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Abstract 
 

This study investigates the optical-emission spectra (OES) of inductively-coupled plasma (ICP) 

discharges of SF6 / Ar gas mixtures. The impact of the key process parameters of the plasma-chemical 

etching (PCE) on fluorine radicals concentration has been studied using the optical emission 

actinometry. It was found that increase of SF6 flow rate within a range between 1,5 sccm and 11,7 

sccm leads to an increase in atomic fluorine concentration by 6 times, while reduction of the process 

pressure during the PCE from 1,65 Pa to 0,65 Pa provides an increase in atomic fluorine concentration 

more than 1,5 times, and an increase in the RF power absorbed in the plasma from 500 to 700 W is 

accompanied by an increase in the concentration of fluorine atoms by 1.27 times. The temperature of 

the substrate holder and the substrate bias voltage have no effect on the concentration of atomic 

fluorine in the plasma. 
 

Keywords: plasma etching, ICP, OES, plasma diagnostics, optical emission actinometry 
 

1. Introduction 
 

Currently, the technology of dry PCE is actively used for isotropic and anisotropic etching of wide 

range of semiconductor materials along with plasma cleaning of substrates with minimal surface 

damage caused by ion bombardment. PCE processes are based on chemical reactions involving highly 

reactive plasma species and processes of physical interaction between high-energy ions and the 

surface of the processed material. The use of PCE processes in microelectronics made it possible to 

successfully address most of the technological challenges in the production of modern nanostructures. 

[1], [2]. 
 

However, PCE processes are characterized by a complex mechanism, which make it important not 

only to know the nature of the influence of the process parameters on the etching rate, anisotropy, 

selectivity, and surface roughness, but also to understand how they affect to the properties of the 

plasma itself. 
 

At present, a variety of instrumental methods of plasma diagnostics are used, among which optical 

spectroscopy method stands out because of its capability of determination of the electron density, 

electron temperature and electron energy distribution function (EEDF), as well as to obtain 
information about processes of radical formation in the plasma without disturbing the system under 

study.[3]–[7]. 
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2. Experimental 
 

The experiments were carried out with specially made original equipment that allows implementing 

the plasma chemical etching processes of various electronic materials in a high-density inductively-

coupled plasma (Figure 1 As can be seen from Figure 1c, the process reactor of the PCE tool consists 

of two chambers: a discharge chamber and a reaction chamber.  The discharge in the discharge 

chamber was created by applying high-frequency (HF) power to the inductor of a special geometry 

from the RF generator (f = 6.78 MHz, Wmax = 1000 W) through a resonant matching device. To 

create the bias potential, an RF voltage of 13.56 MHz frequency was applied to the substrate holder 

(electrode) from a separate RF generator.  The substrate holder was equipped with both a water-cooled 

unit (flow-through cooling system) and integrated resistive heating element (figure 1-a) [8], [9].  
 

 
Figure. 1. a) 3D CAD drawing of the substrate holder with a built-in heater, b) general view of 

the PCE system, c) schematic drawing of the processing and plasma chambers 
 

Experiments to investigate the effect of RF power (WRF), bias voltage (Ubias,), chamber pressure (P), 

and SF6 flow rate (QSF6) on the concentration of fluorine atoms in plasma were carried out using a 

water-cooling unit of the substrate holder.  
 

The emission spectra of the gas discharge in the chamber were recorded using an OceanOptics HR 

4000 spectrometer in the wavelength range of 200 − 1120 nm with a resolution of ~ 0.02 nm. The 

spectra were recorded directly in the reactor at a height of 5 mm from the center of the substrate holder 

(Figure. 1 c). 
 

3. Results and discussion 
 

Figure 2 represents the emission spectra of plasma generated in pure Ar and SF6 environment using 

discharges maintained under the conditions presented in Table 1. To analyze the effect of plasma 

generation conditions on its spectral characteristics, three lines (750.7, 811.5, and 842.2 nm) in the 

argon plasma spectrum and four lines (685.7, 703.8, 720.3, and 775.5) in the SF6 plasma spectrum 

were selected [10]–[13]. 
 

.  

Figure 2. Optical emission spectra of argon and SF6 plasmas [13]. 
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The concentration of fluorine atoms for SF6 plasmas was estimated for the discharges maintained 

under the conditions presented in Table 2. The values of HF power, the bias voltage, and the 

temperature of the substrate holder were fixed and equal to 700 W, -50 V, and 15 °C, respectively. 

The gas pressure was set in such a way that it coincided with the partial pressure of the SF6/Ar gas 

mixtures (listed above) of different ratios prior to the moment of plasma generation. 
 

Table 2: Parameters of Optical Actinometry Experiments 

QSF6,sccm 1.5 4.7 7.0 7.8 9.4 11.7 

P, Pa 0.15 0.30 0.45 0.50 0.60 0.65 

 

 

Figure. 3. Dependence of the concentration of fluorine atoms on the SF6 flow rate 
 

As expected, an increase of sulfur hexafluoride flow rate leads to the strongest increase in the 

concentration of fluorine atoms (Fig. 4) due to a respective increase of the partial pressure of SF6. The 

maximum concentration of fluorine atoms in SF6 plasma was observed at a maximum flow rate of 

11.7 sccm SF6. Due to the fact that in order to achieve high rates of the PCE process maximum 

concentrations of the active component are needed, and further studies aimed at determining the nature 

of the influence of the remaining technological parameters on the concentration of fluorine atoms in 

the plasma were carried out at this SF6 flow rate. 

 

 
Fig. 4. a - a – nF vs holder temperature, b – nF vs bias voltage 

 

The actinometry data presented in Fig. 4 (a, b) demonstrated slight influence of holder temperature 
and bias voltage on the concentration of atomic fluorine in the reaction medium. 
 

