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A B S T R A C T   

Isotropic etching polishing (IEP), which is based on the merging of hemispherical holes that are formed by 
isotropic etching, is proposed in this study as a universal metal finishing approach. Modeling of the surface 
evolution during IEP is also carried out, and the formation of a metal surface is predicted. The etching anisotropy 
of titanium is experimentally studied, and the results show that isotropic etching can be realized under optimized 
conditions. Isotropic etching sites originate from a breakdown of the passivation layer. Both the density and 
growth rate of the holes are affected by the current, and a large etching current is preferred for the realization of 
highly efficient polishing. IEP has been shown to be effective and efficient for surface finishing of TA2. The 
surface Sa roughness is drastically reduced from 64.1 nm to 1.2 nm, and a maximum polishing rate of 15 μm/min 
is achieved under an etching current of 3 A. IEP has also been successfully applied for surface finishing of other 
metals, including TC4, stainless steel 304, aluminum alloy 6063 and pure nickel, demonstrating that IEP can be 
considered a universal approach for finishing metals.   

1. Introduction 

Although metal components with different surface finishes have 
various applications for different functional requirements, improving 
roughness through surface finishing is still indispensable in most cases. 
Therefore, a surface finishing technique for metal parts must be mirror- 
like, cost effective and most importantly shape independent [1–3]. With 
the development of material science, the manufacturing technologies for 
metal parts has rapidly improved. Therefore, the development of metal 
finishing techniques has been greatly promoted [4–6]. 

Mechanical polishing (MP) is a widely used finishing technique, that 
removes the raised parts of the surface by mechanical action between 
the abrasives and metal surface [7,8]. As the surface material is removed 
or deformed by shearing or plastic deformation, MP inevitably in
troduces scratches, sub-surface damages (SSDs) and residual stresses in 
the layer [9]. Accordingly, the application of MP is limited only to rough 
finishing stages. To avoid SSDs, chemical-mechanical polishing (CMP), 
which combines a chemical surface modification followed by mechan
ical removal, has been utilized [10]. The surface material chemically 
reacts with the oxidants in the slurry and generates a relatively soft 

layer. Later, the mechanical action of the abrasive and the polishing pad 
removes the chemically developed soft layer from the surface. A fine 
surface finish on the workpiece is achieved by successive iterations of 
the chemical and mechanical actions. The material removal rate (MRR) 
of CMP processes can be moderated using Preston’s law, which dictates 
that the polishing rate is affected by the polishing pressure distribution, 
the polishing plate characteristics and the relative speed of the abrasives 
and the workpiece [11]. Usually, abrasives with submicron diameters 
and low hardness values are used in CMP for delicately removing raised 
surface materials and producing a damage-free and smooth surface. 
However, a major challenge of MP and CMP in metal finishing is the 
interference of rigid tools, which is absolutely indispensable and inhibits 
their application for finishing metal parts with significantly small and 
complex features. 

In the past few decades, electropolishing (EP) has been widely used 
for polishing various metals, such as stainless steel [12], titanium [13], 
copper [14], aluminum [15] and tungsten [16], because of its high ef
ficiency and stress-free procedure. During electropolishing, the work
piece to be polished acts as an anode and is oxidized into metal ions due 
to a loss of electrons. These ions dissolve into the electrolyte, resulting in 
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the flattening of the surface. Although EP has been used for decades, its 
mechanism has not been fully understood [17]. From this perspective, 
Jacquet proposed a viscous film theory, which has been the most widely 
accepted theory [18]. A viscous liquid film comprised of dissolved 
oxidation products with a high viscosity and large electrical resistance is 
formed on the workpiece surface. The viscous liquid film that develops 
along the rough surface is not uniform, and the thickness at the 
depressed parts is greater than that at the raised parts. Therefore, the 
dissolution of the raised parts is relatively fast, resulting in macroscopic 
polishing of the rough surface. In addition, compared to other metal 
finishing techniques, EP has many advantages. The use of an aqueous 
electrolyte as the polishing media is suitable for parts with complex 
shapes [19], and the absence of mechanical interaction avoids SSDs and 
residual stresses on the surface [20]. In addition, as a potential driven 
material removal technique, electropolishing is simple and versatile in 
operation [21]. However, due to the vital role of the viscous layer in EP, 
the selection and optimization of the electrolyte for different metals 
becomes critically important [22]. 

