, kHz D₁₀, μm D₅₀, μm Dav μm D₉₀, μm S/V, m²/cm³ 
1. 32  8.883 24.915 28.063 51.497 0.257 
2. 3,2  4.777 12.909 16.598 30.223 0.463 
3. 0.32 5.971 16.457 18.853 34.989 0.382 
4. 0.032 6.154 18.34 21.28 40.232 0.338 

The table presents the granulometric analysis results of powder particles obtained at different frequencies under 
identical voltage and current conditions and a 30 g/L NaCl electrolyte concentration. For example, at 32 kHz, 
D₁₀ = 8.883 μm indicates that 10% of the particles are smaller than this size. Similarly, the D₅₀ and D₉₀ parameters 
represent that 50% and 90% of the particles, respectively, are smaller than the given size. The D₅₀ value corresponds to 
the median particle size. Dav represents the average particle size of the powder particles. At the given frequency, the 
specific surface area to volume ratio is S/V = 0.257 m²/cm³. 

As shown in the table, when the frequency increases from 0.032 kHz to 0.32 kHz, the average particle size (Dav) 
decreases from 21.28 μm to 18.853 μm. At these low frequencies, the number of impulses is low, but each impulse has 
high energy; in this regime, the plasma channel becomes more stable and the number of impulses increases. With the 
increase in impulse frequency, the particle size slightly decreases, and the specific surface area to volume ratio increases 
from 0.338 to 0.382 (see Table 2). This reduction in average particle size is explained by the increase in frequency. 

At medium frequencies of 0.32 kHz and 3.2 kHz, the number of impulses is sufficient, and the plasma channel as 
well as plasma lifetime remain stable. As a result, the average particle size (Dav) decreases from 18.853 μm to 16.598 
μm. The decrease in Dav at medium frequencies leads to an increase in S/V from 0.382 to 0.463. This indicates that the 
reduction in particle size stabilizes, and the role of discharge frequency in particle formation becomes more significant. 

At the high frequency of 32 kHz, the increase in the number of impulses leads to stabilization of the plasma channel 
and localized heat accumulation. As a result, material re-melting and particle aggregation intensify. This causes an 
increase in the average particle size (Dav) from 16.598 μm to 28.063 μm. Due to particle coarsening, the S/V value 
decreases from 0.463 to 0.257. 

Since Ti-6Al-4V alloy has low thermal conductivity, an increase in discharge frequency initially leads to particle 
fragmentation, increasing the surface-to-volume ratio (S/V). However, at very high frequencies, localized heat 
accumulation and re-melting processes intensify, resulting in particle aggregation and a decrease in the S/V value. 

The above granulometric analysis results are summarized in a single graph (Figure 3), which illustrates the effect of 
discharge frequency on particle size and its distribution for powders obtained by the ECDM method. 

 
Figure 3. Particle size distribution of powders obtained in 30 g/L NaCl solution at different frequencies 

The figure shows the differential (DIF %) and integral (INT %) particle size distributions of powders obtained at a 
frequency of 32 kHz, where the red curve represents the distribution. The X-axis represents the particle size in the range 
of 0.1–150.6 µm, while the left Y-axis shows the percentage fraction of particles corresponding to the differential 
distribution (DIF %). The right Y-axis represents the cumulative particle fraction in the integral distribution (INT %). The 
particle size distribution increases up to 0.1–32.506 µm, where the DIF peak reaches 5.64%, and in this range the INT 
distribution reaches 66.45%. After this point, the DIF curve decreases, and the INT value reaches 100% at 150.5 µm. At 
high frequencies, an increase in particle dispersion is observed, indicating a polydisperse distribution. However, the most 
suitable fraction for additive manufacturing is concentrated in the 15–45 µm (62.23%) and 15–55 µm (68.89%) ranges, 
which is higher compared to other samples. 

For powders obtained at 3.2 kHz, the blue curve represents the differential (DIF %) and integral (INT %) 
distributions. The X-axis shows particle sizes in the range of 0.1–101.28 µm, while the left Y-axis indicates the percentage 
fraction of the most frequently occurring particle sizes. The right Y-axis shows the cumulative integral distribution 
(INT %). The particle size distribution increases up to 0.1–21.53 µm, where the DIF peak reaches 5.56%, and the INT 
value reaches 62.04%. After this point, the DIF curve decreases, and the INT distribution reaches 100% at 101.28 µm. 
The most suitable fraction for 3D printing is concentrated in the 15–45 µm (56.16%) and 15–55 µm (58.24%) ranges. 
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The analysis of powders obtained at 3.2 kHz and 32 kHz shows that in both cases the DIF and INT distributions 
confirm the presence of a polydisperse system. At the higher frequency (32 kHz), the particle size distribution is broader, 
indicating a higher degree of dispersion. At the lower frequency (3.2 kHz), the distribution is narrower and more uniform. 
In both cases, the most favorable fraction for additive manufacturing is within the 15–55 µm range, confirming its 
suitability for AM processes. 