However, as shown by the results of the study of the nature of the influence of HF power and pressure 

on the concentration of fluorine atoms in SF6 plasma at a fixed gas flow rate (11.7 sccm), it was shown 

that the technological parameters that determine the concentration and average electron energy play a 

critical role in the concentration of chemically active fluorine. It can be seen from the data presented 

in Fig. 5 (a, b) that an increase in the absorbed power leads to a significant increase in the 

concentration of fluorine atoms, and an increase in pressure is accompanied by a decrease in the 

concentration of fluorine atoms in the selected range of technological parameters. 
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Figure. 5. a- nF vs. applied HF power, W; b - nF vs. process pressure 

 

The amount of power consumed by the discharge determines concentration and mean energy of 

electrons in plasma, hence significantly affects the rate of chemically active particles formation in 

plasma. With an increase in the absorbed power both of these characteristics rise, which leads to an 

increase in the frequency of inelastic collisions of electrons with atoms or molecules of the gas 

mixture and a parallel increase in the concentration of chemically active particles and ions in the 

plasma, in this case – fluorine atoms (fig. 5 a) [14]. 
 

As can be seen from the figure 5 b, a decrease in pressure leads to an increase in the concentration of 

fluorine atoms in the plasma. The decrease in pressure should lead to an increase in the free path of the 

electrons and therefore to an increase in their energy, which as in the case of HF power should be 

accompanied by an increase in the concentration of fluorine in the selected range of technological 

parameters.[15]. 
 

4. Conclusion 
 

The outcome of the performed studies are the results describing the nature of the influence of the main 

technological parameters of the sulfur hexafluoride based plasma-chemical etching process on the 

concentration of atomic fluorine in the reaction medium which is the main highly reactive component 

responsible for etching many electronic materials. It is shown that an increase in the SF6 flow rate 

within the range of 1.5-11.7 sccm caused an increase in the concentration of atomic fluorine by 6 

times, while a decrease in the process pressure of the PCE process from 1.65 Pa to 0.65 Pa leads to an 

increase in the concentration of fluorine atoms in the plasma by more than 1.5 times, and an increase 

in the RF power absorbed in the plasma from 500 to 700 W is followed by an increase in the 

concentration of fluorine atoms by 1.27 times. The temperature of the substrate holder and the bias 

voltage have no effect on the concentration of atomic fluorine in the plasma.  
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Abstract 
 

This work focuses on the radiative transfer of in air-copper thermal plasmas using its Mean Absorption 

Coefficients (MACs). The spectral absorption coefficients are obtained by the line-by-line method from 300K 

to 30000K, 30nm to 4500nm at atmospheric pressure and by assuming the plasma in Local Thermodynamic 

Equilibrium. These wavelengths are splited into several spectral intervals and the average of the absorption 

coefficients are calculated in each of them using different means. We compare these means, the corresponding 

Radiative Flux (RF) and Divergences of the Radiative Flux (DRF) with the exact resolution of the Radiative 

Transfer Equation to conclude which mean is adapted or not to air-copper thermal plasma according to the 

temperature, wavelength, and mixture ranges. 
 

Keywords: air copper plasma, thermal plasma, radiative transfer, radiative proprieties, metallic vapour, mean 

absorption coefficient, radiative flux, divergence of the radiative flux.  
 

1. Introduction 
 

Air-copper thermal plasmas can be found on electrical installations composed of copper especially in 

Madagascar where they are subject to aging and to strong variations of the climate. The radiation emitted by 

the electric arc of air with metallic vapours of copper can damage surrounding materials like cables. Studying 

this radiation by resolving its Radiative Transfer Equation (RTE) may help to protect these surrounding 

materials. In this paper, we have calculated the Mean Absorption Coefficient to describe more easily the 

radiative transfer of the plasma. The first step of this method is to divide the spectrum into several intervals. 

We present two examples of plasma: pure air and [50%] air – [50%] cu in mass proportions, to show the 

influence of metallic vapours on the choice of these intervals. Next, we calculate the average of the absorption 

coefficient [1] inside of each interval using five means: the classic mean, the Planck mean, the Planck modified 

mean, the Rosseland mean and the hybrid Planck-Rosseland mean. We compare their value in each interval to 

show their difference. At the end, we calculate the Radiative Flux (RF) and the Divergence of the Radiative 

Flux (DRF) for some plasmas, according a given temperature profile and these means and we compare these 

results with those obtained by resolving the RTE in the case of a 1D model.       
 

2. The spectral intervals 
 

For the MAC method, the spectral intervals should be well defined to well describe the spectrum and their 

number should not be so high to avoid very long computation times. In the literature, the number of spectral 

intervals does not exceed 10 and the spectra limits are defined according the abrupt changes of the spectral 

absorption coefficient. For a pure air plasma, we divide all the radiative spectra into six wavelengths intervals 

(table 1). The limits correspond to the ionization of N (14.534eV, 85.3nm) and to different excitations [2]. For 

the [50%] air-[50%] cu plasma mixture, the spectrum is divided into 7 bands (table 2), one spectral interval 

being added to take into account the ionization of the copper (7.726eV, 160.4nm). 
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Table 1: The spectral intervals in wavelength λ (frequency ν) for a pure air plasma 

 

band 1 2 3 4 5 6 
λ  (nm) 30-85.3 85.3-101.9 101.9-113 113-194.6 194.6-856.5 856.5-4500 

ν  (1015 Hz) 10-3.52 3.52-2.94 2.94-2.65 2.65-1.54 1.54-0.35 0.35-0.06 
 

Table 2: The spectral intervals in wavelength λ (frequency ν) for a [50%] Air-[50%] Cu plasma 

 

band 1 2 3 4 5 6 7 
λ  (nm) 30-85.3 85.3-101.9 101.9-113 113-160.4 160.4-194.6 194.6-856.5 856.5-4500 

ν  (1015 Hz) 10-3.52 3.52-2.94 2.94-2.65 2.65-1.87 1.87-1.54 1.54-0.35 0.35-0.06 
 

3. The means 
 

Five means are found in the literature to calculate the MAC for each spectral interval: the classic mean, the 

Planck mean, the Planck modified (mod) mean, the Rosseland mean and the hybrid Planck-Rosseland (P-R) 

mean [3]. Their expressions are presented below (Table 3).   
 

