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Abstract
Isotropic etching polishing (IEP) based on the merging of isotropic etch pits has been proposed as a generic metal finishing 
approach. In this work, the tuning of the etching isotropy of various metals, which is the key to realizing the finishing effect 
of IEP, is studied by theoretical analysis and etching experiments. The isotropic etching of various metals can be realized 
through mass transfer polarization by adjusting the electrochemical parameters. The addition of sulfuric acid in the electro-
lyte is the most effective for tuning the isotropy of electrochemical etching. It can decrease the diffusion coefficient of metal 
ions, thereby increasing the resistance of mass transfer and transforming the electrochemical dissolution of metal into mass 
transfer polarization. In this study, the atomic and close-to-atomic scale surface finishing of various metals and alloys has 
been successfully achieved through isotropic etching. After etching at a current of 1.5 A for 3 min, the surface Sa roughness of 
TA2 is drastically reduced from 242 to 3.98 nm. After etching for 1 min at a current of 3 A, the surface Sa roughness of pure 
tungsten, NiTi, and CoCrNi decreases from 9.33, 76.4, and 37.6 nm, respectively, to 1.16, 2.01, and 2.51 nm, respectively.
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1 Introduction

Surface finishing is essential for the application of metal 
components. Metal surface finishing can be efficiently 
realized by abrasion using hard abrasives [1–3]. However, 
scratches are inevitably formed during mechanical polishing 
[4], and ultrasmooth surfaces with nanometer-order rough-
ness are rarely achieved [5]. Energy beam technologies, such 
as laser beams and electron beams, have been applied in 
the field of metal surface finishing to eliminate abrasion-
induced damage [6, 7]. Energy beam polishing can achieve 
scratch-free and ultrasmooth metal surfaces and has been 
widely used for the finishing of 3D-printed metal parts. 
However, defects, such as surface oxidation, microcracks, 
and distortion, are inevitably introduced. This method is 
also limited by beam path interference [8]. Thus, lasers and 
electron beams are difficult to be used for the finishing of 

complex metal components without inducing surface prop-
erty deterioration.

Compared with mechanical polishing and energy beam 
polishing, electrolyte-based polishing has the advantages of 
being abrasion-free, interference-free, and high efficiency 
[9, 10]. Electrochemical polishing (ECP) is a widely studied 
and utilized electrolytic polishing technique [9] based on the 
leveling effect of the viscous layer: given their small vis-
cous layer thickness, the surface protruding sites have a high 
current density and are preferentially removed, eventually 
leading to a smooth surface [9]. ECP has been successfully 
applied for the surface finishing of several metals, such as 
tungsten and stainless steel [9, 11]. For metals and alloys 
with specific compositions, an appropriate electrolyte must 
be selected to form the viscous layer, which is not always 
realizable [9].

Compared with ECP, a more versatile electrolytic polish-
ing technique named isotropic etching polishing (IEP) was 
proposed as a generic approach for metal finishing; IEP is 
based on the merging of isotropic electrochemical etching 
pits [12]. With this method, a lapped titanium surface was 
successfully polished to a mirror surface with the Sa rough-
ness reduced from 64.1 to 1.2 nm [12]. On the basis of the 
smoothing mechanism of IEP, the original rough surface is 
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gradually replaced by the ultrasmooth inner surface of the 
isotropic etching pits, which eventually merge together and 
realize the whole surface polishing. Etching isotropy plays 
a key role in realizing the surface smoothing effect of IEP.

In this work, the mechanism and process to tune the 
etching isotropy of metals in electrochemical etching are 
proposed on the basis of mass transfer theory and charge 
transfer theory. The effects of electrolyte concentration, 
temperature, additives, and applied voltage on the etching 
isotropy of pure titanium are investigated. The oxidation film 
on the surface and the application of pulse supply power can 
also affect the etching isotropy by influencing the density 
of etching pits. Application results on pure nickel, stainless 
steel 304, and aluminum alloy 6063 demonstrate that etching 
isotropy can be controlled by adjusting the etching param-
eters. Furthermore, IEP is applied on shape memory alloy 
(NiTi), medium-entropy alloy (CoCrNi), and pure tung-
sten. The acquired smooth surface shows that the control 
of etching isotropy during metal dissolution is an effective 
approach for metal polishing.

2  Electrochemical Etching of Metals

The electrochemical dissolution of metallic materials on 
the surface consists of two tandem processes: charge trans-
fer and mass transfer [13, 14]. As shown in Eq. (1), charge 
transfer, also known as the electrochemical step, refers to 
the metal atoms losing electrons and becoming metal ions. 
Mass transfer refers to the reaction products, such as metal 
ions, diffusing from the surface toward the bulk solution, as 
shown in Eq. (2). These steps are in a series; hence, the pro-
cess with great resistance and slow reaction rate is called the 
rate-determining step, which determines the final rate and 
dissolution characteristic of the dissolution reaction.

