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Abstract: In this work the possibilities of reducing the roughness and defects of surfaces obtained  by 3D printing with selective laser melting 

(SLM), via reactive electrospark surface modification (ESD) with low-melting AlSi alloys has been shown. The influence of the energy 

parameters of the ESD process on the roughness, microstructure, microhardness and performance characteristics of the coatings has been 

studied. Surfaces with new phases and ultrafine crystal-amorphous structure with particle sizes from micro to nano level, with new relief, 

with thickness up to 15 µm and microhardness up to 11 GPa were obtained, as the initial SLM roughness from Ra = 8-11µm is reduced to 

Ra=3-5 µm.  Possibilities for control of the characteristics of the coatings and purposeful synthesis of new phases by changing the 

parameters of the spark discharge have been established. The parameters of the ESD process, which provide simultaneous reduction of SLM 

surface roughness, removal and erasure of the defects and targeted reactive synthesis of new phases with high performance properties and 

wear resistance, are defined and optimized. 
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1. Introduction

In recent years, additive technologies (ATM - known as 

Additive Manufacturing Process, or 3D printing of metals) [1,2,3]  

are increasingly used for the fabrication of metal products.Thanks to 

its many advantages [2-5], additive manufacturing is gradually 

becoming a regular production operation that is seriously changing 

the industry and transforming a number of branches. One of the 

main disadvantages of 3D printing of metals, which hinders its mass 

application, is the high surface roughness and the presence of 

various surface defects - local accumulations, pores, protrusions, 

cracks, etc., which degrade the properties of the resulting products 

[4,6, 7]. In order to reduce the initial roughness and fill the surface 

pores in most cases, subsequent complete or local treatment of the 

part is required. Various methods [6-11] are used for this purpose, 

which require the application of specific processes, including 

relevant machines, technologies, equipment, tools and materials, 

and also implies а need to include additives in the dimensions for 

further processing, as wel as use of special technological regimes 

for the different materials and shapes of products, which leads to to 

significantly  increase processing time and costs.Often, post-

processing can take up to 3 times longer than printing the part [2-5]. 

In many cases, these treatments, the time and cost of their 

implementation, can be reduced by using one of the lightest, cheapest 

and most affordable technologies - electrospark deposition (ESD), 

whose advantages include high adhesion of the formed coatings, the 

possibility of local treatment of the details, low cost and energy 

consumption and high environmental friendliness of the process [12-

18]. ESD also implies increased wear resistance and a longer service 

life of coated surfaces than the other ordinarily used finishing 

treatments.In this regard, the aim of the present work is to study the 

topography, composition, structure, mechanical properties and 

tribological behavior of metal surfaces obtained by 3D printing and 

subsequent ESD treatment with hypoeutectic alloy AlSi9, to assess 

whether the electrode materials used improve surface characteristics  

of the ATM products, and on the basis of the obtained data to 

determine and optimize the conditions under which  it can be 

obtained  a reduction of surface roughness and defects of the surface 

layer. 

2. Materials and Methods (Methodology)

2.1. Coating materials 

The placed goals of the work require  the selection of materials 

in which under the action of the spark-plasma discharges to form a 

liquid melt that fills the surface cavities and pores and 

simultaneously interacts with the elements of the substrate, forming 

new wear-resistant phases.  

This can be realized by reaction phase formation, or reactional 

ESD, in which by appropriate selection of low-melting electrode 

materials and parameters of the spark discharges is carried out 

targeted synthesis of new reinforcing phases that are not present in 

the electrode or substrate [14,15, 18]. 

For this purpose, processing electrodes-precursors of the low-

melting AlSi9 alloy with a silicon content of 9% were used. The 

electrodes are made by technology [14,15,19], which  allows both 

their complete melting and increased transfer to the substrate, as 

well as the formation of ultrafine and glassy phases as a result of the 

spark-plasma discharges. The use of aluminum electrodes for ESD 

is recommended in papers [20-22]. 

For comparison, electrodes of eutectic alloy ASi12 [22] were 

used, as well as TiB2-TiAl compositions  with nanosized additives 

of ZrO2, and also multicomponents electrodes marked 

KW10B10T10 with composition 60% WC, 10% TiB2, 10%B4C, 

and 20%Co-Ni-Cr-Fe-B-Si-C. 

