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A B S T R A C T

Tungsten is a promising material for the mold of glass components owing to its excellent mechanical and che-
mical properties. Electrochemical polishing (ECP) has been proposed for the damage-free and highly efficient
surface finishing of tungsten. In the paper, a comprehensive study of the anodic behaviors of tungsten during
ECP under different applied potentials has been carried out. A mirror surface with a Sa roughness of 3.73 nm has
been obtained by ECP for 10mins demonstrating its effectiveness. The changes of surface morphology, rough-
ness and electric current under different potentials have been experimentally investigated and analyzed. On the
basis of the changes of surface morphology and current density, ECP of tungsten was divided into 3 stages
including the etching stage in which rough etching marks were formed by crystallographic etching, the
brightening stage in which ultra-smooth surfaces with clear boundaries were obtained and the pitting stage in
which crystallographic pitting occurred. The probable material removal mechanisms of these 3 ECP stages were
proposed and experimentally validated. The presented findings are of great value for understanding and process
development of ECP of tungsten.

1. Introduction

Tungsten alloy with excellent physical and chemical properties of
high strength, low coefficient thermal expansion and strong chemical
inertness has been widely used in the fields of aerospace, electronics
and chemical engineering and so forth. Especially, tungsten is the most
appropriate material for the fabrication of welding electrodes, fila-
ments, cathode for electronic tubes and valve, high temperature re-
sistance furnace heating elements owning to its highest melting point of
all metals [1].

Recently, the application of tungsten has been expanded to the
fabrication of glass molds, especially for molding of glass lens with
aspheric profiles which are difficult to machine with conventional
machining processes like cutting, grinding and polishing [2]. Typically,
the general material for glass mold is sintered tungsten carbide (WC)
[3,4] or chemical vapor deposited silicon carbide (CVD-SiC) [5,6]
owing to their high hardness and low thermal expansion coefficient.
However, ultra-precision microstructures with sharp edges and mirror
surface quality are difficult to obtain by traditional grinding and pol-
ishing [7] and the diamond cutting are also not applicable because of
rapid tool wear [8]. Although the high hardness allowed the mold to be
used many more times before deforming during processing, it also
makes the manufacturing more difficult and time consuming. Another

disadvantage of WC and SiC is that specific coatings are needed to
prevent the adhesion of glass on the mold [9,10]. Ni-P [11] alloy is
another widely used material to manufacture glass mold, but the thin
plated layer cannot tolerate relatively high temperature which limits its
application for molding of glasses with high transition points. There-
fore, new molding materials with good machinability and excellent
molding performance are strongly required.

Tungsten alloy possesses an ultrahigh melting point, excellent oxi-
dation resistance under high temperature and low coefficient of thermal
expansion making it a promising material to fabricate ultra-precision
mold for glass components. Even though its hardness is lower than that
of conventional mold materials like WC and SiC, it is hard enough for
molding of most types of glasses and its relatively lower hardness makes
the machining not so difficult. Meanwhile, owing to its excellent
thermal chemical resistance, specific coatings are not needed to protect
the mold surface. Therefore, using tungsten as the mold material for
molding of glass components is very promising.

Working as a mold, an ultra-smooth surface with less subsurface
damage and good form accuracy is indispensable. Grinding or me-
chanical polishing (MP) using hard abrasives are widely used as the
rough finishing process for glass molds [12]. To remove the SSD in-
troduced by grinding or MP and improve the surface roughness, a fine
finishing process is indispensable [13]. Chemical mechanical polishing
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(CMP) has been widely used as the fine finishing process for semi-
conductor wafers, optical components and molds [14,15]. However, its
low polishing efficiency and the large amounts of consumed slurry
makes CMP a high cost finishing approach. Meanwhile, as mechanical
removal is still involved in CMP, the introduction of SSD can be sup-
pressed but can’t be eliminated. To realize the highly efficient and high
quality finishing of tungsten, electrochemical polishing (ECP) [16,17]
which is a slurry free polishing process has been applied. In previous
study, a two-step ECP process combining the current-driven mode and
potential-driven mode has been proposed to obtain a smooth tungsten
surface with high efficiency [18]. A smooth surface with Sa roughness
of 17.6 nm has been obtained with ECP of 23 mins demonstrating that
ECP is a quite promising approach for the finishing of tungsten.