2.1  Charge Transfer

For charge transfer, the metal needs to overcome its chemical 
activation energy and the electric field between the electrode 
surface and solution. According to transition state theory 
[15], when the electric field U is applied to the metal, the 
current density can be expressed as:

(1)M − ne → Mn+

(2)Mn+
ads

→ Mn+
bulk

(3)i = i
0
× exp

⎛
⎜⎜⎜⎝

�nF
�
U −

Φ+ΔΦ

e

�

RT

⎞
⎟⎟⎟⎠
= cMnF

kT

h
exp

�
�nFU − ΔG

0

RT

�
× exp

�
Esurf

�kT

�

where cM is the concentration of the metal atom of the sur-
face; n is the number of electrons in the reaction; F , k , T  , h , 
and R are the Faraday constant, Boltzmann constant, abso-
lute temperature, Planck constant, and gas constant, respec-
tively; � is transfer coefficient; ΔG

0
 is the partial activation 

energy and is only related to the material; E
surf

 is the surface 
energy; and � = N∕S is the surface atomic density.

According to Eq. (3), the dissolution rate of the metal 
surface is determined by the temperature, the concentration 
of the metal atom on the surface, the applied potential, and 
the surface energy. For different crystal surfaces, the dissolu-
tion rates vary due to their differences in atom concentration 
and surface energy [16–18]. Therefore, when charge transfer 
is the rate-determining step, the dissolution of the metal is 
supposed to be anisotropic [19, 20].

2.2  Mass Transfer

In an unstirred or stagnant solution with no density gradi-
ents, the mass transfer in solution occurs by diffusion and 
migration, which are the results of a gradient in electro-
chemical potential. According to the linear mass transfer 
formula [21], the current density at any location in solution 
during electrolysis is composed of contributions from all 
species and can be expressed as:

where F , R , T  , ��
�x

 , and x are the Faraday constant, gas con-
stant, absolute temperature, potential gradient, and distance 
from the electrode, respectively; and zj , Dj , and Cj are the 
charge, diffusion coefficient, and concentration of species j, 
respectively.

According to Eq. (4), for a particular system, the mass 
transfer current density is controlled by the temperature, 
potential gradient, and diffusion coefficient. Different from 
charge transfer, mass transfer is independent of the surface 
crystalline orientation. Hence, when the mass transfer is the 
rate-determining step, the dissolution of the metal is sup-
posed to be isotropic [22, 23].

2.3  Tuning of Etching Isotropy

On the basis of the theoretical analysis of metal dissolution, 
the etching isotropy can be tuned by optimizing the etching 
parameters, and isotropic etching can be realized under mass 
transfer polarization conditions. Figure 1a and b shows the 
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images of anisotropic and isotropic etching. In the electro-
chemical process, the metal surface is always passivated first, 
and an oxide film is then formed [24]. Some weak sites of the 
passivation layer are preferentially broken down, and the dis-
solution of bulk material starts beneath the breakdown sites. 
If the etching process is anisotropic, as shown in Fig. 1a, then 
different planes have different etching rates, and the surface 
is impossible to smoothen. However, if the etching process is 
isotropic regardless of the grain orientation, then the gradual 
growth and merging of the etching sites will make the surface 
smooth. This phenomenon is the principle of IEP.

Figure 1c illustrates a rough surface gradually smoothened 
by IEP. The evolution of the surface profile and roughness 
during IEP was simulated using MATLAB. First, the initial 
rough surface was simulated using the fast Fourier transform 
method. A 1D matrix was randomly generated, with the matrix 
size set as the number of pixels in one surface measurement. 
Fourier transform was then performed on the random matrix, 
and the result was multiplied by an autocorrelation function 
that describes the degree of correlation between data at dif-
ferent locations. Finally, an inverse Fourier transform was 
conducted on the product to obtain the convex height of the 
original simulated rough surface. The autocorrelation function 
was expressed in an exponential form as follows:

where � represents the standard deviation, � represents 
the sampling interval, and � represents the autocorrelation 
length.

The etching holes are semicircle and randomly distrib-
uted, so the expression of the height of the etching hole can 
be given as:

where xk , yk refers to the random spatial position of the etch-
ing hole, and R refers to the radius of the semicircle holes.