2.2. Substrate. 

Model plates of carbon steel 1.2709 prodused by Direct Metal 

Laser Sintering (DMLS) [23] with composition Fe- base, Ni - 18-19 

%, Mo 4,7-5,2%, Co 8,5-9,5 %, C 0,03%, with sizes 10×10×4 are 

used for substrate. 

2.3. Equipment for ESD 

ESD equipment with low pulse energy E = 0.01-0.07 J is used 

to obtain coatings with low roughness and fewer structural 

defects.The surface treatment was performed by non-contact local 

electrospark deposition (LESD) [24] on a mechanized 

machine"Elfa-541" and by ESD with vibrating electrode in gaseous 

medium (air) using a device "Hardedge" - UK. 

The application of LESD is performed with a cylindrical 

rotating electrode at mode parameters given in Table 1. The 

productivity of the deposition is 0.5÷0.6 mm /s, the speed of 

rotation of the electrode is 1200 rpm, System voltage / Circuit 

voltage / U=90V. 

 ESD vibration deposition is performed with the following 

parameters: Short circuit current – 0.2 – 1.5 A, Voltage – U=80 V, 

oscillation frequency of the vibrator – 200 Hz. The individual 

layering modes are numbered from 3 to 6 in the order of increase of 

pulse energy are given in Table 2.   

The research was conducted with pre-optimized process 

parameters and pulse energy, which produce uniform and dense 

coatings with acceptable roughness. 
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Table 1. Mode Parameters at LESD 

 

N 

Pulse current 

amplitude - 

I,А 

Pulse duration 

– Ti, μs; 

Capacitance 

– C,  μF; 

Pulse frequency 

- f, kHz 

Passages of 

the electrode 

Single pulse 

energy,-E, J 

1 16 12 0.68 12.5 3 0.01 

2 16 12 1 8 4 0.02 

3 24.4 20 4.4 5 4 0.045 

Table 2. Regimes used for ESD whit vibrating electrode on Device 

for Manual electrical discharge deposition with vibrating electrode 

“Harddege” - England, USA 

 

 

 

 

 

2.4. Types of research, Methodology of measurements, Research 

Equipment 

The influence of the parameters of the ESD modes on the 

roughness, the composition, structure and tribological behavior of 

the layered surfaces  obtained immediately after DMLS and ESD is 

studied.  

- The roughness parameters Ra, Rz, Rq and Rt and the thickness 

δ of the obtained coatings are measured using profilometer - AR-

132B according to EN ISO 13565-2: 1996) standards. Mathcad and 

Excel software are used for data processing. 

- The morphology and topography of the ESD layers were 

examined with an optical and scanning electron microscope SEM 

"EVO MA10 Carl Zeiss". 

- The measured microhardnesses were performed with a Zwick 

4350 hardness tester, Germany, according to ISO 6506-1: 2014, at a 

load of 2 N (200 g) with a Vickers indenter. 

- The identification of the phases in the surface layer were 

performed using a Bruker D8 Advance X-ray diffractometer in 

cobalt “Cu Kά” radiation .  

- The comparative friction tests were performed with tribotester 

type “Thumb-on-disk” under dry surface friction with hard-fixed 

abrasive particles in plane contact at the following conditions: load 

10N; nominal contact area 2.25x10-6 m2; sliding speed 0.239 m/s; 

type of abrasive surface - Corundum № 800. The mass wear is 

obtained as difference between the initial mass of the sample m0 and 

its mass mi after a certain number of friction cycles: m = m0−mi, 

mg. The mass of the samples before and after a given friction path 

is measured with an electronic balance WPS 180/C/2 to the nearest 

0,1 mg.  

