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Abstract
Maraging steel 300 is widely used in aircraft, tools, and automotive industries, which requires a polished
surface for better performance. In conventional methods of polishing, the abrasives directly contact the
workpiece surface and deteriorate its property. Thus, a non-conventional method like Electropolishing
(EP), is utilized to �nish maraging steel with acetic acid (99.7 wt.%) and perchloric acid (70 wt.%) mixed
in the volume of 3:1. Linear sweep voltammetry (LSV) is performed to determine the passive region that
gives the best electropolishing performance. Different parameters, namely temperature, agitation, and
polishing time and their effect on surface roughness and surface re�ectance, are observed during EP. The
optimized process parameters which give the best EP performance are the temperature at 60ºC, rotation
of magnetic stirrer at 400 rpm, and polishing time of 6 minutes. An improvement of 56% in surface
roughness and 60% in surface re�ectance from its initial value of 21% is observed. EP makes the surface
hydrophilic as the contact angle changes from 111.2º to 68.6º. Energy-Dispersive X-Ray Spectroscopy
analysis suggests that after EP, a metal oxide layer forms on the surface which helps in increasing
corrosion resistance.

1. Introduction
Electropolishing (EP) is a non-conventional polishing method that follows anodic dissolution. The
polishing setup comprises of an anode (sample to be electropolished), a cathode (tool), and an
electrolyte. In EP, the electrolyte in mainly consists of viscous acidic �uid. During EP, the hydrogen gas is
evolved at the tool and oxygen gas at the workpiece followed by anodic dissolution, as shown in Fig. 1.
Due to the diffusive mechanism in EP, as explained by Jacquet's viscous �lm theory [1], a viscous �lm
forms over the workpiece surface. This viscous layer increases electrical resistance for anodic
dissolution. A thick layer forms on the valley, whereas a thin layer forms on the anode's protruding
surface. Due to this difference in the layer thickness, a higher resistance for anodic dissolution for valleys
than protruding surfaces is observed. This creates a polishing effect by removing the protruding surface
�rst, followed by the valley. Hence, the surface is leveled and polished during EP [2]. It does not change
the actual property of the bulk metal and also forms a stable passive oxide layer which increases the
corrosion resistance [3].

During electropolishing, oxygen gas evolves at anode forming bubbles and moves away the
electropolishing solution from the anode �lm surface. Hence, the protruding surface on the workpiece
dissolves faster, while the valley remains inaccessible [4]. EP does not change the crystallographic and
grain-boundary structure of the bulk material and never induces any residual stress, which makes it
different from other polishing methods [5]. This advantage of EP is utilized as a post-processing method
for components fabricated by thermal-induced processes like laser beam machining (LBM), Electric
discharge machining (EDM), etc.

This paper performs EP of maraging steels as it offers competitive alternative materials for aerospace
structures while exhibiting ultra-high-strength and good corrosion resistance [6]. It is widely used as raw
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powders in additive manufacturing to fabricate complex parts [7].

Oliveira et al. [8] used the powder bed fusion process for 3D printing of maraging steel 300. The effects of
cutting parameters like feed per tooth and cutting speeds on the surface conditions, namely average
roughness and residual stress during milling, were investigated. Surface roughness of 3.30 µm was
obtained after additive manufacturing. Milling was used as a post-processing technique to reduce the
surface roughness to 0.31 µm at 250 m/min cutting speeds and 0.02 mm/tooth feed per tooth.
Compared to EP, the conventional milling process directly contacts the workpiece, changes workpiece’s
grain structure completely, and induces compressive residual stress.

Li et al. [9] polished maraging steel by micro-grinding and achieved a minimum roughness of 0.67 µm.
They found that while polishing at a very high speed, the metal surface property changes drastically.
They proposed a small grinding wheel with a very low rotating speed to avoid this. Also, residual stress
was induced on the workpiece surface while polishing by micro-grinding [9]. These disadvantages of
conventional polishing methods make way for researchers to proceed in non-conventional polishing
methods.