By combining Eqs. (5) and (6), we obtained a surface 
height expression that represents a random rough surface 
with semicircle polished holes. Different stages of IEP can 
be simulated by adjusting the size of the semicircle holes.

A rough surface is smoothened due to the formation and 
merging of randomly distributed and continuously grow-
ing isotropic etch pits. On rough surfaces, isotropic etching 
occurs randomly, and the roughness first increases due to 
the generation of etch pits. However, the roughness rapidly 
decreases once the etch sites merge together. Eventually, 
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Fig. 1  a Image of anisotropic 
etching and b isotropic etching. 
c Simulation of the surface 
profile and roughness evolu-
tion during isotropic etching 
polishing and d schematic of the 
mechanism of electropolishing
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an ultrasmooth surface with extremely low roughness is 
obtained when the radius of the etch pits is large enough. 
Figure 1d illustrates the mechanism of electropolishing for 
comparison with that of IEP. Both processes are electro-
lytic with similar polishing setups. Electropolishing is based 
on the leveling effect of nonuniformly distributed viscous 
films. Here etching isotropy plays a key role in IEP; thus, 
the mechanism of isotropy tuning must be elucidated for the 
further development of IEP.

Equations (3) and (4) show that the temperature, applied 
voltage, and diffusion coefficient are important factors 
affecting etching isotropy. Owing to the interaction between 
different parameters, the coordination of various parameters 
is crucial. In the following experiments, the effects of dif-
ferent etching parameters on etching isotropy were studied.

3  Experimental Approach

Figure 2 provides a schematic of the IEP setup. Commer-
cially available pure titanium (TA2), pure nickel, stainless 
steel (304), aluminum alloy (6063), and tungsten substrates 
with a diameter of 15 mm and thickness of 3 mm were used 
in this study. The substrate was selected as the anode and 
connected to the positive electrode of the DC power (Key-
sight E3649A). Only the surface toward the cathode (plati-
num sheet: 2 cm × 2 cm) was etched or polished. Before 
etching, the substrates were lapped with SiC sandpapers 
(#500) to remove the rough cutting marks formed by wire 
cutting and then cleaned with deionized water and ethyl 
alcohol to remove contaminants. The distance between 
the cathode and anode was maintained at 60 mm. A mixed 

solution of analytical-grade sulfuric acid  (H2SO4, 97%) and 
methanol  (CH3OH, 99.5%) was used as the electrolyte.

The surface morphology of the etch sites was observed 
by scanning electron microscopy (SEM, ZEISS Merlin and 
Hitachi TM4000Plus). The thickness of the passivation 
layer was confirmed using transmission electron micros-
copy (TEM, JEM 3200FS). The surface roughness was 
measured by scanning white light interferometer (SWLI, 
Taylor Hobson, CCI) and atomic force microscopy (AFM, 
Bruker Edge). All electrochemical tests were carried out on 
an electrochemical workstation (CHI660E, Chen Hua instru-
ment) using a three-electrode electrochemical system. The 
conductivity was measured by a conductivity meter (Mettler 
Toledo, INLAB 731-ISM).

4  Results and Discussion

4.1  Electrolyte Selection

The electrolyte is the carrier of current and reaction prod-
ucts, and its composition is an important factor affecting 
the dissolution rate and surface quality of metals [25]. 
Hence, the electrolyte composition for the etching of pure 
titanium (TA2) was first selected. Considering that titanium 
is more likely to form an oxide film rather than dissolve 
in an aqueous solution, methanol was selected as the basic 
electrolyte [26, 27]. The effect of different additives [28], 
such as sodium chloride (1 g/100 ml), and sodium hydroxide 
(1 g/100 ml), on etching morphology was also studied. For 
preliminary investigation, the polarization curves of pure 
titanium in different electrolytes were measured. As shown 
in the polarization curve of pure titanium in electrolyte with 
only methanol in Fig. 3a, the current increased sharply when 
the voltage exceeded 0.15 V (vs. Ag/AgCl), indicating the 
breakdown of the passivation layer [29, 30]. A similar result 
was also observed on the polarization curve of pure tita-
nium in electrolytes with methanol and sodium chloride. 
As shown in Fig. 3b, the current increased when the volt-
age exceeded − 0.1 V (vs. Ag/AgCl), indicating the break-
down of the passivation layer. However, in the electrolyte 
with methanol and sodium hydroxide, the current increased 
slowly when the voltage exceeded 1.5 V (vs. Hg/HgO), as 
shown in Fig. 3c, corresponding to the formation of oxide 
film on the surface [31].