For the process development of the ECP process of tungsten, a good
understanding of the polishing process is necessary. When ECP has been
applied to polish many other metals such as nickel [19], iron [20], ti-
tanium [21], stainless steel [22], copper [23] and aluminum [24] and
so forth, except the anticipated polishing effect, other unexpected dis-
solved states were also discovered [25]. In order to understand the ECP
process and clarify the polishing mechanism of tungsten, a systematic
study of the anodic polarization process of tungsten alloy is studied and
the results are presented as well as the proposed etching models.

2. Experimental

The tungsten substrates used in this study were cut from a tungsten
alloy sheet (> 99.999%) with a rectangle square of 500mm2 (20mm
width and 25mm length). Fig. 1 shows the experimental setup used in
this study. A glass beaker was used as the container of electrolyte to
perform the etching process. The tungsten substrate was connected with
the anode of the direct power source and a platinum sheet
(20mm×20mm) worked as the cathode. A manual vertical lifting
platform was used to control the immersing depth of the substrate to
insure all of the downward end face was completely immersed in
electrolyte. The substrate was inclined of 30 degrees to prevent the
adhering of bubbles generated by water dissolution during ECP. The
distance between the substrate center and the counter electrode was
200mm. Keysight E3649A dual output DC power supply provided
electric potential to conduct electrochemical etching and the anodic
polarization system was connected to a computer recording the po-
tential and current data. After anodic etching, samples were rinsed in
deionized water and dried by N2 blowing.

ECP of the tungsten alloy is an electrochemical etching process and
it is based on the simultaneous anodic oxidation and dissolution. The
oxidation product of tungsten WO3 can be dissolved in alkaline solu-
tions. NaOH solution was used in study to perform electrochemical
etching of tungsten. The electrochemical reactions occurring on the

platinum sheet (cathode) and tungsten (anode) can be expressed as
follows:

Cathode: 6H2O+6e−→ 3H2 (g)+ 6OH− (1)

Anode: W (s)+ 6OH−→WO3 (s)+ 3H2O+6e− (2)

WO3 (s)+ 2OH−→WO4
2−+H2O (3)

Anodizing as Eq. (2) occurred on the surface of tungsten and
tungsten was oxidized to WO3. The generated WO3 reacted with the
electrolyte (NaOH) and got dissolved as Eq. (3). The hydrogen ion ac-
cumulated near the cathode and was reduced to hydrogen as Eq. (1).

Before and after ECP, the surface morphology was measured by a
scanning electron microscopy (SEM, Hitachi S-4800) and the surface
roughness was measured by scanning white light interferometer (Taylor
Hobson M112-4449-02 CCI HD).

3. Results and discussion

3.1. The effectiveness of ECP

To examine the effectiveness of ECP for flattening of tungsten, ECP
with an applied potential of 60 V in 5 wt% NaOH was carried out on a
diamond ground tungsten substrate. Fig. 2 shows the morphology
changes during ECP with different durations. In order to observe the
same area after each polishing experiment, a rhombus indent mark as
shown in Fig. 2(a) was formed on the original surface. It can be found
that after polished for 10mins, the surface started to be flattened and
some shallow grinding marks were already disappeared as shown in
Fig. 2(b). Then, with the increase of the polishing duration, the surface
was gradually smoothened. Until the polishing process continued for
30mins, the indent mark disappeared and the whole surface was thor-
oughly flattened as shown in Fig. 2(d). Fig. 2(e) and (f) show the
photographs of the substrate before and after ECP. It has been de-
monstrated that a mirror tungsten surface can be obtained using ECP.
These results shown in Fig. 2 revealed that ECP was effective in the
flattening of tungsten.

3.2. The potential influence during ECP

Although the results shown in Fig. 2 have proved that tungsten
could be polished by ECP, the polishing mechanisms and the key
parameters affecting the polishing process were still unknown. As ECP
is an electrochemical etching process driven by the anodic potential,
the anodic potential charged on the tungsten substrate has been con-
sidered an important parameter, thus, the potential influence was firstly
investigated. A series of polishing experiments under different ano-
dizing potentials were carried out. The applied potential was increased
from 1 V to 60 V and the etching duration was 10 mins for each ECP
experiment. During ECP with different applied potential, the current
and potential data were recorded. After ECP, the surface morphology
was observed using SEM and the surface roughness was evaluated using
scanning white light interferometer (SWLI).

