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Abstract 
The paper deals with the studies on spray electrolyte plasma polishing (SEPP) of the GH3536 superalloy 
produced by selective laser melting (SLM). The theoretical operation of SEPP is shown. The GH3536 
superalloy plate manufactured by SLM is used as the experimental specimen. The regularity of surface 
roughness on cathode feed velocity is presented. Key parameters, like distance between anode and 
cathode, voltage, temperature and flow rate of the electrolyte are investigated. The surface roughness, 
micro morphology and chemical composition of the specimen before and after polishing are detected. 
SEPP technology is found to decrease the surface roughness from Ra = 13.93 μm to 0.107 μm, and the 
specimen is smooth and bright without obvious processing traces. The oxides and other impurities on the 
surface of the specimen are removed, and the contents of Ni, Cr and Fe increase. The SEPP technology 
proposed in this paper, as a new green and efficient surface finishing technology, has the potential for 
further development. 
Keywords Spray electrolyte plasma polishing (SEPP) · Superalloy · Selective laser melting 
(SLM) · Surface roughness · Key parameters 

1 Introduction 

Additive manufacturing has shown broad prospects in the aerospace field, such as the manufacturing 
of difficult-to-machine materials, Integrated manufacturing of complex structure and function and 
lightweight structure manufacturing [1, 2]。However, defects such as staircase effect, balling effect and 
powder adhesion in the additive manufacturing process will cause high roughness of formed surfaces. 
Therefore, additive parts generally need surface finishing to obtain high-quality surfaces to meet high-
service requirements. 

Superalloy shows excellent high-temperature mechanical properties, oxidation resistance and 
corrosion resistance. Additive manufactured superalloy parts are generally used in the key hot 
components of aero and rocket engine [3, 4]. At present, the main polishing methods for superalloy 
include mechanical grinding [5], abrasive flow polishing [6, 7], electrochemical polishing [8], etc. In the 
treatment of complex superalloy parts, the above polishing method can improve the surface quality 
significantly, however, there are inevitable problems such as surface damage, excessive surface residual 
stress or environmental pollution [9]. Therefore, it is urgent to develop new surface polishing technology 
that can be applied to complex superalloy parts. 

Electrolyte Plasma Polishing (EPP) is an innovative technology used to obtain metal surfaces with 
low roughness and a high gloss. The mechanism of EPP is to form a vapor gaseous envelope (VGE) 
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around the surface of the workpiece. When the voltage between the anode workpiece and the cathode is 
high enough, the VGE get breakdown and ionized to produce plasma discharge which function on the 
surface of the anode workpiece [10, 11]. The materials of micro-peaks on the metal surface are removed 
by a series of physical and chemical actions, which improves the surface quality of the workpiece. The 
advantages of EPP technology, which include high-quality surfaces, high efficiency, processing 
workpieces with complex shapes, no additional residual stress and low pollution, have recently attracted 
much attention. Some studies have also shown that after EPP treatment the surface properties such as 
wear resistance and corrosion resistance of workpiece are improved [12, 13]. EPP technology shows a 
good application prospect, which provides an opportunity to solve the finishing problem of complex 
additive manufactured superalloy parts. 

At present, just a few research results have been published in the field of electrolyte plasma 
polishing, and most of them focus on the research of polishing mechanism and polishable material range 
[14-16]. The existing investigation results also suggest that EPP technology has a great application value 
in the medical field [17-19]. In 2021, Stepputat et al. [13, 20] studied the polishing effect of EPP 
technology on additive manufactured parts. The application of EPP technology on the inner surface of 
metal pipes was studied by Radkevich et al [21, 22]. However, limited by the size of the electrolyte bath 
and the power supply, the workpieces used in the above research are generally small-sized workpieces, 
there is a lack of research on workpieces with large-size and complex shape. In this paper, a Spray 
Electrolyte Plasma Polishing (SEPP) method for large-size and complex surfaces is proposed. The 
GH3536 superalloy plate produced by Selective Laser Melting (SLM) is used as the specimen for 
experiments. The regularity of surface roughness upon cathode feed velocity is presented. Several 
parameters, like distance between anode and cathode, voltage, temperature and flow rate are investigated 
basing on the experiments and analyses. To study the effect of SEPP technology, the surface roughness, 
micro morphology and chemical composition of the specimen before and after polishing are detected. 