According to the results of the polarization curve, pitting 
occurred on the pure titanium in the electrolyte consisting 
of methanol or methanol and sodium chloride when the 
voltage exceeded a certain value [32]. The pure titanium 
substrates were etched in different electrolytes for 1 min at 
room temperature, and the current and voltage of the DC 
power supply were set at 0.02 A and 30 V, respectively. As 
shown in Fig. 3d, the TA2 substrate was etched in methanol 

DC Power Supply

Platinum 
sheet

Metal 
sample

Electrolyte

Beaker

Holder

Sample 
holder

Platinum wire

- +

Teflon 
insulator

Fig. 2  Schematic representation of the experimental setup of electro-
chemical etching
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without any additives, and anisotropic etching pits with dif-
ferent shapes were formed on the surface due to the differ-
ence in the surface energy of different crystal surfaces [33]. 
Some etching pits were connected to each other, resulting 
in complex-shaped etching pits. During etching, the cur-
rent was only 0.5 mA, which was far below the set value of 
0.02 A even after the voltage reached 30 V. Given that the 
conductivity of methanol is only 1.5 × 10

−9 S/m, the voltage 
drop was mainly consumed by the electrolyte. Therefore, 
solution conductivity must be increased by adding the appro-
priate additives.

As shown in Fig. 3e, the TA2 substrate was etched in 
methanol with 1 g/100 ml sodium chloride. Anisotropic 
etching pits were also formed on the surface, indicating 
that charge transfer is the rate-determining step [34]. The 
addition of sodium chloride increased the conductivity of 
the electrolyte to 0.838 S/m. However, the shape of the pits 
was irregular, indicating that the dissolution rate of different 
crystal surfaces of the metal was unstable.

As shown in Fig. 3f, the TA2 substrate was etched in 
methanol with 1 g/100 ml sodium hydroxide, and the con-
ductivity of the electrolyte was 1.365 S/m. After etching, 
no etching pits were observed on the surface. As shown in 
the insert of Fig. 3f, a dark yellow oxide film was formed 
on the surface, indicating that the sodium hydroxide in the 
electrolyte promoted the formation of titanium oxides [29] 
and prevented the generation of etching pits. This result is 
consistent with the polarization curve.

On the basis of the discussion above, different addi-
tives increased the conductivity of the base electrolyte. 
However, the etching in electrolytes containing sodium 
chloride was unstable, and sodium hydroxide promoted 
the formation of an oxide film on the surface. Therefore, 
in the following experiment, the effect of sulfuric acid 
with high viscosity on the etching isotropy of pure tita-
nium was investigated.

4.2  Etching Isotropy

In the theoretical analysis of the metal dissolution process, 
it is considered that the etching anisotropy and isotropy 
can be tuned by optimizing the etching parameters and iso-
tropic etching can be realized under mass transfer polariza-
tion conditions. One approach is to increase the concentra-
tion of  H2SO4 in the electrolyte. Given that the viscosity of 
 H2SO4 (20.2 mPa·s at 25 °C) is higher than that of  CH3OH 
(0.55 mPa·s at 25 °C), the high concentration of  H2SO4 
increased the viscosity of the electrolyte and suppressed the 
diffusion of dissolved metal ions from the metal surface to 
the bulk solution [27]. Thus, mass transfer became the rate-
determining step, and isotropic etching can be realized.

The linear sweep voltammetry (LSV) curves of pure 
titanium in two electrolytes are shown in Fig. 4a. In the 
electrolyte with a 1:100 volume ratio of  H2SO4:CH3OH, 
the measured LSV curve consisted of an active region, an 
extremely short passive region, and a transpassive region 

Fig. 3  Polarization curve and surface morphology of TA2 in the electrolyte composed of a, d methanol, b, e methanol and sodium chloride, and 
c, f methanol and sodium hydroxide
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[35, 36]. When the voltage was increased to − 0.5 V (vs. Hg/
Hg2SO4), the passivation of anodic polarization was inter-
rupted by a sharp increase in current, indicating the initiation 
of pitting corrosion [37]. In the electrolyte with a 10:100 
volume ratio of  H2SO4:CH3OH, the LSV curve showed a dif-
ferent phenomenon: secondary passivation [38] occurred at 
a voltage of 0.5 V (vs. Hg/Hg2SO4). A possible explanation 
is that the strong oxidation of  H2SO4 repaired the breakdown 
sites formed by the first transpassivation and then reduced 
the dissolution rate of the matrix [35, 38]. When the volt-
age exceeded 0.65 V (vs. Hg/Hg2SO4), the current increased 
again, indicating that the titanium began to dissolve. The 
passivation region of the polarization curve measured in the 
electrolyte with a 10:100 volume ratio of  H2SO4:CH3OH 
was from − 0.45 to 0.2 V (vs. Hg/Hg2SO4), which was larger 
than that measured in the electrolyte with 1:100 volume ratio 
of  H2SO4:CH3OH. This finding indicated that the high con-
centration of sulfuric acid improved the pitting resistance 
of TA2 [37, 39].