Fig. 3 illustrates the typical surface morphology of tungsten after
ECP with different applied potentials. As shown in Fig. 3(a), the as-
received surface was processed by EDM wire cut and the surface was
strongly damaged. When the applied potential was 3 V, the polished
surface was still very rough and polishing effectiveness has not been
found as shown in Fig. 3(b). When the applied potential was 10 V, a
distinctly different surface was obtained. As shown in Fig. 3(c), the
polished surface was very smooth and tungsten grains with different
contrast as well as the grain boundaries could be observed clearly.
Then, when the applied potential was 60 V, though the tungsten grains
can still be observed, the processed surface was fully covered by nano-
sized pits as shown in Fig. 3(d).

According to the results shown in Fig. 3, it has been revealed that
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Fig. 1. Schematic of ECP setup.
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the applied anodizing potential is a key parameter for the ECP process.
Under a relatively low applied potential like 3 V, the processed tungsten
surface was etched but not polished. Correspondently, when the applied
potential was high enough like 60 V, the surface became smooth,
however dense pits which deteriorated the surface integrity appeared. It
was considered that the applied potential must be located in an inter-
mediate potential range to form a smooth and pit-free tungsten surface.

The surface roughness of tungsten processed by ECP was measured
by SWLI to quantitatively evaluate the polishing effect under different
potentials. Fig. 4 illustrates the SWLI images of the surface polished
under the potential of 1 V, 3 V, 10 V and 60 V. When the applied

potential was 1 V or 3 V, the processed surface was very rough and
many micrometer order protrusions were formed on the surface which
coincided with SEM images shown in Fig. 3. When the potential was
10 V, the Sa roughness has been greatly reduced to 11.97 nm. Some
protrusions can also be observed on the processed surface due to the
insufficient etching. When the applied potential was increased to 60 V,
an ultra-smooth surface with a Sa roughness of 3.73 nm was obtained.
The cross sectional profiles reveals that high frequency roughness was
formed when the applied potential was 1 V or 3 V. However, when ECP
was conducted at an applied potential of 10 V or 60 V, high frequency
roughness was completely removed and the profiles became very

Fig. 2. a–d: Surface morphology change during ECP observed by SEM (a: as-ground surface; b: ECP for 10 mins; c: ECP for 20 mins; d: ECP for 30 mins). e: Photo of
original substrate. f: Photo of ECP processed substrate.

Fig. 3. Surface morphologies of tungsten observed by SEM. a: original surface; b: ECP with potential of 3 V; c: ECP with potential of 10 V; d: ECP with potential of
60 V, the inset shows a close up view of the nano-sized pits.
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smooth. The small etch pits shown in Fig. 3 couldn’t be observed using
SWLI owing to its limitation of lateral resolution.

The dependency of surface roughness on the applied potential
during the whole potential range from 1 V to 60 V has been shown in
Fig. 5. It was found that with the increase of the potential, the surface
Sa roughness firstly increased and the surface was the most rough (Sa:
177.32 nm) when the potential was 4 V. Then, with the further increase
of the applied potential, the Sa roughness decreased drastically from
177.32 nm to 24.85 nm. When the potential was higher than 5 V, the Sa
roughness only slightly decreased with the increase of the applied po-
tential. With the potential continuous increasing up to 60 V, the Sa
roughness was stable around 4 nm, indicating that an ultra-smooth
surface has been obtained. Though it was found that many pits were
generated under high applied potential as shown in Fig. 3(d), the for-
mation of these dense pits did not deteriorate the surface roughness.

As reported in previous research, while the applied potential greatly
affected the surface morphology, the current during ECP was the de-
terministic factor of the electrochemical etching rate [18]. Fig. 6 il-
lustrates the current and current efficiency variation of ECP with dif-
ferent applied potentials. In this study, the polishing duration for each
experiment was 10 mins. It was found that the current fluctuated
drastically during the early ECP stage and in the last 5 mins the current
tended to be stable. During ECP, the current was a subordinated para-
meter which was mainly driven by the potential and the solid-liquid
interface conditions. However, as current was originated from the
transition of charged species, the change of current can represent the

condition change of the solid-liquid interface. When the current became
stable, it meant that the etching of tungsten, dissolution of the etching
products (WO4