2 Methods and Materials 

2.1 Theoretical mechanism 

The schematic diagram of SEPP process is shown in Fig. 1. Firstly, connect the workpiece and spray 
head to the positive pole and negative pole of DC power supply respectively, and keep the outlet of 
cathode parallel to the surface to be processed of anode to provide uniform electric field. Secondly, heat 
the electrolyte a suitable temperature, and control the pump to spray the electrolyte to the workpiece with 
a certain flow. When the voltage is high enough (between 200 and 400 V). When the electrolyte contacts 
the anode workpiece, an instantaneous short circuit occurs and causing the electrolyzation of solution. 
The temperature of the anode rises rapidly, resulting the electrolyte around it vaporize instantaneously as 
shown in Fig. 2, and a VGE with high resistance is formed between the workpiece surface and the 
electrolyte, meaning that the electric circuit gets disconnected. Due to high voltage, the electric field 

strength is as high as 6 8
10 10 V/m, causing the breakdown of the VGE and the formation of plasma, 

which is characterized by gas discharge. The fluctuation of the VGE makes the electrolyte constantly 
contact and separate from the workpiece surface [23]. Finally, the materials of micro-peaks on the metal 
surface are removed and the surface roughness of the workpiece is decreased. 



 

 

  

Fig.1 The schematic diagram of SEPP process: a the SEPP model, 1-power supply, 2-workpiece, 3-spray head, 4-

electrolyte, b schematic diagram of workpiece surface material removal 

  

Fig.2 The vaporization of electrolyte: a before vaporization, b after vaporization 

The main cause of surface material removal in the SEPP process mainly include two functions. The 
first is the electrochemical reaction. The active ions in the VGE electrochemically react with the metal 
elements on the anode surface to form oxides. Electrochemical reactions include oxygen evolution and 
metal oxidation. The second is the plasma discharge. Accelerated by the electric field, the electrons and 
ions in the VGE move to the surface of the anode. Then the kinetic energy of the particles is converted 
into heat energy to melt and remove the materials on the anode surface.  
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where Me  is the metal workpiece element. 
The material removal rate of plasma discharge should be greater than that of the electrochemical 

reaction, which is the premise to achieve polishing. The higher current density at the micro-peaks on the 
metal surface results in a greater probability of the discharge removal effect, as show in Fig.1b, which is 
the key reason for the gradually leveled of metal surface. Therefore, the surface polishing of the metal is 
achieved.  

According to the mechanism of SEPP, the polishing system can be equivalent to the circuit shown 
in Fig. 3, where R1 represents the resistance of the electrolyte between the cathode and anode, and R2 
represents the resistance of the VGE. The resistance R is calculated according to Formula (3). R1 is a 
linear element conforming to Formula (4) at any current. R2 is a non-linear element. Since the VGE is 
almost insulated while the electrolyte is conductive, the resistance of R2 is much greater than that of R1. 
Therefore, the dominant voltage drops is concentrated on the VGE, which provides a high electric field 
strength. 
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Where S  is the cross-sectional area of instantaneous processing area on the anode surface,   is 
the resistivity of electrolyte and L  is the distance between anode and cathode.  

 

Fig.3 The equivalent circuit of SEPP system 

During SEPP process, the decreasing rate of surface roughness mainly includes three aspects: the 
removal rate of material on the metal surface, the selective removal of materials at the micro-peaks on 
the surface and the pit depth caused by plasma discharge. Under certain conditions, it can be considered 
that the material removal rate and the pit depth are unchanged [24]. The decreasing rate of surface 
roughness depends on the selective removal of materials at the micro-peaks on the surface, which 
represent the surface roughness of the workpiece. Due to the existence of plasma discharge pit, there is 
a minimum surface roughness that can be obtained by SEPP technology in theory. When the surface 
roughness of the workpiece is equal to the theoretical minimum surface roughness, the surface roughness 
of the workpiece will not change with the processing time, that is, the decreasing rate of the surface 
roughness is equal to 0. According to the above analysis, the differential equation between the workpiece 
surface roughness and processing time is established:  

 min
( ) 0a

a a

dR
k R R

dt
    (5) 

where a
R  is the surface roughness at time t , mina

R  is the theoretical minimum surface roughness. 
In the SEPP process, the relationship between processing time and spray head feed velocity v  is: 
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where d  is the inner diameter of the spray head, d = 20mm. 
Therefore, differential equation between surface roughness a

R  and spray head feed velocity v : 
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where 0a
R  is the initial surface roughness of the workpiece. 