In recent years, novel metal finishing techniques such as ion beam 
polishing (IBP), laser polishing (LP), magneto-rheological polishing 
(MRP) and multijet polishing (MJP), which are assisted by external 
energy sources have been proposed. IBP is a high precision and 
controlled process based on a physical sputtering phenomenon that is 
achieved by a well-focused ion beam operated in a vacuum chamber 
[23]. LP utilizes a laser with a certain energy density and wavelength to 
illuminate the surfaces of metal workpieces [24]. A thin layer of the 
surface melts, and the material of the peaks tends to flow into the valleys 
due to surface tension. After a laser beam treatment, the melted material 
solidifies, and the surface flattens. MRP utilizes the rapid relative 
movement of the workpiece and magnetic particles to remove the raised 
parts and produce a smooth surface [25]. MRP has good repeatability 
and is widely considered a deterministic polishing technique. In MJP, 
multiple fluid jets with respective pressure controls are used to polish 
complex surfaces with high machining accuracy and efficiency [26]. 

In the present study, an isotropic etching-based metal finishing 
process, i.e., isotropic etching polishing (IEP) with excellent surface 
finishing and high polishing efficiency, is proposed. The IEP etching 
anisotropy and the polishing characteristics of titanium have been 
investigated. Application results on stainless steel 304, aluminum alloy 
6063 and pure nickel demonstrate that IEP is a promising, universal 
polishing approach for metal finishing. In addition, a theoretical IEP 
model has also been developed to comprehend the polishing process. 

2. Principles of isotropic etching polishing 

The surface smoothening mechanism of the proposed IEP process is 
illustrated in Fig. 1. The metal surface becomes passivated once the 
workpiece is immersed into an electrolyte with strong oxidizing prop
erties. The workpiece is connected to the anode of a DC power supply 
because some weak sites of the passivation layer with small oxide 
thicknesses preferentially start breaking once the potential is high 
enough. At the breakdown sites, electrochemical etching takes place, 
and the metal surface dissolves. The etching anisotropy can be modu
lated by adjusting the etching temperature or the volume ratio of the 
electrolyte components. For most metals, electrolytes with a high 
volumetric ratio of dissolvent and a low temperature are preferred for 
realizing isotropic etching. At the beginning of the etching process, 
many initial breakdown sites are randomly distributed over the entire 
workpiece, where isotropic etching takes place at a later stage. Due to 
isotropic etching, the shape of the etching holes is hemispherical. As the 
etching duration increases, the diameters of the hemispherical etching 
holes become larger and start overlapping. Finally, the diameters of the 
hemispherical holes become large enough that the neighboring holes all 
merge together. As a result, the entire rough surface is completely 
replaced by the smooth inner surface of the merged hemispherical 
etching holes. Theoretically, the larger the holes grow, the smoother the 
etched surface will be. In addition, the passivation layer localizes the 
isotropic etching and falls off once the metal underneath is completely 
dissolved. 

After polishing, once the DC power is turned off, a passivation layer 
is immediately formed on the surface due to the oxidizing ability of the 
electrolyte. It is well known that such passivation film is helpful in 
protecting the metal substrate from corrosion without influencing the 
surface roughness. 

It is noteworthy that IEP, compared to conventional EP, has a 
different smoothening mechanism, regardless of the electrochemical 
nature of both processes. Metal surface polishing by IEP is based on the 
merging of randomly distributed isotropic etching sites, whereas the 
diffusion layer plays a key role in EP [27]. As the diffusion layer that is 
formed in EP will generally increase the resistance in a polishing loop, 
the energy consumption in IEP is considered more efficient. In terms of 
the polishing mechanism, the principle of surface variation between EP 
and IEP is different. The surface variation is a process of gradual leveling 
for EP; in contrast, due to the growth of etching holes in IEP, the surface 
roughness increases first and then consistently decreases. Therefore, the 
change in surface roughness is an important feature for distinguishing 
between EP and IEP. Another important difference are the solution re
quirements. The solution for EP with different metal materials is 

Fig. 1. Schematic of the surface smoothening mechanism of IEP.  
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determined by the different solubility properties of metals in different 
solutions. However, IEP is a more universal method that allows polish
ing of different metals while using the same polishing solution. In 
summary, EP and IEP are two different polishing methods in terms of the 
polishing mechanism, energy efficiency, variation principle of surface 
morphology and selection of electrolyte. 