2−) and diffusion of WO4
2− and OH− occurring on the

solid-liquid interface got balanced. Thus, the average current of the last
5 mins of ECP was calculated and its dependency under the applied
potential was plotted as shown in Fig. 6 marked by blue dots. During
ECP, gas bubbling around the electrode was observed. It means that
water dissociation also occurred besides the etching of tungsten. Thus,
current efficiency must the investigated for monitoring of the ECP
process. As the current-time curves was recorded during ECP, the
quantities of electric charge under different potentials can be calculated
(Q= I× t). As the etching mass were also measured using a precision
balance, the current efficiency can be calculated by the following Eq.
(4):

= × = × × ×η m m m I t k100% / 100% /( ), , (4)

In Eq. (4), η represents the current efficiency, m’ represents the
measuring etching masses, m represents the theoretical etching masses
and k represents electrochemical equivalent of tungsten. The current
efficiencies under different potentials were calculated and the results
were shown in Fig. 6 marked by red rhombus.

It can be found from Fig. 6 that when the potential was lower than
5 V, the current increased steeply with the increase of potential. Then,
among the potential range between 5 V and 20 V, the current kept
stable around 0.12A. After the potential exceeded 20 V, the second
steep increasing of current occurred and in the potential range between

Fig. 4. SWLI images of tungsten surface processed by ECP with different applied potentials. (a) 1 V (Sa: 78.05 nm); (b) 3 V (Sa: 168.46 nm); (c) 10 V (Sa: 11.97 nm);
(d) 60 V (Sa: 3.73 nm).

Fig. 5. Dependency of surface Sa roughness under the applied potential.

Fig. 6. Dependency of current and current efficiency under the applied po-
tential of ECP.
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25 V and 60 V, the current kept increasing constantly. Current effi-
ciency fluctuated and errors existed as the etching masses were too
small under low applied potentials especially when the potential was
lower than 10 V. However, an overall decreasing trend has been de-
monstrated with the increase of the potential. Under a higher applied
potential, the dissociation of water was more aggressive and the current
efficiency was slowing down.

On the basis of the etched surface morphology shown in Figs. 3 and
4 and the current variation shown in Fig. 6, ECP of tungsten with dif-
ferent potential can be divided into several stages. When the potential
was lower than 5 V, the processed surface was roughly etched and there
was no polishing effect and it was considered as the etching stage. Then,
in the current-holding stage when the applied potential was in the
range from 5 V to 20 V, a smooth tungsten surface with clear grain
boundaries was obtained. This stage was considered as the brightening
stage in which the surface roughness could be drastically improved.
Finally, when the applied potential was further increased to be higher
than 25 V, etch pits with a nanometer diameter were generated and the
amount of the pits increased with the increase of the potential from
25 V to 60 V. This stage was defined as the pitting stage in which the
ECP-processed surface was still smooth but etch pits were gradually
formed. When ECP was applied to polish other metal materials, similar
stage dividing has been widely reported [26]. In following chapters, the
anodic behaviors and assumed etching models of the etching, bright-
ening and pitting stages of ECP of tungsten were presented respectively.

3.3. Etching stage of ECP

The stage, during which the current increased with the increase of
the applied potential and the surface was etched but not polished was
defined as the etching stage. In order to investigate how the surface was
etched and found out how the etching patterns evolved with the in-
creasing of the potential in this stage, a smooth surface obtained by ECP
for 10 mins with a potential of 20 V was used as the original surface.
According to Fig. 6, the potential range of the etching stage was from 0
to 5 V. Therefore, ECP with applied potential of 1 V, 2 V and 3 V were
conducted for 10min and the results were shown in Fig. 7.

It can be found that under the potential of 1 V, the surface was
etched preliminarily as shown in Fig. 7(a). As the original surface was
polished under the potential of 20 V leaving a rather smooth initial
surface and the etching duration (10mins) was not long enough to
completely etch the original smooth surface, the ECP processed surface
with 1 V applied potential was not as rough as these processed by ECP
with potential of 2 V or 3 V and some non-etched smooth areas can still
be observed as shown in Fig. 7(a). This result also coincides with the
roughness measurement results shown in Fig. 5. However, rough
etching marks already can be clearly observed. By contrast, when the
potential was 2 V and 3 V, the surfaces were etched deeply and the
smooth areas disappeared and the surfaces were fully covered by
etching marks. As shown in Fig. 7, many step-like etching marks were
formed on the ECP-processed surface. Crystallographic etching can be
used to explain the generation of the step-like etching marks [27–29].
Electrochemical etching can be considered as a process of atomic re-
moval. Normally, the atoms located at energetically favored kink sits on
monatomic steps situated on close packed crystal planes were more
easily removed. The preferential etching along particular orientations
resulted in the generation of step-like etching marks. In other words, in
the etching stage, etching started from the grain boundaries where
there were more dangling bonds.