The general solution of equation (7) is: 

 min
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v
a a
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According to equation (8): 
 0 mina a

C R R   (10) 
Let 1 0 mina a a

R R R  , the special solution of equation (7) is: 
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During the SEPP process proposed in this paper, the electrolyte is sprayed on the surface of the 
workpiece through the spray head and the local polishing of the workpiece is realized. The cathode nozzle 
is connected to the end of the mechanical arm. By controlling the spray head to move along with the 
mechanical arm according to a certain track, the polishing of the whole area to be processed of the 
workpiece can be realized. For parts with different shapes and sizes, reasonably planning the moving 
track of spray head can theoretically achieve uniform polishing of the outer surface of the parts. 

2.2 Experimental setup and material 

Based on the above mechanism analysis, a set of SEPP setup was designed and built in this study, 
and its schematic diagram is shown in Fig. 4. The SEPP system mainly includes power supply, PLC 
system, electrolyte bath, mechanical arm, fixture and spray head. 

 

Fig.4 The SEPP setup: 1, 7-electrolyte bath, 2-temperature sensor, 3-heater, 4-workpiece, 5-fixture, 6-pipe, 8- PLC 

system, 9-flowmeter, 10-mechanical arm, 11-spray head, 12-power supply 

SEPP technology is suitable for processing large-size parts with complex shape. To reduce the 
difficulty of experiment and detection, the GH3536 superalloy plates, 200 mm 100 mm 5 mm in size, 
manufactured by SLM were used as the experimental specimen. The initial surface roughness of the 
experimental specimen was kept as consistent as possible (around 14 μm). Prior to the experiments, the 
specimens were pretreated by ultrasonic cleaning to remove the surface dirt, and then dried for 
experiment. 

For exact surface roughness of the treated specimen a roughness tester of the type MarSurf M 300C 
was used. Confocal laser scanning microscope (CLSM) of type Smartproof 5 was used to evaluate the 
three-dimensional surface morphology of the specimen. Microscopic surface morphology observation 
and chemical element analysis were performed through the scanning electron microscope (SEM) of the 
type JSM-IT500LA equipped with energy dispersive spectroscopy (EDS). 

2.3 Parameters of SEPP 

During the SEPP process, several parameters effect the surface quality and thus the roughness of 
the specimen. The electrolyte with a mass fraction of 3% and a pH of 5 was used in the experiment. In 
addition to the feed velocity v  (i.e. polishing time per unit area to be processed) with which the cathode 
(the spray head) moved, the distance L  (20 - 50 mm) between anode and cathode, which affects the 
electric field intensity, can also be varied. Furthermore, the applied voltage U   (240 - 360 V), the 
temperature T  (55-85 ℃) and the flow rate Q  (5 – 17.5 L/min) can be changed. 



 

 

The spray head is made of stainless steel, and its water outlet is a regular circle with an inner 
diameter of 20 mm. The polished specimens were ultrasonically cleaned and then dried for detection. 

3 Results and Discussion 

3.1 Regularity of surface roughness with cathode feed velocity 

Preliminary investigation was performed to assess the influence of the velocity of the spray head to 
the surface roughness. The distance between anode and cathode was 30 mm, and the applied voltage was 
320V. The temperature and flow rate of the electrolyte with a mass fraction of 4% was controlled at 70 ℃ 
and 15 L/min respectively. After SEPP process, the surface roughness of the polished specimens at 
different feed velocity of the spray head are shown in Table 1. Taking Formula (11) as the fitting formula, 
and using OriginPro software for nonlinear fitting analysis, a graphical presentation of the dependence 
of the surface roughness Ra upon the spray head feed velocity v  is shown in Fig. 5a. The fitting results 
show that mina

R = 0.26999, 1a
R = 15.684, kl = 0.89281. It can be seen that the experimental data points 

are distributed near the curve and the Adjusted R-Squared is 0.99611, which means that the curve fitting 
effect is very good. 