The electrochemical impedance spectroscopy (EIS) of 
pure titanium in two electrolytes is shown in Fig. 4b. A 
capacitive loop was found in the high-frequency range, and 
an inductive loop was observed in the low-frequency range 
in the Nyquist plot obtained in the electrolyte with a 1:100 
volume ratio of  H2SO4:CH3OH. The capacitive loop indi-
cated Faradaic charge transfer behavior, and the inductive 
loop indicated pitting corrosion [30]. The EIS spectrum 
indicated that the dissolution was kinetically controlled, 
and charge transfer was the rate-determining step in low 

frequency. However, for the Nyquist plot obtained in the 
electrolyte with a 10:100 volume ratio of  H2SO4:CH3OH, 
the capacitive loop occurred in the high-frequency range. 
A Warburg impedance, which represents the linear diffu-
sion of charged species [40], occurred in the low-frequency 
range, demonstrating that the dissolution at low frequency 
was controlled by mass transfer.

TA2 substrates were etched with a constant current of 
0.02 A for 1 min in two electrolytes with 1:100 and 10:100 
volume ratios of  H2SO4:CH3OH. Figure 4c and d shows 
that with the increasing volume ratio, the morphology of 
the etch pits transformed from a polyhedral structure to a 
regular hemispheric structure, demonstrating the tuning of 
anisotropic etching to isotropic etching. This transformation 
revealed that increasing the viscosity of the electrolyte is a 
feasible method for tuning the etching isotropy due to mass 
transfer being slowed down in the electrolyte with high vis-
cosity and becoming the rate-determining step.

4.3  Breakdown of the Passivation Layer

The excellent corrosion resistance of titanium is mainly 
due to the spontaneous formation of a passive film on the 
surface [41]. As shown in Fig. 5a, the thickness of the pas-
sivation layer was measured by TEM. A thin layer of 12 nm 
was formed on TA2. The weak sites of the passivation layer 
were preferentially broken down by the strong electric field. 
Figure 5b shows the SEM image of the broken passivation 
layer. Electrochemical etching took place at the breakdown 

Fig. 4  a Polarization curves 
and b EIS plot in electrolyte 
composed of different concen-
trations of sulfuric acid, c SEM 
image of anisotropic etch pits of 
TA2 in electrolytes with a 1:100 
vol. ratio of  H2SO4 to  CH3OH, 
and d SEM image of isotropic 
etch pit of TA2 in electrolytes 
with a 10:100 vol ratio of 
 H2SO4 to  CH3OH
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sites, and the material beneath the breakdown sites was dis-
solved. Thus, etch pits were formed beneath the passivation 
layer. The hemispherical shape of the etch pits indicated 
isotropic etching. The hemispherical etch pits were enlarged, 
overlapped, and eventually merged together (only the neigh-
boring pits). As a result, the passivation layer dislodged, 
and the initially rough surface was eventually replaced by 
the smooth etched surface of the merged isotropic etch pits.

Figure 5c–f shows the sequential images of electrochemi-
cal etching. The passivation layer on the TA2 substrate sur-
face was broken down after a short duration. Lapping marks 
were no longer observed after etching pits formed at the 
breakdown sites. After the etch pits grew, the passivation 
layer detached (Fig. 5e) and a refreshed and smooth surface 
was formed, as shown in Fig. 5f.

4.4  Tuning of the Etching Isotropy of Titanium

According to Eqs.  (3) and (4), etching anisotropy and 
isotropy can also be affected by other parameters, such as 
temperature and potential (Fig. 6). Temperature can affect 
charge transfer and mass transfer. As shown in Figs. 6a1–a3, 
anisotropic etch pits were formed when the temperature was 
10 °C or 30 °C. However, isotropic etch pits were formed 
at a medium temperature of 20 °C. As described in Eqs. (3) 
and (4), the effect of temperature on charge transfer and 
mass transfer is complicated; therefore, precisely determin-
ing the rate-determining step during temperature increase is 
difficult. Similarly, the effect of potential was investigated. 
Potential showed an exponential effect on the charge transfer 
and a linear effect on the mass transfer. Meanwhile, charge 