To further clarify the material removal mechanism occurring in the
etching stage of ECP, ECP with a potential of 2 V and a short duration of
20 s were carried out on a smooth surface polished by ECP with a po-
tential of 20 V and the results were demonstrated in Fig. 8. There were
two findings from Fig. 8. First, it has been revealed that the grain
boundaries were preferentially removed. This was because of the con-
centrated dangling bonds along the boundaries. Second, it was also

found that the top faces of tungsten grains were not uniformly etched.
This was because of the different orientations of these grains [30–32].
These two findings proved that crystallographic etching was the main
material removal mechanism during the etching stage of ECP.

When the potential was above 4 V but lower than 5 V, as shown in
Fig. 6, the electrochemical etching occurring in ECP was located in the
transition region between etching stage and brightening stage. Fig. 9
shows the surface processed by ECP with a potential of 4.2 V. The
surface morphology was very different with that processed by ECP with
potentials of 1 V, 2 V or 3 V as shown in Fig. 7. The surface was fully
covered by etching marks. However, the step-like etching marks be-
came shallow making the surface much more smooth than those shown
in Fig. 7. It was also found that the orientations of the etching marks on
different tungsten grains were different as shown in Fig. 9(b)–(e). On
the basis of the different orientations of the etching marks, the grain
boundaries on the surface can be clearly clarified as shown in Fig. 9(a).

When the potential was located in the transition region, the
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Fig. 7. SEM images of ECP-processed tungsten surfaces with potential of 1 V
(a), 2 V (b) and 3 V (c).
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processed surface demonstrated two distinctly different morphologies.
Fig. 10(a) shows the photo of the substrate of ECP for 10 mins with a
potential of 4.2 V. The central area was rough while the outer area was
relatively smooth. SEM images shown in Fig. 10(b) and (c) demon-
strated the difference of these two areas. Therefore, it was considered
that the transition from the etching stage to the brightening stage was
not an instant and homogeneous process but a gradually varied process
starting from the edge area of the substrate towards the central area.

As widely reported, the flattening effectiveness of ECP was greatly
dependent on the distribution of the viscous film which was generated
during the electrochemical etching process. However, when ECP was
under the etching stage, the processed surfaces were rough and no
flattening effect was found. This was considered due to the fast dis-
solution of the etching products. To clarify this assumption, the changes
of current during ECP were evaluated. Fig. 11 shows the current-time
curves during ECP with different potentials from 1 V to 5 V. The gen-
eration of the viscous film was owing to the gathering of the etching
products like WO4

2− and the viscous film was nonconductive. As shown
in Fig. 11, when the applied potential was 1 V, 2 V or 3 V, the current
was constant during the whole etching process. It meant that the gen-
eration speed of the etching products was lower than its dissolution
speed. As of the result, the nonconductive viscous film wasn’t formed
and no flattening effect existed. When the applied potential was 5 V, the
current firstly dropped sharply and then kept stable at a little higher
current level, which was a typical flattening current curve. The steep
decrease of the current demonstrated the formation of the viscous film
and the final constant value at a higher level indicated that the ion
diffusion and metal dissolution was balanced and the thickness of the
film was constant resulting in excellent polishing effect. However, in
the transition potential region with the potential of 4 V, the little drop
of current was detected but the stable value did not have a slight in-
crease, which means that although the viscous film was formed, its
conductivity was not improved leading to the film in barely satisfactory

2 μm

a

b

2 μm

Fig. 8. SEM images of tungsten surfaces. (a) ECP for 10 mins with potential of
20 V. (b) surface (a) was further processed by ECP for 20 s with potential of 2 V.
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Fig. 9. SEM images of tungsten surface processed by ECP with potential of
4.2 V. (a) The overall image. (b–e) Enlarged images of the etching marks on G1,
G2, G3 and G4, the scale bars were 400 nm.
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Fig. 10. Photograph and SEM images of tungsten surface processed by ECP with
potential of 4.2 V. (a) The photograph of the substrate. (b) SEM image of the
substrate central area. (c) SEM image of the substrate edge area.
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flattening effect. This can explain why the processed surfaces were re-
latively smooth when the applied potentials were located in the tran-
sition region.