Table 1 Surface roughness of the specimens at different feed velocity 

v  

（mm/s） 
0.075 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

a
R

（μm） 
0.174 0.228 0.565 1.191 1.863 2.959 3.743 4.519 5.544 

 

  

Fig.5 After SEPP process: a surface roughness dependence upon the spray head feed velocity, b surface roughness 

dependence upon the treatment time 

 

The result in Fig. 5a shows that lower velocity achieves better surface roughness. This is because 
there is more time to remove material from the surface at a lower velocity. Different cathode feed 
velocities correspond to different treatment time, the dependence of surface roughness upon the treatment 
time is show in Fig. 5b. Due to the higher current density at the micro-peaks on the metal surface, the 
SEPP process starts by removing materials at the top of the surface peaks. As the metal surface is 



 

 

gradually flattened, the thickness of the removed layer decreases when removing the same amount of 
material, i.e. h1 > h2 shown in Fig. 1b. Therefore, the surface roughness decreases rapidly at the 
beginning of the treatment and then continuously decreases to a constant value, which is confirmed by 
the results in Fig. 5. 

Based on the above analysis, the regularity of the surface roughness with the cathode feed velocity 
was obtained. Because a smaller spray head feed velocity means a longer treatment time. In practical 
application, it is necessary to comprehensively consider the surface quality and polishing efficiency and 
select a reasonable feed velocity. For the specimens in this experiment, the optimal spray head feed 
velocity range is from v = 0.1 mm/s to 0.2 mm/s. 

3.2 Influence of the process parameters 

In this section the influences of distance L  between anode and cathode, voltage U , temperature 
T  and flow rate Q  of the electrolyte on the surface roughness are presented and discussed. A series of 

single factor experiments were designed to study the influences of the above parameters on the surface 
roughness of the specimen. The experimental items and parameters are shown in Table 2. 

Table 2 The experiment items and parameters 

Par. 

Exp. 

L  

(mm) 

U  

(V) 

T  

(℃) 

Q  

(L/min) 

v  

(mm/s) 

1 [20-50] 320 70 15 0.3 

2 30 [240-360] 70 15 0.3 

3 30 320 [55-85] 15 0.3 

4 30 320 70 [5-17.5] 0.3 

 

The applied distance L  between anode and cathode is changed from 20 to 50 mm in 5 mm steps. 
Fig.6 shows the surface roughness a

R   under different distance L  . In the range of 25-50 mm, the 
variation of the surface roughness decreases with decreasing distance. It can be explained by the fact that 
the electric field and the current (Fig. 3) increases with the decrease of the distance between electrodes. 
And this is an indicator that more materials are removed with a current density between 0.2 and 0.5 

2
/A cm  with increasing current and thus a lower surface roughness is achieved. When the distance 

between anode and cathode is decreased to 20 mm, the further enhancement of the electric field leads to 
the violent fluctuation of VGE. A strong spark as shown in Fig.7 was observed during the experiment. 
The polishing process becomes unstable, resulting a higher surface roughness compared to the result 
when the distance is 25 mm. 



 

 

 

Fig.6 Surface roughness dependence upon the distance between anode and cathode 

 

Fig.7 Strong spark observed during the experiment 

As shown in Fig.8, the curve of surface roughness changing with voltage U  reflects the variation 
characteristics of the surface roughness when increasing voltage from 240 V to 360 V. When the applied 
voltage is lower than 300 V, the surface roughness decreases with the increase of voltage. Once the 
voltage exceeds 320 V, increasing the voltage will lead to the increase of the surface roughness. The 
value of the applied voltage affects the energy of the particles reaching the surface of the anode, thus 
affecting the material removal rate of the metal surface. When the applied voltage is lower, the material 
removal rate increases with the increase of the voltage, and the obtained surface roughness decreases. 
However, rising voltage will increase the amount of heat released from the anode, causing the VGE 
thicker and more stable and thus decreasing the current. The lower current means less material removal 
rate, and the achievable surface roughness increases. 



 

 

 

Fig.8 Surface roughness dependence upon the applied voltage 

It can be seen from Fig.9 that when the temperature range is 70 – 80 ℃, the minimum surface 
roughness is achieved. The energy of each treated area is a certain value because of the moving of the 
cathode. When the temperature is lower than 70 ℃, the energy is not enough to form a continuous and 
stable VGE, causing the poor surface quality of the treated specimen. When the temperature increases to 
85 °C, the electrolyte appears local boiling, and some electrolyte components will quickly decompose 
and volatilize, which weakens the polishing effect.  