To theoretically show the feasibility of IEP, the etching process was 
modeled. Initially, a fast Fourier transform (FFT) analysis was used to 
simulate the initial rough surface [28]. A two-dimensional matrix was 
randomly generated, and the matrix size was considered as a pixel 
number of a surface measurement. Then, Fourier transformation was 
performed on the random matrix, and the result was multiplied by an 
autocorrelation function, which described the degree of correlation 
between data at different locations. Finally, an inverse Fourier trans
formation was performed on the product, and the raised heights of the 
original simulated rough surface were obtained. 

The expression of the autocorrelation function in an exponential 
form is as follows [29]: 

H¼ exp
�
� 2:3�

�
i2 þ j2�0:5

.
β
�

i; j¼ 1; 2;…;N (1)  

where β represents the length of autocorrelation. 
The expression of the original surface is as follows: 

fO¼ z �
�
F
� 1½H ⋅ F ðNÞ�

�
(2)  

where z and H represent the height and autocorrelation functions, 
respectively. 

According to Fig. 1, the etching holes were hemispherical and 
randomly distributed, so the expression of the etching hole surface can 
be given as: 

fH ¼
Xn

1

�
Rk

2 � ðx � xrk Þ
2
�
�
y � yrk

�2
� ðz � zrk Þ

2� (3)  

fO
�
xrk ; yrk ; zrk

�
¼ 0 (4)  

where xrk , yrk and zrk refer to the random spatial position of the etching 
hole; furthermore, the coordinates of each etching point should be 
located on the random surface, as described by Equation (4). Rk refers to 
the radius of the hemispherical hole. By combining Equations (2) and 
(3), we obtain a surface height expression that represents a random 
rough surface with hemispherical polished holes as follows: 

F¼MaxffO; ​ fHg (5) 

A simulation of the IEP process has been conducted to investigate the 
evolution of surface morphology with isotropic etching. Fig. 2 shows the 
variation progress of surface topography when there are 10 hemi
spherical etching holes gradually growing from an Rk of 0.2 μm to an Rk 

of 50 μm. The randomly distributed hemispherical holes that appear in 
the early etching stage are shown in Fig. 2(b). As the hemispherical holes 
gradually grow, the neighboring holes start overlapping with each other. 
After a certain etching duration, the original rough surface is completely 
removed and replaced by the inner surface of the hemispherical holes. At 
the beginning of operation, the workpiece becomes rougher, as shown in 
Fig. 2(a–c). However, with the growing holes on the surface, the 
workpiece becomes smoother, as shown in Fig. 2(d–f). 

The surface average roughness Sa at different etching evolution 
stages can be calculated by the equation below: 

Sa¼
Pn

1jZk � Zj
n

(6) 

According to the surface smoothening model of IEP, the surface Sa 
roughness can be simulated as shown in Fig. 3. It is necessary to note that 

Fig. 2. Simulated surface morphologies with isotropic etching: (a) the original surface (32.7 nm in Sa), (b) R is 0.2 μm (58.8 nm in Sa), (c) R is 0.5 μm (162.4 nm in 
Sa), (d) R is 1 μm (47.8 nm in Sa), (e) R is 10 μm (4.1 nm in Sa) and (f) R is 50 μm (1.3 nm in Sa). 
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the roughness values shown in Fig. 3 are predicted by the model and 
have not been experimentally verified. These curves indicate how the 
surface can be smoothed as well as the key factors affecting this 
smoothening process. Fig. 3(a) is plotted under the condition that there 
are 2, 10 and 20 isotropic etching sites within an area of 2 � 2 μm2, and 
the initial Sa is 36 nm. As shown in Fig. 3(a), all the roughness curves 
follow the same trend, and the Sa roughness eventually approaches zero. 
It is found that a relatively high density of etching holes on the surface 
can significantly improve the polishing efficiency of IEP. Fig. 3(b) is 
plotted under the condition that there are 10 isotropic etching sites 
within an area of 2 � 2 μm2, and the three curves have different initial Sa 
values of 40 nm, 80 nm, and 120 nm. As shown in Fig. 3(b), all the 
roughness curves follow the same trend. For a high Sa roughness value, 
the decreasing rate of its curve with respect to the radii of the etching 
holes is higher than the other curves with low initial Sa roughness 
values. The results indicate that the Sa roughness values of a relatively 
smooth surface approach zero sooner in IEP. 

Based on the results of the surface morphology simulation and the 
roughness prediction, the theoretical feasibility of IEP for surface 
smoothening has been confirmed. With the random growth and 
continuous merging of isotropic etching holes, a smooth surface can 
eventually be obtained under optimized conditions. The density of the 

etching hole and the initial surface roughness do not affect the final 
polishing performance, and more etching holes formed on the surface 
will lead to a faster surface polishing speed. 