Table 3: The expressions of means used in calculation of the MACs in a band [𝑖, 𝑗] 

 

The classic mean:  (1) The Planck mean: (2) 

𝐾′̅̅̅
𝐶 =  

∫ 𝐾′(, 𝑇)𝑑
𝑗

𝑖

∫ 𝑑
𝑗

𝑖

 𝐾′̅̅̅
𝑃 =  

∫ 𝐾′(, 𝑇). 𝐿
0(𝑇)𝑑

𝑗

𝑖

∫ 𝐿
0(𝑇)𝑑

𝑗

𝑖

 

The Planck modified mean: (3) The Rosseland mean: (4) 

𝐾′̅̅̅
𝑃𝑀 =  

∫ 𝐾′(,𝑇).𝐿
0(𝑇)exp (−𝐾′(,𝑇).𝑅)𝑑

𝑗
𝑖

∫ 𝐿
0(𝑇)𝑑

𝑗
𝑖

  

R is the radius of the plasma 

𝐾′̅̅̅
𝑅 =  

∫
𝑑𝐿

0(𝑇)
𝑑𝑇

𝑑
𝑗

𝑖

∫
𝑑𝐿

0(𝑇)
𝑑𝑇

.
1

𝐾′(, 𝑇)
𝑑

𝑗

𝑖

 

The hybrid Planck-Rosseland mean: (5) 

𝐾′̅̅̅
𝐻𝑃𝑅 = (1 − 𝛾). 𝐾′̅̅̅

𝑃 + 𝛾. 𝐾′̅̅̅
𝑅  where   𝛾 =

(𝐾′̅̅̅̅
𝑃−𝐾′̅̅̅̅

𝑅)

𝐾′̅̅ ̅𝑃
 

𝐾′(, 𝑇) is the absorption coefficient in each wavelength  inside the interval [𝑖, 𝑗] 

𝑑𝐿
0(𝑇)

𝑑𝑇
 is the derivative of the Planck function  𝐿

0(𝑇) with respect to the temperature T 

The Planck modified mean depends on the plasma radius R. In this study, we choose R=1mm and R=5mm for 

this mean. 
 

4. The MAC in each interval 
 

We have established a database of the MACs in each interval for the temperature range between 300K and 

30000K of different proportions of air and copper metallic vapours. In this work, we present only two examples 

to highlight the differences observed between the means: pure air and [50%] air – [50%] cu plasmas at 

temperature T=5000K and T=10000K under the atmospheric pressure (P=1atm). 
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Figure 1 & 2: MACs for air pure plasma in the 6 intervals, for P=1atm, T=5000K (left) and T=10000K (right)  

 
Figure 3 & 4: MACs for [50%]-[50%] air-cu plasma in the 7 spectral intervals, for P=1atm, T=5000K (left) and 

T=10000K (right) 

 

From the figures (fig1 to 4), we can observe that the values from the classic and Planck means are higher than 

the others and that the Rosseland mean gives values lower than the others. The hybrid Planck Rosseland being 

a combination of the Planck and the Rosseland means, its value is always between theirs. With the Planck 

modified mean (R=1mm and R=5mm), MACs at 5000K are greater than 10000K due to a stronger by absorption 

by the molecules (higher population number densities at 5000K). The difference between pure air and [50%] 

air-[50%] cu plasmas is especially visible in spectral (intervals 5 and 6) where the atomic lines of copper are 

more numerous due to a low ionization potential of the copper (7.726eV). 
 

5. The Radiative Flux and Divergence of the Radiative Flux of each MAC 
 

In this part, the RF and the DFR have been calculated from the MACs and compared with an exact resolution 

of the RTE in a 1D case. We assume an axisymmetric temperature profile divided in 100 meshes (centre to 

edge), decreasing from a maximal temperature of 20000K on its centre (at X=0mm) to 300K on its edge (at 

X=20mm) 
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Figure 5 & 6: Comparison of the RF obtained from MACs and exact resolution of the RTE, 1atm, for pure air (left) and 

[50%] air-[50%] cu plasma (right) 

 

Firstly, we can observe that mixture with copper vapours has greater RF than the pure air because of the presence 

of a strong emission from the copper lines [4]. Then, the results highlight that RF deduced from classic and 

Planck means are extremely greater compared to the values obtained from the exact resolution of the RTE. In 

other hand, the Rosseland mean underestimates the RF in the case [50%] air-[50%] cu mixture (fig.6). The 

value from hybrid P-R overlaps the first half of the exact value in the fig.5 but underestimates it in the fig.6. 

This mean depends extremely on the Rosseland mean. For the Planck modified mean, the first half of the exact 

value overlaps also its result with R=1mm in the fig.5 but has the same RF as the result with R=5mm in the 

fig.6. 
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Figure 7 & 8: Comparison of the DRF of MACs with the exact resolution of the RTE at P=1atm, respectively for a 

[100%] Air plasma and a [50%] Air-[50%] Cu plasma mixture under P=1atm 
 

For pure air plasma (fig.7), three drops can be seen in the variation of the DRF. The first (at 0.01m) corresponds 

to the absorption of the radiation for the ionization of the N into N+ near 13000K. The second (at 0.014m) and 

the third (at 0.016m) drops are the absorption to dissociate molecules to produce azote atom (near 7000K) and 

oxygen atom (near 3000K). For the [50%] Air-[50%] Cu plasma mixture (fig.8), a diminution of the DRF is 

noticed near the edge of the plasma because of the absorption of the radiation to dissociate molecules and to 

produce copper atom near 3000K. 
 