transfer polarization can only occur when the potential is 
small. Thus, mass transfer polarization can be achieved by 
increasing the potential. Increasing the etching potential also 
increased the density of breakdown sites. According to the 
morphology of the etching pits shown in Fig. 5b, the mass 
transfer cross-sectional area was the size of the breakdown 
area, which was smaller than the whole inner surface of 
the etching pit where electron transfer occurred. Therefore, 
increasing the etching sites has a great promoting effect on 
mass transport. Finally, an excessive increase in potential 
will cause the electron transfer to be the rate-determining 
step. Figure 6b1 shows that when the potential was 0.5 V, 
anisotropic etching pits formed on the substrate and the 
density of etching pits was low due to the relatively low 
potential. When the potential was increased to 2 V, isotropic 
etching pits were formed on the surface due to the electron 
transfer rate rapidly increasing with the voltage, as shown in 
Fig. 6b2. However, when the potential was increased to 4 V, 
the etching was anisotropic due to the increase in etching pit 
density, as shown in Fig. 6b3.

A simple method for tuning the etching anisotropy is the 
addition of glycerine  (C3H8O3), which has a high viscos-
ity. Figure 6c1–c3 shows that after adding 5 ml of  C3H8O3 
to the electrolyte, the etching was still anisotropic. This 
result was the same as that obtained without  C3H8O3 addi-
tion. However, hemispheric isotropic etch pits were formed 
when 10 ml of  C3H8O3 was added to the electrolyte. There-
fore, adding a certain amount of high-viscosity  C3H8O3 
can convert the etching anisotropy to isotropy by reduc-
ing the diffusion rate of ions and making mass transfer the 

Fig. 5  a Cross-sectional view 
of the passivation layer on TA2 
observed by TEM. b SEM 
image of a breakdown and etch 
site. c–f Photos of the sample 
surface during electrochemical 
etching at different durations
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rate-determining step for metal dissolution. In addition, etch-
ing efficiency decreases when a highly viscous electrolyte 
is used.

In addition to the parameters indicated in Eqs. (3) and (4), 
the surface state affects etching isotropy. The procedure of 
sample preparation is shown in Fig. 7a. Two TA2 substrates 
were etched with a constant current of 0.1 A for 1 min in 
electrolyte with a 1:100 volume ratio of  H2SO4:CH3OH, 
and sample b was previously anodically oxidized in 1 wt% 
NaOH solution for 10 s with an applied voltage of 15 V. As 
shown in Fig. 7b, the thickness of the oxide film formed on 
sample b was about 20 nm. As shown in Fig. 7c, anisotropic 
etching occurred due to the low concentration of sulfuric 
acid, and the anisotropic etching holes bound to each other 
due to the relatively high current. However, isotropic etch-
ing occurred on the surface that was previously anodically 
oxidized, as shown in Fig. 7d. Compared with the passiva-
tion film formed spontaneously, the anode oxide film was 

thicker and more difficult to be broken down. Thus, only 
a few etching sites were formed on the anodized surface. 
Few etching sites mean few mass transfer channels. Given 
that the constant current mode was adopted, the amount of 
mass transferred was the same. Thus, the concentration of 
dissolved metal ions was high around the etching sites on 
the anodized surface. Therefore, the mass transport rate was 
relatively reduced, resulting in mass transport becoming the 
rate-determining step and the etching becoming isotropic.

Another way to increase the density of the etching site is 
to use a pulse power supply. After each pulse, the passiva-
tion film will re-form on the surface, and breakdown will 
occur again on the surface when the next pulse is in progress 
[42]. Therefore, increasing the pulse frequency can increase 
the number of breakdowns and consequently the number of 
etching sites. In this research, a unipolar square wave power 
supply with a duty cycle of 50% was used. The maximum 
voltage applied was 5 V. As shown in Fig. 8a, TA2 substrates 

Fig. 6  Tuning the etching isotropy of TA2 by different parameters. 
a1–a3: etch pits formed under different temperatures (0.02 A, 1 min, 
 H2SO4:CH3OH = 4:100); b1–b3 etch pits formed by different poten-

tials (20 °C, 2 min,  H2SO4:CH3OH = 4:100); c1–c3 etch pits formed 
with different concentrations of  C3H8O3 (20  °C, 0.02 A, 1  min, 
 H2SO4:CH3OH = 1:100)
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were etched at different frequencies for 1 min in electrolyte 
with a 10:100 volume ratio of  H2SO4:CH3OH. The results 
showed that the root mean square of the current decreased 
with the increase in frequency. In turn, the increase in fre-
quency reduced the duration of a single pulse, so the growth 
duration of the etching pits, the actual reaction area, and the 
current were all reduced. The current during etching at fre-
quencies of 20 and 1000 Hz is shown in Fig. 8b. When the 
frequency was 20 Hz, the shape of the current followed the 
square wave. However, when the frequency was 1000 Hz, a 
peak was formed in the current, indicating the local charging 
of the double layers of the sample surface [43].