3. Experimental approach 

The etching anisotropy of TA2 (pure titanium: Fe � 0.30, C � 0.08, N 
� 0.03, H � 0.015, O � 0.25, Ti � 99.325) was systematically studied, 
including the conditions of isotropic etching, the form and surface 
roughness of the isotropic etching holes, the proof of localized break
down of the passivation layer and the density of the isotropic etching 
sites. Additionally, the IEP of TA2 was experimentally studied, including 
the evolution of surface morphology, the change in surface roughness 
and the MRRs with different etching currents. To investigate the uni
versality of IEP, a variety of metals, including stainless steel 304, 
aluminum alloy 6063 and pure nickel substrates, were also tested. 

Commercially available substrates with a diameter of 15 mm and 
thickness of 3 mm were used in this study. Only one side of the substrate 
was polished. Before IEP, the substrates were lapped by SiC sandpapers 
(#500) to remove the rough slicing marks introduced by wire cutting. 
Then, to remove contaminants, the substrates were ultrasonically 
cleaned in deionized water and ethyl alcohol for 5 min. A glass beaker 
containing electrolyte was used as a reaction cell. A platinum mesh (2 �
2 cm2) was connected to the negative terminal, while the workpiece was 
connected to the positive terminal of a DC power supply (Keysight 
E3649A dual output). The distance between the cathode and anode was 
kept constant at 60 mm. The current and voltage recorded during the 
experiment were output to a connected computer. 

The IEP electrolyte has two functions: passivation of the metal sur
face and electrical dissolution of the metal surface at the breakdown 
sites. Thus, analytical grade H2SO4 (97%) and CH3OH (99.5%) were 
used as the electrolyte. H2SO4 plays the role of passivation and etching, 
while CH3OH acts as an efficient destabilizing agent of the surface oxide 
films [30]. At the surface of the anode, an oxidation reaction occurs and 
then the oxide is dissolved into the electrolyte. Meanwhile, a reduction 
reaction occurs around the cathode. The reactions occurring on the 
cathode and anode are listed as follows: 

Cathode: 2nH2SO4þ 2ne� →nSO2 þ nSO2�
4 þ 2nH2O (7)  

Anode: 2MðsÞ→ 2Mnþ þ 2ne� (8) 

After polishing, the substrates were ultrasonically cleaned in deion
ized water before characterization. All experiments were carried out at 
room temperature. The surface morphology was examined by scanning 
electron microscopy (SEM, ZEISS Merlin). The surface roughness was 
measured by atomic force microscopy (AFM, Bruker Edge). The surface 
profile was measured by a laser scanning confocal microscope (LSCM, 
Keyence VK-X1000). The material removal rate was evaluated by con
version from the loss of weight. 

4. Etching anisotropy of titanium 

According to the principle of IEP, one prerequisite of surface 
smoothening is that the etching process must be isotropic. The anisot
ropy for the electrochemical etching of aluminum has been reported 
[31]. According to the etching mechanism, the anisotropy is dependent 
on various factors, such as the temperature, potential and electrolyte 
concentration. In this study, the electrolyte concentration was modu
lated to control the etching anisotropy. TA2 substrates were etched at a 
constant current of 0.02 A for 1 min in two electrolytes with 1% and 10% 
volume ratios of H2SO4 to CH3OH. 

At room temperature, the crystal structure of TA2 is hexagonal-close- 
packed (hcp) with lattice parameters of a ¼ 0.2950 nm and c ¼ 0.4683 
nm [32], as shown in Fig. 4(a). Fig. 4(b–d) shows the morphology of the 
TA2 pits after being etched in electrolyte with a 1% volume ratio of 
H2SO4 to CH3OH. Anisotropic etching pits with different shapes were 

Fig. 3. Predicted Sa roughness with different radii of isotropic etching holes: 
(a) radii of 2, 10, and 20 for the etching holes on the 2ⅹ2 μm2 metal surface; and 
(b) when the initial Sa roughness is 40 nm, 80 nm, and 120 nm. 