6. Conclusion 
 

The spectrum is splited into six spectral intervals for the pure air plasma and into seven spectral intervals for 

the [50%] air-[50%] cu plasma. In these intervals, the classic and Planck mean of the absorption coefficient are 

higher than the others, the Rosseland mean has generally the lower value and the hybrid is always between of 

them. With the Planck modified mean, the more the radius of the plasma increases, the lower the value is. The 
comparison of their RF and DRF with those of the exact resolution of the RTE highlight that the classic and 

Planck means are not adapted to calculate the MACs of the air-copper thermal plasma. Their values are 

extremely higher. The Planck modified can approach the exact results but its plasma radius needs to be well 

defined. The hybrid mean can be also approaching the exact results but it depends too much on the Rosseland 

mean. When air is mixed with copper, the presence of the copper atomic lines and their strong emission 

increases strongly the emission in the plasma. 
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Abstract 
 

This paper aims to present the fabrication of high aspect ratio cylindrical Tungsten micro-tools using 

electrochemical etching. The etching protocol has been optimized by controlling the immersed length and the 
etching charge which made it possible the automated fabrication of micro-tools with 88µm ± 1µm average 

diameter over 3,5mm length starting from 250µm diameter Tungsten wires. 
 

Keywords: Tungsten electrochemical etching, inhomogeneous etching, "drop-off" effect, and meniscus effect 
 

1. Introduction 
 

Tungsten micro-tools are extensively used in Electrical Discharge Machining EDM [1], Atomic Force 

Microscope AFM [2], Scanning Tunnelling Microscope STM [3], and medical applications [4]. 

Electrochemical etching is a low-cost, efficient and reproducible technique [5]. In this work, we have optimized 

this technique to fabricate high aspect ratio (100) cylindrical micro-tools dedicated to micro-EDM machining.  

In this, we studied the influence of different parameters: (1) Electrical parameters such as the level and the 

shape of the applied voltage. (2) Geometrical parameters, as the distance between electrodes and the size of the 

etching cell. (3) Physico-chemical parameters such as the electrolyte concentration (NaOH in our case) and the 

temperature. Several teams have been interested in Tungsten electrochemical etching. Hobara's team [6] has 

shown that dynamic etching (vertical displacement of the micro-tool) produces conical micro-tools while static 

etching can lead to the fabrication of cylindrical micro-tools under specific conditions. A continuous etching 

polarization (of a few volts) leads to the formation of conical micro-tools with a low aspect ratio, whereas, a 

pulsed polarization produces micro-tools with a high aspect ratio.   
 

The distance between the counter electrode and the micro-tool has also a great impact on the shape of the micro-

tool. Positioning the counter electrode close to the micro-tool disturbs its etching due to the effect of hydrogen 

bubbles that propagate towards the air/solution interface, which makes the etching speed faster at the air-tool-

solution interface (meniscus) and emphasizes the "drop-off "effect (Fig.1), leading to low aspect ratio micro-

tools [1,7]. 

 
Fig.1: "Drop-off " effect, (a): initial micro-tool, (b): breakage of the micro-tool by "drop-off" effect, (c): final micro-tool 

 

Based on these results from the literature, we have used a cell where the counter electrode is far from the micro-
tool electrode. We also used a static etching (no agitation) and a low amplitude pulsed signal with (U=0,5V). 

The etching of the micro-tool was performed at room temperature (25°C) using 4mol/l NaOH electrolyte. 
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2. Experimental 
 

2.1. Experimental setup 
 

The experimental setup (Figure.2), consists of an electrochemical cell with three electrodes, a working electrode 

(WE) represents the micro-tool made of pure Tungsten (99.95% [8]) with an initial diameter Φ0 =250µm, a 

reference electrode (RE) made of Ag/AgCl, and a platinum counter electrode (CE). In order to avoid H2 

hydrogen bubbles that disrupt the etching at the meniscus (air-tool-solution interface), the counter electrode and 

the working electrode are placed 8cm apart. The setup is PC-controlled and includes a source meter (Keithley 

2401) that controls the applied voltage and the etching charge, and a Z-motorisation that controls the micro-

tool diving depth.  

(a) (b) 

  

Fig.2: (a) Experimental setup, (b) Type of the applied signal during the electrochemical etching 

During the anodic etching of the micro-tool, the global equation of the electrochemical reaction is [1,2]: 

𝐖(𝐬) + 𝟐𝐎𝐇− + 𝟐𝐇𝟐𝐎 →  𝐖𝐎𝟒
𝟐− + 𝟑𝐇𝟐(𝐠) (1) 

The average diameter is determined by the following equation [1]: 

𝚽 = √𝚽𝟎
𝟐 −  (

𝟒. 𝐌. 𝑸 

𝛑. 𝐋. 𝛒. 𝐳. 𝐅
) 

(2) 

Where Φ0  is the initial diameter of the micro-tool; M=185.85 g/mol the Tungsten molar mass; Q the etching 

charge; L the length immersed in the solution; 𝜌=19300 Kg/𝑚3  the Tungsten volumic mass; z=6 the valence 

of the electrochemical reaction in the case of Tungsten; F=96485 C/mol the Faraday constant. 
 

2.2. Protocols used during electrochemical etching 
 

The first step consists in performing a I(V) curve (Fig. 3a). This step allows us to ensure that the Tungsten wire 

is well placed and to strip it before etching. 
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Fig. 3: (a) The I(V) characteristic, (b) Etching step 

For the etching step (Figure. 3b), the applied voltage is pulsed (TON = TOFF = 3s, VON = 0,5V, VOFF = -0,8V). The 

ON-state voltage has been fixed to 0,5V: a lower voltage indeed leads to an inhomogeneous etching and a 

higher one leads to the loss of the micro-tool by "drop-off" effect. The OFF-state applied voltage has been fixed 

to -0,8V, that corresponds to zero etching current condition. The number of cycles depends on the final desired 

diameter. 
 