The surface morphology after etching at different frequen-
cies is shown in Fig. 9. The results showed that the etching 
isotropy changed with frequency. When the frequency was 
1, 10, and 20 Hz, the shape of the etching pits was irreg-
ular. When the frequency was 1 Hz, the etching pits were 
similar in shape and consisted of a relatively smooth area 
in the center surrounded by a relatively rough etching step 
area. These characteristics differed from those of the regu-
larly shaped anisotropic etching pits in Fig. 4c. Every single 

pulse will cause the surface to be broken down again, and the 
breakdown site is usually on the edge of etching pits formed 
by the previous pulse [42]. As a result, the etching pits had 
irregular shapes, as shown in Fig. 9a. When the frequency 
was 10 Hz, the shape of the etching pits was similar to that 
of the hexagonal close-packed (hcp) structure with rough 
sides and placed at different angles, as shown in Fig. 9b. The 
rough sides were caused by the repeated breakdown and re-
formation of the etching pits under pulsed power. In addition, 
the hcp structure indicated that the etching was anisotropic. 
This result can be explained as the increase in etching sites 
under the action of pulsed power, leading to an increase in 
the cross-sectional area of the mass transfer channel. As a 
consequence, electron transfer became the rate-determining 
step, resulting in anisotropic etching. When the frequency 
was 20 Hz, the morphology of the etching pit was similar to 
that obtained at 10 Hz. Given that the growth duration of the 
etching pit is short at 20 Hz, the size of the pit was smaller 
than that obtained at 10 Hz, as shown in Fig. 9c. When the 
frequency was increased to 50, 100, and 1000 Hz, hemispher-
ical etching pits were distributed on the substrates, as shown 

Fig. 7  a Schematic of sample preparation, b Cross section of the oxide film, and morphologies of TA2 substrates etched c without oxide film and 
d with an oxide film
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in Figs. 9d–f. When the frequency was further increased, the 
corresponding single pulse duration decreased, resulting in a 
reduction in the etching pit area. Therefore, the etching was 
isotropic due to the presence of few mass transfer channels. 
Meanwhile, the density of etching pits at the frequency of 
1000 Hz was higher than that at the other two frequencies 
due to the higher breakdown frequency.

The application of pulsed power demonstrated that low 
frequencies such as 1, 10, and 20 Hz increased the etching 
sites. Hence, mass transfer was induced, rendering the etch-
ing to be charge transfer polarization. Pulse voltage with 
relatively low frequencies should be avoided to realize iso-
tropic etching.

4.5  Tuning the etching isotropy of various metals

The electrochemical etching of common metals such as pure 
nickel, stainless steel 304, and aluminum alloy 6063 was 
carried out with a constant current of 0.5 A and a duration 
of 30 s to prove that mass transfer polarization is a generic 
approach for tuning the etching isotropy of metals.  H2SO4 
concentration was selected as the decisive variable for tuning 
the etching isotropy, although other variables have the same 
effect. When pure nickel was electrochemically etched in the 
electrolyte with an  H2SO4:CH3OH volume ratio of 1:100, 
anisotropic etch pits were formed, as shown in Fig. 10a1. 
When the  H2SO4:CH3OH volume ratio was increased to 
20:100, isotropic etching sites were randomly distributed. 
For stainless steel 304, the shape of the etching pits changed 
from anisotropic to isotropic when the  H2SO4:CH3OH 

Fig. 8  a Effective current versus frequency and b current plots 
obtained at frequencies of 20 Hz and 1000 Hz

Fig. 9  Morphologies of the TA2 substrates etched at different frequencies: a 1, b 10, c 20, d 50, e 100, and f 1000 Hz
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volume ratio of the electrolyte increased from 1:100 to 
10:100, as shown in Figs. 10b1 and b2. For aluminum alloy 
6063, cube-like etch pits were randomly distributed on the 
surface when the  H2SO4:CH3OH volume ratio of the elec-
trolyte was 1:100, as shown in Fig. 10c1. Hemispheric etch 
pits were obtained in the electrolyte with an  H2SO4:CH3OH 
volume ratio of 30:100, as shown in Fig. 10c2.