For powders obtained at 0.32 kHz, the light green curve represents the differential (DIF %) and integral (INT %) 
distributions. The X-axis covers particle sizes from 0.1–104.96 µm. The left Y-axis shows the percentage of the most 
frequently occurring particle sizes, while the right Y-axis represents the cumulative INT distribution. The particle size 
distribution increases up to 0.1–20.71 µm, where the DIF peak reaches 5.24%, and the INT distribution reaches 63.74%. 
After this point, the DIF curve decreases, and the INT distribution reaches 100% at 104.96 µm. The most suitable fraction 
for 3D printing is 15–45 µm (53.74%) and 15–55 µm (55.73%). 

For powders obtained at 0.032 kHz, the pink curve represents the DIF (%) and INT (%) distributions. The X-axis 
covers particle sizes from 0.1–125.7 µm. The particle size distribution increases up to 0.1–24.802 µm, where the DIF 
peak reaches 5.1%, and the INT distribution reaches 66.88%. After this, the DIF curve decreases, and the INT distribution 
reaches 100% at 125.7 µm. The most suitable fractions for 3D printing are 15–45 µm (56.33%) and 15–55 µm (59.56%). 

The granulometric analysis of powders obtained at 0.32 kHz and 0.032 kHz shows that the particle size is widely 
distributed. As the frequency decreases, the maximum particle size increases, and the distribution range broadens. At the 
same time, the fraction suitable for 3D printing (15–45 µm and 15–55 µm) remains dominant in both cases, with slightly 
higher values observed at 0.032 Hz. 

The graph shows that discharge frequency significantly affects particle size and its distribution. As the frequency 
increases from 0.032 kHz to 3.2 kHz, the particle size decreases and the distribution becomes narrower. However, at 32 
kHz, due to localized heat accumulation and particle aggregation, the particle size increases again and the distribution 
becomes broader. The most uniform and finest dispersed powder is obtained at 3.2 kHz. 

 
CONCLUSIONS 

The conducted study confirms that electrolyte concentration and discharge frequency strongly influence the 
granulometric composition and morphology of Ti-6Al-4V alloy powders in the ECDM process. According to linear 
regression analysis, a 30 g/L NaCl solution is the optimal concentration, where balanced Slope and Standard Error values 
lead to the formation of a monodisperse particle distribution. 

As discharge frequency increases, particles initially undergo fragmentation, increasing the surface-to-volume ratio; 
however, at very high frequencies, localized heat accumulation and re-melting processes cause particle aggregation, 
resulting in a broader distribution. A frequency of 3.2 kHz provides a relatively narrow and uniform distribution, whereas 
at 32 kHz polydispersity increases. 

Thus, a 30 g/L NaCl electrolyte solution combined with medium and high-frequency regimes was identified as 
optimal. Under these conditions, 58.24–68.89% of Ti-6Al-4V powder particles fall within the 15–55 µm range, which is 
suitable for 3D printing requirements. 
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ВПЛИВ КОНЦЕНТРАЦІЇ ЕЛЕКТРОЛІТУ ТА ЧАСТОТИ РОЗРЯДУ НА РОЗПОДІЛ РОЗМІРІВ ЧАСТИНОК 

ПОРОШКУ Ti-6Al-4V, ОТРИМАНОГО МЕТОДОМ ECDM 
Б.А. Гоїпов, А.А. Заріпов, У.Ф. Бердієв, Ш.Ч. Іскандаров, Т.К. Турдалієв, С.А. Тулаганов 

Інститут іонно-плазмових та лазерних технологій імені У.А. Аріфова Академії наук Республіки Узбекистан, 
100125, вул. Дурмон йулі, 33, Ташкент, Узбекистан 

Метою цього дослідження є вивчення розподілу мікрочастинок порошку сплаву Ti-6Al-4V, що використовуються в 3D-друку, 
за різних частот розряду та концентрацій електроліту NaCl. У цій роботі проаналізовано процес отримання монодисперсних 
порошків зі сплаву Ti-6Al-4V за допомогою методу ECDM. Результати показали, що оптимальна концентрація електроліту 
NaCl становить 30 г/л, що забезпечує стабільне формування плазмових каналів і вузький розподіл розмірів частинок. 
Регресійний аналіз і низькі значення стандартної похибки (0,00386–0,00834) підтверджують високу керованість процесу. 
Також досліджувався вплив частоти на розмір частинок: при частоті 3,2 кГц було зафіксовано мінімальний середній розмір 
частинок — 16,598 мкм, тоді як збільшення частоти до 32 кГц призвело до зростання розміру частинок до 28,063 мкм через 
теплове накопичення. Результати показують, що як на частотах 3,2 кГц, так і 32 кГц від 58,24% до 68,89% вироблених 
порошків потрапляють у діапазон 15–55 мкм, необхідний для технології PBF-LB/M. Ці результати демонструють придатність 
отриманих порошків для технологій адитивного виробництва. 
Ключові слова: порошок Ti-6Al-4V; ECDM; адитивне виробництво; електроліт NaCl; концентрація електроліту; розподіл 
розмірів частинок; частота; регресійний аналіз 