3. Results and discussion 
 

3.1. Study of the reproducibility of electrochemical etching 
 

First, we studied the reproducibility of the process. The initial micro-tool diameter is Φ0 =250µm, the immersed 

length is L=5mm and the etching charge is Q=13,2C. Fig.4 shows the micro-tool profiles after etching for three 

samples. We notice that the micro-tools do not have the same shape on the upper part. However, they have 

almost the same profile on the lower part over a length of 3,5mm. To validate this protocol, we repeated the 

same experiment more than ten times. The average diameter is 88 µm ± 1 µm. 

 

 
Fig. 4: Micro-tools profile obtained after etching for Q=13,2C and a wire with an initial diameter Φ0 =250µm 
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Fig. 5 : Micro-tools profile obtained after etching for Q=14,5C and a wire with an initial diameter Φ0 =250µm  

 

In order to fabricate micro-tools with diameter lower than 88 µm, the etching charge was increased to Q=14,5C. 

The average diameter is 44 µm ± 3µm over a length of 3,5mm (Fig.5). However, the process is not reproducible 

and sometimes leads to the breakage of the micro-tool by "drop-off" effect.  

This lack of reproducibility can be explained by the rapid decrease of the tool diameter at the end of the etching 

process, as shown in Fig.6. This can lead to a small diameter at the meniscus and thus result the tool breakage 

by "drop-off" effect. 
 

 

 
 Fig.6: Evolution of the theorical diameter according to the etching charge for a wire with an initial diameter Φ0 

=250µm 

 

4. Conclusion 
 

In this paper, we present a protocol to fabricate high aspect ratio micro-tools with diameter up to 88µm. It is 

based, on the one hand, on the use of a cell where the working electrode is far from the counter electrode to 

limit the effect of hydrogen bubbles on the etching at the meniscus level. On the other hand, it is based on the 

combined control of the immersed length and the applied etching charge. 
 

The formation of thinner tools requires an improvement of the etching protocol. First it is, of course, possible 

to use thinner Tungsten wires (i.e. Φ0=125µm). Then, in order to solve the problem of the tool breakage, the 

immersed length can be controlled during the etching process. Finally, in order to have a better control of the 

tool diameter it is necessary to include an in-situ measurement. 
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Abstract 
 

The feasibility study of elaboration of high-entropy alloy coating by hybrid approach including cold 

spray and laser remelting was performed. At the first stage the 2-mm thick composite precursor coating 

was deposited on aluminum substrate by cold spray using mixture of four metal powders. At the second 

stage the laser melting of 500 µm layer at the top surface of composite coating was successfully 

performed. The microstructure analysis revealed good element mixing in the melting pool during laser 

melting. EDS and phase analysis showed that the remelting zone consist of Al0.1CuCr0.5FeNi0.5Mo0.2 

composition. The resulting composition differed from the targeted one due to different deposition 

efficiencies of the powders during cold spraying. The developed approach could be applied for 

elaboration of other high-entropy alloy coatings.   
 

Keywords: high-entropy alloy, coatings, composite, cold spray, laser melting 
 

1. Introduction 
 

High-entropy metal alloys (HEA) are considered as advanced materials with significant application 

potential in different domains of industry [1, 2]. Recent studies revealed unique mechanical properties 

of HEA coatings deposited on metal substrates [2]. In general, the HEA coatings are elaborated by laser 

cladding [3], thermal spray [4-6] or cold spray [7, 8] techniques using pre-alloyed HEA powders. The 

main drawback of these approaches is the low commercial availability of HEA powders. Alternative 

way of deposition of HEA coatings is in situ synthesis of high-entropy phases during laser cladding of 

powder mixtures of pure metals or low-entropy alloys [9]. In this case, all the components of the powder 

blend melt and mix in the molten pool. Formation of HEA phase occurs during molten pool solidification 

[9]. However, this approach is not applicable for formation of thick HEA coatings on aluminum parts 

due to low melting temperature. 
 

In this work the feasibility study of the two-stage hybrid approach of HEA coating deposition on 

aluminum substrate was proposed. At the first stage of this process, the precursor composite coatings 

containing the mixture of several low-entropy powders is elaborated by cold spray on aluminum alloy 

substrate. At the second stage, the formation of HEA phases in the coating is promoted by laser re-

melting of near-surface zone of the coating. The approach is illustrated in Figure 1. The targeted 

composition of HEA was selected only for research purpose in order to verify the feasibility of proposed 

hybrid approach. 
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Figure 1: Schematics of two-stage hybrid approach of high-entropy alloy coating deposition 
 

2. Materials and methods 
 

At the first stage the precursor metal composite coating was deposited on grinded aluminum substrate 

by cold spray. The pure copper, pure aluminum, 316L and Tribaloy T700 powders were considered as 

the primary material containing Al, Cu, Fe, Ni, Cr and Mo necessary for synthesis of targeted high-

entropy phase. At the second stage, the top surface of the coating was subjected to laser melting. During 

laser treatment full melting of particles of all coating components was expected. The parameters of the 

cold spray deposition as well as the laser melting are presented in Table 1. 
 

Table 1: Parameters used for cold spray coating deposition and following laser melting 

 
cold spray deposition 

Equipment Gas type Gas pressure Gas temperature Spray distance Nozzle speed 

Kinetiks 4000 / 

nozzle OUT-1 

Nitrogen 35 bars 650 °C 30 mm 50 mm/s 

laser melting 

Equipment Power Spot diameter Speed Scan strategy Line superposition 

Precitec / Laserline 

LDM 980 nm 

1 kw 2 mm 13 mm/s Parallel lines 1 mm 

 

The morphology of the powders, the microstructure and EDS analysis of the coatings was performed by 

scanning electron microscope TESCAN VEGA. XRD analysis was performed using Bruker D8 

Advance diffractometer (Bruker AXS, Germany). Porosity of the coatings was evaluated by image 

analysis. 
 