Calculated are the following wear characteristics:                                                                                                  

- Wear intensity - the amount of wear per unit of friction work:

Smi / , mg/m                         (1)                

- Wear resistance mSiI //1  , m/mg, reciprocal value of the 

wear intensity.                             (2)   

    

3. RESULTS AND DISCUSSION 
3.1. Coating characterization - Roughness Ra and thickness , 

structure and microhardness  

The characteristic appearance and topography of the surface of 

the coatings is shown in Fig. 1 and 2 at different magnifications, 

and Table 3 shows the average values of roughness, thickness δ and 

the measured microhardness HV of the studied coatings. They are 

compared with those of coatings of ASi12, TiB2-TiAl and 

KW10B10T10 electrodes. 
 

 
a) 1.2709 DMLS steel , 

Ra=10,3µm,Rz=29 µm 

 
b) ESD at Е0.03J, АК9, 

Ra=4µm,Rz=12 µm 

 
c) ESD at Е=0.07J, АSi9 

Ra=7µm, Rz=21 µm 

 
d) ESDat E=0,03J, АlSi12 

Ra=5µm, Rz=14µm 

 
е) ESD at Е0.03J, TiB2-

TiAl Ra=5,9µm,Rz=16,7 

µm    

 
f) ESD at E=0,03J, 

KW10B10T10, Ra=6,5 

µm, Rz=18 µm 
                

Fig.1.Top view of model plates from 1.2709 steel before and after 

ESD with diferent electrodes 

 

 
a) 1.2709 steel, Ra=8,6 µm, 

Rz=22 µm 

 
b) ESD at E=0,07J, Ra=5 

µm, Rz=14,2 µm 

 

 
c) ESD at E=0,03J Ra=4,2µm, 

Rz=12 µm 

 
d) LESD at E=0.045J 

Ra=3,4µm, Rz=9,6 µm 

 

Fig.2. Microphotography of topography of the coatings produced 

by ESD and LESD with electrode AlSi9 with different energy on 

1.2709 DMLS steel 

    

Fig. 3a shows the values of the roughness parameters  Ra, Rz, 

Rq, Rt, µm of coatings from ASi9  electrodes applied by ESD and 

LESD at different pulse energy, and Fig. 3b shows the standard 
deviation of the measured values of the roughness parameters . 

 

 

 

 

 

№ of regimes, 3 4 6 

Сapacity, µF 5 7 20 

Pulse energy E, J 0.02 0.03 0.07 
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Table 3. Roughness Ra, thickness δ and microhardness HVof coatings on DMLS substrates 

 

 

a) Altitude roughness parameters  

 

 
 b) Deviation of the roughness parameters 

Fig.3. Altitude parameters of the roughness of ESD coatings 

depending on the pulse energy at initial roughness of the base  

Ra=10,25μm 

 

With AlSi9 electrodes, dense and uniform coatings were 

obtained, similar in structure, with acceptable repeatability of 

quality characteristics, with a specific relief formed mainly by  

liquid phase and different from the original one. It can be seen that 

their roughness is lower than that of the substrate and is close to 

that obtained with AlSi12 electrodes. The standard deviation from 

the mean value after ESD and LESD - Fig. 3b also has significantly 

lower values than those of the initial samples.  
From the data presented in Table 3 it is established that by 

changing the pulsed energy the parameters of the coatings can 

change in the range: thickness δ=8-16 µm and microhardness 

НV=8 to 10 GPa. 

Figures 4 and 5 show cross-sections and SEM images of 

coatings from ASi9 electrode, deposited at a pulse energy of 0.03 J. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

a) ESD with electrode AlSi9, E=0.0 3J 

 

b) cross- section of ESD coating with electrode AlSi9, E=0.03 J 

Fig.4 Cross- section microphotographs of microstructure of 

coatings on 1.2709 steel 

 

    
Fig.5. SEM microphotography of the coatings produced by ESD 

with electrod AlSi9 on 1.2709 steel 

 

From the presented data (Fig.1-5), it can be seen that the 

reaction electrospark surface modification with AlSi9 electrodes 

allows to smooth out the irregularities from the previous treatment, 

to fill the cavities and pores from the initial DMLS treatment 

(Fig.4) and to obtain surfaces with improved uniformity and 

reduced roughness. However, the lower pulse energy (E<0.02J) 

(Table 3, Fig.3a) is not always sufficient for the electrode melt to 

fill the unevenness, pores and cavities of the initial surface and the 

deepest traces of pre-treatment cannot be completely deleted. 