Very few literatures are found for the electropolishing of maraging steel. As it is a Ni-based alloy, the
author tries to �nd the electrolyte for the electropolishing of Ni-based alloys. Huang et al. [10] had utilized
perchloric-acetic mixed acids electrolyte to investigate the EP behavior of Inconel 718 alloy. Anodic
polarization curves at different concentrations of perchloric acid (HClO4) were analyzed, and it was
concluded that more than 50 vol.% of HClO4 provides better anodic dissolution. EP enhances the
corrosion resistance of Inconel 718 alloy. For Ni-based alloys, perchloric-acetic acid mixtures are generally
used as an electrolyte [10]–[12]. Aksu et al. [12] had electropolished Fe-Ni-Co alloy in perchloric acid
solution with acetic acid as a solvent. Linear sweep voltammetry was performed to �nd the current
density for different concentrations of perchloric acid. An investigation was conducted to analyze the
effect of electrolyte concentration, current density, and bath temperature on surface roughness and
thickness change. Surface roughness of 0.05 µm is achieved.

Wang et al. [13] had investigated the parameters of electropolishing on the surface quality of Ni-Ti shape
memory alloy after milling. It was observed that better the initial surface homogeneity, better would be EP
effect. Methanol-perchloric acid mixture was used as an electrolyte to achieve a minimum roughness of
0.279 µm. Han and Fang [14] had compared NaCl-based electrolyte with H2SO4-based electrolyte for EP
of stainless steel 316L. It was observed that the NaCl-based electrolyte has a higher current density,
which leads to a higher material removal rate. Surface roughness of 20.4 nm and 100 nm had been
achieved for the respective electrolytes.

In the present study, electropolishing of maraging steel is performed. An organic electrolyte solution
containing acetic acid with perchloric acid is used for electropolishing. The various parameters like
polishing time, temperature, and agitation are analyzed. Linear sweep voltammetry (LSV) is performed to
generate the polarization curve for maraging steel at a particular solution. Energy-Dispersive X-Ray
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Spectroscopy (EDS) analysis is performed to investigate the workpiece surface composition before and
after EP. The in�uence of EP parameters on surface roughness as well as surface re�ectance is also
presented. The contact angle of the surface is measured with the help of a goniometer to analyze the
workpiece surface's wettability before and after EP. Corrosion behavior of the sample before and after EP
is also studied.

2. Electropolishing Experimental Procedure

2.1 Experimental Setup
The schematic of the proposed electropolishing setup for maraging steel electropolishing is shown in Fig.
1. It is an extended version of the electrochemical machining (ECM) setup. It also contains an electrolyte
circulation system and an arrangement for cathode and anode electrodes holding system. A glass
container of 100 ml is used as a chamber for electropolishing. A graphite sheet connected to the power
supply’s negative terminal is used as a cathode. The cathode is dipped inside the glass electrolyte
chamber. A rectangular maraging steel 300 sheet of dimension 25 mm 10 mm 3 mm is used as the
anode, which connects to the power supply’s positive terminal. The complete setup is kept over a hot
plate with the magnetic stirrer. The hot plate is used to provide the required amount of heat to increase
electrolyte’s temperature. The magnetic bar rotates within the glass chamber with the help of a magnetic
stirrer. It agitates the solution during electropolishing. Hence, the dissolved particles are easily cleaned off
from the workpiece the surface [14]. A DC power supply of 60 V and 20 A rating provides a potential
difference between anode and cathode. The actual electropolishing experimental setup is shown in Fig. 2.
Table 1 shows the EP process parameters selected for polishing maraging steel. The major in�uencing
parameters are electrolyte temperature, rotation of magnetic stirrer, and polishing time.