3. Results and discussion 
 

In order to obtain the targeted element composition, the cold spraying of four-component mixture with 

mass composition 316L (41%) + Tribaloy 700 (47%) + Cu (10.5%)+Al (1.5%) was performed at the 

first stage. The composite coating was successfully deposited. The coating microstructure is presented 

in Figure 2a. The particles of copper and aluminum exhibited sever deformation at impact, whereas hard 

particles of T700 alloy preserved its initial spherical shape. Particles of all powders are uniformly 

distributed in the coating. It is important to note, the uniform particle distribution is the key factor for 

formation of high-entropy phases during laser melting. The EDX analysis showed that the coating 

element composition differed from the targeted one (Table 2). The composition mismatch is explained 

by different deposition efficiency of the powder mixture components that is typically observed in case 

of cold spray of the powder mixtures having significantly different mechanical properties [10]. Thus, 

the deposition efficiency of T700 powder was the lowest one. The maximum deposition efficiency was 

observed for aluminum and copper powders. As a results, the content of nickel and molybdenum in the 

coat9ing is approximately two times smaller than for the targeted composition. Besides low deformation 

of T700 particles, the porosity of the coating was below to 1% due to significant deformation at impact 
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of other mixture components. The laser melting of composite coating was successfully performed. The 

SEM images of the coating after laser remelting at different magnifications are presented in Figure 2b. 
 

Table 2: Comparison of initial mixture composition with the coating composition before and after laser 

melting 

 Initial blend composition, at. % Precursor coating composition 

at. % 

Composition after remelting at. 

% 

Ni 28.35 14.4 14.6 

Fe 29.8 30.2 30.3 

Mo 10 5.5 5.5 

Cr 15.8 12.5 12.6 

Cu 9.7 31.2 31.3 

Al 3.2 3.5 3.1 

Si 2.5 2.1 2 

Other 0.65 0.6 0.6 

 

 

 

 

 
 

 

 
a b 

Figure 2: Microstructure of as-sprayed (a) and remelted (b) coating 
 

The selected laser parameters allowed complete melting of the top zone of cold spray composite coating. 

The depth of molten pool was near ~500 µm. No cracks or large-scale defects were found in the interface 

between melted zone of the coating and non-melted one. Some spherical gas pores were nevertheless 

found in the melted zone. The overall porosity of the melted layer was less than 1%. All particles formed 

initial structure of as-sprayed coating were melted during laser treatment. EDS analysis performed at 

non-melted and melted zone showed that the elements are uniformly distributed in the coating after 

melting (Figure 3b).  The element composition of melted zone showed slight decrease of aluminum 

content in comparison with initial coating that indicates on partial evaporation of aluminum during laser 

treatment. One can conclude that the element diffusion in molten pool during laser treatment allowed 

efficient material mixing in liquid state. As a consequence, no zones rich in some particular element 

were found in melted zone. The XRD patterns revealed the melted zone had face centered cubic (fcc) 

structure that indicates on formation of uniform solid solution that is typical for high-entropy alloy with 
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this chemical composition. The microhardness measurements were performed at both non-melted and 

melted zones. The hardness of melted zone was stable and equal to 267±16 HV0.3 whereas the hardness 

of non-melted zone varied from 155 to 480 HV depending on the indentation point. Large variation of 

hardness in non-melted zone is explained by significant hardness difference between the T700, 316L, 

Al and Cu particles.  
 

4. Conclusions 
 

The possibility of obtaining of high entropy alloy coatings by hybrid approach combining cold spray 

and laser melting was investigated. The cold spray deposition of particles of the metals occurred in solid 

state with different deposition efficiencies. As a result, the coating composition differed from the 

targeted one. The deposited layers had a composite structure consisting of deformed particles of all 

mixture components with residual porosity below 1%. Followed laser melting allowed formation of 

uniform layer with visible gradient between melted and non-melted zones. Applied laser melting 

parameters allowed formation of uniform structure due to efficient material melting and mixing on 

molten pool. The final composition of remelted layer was Al0.1CuCr0.5FeNi0.5Mo0.2 
 

Developed approach could be applied for elaboration of high-entropy alloy coatings with other 

compositions. However, the main challenge in this approach is proper fabrication of cold spray precursor 

coating with targeted element composition. To reach this goal, the pure powders of metals could be 

applied instead of alloy powders used in this study. 
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Abstract 
 

This study aims to create a methodology for decision making in the process of designing the regime of the 

technological process of nitriding. The methodology is applied for relative degree of wear Kv for grade tool steels 

for hot working BH10, BH11 and BH21 and thus the stages of its implementation are demonstrated. They are used 

based on procedures such as Design of Experiment, optimization with one and many criteria. With the help of the 

numerical methodology the tendency in the change is determined for establishing technological regimes and 

modeling properties of wear, which are finally clarified by nitride zone forming the layer. Since the analyzed steels 

are of the same class, the study establishes the general processing regime which leads to the desired relative wear 

resistance. The research was accompanied by the receipt of specific values for the relative degree of wear Kv and 

their corresponding regimes for the three tested steels. Through the stages of the applied methodology, a general 

range has been determined for the whole class in which the steels have high wear resistance. 
 