R. Yi et al.                                                                                                                                                                                                                                        



International Journal of Machine Tools and Manufacture 150 (2020) 103517

5

formed on the surface. Similar results were reported in the etching of a 
Ti–V alloy and a ZrTiAlV alloy [33,34], and the formation of anisotropic 
etching pits were explained by different crystalline faces having 
different etching rates. Because of a disparate supply of H2SO4, the 
different atom densities on {-1010} and {0001} led to different etching 
rates and the formation of anisotropic etching pits. The shape of the 
etching pits was similar to that of the hcp structure placed at different 
angles. As a polycrystalline material, the titanium grains in TA2 had 
different orientations. In Fig. 4(b), (c), and (d), the angles between the 
workpiece surface and the {0001} crystalline face are approximately 0�, 
45� and 90�, respectively. Because of the orientation dependence of the 
etching pit morphology, it was difficult to obtain a smooth TA2 surface 
with isotropic etching, regardless of the high pit density on the surface. 

However, with a 10% volume ratio of H2SO4 to CH3OH, the etching pits 
developed in a round shape, as shown in Fig. 4(e), and with a sufficient 
supply of H2SO4, the variance in the etching rates of different crystalline 
faces became insignificant, resulting in an isotropic etching process. 

As shown in Fig. 4(e), the isotropic etching hole was hemispherical in 
shape with an extremely smooth inner surface. Normally, the IEP 
etching process must be isotropic, and the final surface roughness was 
strongly determined by the roughness of the inner surface of the holes. 
Therefore, the shape and inner surface roughness of the etching holes 
were determined, and the results are shown in Fig. 5. To increase the 
number of etching sites for the convenience of the profile and inner 
surface investigation, a high current of 0.1 A was applied for 1 min. As 
seen from Fig. 5(a), the etching holes were randomly distributed on the 

Fig. 4. Crystal structure of TA2 (a), typical surface morphology after etching in electrolytes with a 1:100 vol ratio of H2SO4 to CH3OH (b), (c), (d); and in electrolytes 
with a 10:100 vol ratio of H2SO4 to CH3OH (e). 

Fig. 5. Morphology of isotropic etching holes formed on TA2. (a) Overall morphology observed by LSCM, (b, c) close-up view of a large etching hole and its inner 
surface roughness measured by AFM and (d, e, f) close-up view of some small etching holes and cross-sectional profiles measured by AFM. 
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substrate surface. The radii of the etching holes varied from a few mi
crons to approximately 10 μm, while some of them were interconnected 
with adjacent holes. The variation in the radii of these etching holes was 
caused by the inhomogeneity of the passivation film. As the film pref
erentially broke down in relatively weak areas, the etching durations for 
different etching holes were not exactly the same, resulting in varying 
radii of the etching holes. However, according to the mechanism of IEP, 
only holes with large radii contributed to the surface smoothening 
process as the small holes were gradually annihilated. Thus, it was 
considered that the variation in the radii of the holes would not affect 
the polishing performance of IEP. 

From the top view, these etching holes appeared to be hemispherical. 
Some of these etching holes were profiled by AFM to investigate their 
inner roughness. In Fig. 5(b), a large etching hole with a diameter of 
more than 10 μm is shown, while the morphology of the inner surface is 
shown in Fig. 5(c). An insignificant Sa roughness value (1.13 nm) 
showed that the inner surface of the etching hole was smooth. However, 
the presence of slight undulations was thought to be caused by generic 
defects in TA2. Additionally, the grain boundaries were also observed, as 
marked in Fig. 5(c). Some small etching holes with a diameter of 
approximately 3 μm were also observed, as shown in Fig. 5(d). Fig. 5(e) 
and (f) show the semicircular horizontal and vertical profiles of an 
etching hole from Fig. 5(d). 

As shown in Fig. 5(a), the isotropic etching holes were randomly 
distributed on the etched surface, which was attributed to the random 
breakdown of the passivation layer. However, owing to the small 
thickness of the passivation layer [35], it was difficult to experimentally 
demonstrate the breakdown phenomenon. Thus, in this study, a pre
oxidized surface was used to investigate the breakdown and etching 
process. A TA2 substrate was anodically oxidized in 1 wt% NaOH so
lution for 10 s with an applied electric potential of 15 V. According to 
ellipsometry measurements, an oxide layer with a thickness of 35.4 nm 
was formed as the result of anodization. Then, this surface was further 
processed by electrochemical etching in a 10% volume ratio of H2SO4 to 
CH3OH at a 1 A current for 1 min. As shown in Fig. 6(a), there existed an 
obvious breakdown site in the center of the etching hole. The oxidation 
film remained intact on the surface, whereas TA2 beneath the layer was 
gradually dissolved. The LSCM picture of the etching hole is shown in 
Fig. 6(b). In the middle of the etching hole, a small breakdown site was 
also observed. The profile of the etching hole is illustrated in Fig. 6(c). 
Due to the existence of the passivation layer, no semicircular structure 
appeared in the profile. However, a deep hole appeared in the middle of 
the profile, which was the breakdown site. These results proved that the 
formation of isotropic etching holes is due to the protective effect of the 
oxidation film. Initially, breakdown occurred at the weak sites of the 
oxide film, and then the metal underneath dissolved, while etching 
occurred around this breakdown point and formed a hemispherical hole 
in the end. For normal polishing cases, the passivation layer was too thin 
to sustain the etching holes and was removed by dropping down, water 
rinsing or ultrasonic vibration. 