 

Fig.9 Surface roughness dependence upon the electrolyte temperature 

Figure 10 shows that the surface roughness shows a decreasing trend when the flow rate Q  of the 

electrolyte increases from 5 L/min to 12.5 L/min. And more area is being polished with increasing flow 
rate. A further increase of the flow rate destroys the lasting and stable of the VGE. The SEPP process 
becomes unstable, resulting in the increase of achievable surface roughness of the treated specimen.  



 

 

 

Fig.10 Surface roughness dependence upon the electrolyte flow rate 

3.3 Surface properties 

Based on the results of the above experiments, a new SEPP experiment was carried with the 
parameters shown in Table 3. 

Table 3 The experiment parameters 

L  

(mm) 

U  

(V) 

T  

(℃) 

Q  

(L/min) 

v  

(mm/s) 

0.1 25 320 75 12.5 

The surface roughness Ra and Rz of pre-polishing (PP) specimen and SEPP treated specimen are 
shown in Table 4. It can clearly be seen that the SEPP process significantly decreases the surface 
roughness from Ra = 13.93 μm to 0.107 μm, while the surface roughness Rz is reduced from 78.18 μm 
to 1.130 μm. Fig.11 shows the micro-profiles of the PP and the SEPP surface. The CLSM images of the 
PP and the SEPP surface are presented in Fig.12. The results in Fig.11 and Fig.12 show that the materials 
of the surface micro-peaks were removed by SEPP process, and a flattened surface was achieved.  

Table 4 The surface roughness of the PP and the SEPP surface 

Roughness 

Specimen 
Ra/μm Rz/μm 

PP 13.93 78.18 

SEPP 0.107 1.130 

 



 

 

Fig.11 Comparation of the micro-profiles of the of the PP and the SEPP surface 

  

Fig.12 The CLSM images of (a) the PP surface and (b) the SEPP surface 

As shown in Fig.13a, there is a large amount of spherical powder on the surface of the specimen, 
which is a typical defect the additive parts. Compare the SEM results in Fig. 13a and Fig. 13b, it is 
obvious that both the micro-peaks and the spherical powders were removed, and there were no machining 
traces on the treated surface. This is an indicator that the SEPP technology can significantly improve the 
surface quality of the specimen, resulting in a very smooth surface. 

  

Fig.13 The SEM images (  400) of (a) the PP surface and (b) the SEPP surface 

Comparing the results in Fig. 14a and Fig. 14b, after SEPP treatment, the O on the surface of the 
specimen disappeared, and the content of Al decreased. It can be explained by the fact that the oxide (e.g. 

2 3
Al O ) on the metal surface was removed. Further analysis of the EDS spectrum shows that the content 

of Ni, Cr, and Fe increased. This is because that after polishing, the oxides and dirt on the surface were 
removed, so that more Ni, Cr, Fe and other elements were exposed on the surface. The Cr and Fe are 
more active than Ni. During SEPP process, the active ions in the VGE will preferentially react with 
elements with higher activity, and then the reaction products are removed by discharge. Therefore, the 
detected Ni content increased more than Fe and Cr. 



 

 

 

 

Fig.14. The EDS spectrums of (a) the PP surface and (b) the SEPP surface 

4 Conclusions 

In this paper, a method for spray electrolyte plasma polishing of large-size and complex surfaces 
was proposed and the experimental results were presented. The main findings of this study can be 
summarized as follows. 
1. The regularity of surface roughness on cathode feed velocity v  was analyzed. A smaller spray head 

feed velocity means a longer treatment time. A significant reduction of the surface roughness can be 
achieved when the feed velocity is 0.1 mm/s. Further slowing down the feed velocity will continually 
decrease the surface roughness to a constant value. 

2. Key parameters, like distance between anode and cathode, voltage, temperature and flow rate of the 
electrolyte were investigated. The optimal parameters are L = 25 mm, U = 300 - 320 V, T = 70 - 
80 ℃, Q = 10 - 12.5 L/min. 

3. In addition, SEPP technology was found to decrease the surface roughness from Ra = 13.93 μm to 
0.107 μm, and the treated specimen is smooth and bright without obvious processing traces. the 
oxides and dirt on the surface were removed and the content of Ni, Cr, and Fe increased. 
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