Keywords: Aon nitriding, Plasma nitriding layers, Modeling properties of wear, Grade tool steels for hot working 
 

1. Introduction 
 

The tribological characteristics of systems, whether nano, micro or macro-scale, depend on many external 

parameters. The most important among them are the temperature and the operating conditions, the contact pressure 

and the relative speed of the contact parts. These basic parameters affect the operational surface properties of 

structural and tool steels. In [1] the modern tendencies in the research of the tribological characteristics of the 

systems are indicated, as the emphasis is placed in the industrial applications of the tribology. The surface integrity 

during processing is summarized in [2], which describes the basic achievements in the study of contact strength 

after chemical heat treatment. Tribological issues, and those related to wear resistance, need to be identified before 

the process of designing treatment regimes when it comes to thermal or chemical treatment. In this case, the concept 

of tribology will be most useful in practice. This idea is shared in [3], which brings together original and innovative 

research on applications in tribology, contributed by a group of selected researchers describing the best of their 

work. Similar studies are described in the monograph [4], where the relationship between the goal parameters and 

the technological factors of the modes for processing are defined. The brief overview of this research can determine 

the characteristics of the chosen topic, which is associated with complexity and nonlinearity, in terms of 

composition of the rising most often absorbent limits, as well as the different properties of materials in depth of the 

examined surfaces. The considered significant change individually or as a complex affects the wear resistance, 

corrosion resistance, resistance to high values of the fatigue cycle, which are the components to new surface 

conditions [5]. These new surface conditions are formed by a desired set of properties, which is determined by 

solving multicriteria problems [6, 7]. The latter guarantee the identified benefits to the study, most often expressed 

in increased longevity (extended life) of contact articles [8, 9]. All this is associated with the resource for production, 

characterization, and applications in the field of hard coatings and wear-resistant surfaces. In [10] a full explanation 

of the deposition technology of traditional vacuum-based thin film coatings, such as evaporation, chemical vapor 
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deposition, is discussed. This review would be more purposeful if an analytical or numerical methodology could 

be formulated to establish the influence of different regimes equally influencing a whole class of steels. In this way 

the private influence of one or another alloying element, such as its concentration and combination with the other 

elements, will be ignored. 
 

2. Purpose of the Research 
 

The aim of the research is to apply a methodology for the analysis of wear resistance of BH10 BH11 and BH21 

steel, with the intention completely to clarify the role of the technological modes on its influence. However, since 

the research is based entirely on an experimental-statistical basis, the results obtained will be compared and 

explained by the accumulated experience of the authors and with the phase composition. The methodology must be 

able to determine an appropriate mode satisfactory for the whole class of tested steels. The defined general 

technological modes and the substantiation made on them will help to fully clarify the further research. This will 

overcome a multifactorial, nonlinear problem described by dependencies reflected in [11], which is difficult to 
interpret and compare. 
 

3. Stages, Operational Sequence of Work and Results From the Application of the 
Methodology 
 

The design object is selected. It is necessarily related to a technological process, the parameters of which vary in 

range. The input and output parameters of the research  are defined for the object of the study. The object of research 

with which the methodology is tested in this case is determined by three types of tool steels. Steels BH10 and BH11 

have an increased heat resistance and toughness, and steel BH21 is with a high heat resistance. The chemical 

composition and some important characteristics of these steels are listed in Table 1. 
 

Table 1: Chemical composition of steel from the class, [%]. 

 

Steel C Si Mn Cr Mo W V 
 

Ni 

 

Cu 

 

S 

ВН11 0.38 0.91 0.22 4.5 1.20 – 0.47 0.14 0.11 0.006 

ВН10 0.28 0.45 0.20 3.24 2.74 – 0.55 0.13 0.12 0.01 

ВН21 0.3 0.18 0.26 2.7 – 8.01 0.29 – – 0.015 

 

3.1. The Parameters and the Interval of their Change are Determined 
 

Based on bibliography data and preliminary experiments, the following input (control) factors [4] must be 

determined: the nitriding temperature, the pressure, the duration of the process, and the temperature of tempering. 

Based on the influence of various factors on the ion nitriding and the objectives pursued, the following parameter 

were selected for optimization relative degree of wear Kv for grade tool steels for hot working BH10, BH11 and 

BH21. Table 3 shows the main levels of variation of the input parameters with which the experiment is planned. 
 

3.2. An Experiment is Planned with the set Levels of Change, in Which for Each Changing 
Combination of the Input Data, an Average Value of the Controlled Value Corresponds – the 
Relative Wear Resistance Kv 
 

To determine the nitriding regimes mathematical and statistical methods of the planned experiment have been used.  
 

 

 

 

Table 2: Characteristics of the steels. 
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Factors 

tnit Р  ttem 

[°С] [Ра] [h] [°С] 

Levels X X l X 2 X 3 X 4 

Zero level (0) 530 300 7 650 

Interval of variation 20 150 3 50 

Upper level (+I) 550 450 10 700 

Lower level (-I) 510 150 4 600 

 

A characteristic of this approach is that a compulsory change of input factors is performed within certain limits, 

determined by Table 2. A minimal number of trials and simultaneous adjusting of all factors is used. 

Selected in this way, the factors and intervals are also used to design experiments based on a plan of the various 

combinations of processing-mode parameters which the experiments were conducted with. To reduce the errors, it 

is recommended that every attempt must be repeated and the combinations of zero-level factors five times. All 

samples were ion nitrided in an installation of type ION-20 [4]. The impregnation gas during nitriding in glow 

discharge was gaseous ammonia. After nitriding, the samples were cooled in air. The experimental conditions and 

the test scheme for relative wear resistance are given in [4]. 
 

After conducting the experiment, using a standard statistical procedure described in [12] adequate models are 

derived. After checking the adequacy of the models, the specific design results are determined. 
 