Table 1
Electropolishing process parameters

Parameters Value

Voltage 6 V

Electrolyte Vol. ratio of acetic acid and Perchloric acid is 3:1

Polishing time 4–10 min

Agitation 0–600 rpm

Temperature 30–75 ºC

The �ow chart, as shown in Fig. 3, describes step by step process of electropolishing. The �rst step is the
preparation of the sample. The maraging steel is cut by wire-EDM and then mechanically polished
consecutively with sandpapers of grit nos: 120, 400, and 600 for eliminating scratch marks and deformed
layers from the test samples. The surface is manually cleaned using acetone. Further cleaning is

× ×
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conducted with deionized water in an ultrasonic cleaner for 15 minutes. The initial surface roughness
(Ra) of the specimen is about 0.27 µm.

2.2 Electrochemical analysis
A polarization curve is drawn utilizing linear sweep voltammetry (LSV) to correlate voltage and current for
electropolishing. The organic electrolyte, which consists of acetic acid (99.7 wt.%) and perchloric acid (70
wt.%), are mixed in a volume ratio of 3:1. LSV provides three different zones such as active, passive, and
transpassive. An electrochemical workstation (Gamry Instruments) with a three-electrode system, namely
working electrode (maraging steel sample), counter electrode (platinum electrode), and reference
electrode (Ag/AgCl electrode), is used for LSV. The voltage is swept between 10 to 0 V with a scan rate of
10 mV/s [15]. The potential must be swept in the cathodic direction to avoid any pitting of the electrode
surface while achieving reproducible measurements [16].

2.3 Analysis of polished surface
The polished surface morphology was analyzed with the help of an optical microscope. The sample is
�xed in the epoxy resin using cold-setting to obtain the grain structure. The specimens were �rst
mechanically polished with sandpapers of grit nos. 120, 400, and 600 to eliminate the test samples'
scratch marks and deformed layer. Finally, it is polished in buff cloth with 1 µm diamond paste. For
visualizing the micro-structure, the sample should be etched. A modi�ed fry reagent consisting of 75 ml
of deionized water (DI), 25 ml of hydrochloric acid (36 wt.%), 12.5 ml of nitric acid (68 wt.%), and 0.5 g of
copper (II) chloride (CuCl2) is prepared as the etchant. For the etching of the cold mounted sample, the
surface is scrubbed for approximately 60s with cotton, which is dipped in the solution, and then the
surface is cleaned with deionized water and ethanol, followed by hot, dry air [17]. The metallographic
structure is inspected with the help of a metallographic optical microscope.

The surface roughness (Ra) was measured with the help of a non-contact optical pro�lometer. The
surface area over which Ra measured is 851 µm 851 µm. An average of three surface roughness
readings at different positions is calculated for the electropolished surface to get high reliability. The
elemental composition is characterized with the help of Energy-dispersive X-ray spectroscopy (EDS).

Further, the contact angle is measured for the wettability study, i.e., hydrophilicity and hydrophobicity of
the polished surface. It is inspected using a goniometer utilizing the sessile method of contact angle
measurement. For this purpose, a water drop of 2 µl is placed over the workpiece surface before and after
EP [18]. The contact angle can be utilized to calculate the surface energy of the metallic workpiece
surface [19]. An angle greater than 90º signi�es that the surface is hydrophobic, and an angle lesser than
90º signi�es hydrophilic.

Corrosion analysis is performed by utilizing the Tafel polarization curve by conducting experiments in
potentiostat. The potential is varied from − 250 mV to + 250 mV vs. Ag/AgCl with respect to the corrosion
potential at a scan rate of 10 mVs− 1 using 3.5wt.% NaCl solution [20]. Various parameters like corrosion

×
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potential (Ecorr) and corrosion current density (Icorr) are evaluated from the experimental curve. Table 2
shows all the operating conditions utilized during various operations performed to analyze the
electropolished surface.