№ Electrode Process parameters Ra, µm Rz, µm Rq, µm Rt, µm δ, µm HV, GPa 

1 Substrate - 8,55 24,18 8,75 24,43 - 4,48 

2 AlSi9 
ESD, E=0.02 J 

5,70 16,10 5,87 16,25 9 8,44 

3 AlSi12 5,4 15,2 5,5 15,3 8,53 8,62 

4 AlSi9 

ESD, E=0.03 J 

4.43 12.47 4.35 13.42 10.3 9.67 

5 AlSi12 4,25 11,95 4,35 12,05 11 9,88 

6 TiB2-TiAl 5,10 14,40 5,38 14,58 9,4 11,15 

7 KW10B10T10 6,50 18,40 6,65 18,60 12,5 11,64 

8 Substrate 7,92 22,38 8,13 22,6 - 4,65 

9 AlSi9 
ESD, E=0.07 J 

5,03 14,20 5,48 14,35 16,4 9,87 

10 AlSi12 5,55 15,73 5,78 15,88 15 10,12 

11 AlSi9 LESD, E=0.045J, 

I=25A,Ti=20µs,C=4,4 µF 

3,40 9,63 3,48 9,73 12,6 9,15 

12 AlSi12 3,84  10,9 3,96 11,12 12,22 9.64 

13 AlSi9 

LESD, E0.015J, 

I=16A,Ti=12 µs,C=0,7 µF 

3,28 9,25 3,40 9,35 8,6 9,03 

14 AlSi12 3,38 9,55 3,78 9,65 8,2 9,14 

TiB2-TiAl 5,90 16,70 6,21 16,90 7,8 10,46 

KW10B10T10 5,95 17,03 6,08 17,03 10,4 10,84 
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The comparison of the surfaces obtained with different pulse 

energies (Fig. 1-3a, Table 3) shows that the coatings obtained at 

energy 0.03-0.04 J (Fig. 3a) are more uniform and have lowest 

values of all roughness parameters - more than twice lower values 

than the initial ones after DMLS, as well as the smallest deviation - 

Fig.3b. 

A comparison of the surfaces obtained by the two methods used 

shows that in LESD with energies of 0.02 and 0.045 J the surface is 

smoother and more uniform, the coatings have lower roughness, 

smaller structural components, and such as the lowest measured 

values are Ra ≈3 µm. In addition, AlSi9 electrode-treated surfaces 

have a similar roughness and thickness to those of AlSi12 

electrode-treated surfaces. The microhardness (HV) of the coatings 

is more than 2 times higher than that of the uncoated substrates and 

exceeds the corresponding initial hardness of the aluminum 

electrodes. 

Therefore, ESD with AlSi9  electrodes can  be used for leveling 

the relief of the original DMLS surfaces, and also to reduce the 

scattering of roughness parameters.    

Surfaces treated with TiB2-TiAl and KW10B10T10 electrodes 

show a higher roughness and degree of unevenness than those with 

AlSi9 electrodes. The hardness of the coatings obtained with these 

electrodes is higher - Table 3, but due to the higher melting 

temperature of the boride and carbide phases contained in them, the 

initial surface pores and irregularities are not completely filled. 

3.2. Phase composition of coatings 

Figure 6 shows an X-ray diffraction pattern of the AlSi9 

electrode coating at a pulse energy of 0.03 J. XRD models of 

coatings applied with different impulse energies differ mainly in the 

intensity and width of the characteristic peaks of iron and 
intermetallic phases. 

 

Fig.6. Patterns of XRD spectra of the ESD coating of AlSi9 

electrode at E=0.03J on 1.2709 steel 

 

The expansion of the characteristic lines is most pronounced in 

the modes with pulse energy above 0.04 J and indicates the 

presence of solid solutions and amorphous-crystalline structures in 

the surface of the coating, which are observed in Fig.5. 

The registered expansion of the diffraction peaks of Al and Fe, 

which is most evident in LESD, reflects the formation of both solid 

solutions and new compounds in the resulting anode-cathode 

molten mixture, and also the reduction in the size of structural 

elements, reaching to amorphous structure. Since there are peaks in 

the wider corner areas, which indicate the presence of crystallites, it 

can be concluded that the coatings have a crystal-amorphous 

structure. 

The main registered phases in the composition of the coatings 

are (Fe,Ni), AlFe, FeSi, Al5Fe2, Al3.2Fe, AlFe0.23Ni0.77, Fe0.7 Ni0.3, 

AlO, Al2O3, FeNi. 