Adequate regression models have been derived for the relative wear resistance – Kv based on 30 different [4] 

combinations of these parameters using an experimental design and a statistical method described  via the following 

equations: 
 

Kv = 0.4020 – 0.0828×Х1 + 0,0033×Х2 – 0.0523×Х3 – 0.0008×Х4 +0.0037×X12 + 0.0106×Х1×Х2 + 
0.0244×Х1×Х3 – 0.0006×Х1×Х4 + 0.0087×Х22 – 0.0469×Х2×Х3 + 0.0031×Х2×Х4 + 0.0237×Х32 + 
0.0093×Х3×Х4 + 0.0512×X42 

 

(1) 

Kv = 0.3898 – 0.0786×Х1 – 0.0099×Х2 – 0.0494×Х3 + 0.0151×X4 + 0.0307×X12 + 0.0131×X1×X2 
+ 0.0044×Х1×Х3 + 0.0157×Х1×Х4 + 0.0257×Х22 – 0.0494×Х2×Х3 + 0.0243×Х2×Х4 + 0.0107×Х32 
– 0.0218×Х3×Х4 + 0.0457×X42 

 

(2) 

КV = 0.3804 – 0.0804×Х1 – 0,0076×Х2 – 0.0504×Х3 + 0.0300×Х4 + 0.0156×X12 + 
0.0050×X1×X2 – 0.0025×Х1×Хз + 0.0037×X1×X4 + 0.385×Х22 – 0.054×Х2×Х4 – 0.029×X32 
– 0.037×Х3×Х4 + 0.059×X42 

(3) 

 

Equation (1) applies to BH11 steel, (2) to BH10 steel and (3) to BH21 steel. 

 

3.3. After the Modeling Process, Single-Criteria and Multi-Criteria Optimization is Performed, 
Which Generalizes the Technological Design Solutions 
 

This is an essential prerequisite for solving optimization problems, as it reflects the principled nature of the search 

processes for the best result, regardless of the nature of the object of optimization and the goal. A full description 

of the idea at this point, including with appropriate examples, is considered in [11]. Most optimization problems 

are characterized by a variable number of optimization variables. The algorithm proposed in [11] is classical 

because it turned out that the controlled factors have a constant step of change. The application of other currently 
evolving algorithms is certainly able to provide much more accurate solutions, but in fact at the stage of 

implementation they cannot be realized by the technique provided by the respective mode. After defining equations 

(1), (2) and (3) in Section 3 and determining their identifiers using the author’s approach, the problem finds its 
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solution. Since the maximal wear resistance occurs at a minimal value of the wear coefficient Kv, then the task of 

the research is transformed into a search for a treatment mode that simultaneously provides a minimal value of Kv 

and the three regression models (1), (2) and (3). At the beginning, for each of the models (1), (2) and (3) an 

optimization is performed for the relative wear coefficient Kv in which the minimal and maximal values of this goal 

value are determined. Despite the fact that the parameter is the same, due to the different composition of the steel, 

a certain inconsistency of the criteria was established. This is typical of most engineering applications. The result 

of the single-criteria optimizations is presented in Table 3. 

 

In this case, the designer encounters objective difficulties in formulating a general mode for the considered 

technological process. In this case, the constraints are imposed on the design variables and performance criteria 

using models (1), (2) and (3) according to the methodology described in [11]. 

 

In this case, the designer encounters objective difficulties in formulating a general mode for the considered 

technological process. In this case, the constraints are imposed on the design variables and performance criteria 

using models (1), (2) and (3) according to the methodology described in [11]. 

 
Table 3: Results of the performed single-criteria optimization for the studied steels. 

 

Parameter Steel Value 
Processing mode 

tnit [oC] РNH3 [Pa] τnit [h] t tem [oC] 

Regimes of 

Min values of 

Kv 

BH11 0.2944 550 450 10 600-620 

BH10 0.2549 550 450 10 600 

BH21 0.237 550 300 10 600-620 

Regimes of 

Max values 

of Kv 

BH11 0.6984 510 450 4 670-700 

BH10 0.7515 510 450 4 670-700 

BH21 0.97 510 150 4 670 

 

However, these constraints are precisely the identifiers for the minimum, maximum, or interval of values in each 

range imposed on regression models (1), (2) and (3). They significantly determine the set/complex of feasible 

solutions that meet all the necessary requirements for the design task. Without constructing this set / complex of 

additional requirements to optimize the solution, the solution of the defined problem often turns out to be useless. 

 The choice of a particular method is determined by requirements and the nature of the object and by the correct 

definition of the optimization problem. The criterion for optimality for technological objects is expressed by three 

objective functions. 
 

Principally the optimization is carried out under direct experimentation with the object of the scheme: control action 

– the result – a new control action. In principle, the optimization is performed by direct experimentation with the 

object of the scheme: control action – result – new control action. In practice, however, the optimization research 

is carried out with the object or the system represented by a mathematical model. 
 

Table 4: Results of the performed single-criteria optimization for the studied steels. 

 

Parameter Steel 
Value of 

Kv 

Normalized 

percentage 

Processing mode 

tnit [
oC] РNH3 [Pa] τnit [h] t tem [oC] 

Regime of 

Min values 

of Kv 

BH11 0.3187 6.07 % 

550 300 10 600 BH10 0.263 5.07 % 

BH21 0.237 0.00 % 
 

The results listed in Table 4 concern the factors determined by the regression models in this way. The values of the 

target parameters in Table 4 can be normalized respectively to the smallest and largest values of the considered 
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feature of the class normalized to the smallest and largest values of the considered characteristic of the class, 

respectively. 
 

With the defined in Table. 4 mode a real practical experiment was performed, and the error of the predicted and 

modeled values is within the allowable statistical error of 0.05%. 
 

4. Conclusion 
 

Based on the proposed approach to the problem of selection of technological solutions, considering the provision 

of information, procedures have been developed to search for the respective regime, supplementing the archives of 

technological solutions. The research has the claim to offer an adapted optimization approach that the same can be 

applied to a set of materials from a similar class, with the help of which to determine generalized regimes common 

to the whole class of materials. The approach is applicable at the stage of designing technological modes and it can 

be applied to any studied quality indicator of interest to the user. 
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