Table 2
Operating conditions

Experiments Value

Linear sweep voltammetry Potential range: 10 V to 0 V; Scan rate: 10 mV/s

Surface re�ectance UV light with wavelength between 200 to 1000 nm

Contact angle Waterdrop of 2 µl

Tafel polarization Potential range: −250 mV to + 250 mV; Scan rate: 10 mV/s

Electrolyte for corrosion

analysis

3.5 wt.% NaCl solution

3. Results And Discussions
Electropolishing (EP) is performed on the maraging steel 300 sheet. The organic electrolyte consisting of
acetic acid (99.7 wt.%) and perchloric acid (70 wt.%) is mixed in a volume ratio of 3:1. The setup for EP is
indigenously designed and fabricated. It consists of electrolytes with electrodes. The effect of different
parameters such as polishing time, temperature, agitation on surface roughness, and surface re�ectance
are investigated. The results are discussed in the following sub-sections.

3.1 Anodic polarization behavior of maraging steel
Linear sweep voltammetry (LSV) is performed to determine the anodic polarization behavior of maraging
steel, as shown in Fig. 4. Three electrodes system is used to select the region of EP. The polarization curve
is conducted by varying the potential from 10 to 0 V with a scan rate of 10 mV/s. The polarization curve
obtained in acetic acid (99.7 wt.%) and perchloric acid (70 wt.%) solution in maraging steel consists of
three regions (Fig. 4). The region between 3 to 4 V is the active region (I) in which current increases with
increased potential. The corresponding potential of 3 V is termed as activation potential (Ea). The region
between 4 to 6.2 V is the passive region (II), where the current is stable for an increase in voltage. The
corresponding potential of 4 V is termed passivation potential (Ep). After this region, the current increases
rapidly in the transpassive region (III). The corresponding potential of 6.2 V is termed as breakdown
potential (Eb). As per literature, EP occurs only in the passive region. A viscous �lm having higher
resistance than the electrolyte is formed in the passive region. Region (III) is also termed as gas evolution
region where oxygen gas-bubbles are evolved. The reactions that take place during EP are discussed
below in Eqs. (1) to (4) [14].

 (at workpiece surface)  (1)M → M
n+ + ne

−
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(at tool surface)  (2)

 (Near anode surface towards bulk electrolyte)  (3)

 (Net process reaction)  (4)

3.2 Effect of electropolishing on elemental composition of
surface
Energy-Dispersive X-Ray Spectroscopy analysis is performed to investigate the elemental composition of
maraging steel 300 surfaces before and after EP. The initial surface is cleaned with acetone, followed by
the ultrasonic cleaner. EDS analysis of maraging steel before and after EP is shown in Fig. 5. EP is
performed at 60  with magnetic stirrer bar rotation at 400 rpm. Table 3 shows the changes in the
surface's elemental compositions before and after EP, which is negligible [21]. However, the sub-surface
composition is not measured with EDS. An increase in % oxygen composition indicates that an oxide
layer is formed on the surface after EP, increasing corrosion resistance [22]. EDS analysis suggests that
after EP, the concentration of Ni+ increases, and Fe+ decreases at the passive layer [23].

Table 3
Elemental composition of Maraging steel in wt.%

Element

Process

Fe Ni Co Mo O Ti Al

Before EP 68.7 17.2 8.1 4.9 0.4 0.4 0.2

After EP 66.8 18.2 8.4 4.8 1.1 0.5 0.2

3.3 Effect of temperature on surface roughness and
re�ectance
During electropolishing, the temperature has a signi�cant effect on the surface roughness. As the
temperature increases, the conductivity of electrolytes increases, which increases the anodic dissolution
[24]. Figure 6 shows the percentage improvement in the surface roughness with temperature. As
temperature increases, the surface roughness decreases. A maximum gain of 55.47% is observed at 60
ºC. At higher temperatures, faster anodic dissolution occurs, which leads to pitting the surface. Hence, the
surface �nish deteriorates. It can be inferred from Fig. 6 that beyond 60 ºC temperature, the percentage
improvement in surface roughness decreases.