Fe0.9Si0.05, FeNi3, NiAl3, AlNi, Al0.9Ni1.1, AlFe0.23Ni0.77, 

Al2.67O4, AlO and traces of AlN, Si3N4 are found in small quantities 

(low intensity and small number of peaks). The presence of Al2O3, 

as well as traces of AlN and SiN, indicate that aluminum and 

silicon have reacted with oxygen and nitrogen in the air to form 

wear-resistant compounds. The average crystal size, calculated by 

Scherer's formula, varies from 15 to 90 nm for the different phases, 

which shows that the new phases obtained in the electrospark 

coatings have a nanocrystalline structure.  

As the pulse energy increases, the degree of dispersion and the 

amount of newly obtained intermetallic phases increase. Вy 

appropriate selection of the pulse energy and the pulse parameters, 

it becomes possible to achieve a purposeful synthesis of certain 

phases. 

The new phases formed in the process of spark-plasma 

discharges presuppose stronger bonding with the substrate, higher 

microhardness, and correspondingly higher wear resistance. 

The obtained results allow us to summarize that the application 

of the ESD method and low-melting AlSi9 electrodes leads not 

only to a reduction in surface roughness, but also to the formation 

of new hardened phases. In addition, the presence of a liquid phase 

of the molten electrode material helps to fill the micropores and 

reduce defects in the surface layer. 

Therefore, the use of the AlSi9 electrode provide improved 

properties of the surface layer, due to the fine-grained structure, the 

new compounds and amorphous phases in the composition of the 

coatings. 

3.3 Wear of coatings applied with AlCi9 electrodes 

Fig. 7 shows the wear and wear resistance of the coatings of the 
studied electrodes as a function of the friction path. 

 

a) Wear of coated surfaces sv. Sliding distance 

 

b) Wear resistance vs. Sliding distance –AlSi9/on 1=2709 steel 

Fig.7. Wear and wear resistance of ESD coatings on 1.2709 DMLS 
steel.  

It can be seen from the figure that minimum wear and 

maximum wear resistance are obtained in the modes with energy 

0.03 and 0.04J, in which the roughness of the coatings Ra≈3.5µm. 

Samples with coatings from AlSi9 electrodes showed 1.5-1.9 times 

lower wear than uncoated ones. 

The wear of the TiB2-TiAl electrode-coated samples is the 

lowest, which was expected due to the presence of the highly wear-

resistant TiB2  and the nanostructured ZrО2 additives. However, the 

coatings obtained with this electrode have a higher 

roughness(Fig.1e, Table 3) and fail to completely erase the surface 

defects of DMLS steel. 

Тhe improvement of the technological characteristics of the 

surface of the produced DMLS products by ESD can not only 

eliminate a large part of the finishing treatments, but also to give 

new properties to the treated surfaces and to allow expanding the 

use of the DMLS methods for many new applications and 
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production of various friction and cutting elements - for example 

cutting elements for plant stems [25] and many others. 

 

 

4. CONCLUSIONS 

1. In this work, the occurring changes in the surface structure, 

composition, mechanical properties and tribological behavior of 

DMLS steels with subsequent reactive surface electrospark 

modification with AlSi9 hypoeutectic electrodes were studied and 

evaluated. 

2. Experimental studies have shown that by reaction 

electrospark  surface modification, topography, mechanical and 

tribological properties of modified surfaces are significantly 

improved as a result of the reduced roughness and erasure of the 

surface defects, as well as of the new wear-resistant phases, new 

ultradisperse and amorphous structures with increased hardness and 

wear resistance. 

3. The determined energy parameters of the electrical pulses, 

the parameters of the ESD process and the conditions allow 

achieving simultaneous erasure of surface defects and increasing 

the hardness and wearing resistance of the treated surfaces. The 

obtained dependences make it possible to obtain modified surfaces 

with predetermined characteristics and properties. 

4. The obtained results confirm the hypothesis that the 

electrospark treatment with hypoeutectic electrode AlSi9 at energy 

0.03-0.04 J allows both to reduce roughness and surface defects and 

to form a modified layer with a thickness of more than 10 μm, 2.5 

times more -low roughness and up to 2 times higher microhardness 

and wear resistance compared to the original DMLS 1.2709 steel. 

Coatings obtained with this energy by LESD have lower roughness 

and better homogeneity than those obtained by ESD with a 

vibrating electrode. 
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