It was demonstrated that TA2 could be isotropically etched with a 
smooth inner surface. As the IEP of metals was based on merging 
isotropic etching holes, the hole density strongly affected the surface 
roughness and polishing efficiency. Therefore, a series of experiments 
were carried out to study the influence of the current on the density of 
the etching holes. These experiments were performed at currents of 
0.01, 0.05, 0.1, 0.2, 0.5 and 0.8 A for a constant duration of 5 s in an 
electrolyte with a 10% volume ratio of H2SO4. 

The morphologies of the etched surfaces with different currents are 
shown in Fig. 7. Though many lapping marks developed on the initial 
surface, the etching holes were randomly formed without preference to 
the lapping mark locations. It was found that the hole density increased 
with an increase in the current. When the current was 0.01, 0.05 and 0.1 
A, only a few etching holes were formed owing to the low etching po
tential, as shown in Fig. 7(a, b, c). As shown in Fig. 7(d and e), when the 
current was further increased to 0.2 A and 0.5 A, on one side, the hole 

density increased remarkably, while on the other side, the size of the 
holes was reduced, compared with the holes produced at lower currents. 
However, at 0.8 A the etching holes became large, and some smooth 
areas were formed, which was possibly the result of the holes merging, 
as shown in Fig. 7(f). 

From the previous discussion, it could be inferred that the current 
affects both the density and the growth rate of the holes. When the 
current was lower than 0.1 A, although a few sites were broken down, 
the size of the holes size were large, which was attributed to their large 
electric flux. In contrast, when the current was higher than 0.2 A but 
lower than 0.8 A, more sites were broken down due to the large etching 
potential; however, the hole size was small owing to their small shared 
electric flux. When the current was higher than 0.8 A, a large density and 
a high growth efficiency of the holes could be simultaneously realized. 

Fig. 6. Images of the localized breakdown of the oxidized TA2 surface during 
electrochemical etching. (a) SEM image, (b) LSCM image and (c) cross-sectional 
profile of the etching hole measured by LSCM. 
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Thus, to obtain a smooth surface with a high efficiency, an applied 
current higher than 0.8 A was preferred. According to the section 
describing the IEP model, the metal surface will eventually be polished 
by increasing the etching duration even if the current is relatively low. 

However, polishing efficiency is important for the practical application 
of IEP. According to Fig. 3, the efficiency of IEP is generally affected by 
two factors: hole density and hole growth rate. As shown in Fig. 7, the 
current played an important role in determining both the hole density 

Fig. 7. Morphologies of the TA2 surfaces etched at different currents: (a) 0.01 A, (b) 0.05 A, (c) 0.1 A, (d) 0.2 A, (e) 0.5 A and (f) 0.8 A.  

Fig. 8. Surface morphology evolution of TA2 during IEP observed by SEM and AFM. (a) Original surface, (b) 1 s, (c) 5 s, (d) 10 s, (e) 20 s, (f) AFM image of the raised 
part from figure (e), (g) 60 s, (h) 120 s and (i) 180 s. 
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and hole growth rate. Thus, the current was an important parameter for 
realizing highly efficient metal finishing. 