The temperature has a signi�cant effect on surface re�ectance during EP. The surface re�ectance at
various temperatures is shown in Fig. 7. The relative surface re�ectance is measured with reference to a
highly polished silver surface having a 100% re�ectivity. The magenta dot line shows the surface
re�ectance of the unpolished base material. The ultra-violet (UV) light is varied between 1000 to 200 nm.

nH2O + ne
− → H2 + nOH

−n

2

M
+n + nOH

− → M(OH)n

M + nH2O → M(OH)n + H2
n

2

℃
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It can be inferred from Fig. 7 that at 60 ºC, surface re�ectance is maximum (represented by the solid red
line). At higher temperatures, pitting occurs, which decreases surface re�ectance.

3.4 Effect of agitation on surface roughness and surface
re�ectance
The effect of agitation on surface roughness is shown in Fig. 8. A magnetic stirrer is used to provide
agitation to the solution during EP. The magnetic bar is rotated from 0 to 600 rpm to see its effect on
workpiece surface roughness. Electropolishing was performed at 60 ºC for 6 minutes with a varied
magnetic stirrer rotation between 0 to 600 rpm. It can be inferred from Fig. 8 that as the rotational speed
increases from 0 to 400 rpm, surface roughness decreases during EP due to the stirring of the electrolyte
and further easy removal of the gas bubbles. The maximum improvement in surface roughness is
observed as 56.25% at 400 rpm magnetic bar rotation. With increased rotational speed from 400 to 600
rpm, the viscous layer formed on the anode surface becomes unstable, increasing surface roughness
[25].

A comparison of surface re�ectance between unpolished and electropolished samples at different
rotations (between 0 to 600 rpm) of the magnetic stirrer is shown in Fig. 9. Electropolishing is performed
at 60 ºC for 6 minutes. The magenta dot line shows the surface re�ectance of the unpolished base
material. The higher the surface �nish, the higher will be the surface re�ectance. It can be inferred from
Fig. 9 that at 400 rpm, maximum re�ectance of 60.3% is observed.

3.5 Effect of polishing time on surface roughness and
re�ectance
The percentage improvement of the surface roughness with polishing time is shown in Fig. 10. The
polishing time is varied between 4 to 10 minutes at an interval of 2 minutes. It can be inferred from Fig.
10 that as polishing time increases, surface �nish increases. However, with the rise in polishing time, the
amount of material removal also increases. The maximum improvement of 56.16% in surface roughness
is obtained at 6 minutes of EP (Fig. 10). For a longer duration of EP, the amount of anodic dissolution
increases, and alloying elements starts leaving the surface, creating pits and deteriorating surface �nish
[26].

A comparison of surface re�ectance of the electropolished sample with the unpolished one is represented
in Fig. 11. Electropolishing is performed at 60 ºC at a magnetic stirrer rotation of 400 rpm while varying
the polishing time between 4 to 10 minutes. The maximum re�ectance of 59.71% is observed for 6
minutes of electropolishing, as inferred from Fig. 11.

3.6 Effect of EP on workpiece surface wettability
From the present study, the best EP parameters are 60 ℃ temperature, 400 rpm of magnetic stirrer
rotation, and 6 minutes of polishing time, at which experimentation is performed for contact angle
analysis. The contact angle is measured by dropping a 2 µL water droplet on the workpiece surface
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before and after EP, as shown in Fig. 12. An angle of 111.2º (> 90º) is formed on the surface before EP
(Fig. 12(a)), which signi�es that the surface is hydrophobic. An angle of 68.6º (< 90º) is formed after EP
(Fig. 12(b)), which signi�es that the surface is hydrophilic. The electropolishing process changes the
surface contact angle and makes it hydrophilic [25].

3.7 Effect of EP on corrosion behavior
The corrosion resistance of the maraging steel is an essential parameter for practical application.
Potentiodynamic polarization curves measure the corrosion-resistance of maraging steel before and after
EP with 3.5 wt.% NaCl solution [20]. As shown in Fig. 13, a higher value of corrosion potential of
maraging steel is observed after EP. However, corrosion current density of maraging steel decreases from
16.5 µA/cm2 to 6.84 µA/cm2 after EP (Table 4), indicating higher corrosion resistance of electropolished
maraging steel. Higher Ecorr and lower Icorr values increase corrosion resistance [22], [27].