As shown in Fig. 10, the etching isotropy was tuned by 
changing the  H2SO4 concentration in the electrolyte for dif-
ferent metals. For isotropic etching, the shape of the etching 
pits was hemispheric, and the inner surface was smooth. In 
isotropic etching mode, the dissolution of metal depended 
on mass transfer and was not related to the characteristics of 
the crystal plane. Hence, the etching pits were hemispheri-
cal even for different metals, as shown in Fig. 10a2, b2, c2. 
However, for anisotropic etching, the shapes of the etch pits 
were complex due to differences in the atomic arrangement 
of different crystal planes. In addition, the lattice parameters 
of pure nickel, stainless steel 304, and 6063 aluminum alloy 
differ from each other; thus, the shape of the formed aniso-
tropic etching holes also differed from each other, as shown 
in Fig. 10a1, b1, c1.

5  IEP of Metals

Given the feasibility of tuning the etching isotropy of various 
metals, the metals could be finished under isotropic etching 
conditions. TA2 was etched with a duration of 3 min and a 

current of 1.5 A under anisotropic  (H2SO4:CH3OH = 1:100) 
and isotropic  (H2SO4:CH3OH = 10:100) etch conditions. The 
SWLI images, profile, and SEM images of the TA2 surface 
are shown in Fig. 11. As shown in Fig. 11a1, a2, scratches 
and plowing marks were formed on the as-lapped surface. 
When the lapped surface was etched under the anisotropic 
mode, grains with different orientations exhibited different 
etch behaviors. The irregular etch pits merged together, and 
the surface was still rough, as shown in Fig. 11b1, b2. By con-
trast, the roughness was drastically reduced to 3.98 nm under 
isotropic etching, demonstrating the nanometric finishing 
capability of IEP, as shown in Fig. 11c1, c2. In addition, the 
material removal rate (MRR) of the IEP of TA2 was calculated 
by measuring the weight change before and after polishing. A 
high MRR of 11.7 µm/min was achieved, indicating that IEP 
is highly efficient for metal surface finishing.

The surface finishing of other metals and alloys under iso-
tropic etching conditions was also conducted using the same 
electrolyte system of  H2SO4 in  CH3OH. The finishing results 
of pure nickel, stainless steel 304, and aluminum alloy 6063 
have been presented in our previous work [12]. Some metals 
and alloys that are difficult to polish by conventional energy 
beam polishing or ECP, including high melting point metal 
(pure tungsten), shape memory alloy (NiTi), and medium-
entropy alloy (CoCrNi), were processed by IEP to demon-
strate the general applicability of IEP. Figure 12a–c shows that 
surfaces with nanoscale Sa roughness were obtained for all the 
tested materials that were originally processed by lapping. The 
optical photos after etching are shown in Fig. 12d, showing 

Fig. 10  SEM images of anisotropic and isotropic etch pits of some typical metals: a1, a2 pure nickel, b1, b2 stainless steel 304, and c1, c2 alu-
minum alloy 6063
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Fig. 11  SWLI (cut-off length: 25 µm) and SEM images of TA2 surfaces. a1, a2: original lapped surface; b1, b2: anisotropically etched surface; 
and c1, c2: isotropically etched surface

Fig. 12  AFM images of as-lapped and polished surfaces: a Pure tungsten (3 A,  H2SO4:CH3OH = 15:100, 1  min); b NiTi alloy (3 A, 
 H2SO4:CH3OH = 10:100, 1 min); and c CoCrNi (3 A,  H2SO4:CH3OH = 10:100, 1 min). d Photographs of the polished samples
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that a mirror-like surface was obtained by IEP. The MRRs of 
the IEP of pure tungsten, NiTi alloy, and CoCrNi alloy were 
13.3, 28.9, and 19.0 µm/min, respectively.

6  Conclusions and Outlook

IEP is a generic approach for metal surface finishing. In 
this work, the tuning of the etching isotropy of various 
metals was studied to elucidate the polishing mechanism 
of IEP. The conclusions were as follows:

(1) IEP is a sequential process that includes the following 
steps: passivation, breakdown of the passivation layer, 
and formation and merging of the etch pits.

(2) Mass transfer polarization is the key to realizing the 
isotropic etching of metals. The etching isotropy of 
various metals can be tuned by optimizing the etching 
conditions. The diffusion coefficient of the electrolyte, 
which can be controlled by  H2SO4 and  C3H8O3 concen-
trations, is the most effective parameter for tuning the 
etching isotropy.

(3) Under the isotropic etching mode, various metals and 
alloys can be efficiently polished, and nanoscale Sa 
roughness has been achieved.

With this newly developed IEP technique, the surface 
finish of metals can be achieved down to the atomic scale. 
Hence, IEP is an effective candidate for atomic and close-
to-atomic scale manufacturing [44].
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