5. Isotropic etching polishing of titanium 

Based on the etching anisotropy of titanium, IEP of TA2 was con
ducted under optimized conditions for investigating the evolution of the 
surface morphology, the polished surface roughness and the polishing 
efficiency. First, TA2 was etched at a constant current of 1 A for different 
durations of 1, 5, 10, 20, 60, 120 and 180 s to study the surface 
morphology evolution. The changes in surface topography shown in 
Fig. 8 were found to be consistent with the simulation results shown in 
Fig. 2. As shown in Fig. 8 (a), there were many marks on the original 
substrate surface introduced by lapping. After etching for 1 s, many 
small isotropic etching holes were randomly formed on the surface, 
which started intersecting, and the nonetched residual area was reduced 
after etching for 5 s. After etching for 10 s, the residual area was further 
reduced, and some smooth basin structures were formed because of the 
etching holes combining further. After etching for 20 s, only a few re
sidual “island”-like areas were left on the surface. The morphologies of 
these “island”-like areas were observed using AFM and some lapping 
marks could still be clearly observed; this indicated incomplete material 
removal at these sites, as shown in Fig. 8(f). After etching for 60 s, the 
residual areas were completely removed, and a smooth surface was 
obtained; however, minute signs of waviness could still be observed. 
Finally, after etching for 120 s and 180 s, the surface became signifi
cantly flat, and there were no signs of waviness, as shown in Fig. 8(h) 
and (i). To summarize the results shown in Fig. 8, the surface smooth
ening process was ideally consistent with the proposed isotropic etching- 
based polishing mechanism. 

The AFM images and the profile of the original surface are shown in 
Fig. 9(a) and (c). Lapping marks were observed on the original surface, 
which was consistent with the SEM observation shown in Fig. 8(a). The 
AFM images and profile of the IEP processed surface at 1 A for 3 min are 
shown in Fig. 9(b) and (d), and they show that the surface has been 

efficiently smoothened and that the Sa roughness value was reduced 
from 64.1 to 1.23 nm. The optical photos before and after etching are 
shown in Fig. 9(e) and (f), and they demonstrate that a mirror-like 
surface is obtained by IEP. 

Fig. 9(g) shows the Sa roughness of the TA2 substrate etched for 
different durations. Compared with the original lapped surface, the Sa 
roughness increased first and then decreased with increasing etching 
duration. The increasing Sa roughness was considered a consequence of 
the generation of numerous isotropic etching holes, while the decrease 
in the Sa roughness was attributed to the merging of the etching holes. 
The drastic drop in Sa roughness belongs to the critical moment when 
the substrate surface was completely replaced by etching holes. The 
experimental data shown in Fig. 9(g) coincides well with the simulation 
results shown in Fig. 3, which proves the effectiveness of the proposed 
IEP model. Fig. 9 (h) shows the MRRs of IEP at different currents. The 
removal efficiency gradually increased with increasing current. When 
the current was 3 A, the MRR reached 16 μm/min, proving that IEP was 
a highly efficient polishing approach for TA2. 

For further investigation of the surface finishing capability of IEP, a 
two-phase titanium alloy TC4 was also tested by IEP. Finishing of 
multiphase materials is difficult owing to the different mechanical or 
chemical properties of different phases [36–38]. Fig. 10(a) shows the 
XRD pattern of the TC4 substrate. The major α-Ti phase and minor β-Ti 
phase were both detected. It was considered that α-Ti and β-Ti might 
have different etching rates during electrochemical etching. However, it 
was found that isotropic etching of TC4 could be realized with a 10% 
volume ratio of H2SO4 to CH3OH, a current of 0.1 A and a duration of 2 
min, as shown in Fig. 10(b). Fig. 10(c) and (d) show the AFM images and 
profiles of the original lapped surface and the IEP processed surface. The 
Sa roughness was reduced from 24.2 nm to 2.04 nm, demonstrating that 
IEP was also applicable to TC4. According to the profile in Fig. 10(d), 
α-Ti had a higher etching rate than β-Ti, which resulted in the formation 
of convex β-Ti structures. 

Fig. 9. AFM images, surface profiles and optical pictures of the original surface (a, c, e) and etched surface (b, d, f) at a current of 1 A for 3 min; (g) surface roughness 
values versus time, and (h) removal rates versus current. 
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6. Isotropic etching polishing of metals 

According to the surface smoothening mechanism of IEP, it can be 
considered a universal finishing approach for different metals, as most 
metals can be passivated and electrochemically dissolved [39–41]. To 
verify the universality of IEP, it has been applied to stainless steel 304, 
aluminum alloy 6063, and pure nickel, and the results are shown in 
Fig. 11. 

It is noteworthy that the polishing parameters of TA2 cannot be 
directly applied on stainless steel 304, aluminum alloy 6063 and pure 
nickel because of their different properties. Therefore, exploratory ex
periments were carried out to identify the optimized polishing param
eters, such as the volume ratio (H2SO4:CH3OH), etching current and 
polishing duration, for different metal materials. The volume ratio was 
tuned to realize an isotropic etching process. The etching current was 
optimized to guarantee the density of etched holes and their growth rate. 
Finally, the required polishing time was carefully investigated to 
improve the surface finish through a number of experiments. 