Table 4
Potentiodynamic corrosion test result

Conditions Ecorr (V vs. Ag/AgCl) Icorr (µA/cm2)

Before EP -0.475 16.5

After EP -0.397 6.84

Surface re�ectivity and corresponding 3D surface pro�le before and after EP are shown in Fig. 14. EP is
performed at 6V, 60 ºC, and 400 rpm for 6 minutes. It can be inferred from Figs. 14(a) and (b) that the
surface re�ectance improved signi�cantly. Corresponding 3D surface pro�le is shown in Fig. 14(c) and
(d) for the workpiece surface before and after EP respectively. To analyse the surface roughness (Ra)
pro�le before and after EP, both the pro�les are drawn in the same graph as shown in Fig. 14(e). EP has
reduced surface irregularities, and corresponding surface roughness (Ra) of 0.272 µm (Fig. 14(a)) is
reduced to 0.119 µm (Fig. 14(b)) by EP.

4. Conclusions
Electropolishing of maraging steel 300 is performed with acetic acid (99.7 wt.%) and perchloric acid (70
wt.%) mixed in a volume ratio of 3:1. Linear sweep voltammetry is conducted to determine the passive
region in which the best EP performance can be achieved. EDS analysis is performed before and after EP
to see the change in elemental composition. Effect of temperature, agitation, and polishing time on
surface roughness and surface re�ectance is observed before and after EP.

EDS analysis shows that the nickel and oxygen concentrations on EP polished surface increase. It
might form nickel oxide, which gives resistance to corrosion.

Effect of temperature is studied to enhance the surface �nish as well as surface re�ectance. At 60
ºC, a maximum improvement of 55.47% in surface roughness is observed. Maximum surface
re�ectance is also observed at this temperature. Further increase in temperature makes the
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electrolyte more conductive, allowing the uncontrolled movement of ions, decreasing surface �nish
and re�ectance.

Agitation of electrolytes has signi�cant importance in EP to enhance surface �nish as well as
surface re�ectance. Rotation of magnetic stirrer at 400 rpm provides maximum improvement of
56.25% in surface roughness, and surface re�ectance is also maximum at this agitation. A higher
rotation at 600 rpm makes the viscous layer unstable, which deteriorates the surface �nish and
re�ectance.

Polishing time of 6 mins gives a maximum improvement of 56.16% in surface roughness and
maximum surface re�ectance. EP time higher than 8 minutes leads to the removal of alloying
elements from the surface forming pits. Thus, it deteriorates the surface �nish and re�ectance.

The contact angle is changed from 111.2º to 68.6º after EP. From contact angle analysis, it can be
concluded that EP makes the surface hydrophilic, which can be used in anti-fogging applications,
biomedical, �ltration, heat pipes, etc.

EP improves the corrosion resistance of the surface as Ecorr shifts from − 0.475 V to -0.397 V, and Icorr

shifts from 16.5 µA/cm2 to 6.84 µA/cm2 after EP. A more positive Ecorr and lesser Icorr signi�es
increased corrosion resistance.
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Figure 1

Schematic of electropolishing setup

Figure 2

Experimental setup for EP
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Figure 3

Flow chart of electropolishing process
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Figure 4

Anodic polarization behavior of maraging steel

Figure 5

EDS analysis of maraging steel 300 (a) before EP and (b) after EP
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Figure 6

Effect of temperature on surface roughness after EP with % improvement
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Figure 7

Effect of temperature on surface re�ectance
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Figure 8

Effect of magnetic stirrer agitation on surface roughness
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Figure 9

Effect of agitation on surface re�ectance
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Figure 10

Effect of polishing time on surface roughness
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Figure 11

Effect of polishing time on surface re�ectance
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Figure 12

Contact angles (a) before and (b) after EP

Figure 13
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Tafel polarization curve before and after EP

Figure 14

Surface re�ectance (a) before and (b) after EP; 3D surface roughness pro�le (c) before and (d) after EP;
(e) 2D surface roughness pro�le before and after EP