The 304 stainless steel was polished by an electrolyte with a 20% 
volume ratio of H2SO4 to CH3OH at a current of 0.5 A. The random 
distribution of the etching holes on the stainless steel surface that was 
etched for 60 s, and the additional details of an isotropic hole are shown 
in the insert of Fig. 11(a1). Fig. 11(a2) shows the lapped surface, while 
Fig. 11 (a3) shows a 2 min IEP process that efficiently smooths the 

surface and reduce the Sa roughness from 14.6 nm to 0.72 nm. 
The aluminum alloy 6063 was etched in an electrolyte with a 30% 

volume ratio of H2SO4 to CH3OH at a current of 3 A. When the etching 
duration was 2 s, isotropic etching holes were randomly distributed on 
the surface, as shown in Fig. 11(b1). However, the sizes of the etching 
holes were smaller compared to those of the stainless steel sample, 
which was attributed to the high current and short duration. Smooth 
basin-like structures were formed on the surface, which was consistent 
with the IEP finishing process of titanium. The insert shows the details of 
an isotropic etching hole on an aluminum alloy. Fig. 11(b2) and (b3) 
shows the lapped and IEP processed (1 min) surfaces, respectively. 
Although the original surface had an initial Sa roughness of 53.5 nm, it 
was reduced to 2.90 nm after IEP for 1 min. These results demonstrate 
that the polishing of aluminum alloy 6063 by IEP was also feasible. In 
addition, the presence of some protrusions on the polished surface was 
due to certain additives on the substrate. 

The nickel was etched in the electrolyte with a 10% volume ratio of 
H2SO4 to CH3OH at a current of 0.5 A. The surface morphology evolu
tion during etching was similar to the previously mentioned metals. As 
shown in Fig. 11(c1), when the etching duration was 10 s, hemispherical 
etching holes were distributed on the whole surface. It was found that 
these etching holes were either very large “several μm” or very small 
“several tens of nm” in diameter. After IEP for 2 min, the Sa roughness 
was reduced from 75.9 nm to 0.89 nm, indicating a remarkably smooth 

Fig. 10. (a) XRD pattern of the TC4 substrates, (b) isotropic etching holes formed on TC4 (0.1 A and 2 min), (c) AFM image and surface profile of the original lapped 
surface and (d) AFM image and surface profile of the IEP processed surface. 
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surface, as shown in Fig. 11(c2) and (c3), which showed that IEP was 
also an effective technique for nickel. 

Based on the application results of IEP, it is concluded that IEP is a 
promising universal metal polishing approach. Although some metal 
polishing techniques, such as EP [17], IBP [23], LP [24], MRP [25], and 
MJP [26], already exist, IEP is superior from the perspective of its uni
versal polishing mechanism and versatile polishing setup, which pro
duces an undamaged polished surface. 

7. Conclusions 

In this paper, a new universal metal finishing method based on 
isotropic electrochemical etching was proposed. The polishing process 
of IEP includes the formation, growth and merging of isotropic etched 
holes on the metal surface, which has been quantified by modeling and 
verified by being applied to different metals. The following conclusions 
can be drawn from this study:  

● Etching of TA2 is anisotropic, when the volume ratio of electrolytes 
was set to 1:100 (H2SO4:CH3OH). Etching will become isotropic 
when the volume ratio of electrolytes is increased to 10:100, and the 
inner surfaces of the isotropic etching holes are smooth with an Sa 
roughness of 1.13 nm.  

● The etching holes are generated by a breakdown of the passivation 
layer. The etching current affects both the density and the growth 
rate of holes. For TA2, a high current that is larger than 0.8 A is 
preferred.  

● IEP is effective and efficient for surface finishing of titanium. For 
TA2, the Sa roughness can be reduced from 64.1 nm to 1.23 nm, 
while for TC4, the Sa roughness can be reduced from 24.2 nm to 2.04 
nm. The MRR is positively related to the current, and a maximum 
MRR of 15 μm/min can be achieved with a current of 3 A.  

● IEP is also effective for surface finishing of other metals, such as 
stainless steel 304, aluminum alloy 6063 and pure nickel. Therefore, 
IEP can be considered a universal approach for metal finishing. 
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