Based on the above results, it was concluded that crystallographic
etching was the main material removal mechanism during the etching
stage of ECP when the applied potential was located in the range from 0
to 5 V. Fig. 12 shows the schematic model of the crystallographic
etching process. It was well known that tungsten alloy was a kind of
polycrystalline metal and the grains in the substrate had different
crystalline orientations. G1, G2, G3, and G4 represented four typical
grains with different crystalline orientations. Etching started from the
grain boundaries where there were more dangling bonds. So the grain
boundaries like G1/G2, G2/G3 and G3/G4 were preferentially etched.
As the top surface orientations of these grains were different, the
etching rates for G1, G2, G3 and G4 were also different resulting in the
generation of step-like etching marks as shown in the SEM image in
Fig. 12. As the etching products were dissolved once formed, flattening
effect didn’t exist in the etching stage of ECP.

When the potential increased to the transition region which was
between 4 V and 5 V, a thin layer of viscous film was generated which
could improve the surface roughness. In the transition potential region,
surface roughening driven by the crystallographic etching and surface

flattening driven by the viscous film both existed. Fig. 13 shows the
proposed material removal mechanism occurring in the transition po-
tential region of ECP. The processed surface was relatively smooth but
etching marks with shallow etching steps still existed.

3.4. Brightening stage of ECP

As shown in Fig. 6, when the applied potential was further increased
to the range from 5 V to 24 V, a smooth surface which was free of
etching marks as well as etching pits could be obtained. During this
brightening stage, the surface was polished and both the current and
the surface Sa roughness nearly kept constant with the increasing of the
potential. Fig. 14 shows the surface morphologies which was processed
by ECP for 10 mins under the potential of 6 V, 8 V, 10 V and 20 V re-
spectively. It can be found that the surface morphologies under dif-
ferent potentials were almost the same. The processed surfaces were
very smooth and the grain boundaries could be clearly observed.

Many hypothesis were proposed to explain the material removal
mechanism of the brightening stage, among which the Jacquet theory
[33], Elmore theory [34,35] and Edwards theory [36] were the most
widely accepted. Jacquet’s theory attributed the importance of the
flatting effect to the large ohmic resistance of the viscous film. As
shown in Fig. 15, when the substrate started to dissolve at an appro-
priate potential, a viscous film would generate on the interface of the
metal and the electrolyte. As the viscous film had a large electrical
resistance, the electric field distribution across the initial rough surface
was non uniform. The electric field strength around the peak areas and
valley areas was different. The film on the peak areas was thinner than
that on the valley areas which resulted in the current density on the
peaks was higher than that on the valleys. Since the dissolving rate
depended on the current density, the higher current density leaded to a
higher dissolving rate, thus the peak areas were preferentially etched
and eventually the surface was polished.

However, according to Elmore’s theory, the diffusion of metal ions
owing to the varying concentration gradient over the peaks and valleys
was also an important influence factor of the polishing effect. With the
increase of current density caused by increased potential, the metal ion
dissolving rate increased and diffused into the bulk electrolyte resulting
in the increase of concentration of metal ions. As the increase of the
metal ions concentration, the concentration gradient would become
narrowed which limited the diffusion of metal ions. When the con-
centration was saturated on the metal surface, the metal dissolving rate
would be determined by the diffusion rate of the metal ions displacing
the current density as the key influence factor, which can be considered
as a mass transport process. So after the concentration being saturated,

Fig. 11. Current-time curves of ECP under different potentials from 1 V to 5 V.

Fig. 12. Schematic of material removal mechanism of the etching stage of ECP
and a typical surface morphology image observed by SEM.

Viscous film

G1 G2 G3 G4

Tungsten

Tungsten

G1 G2 G3 G4

Tungsten

G1 G2 G3 G4

1 μm

Fig. 13. Schematic of material removal mechanism of the transition region
between etching stage and brightening stage and a typical surface morphology
image observed by SEM.
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even if the potential increased, the current density would keep con-
stant, which called a current plateau. As the thickness of the diffusion
layer over peaks was smaller than that over valleys, a higher current
density over the peaks versus the valleys was obtained. The higher
current density over peaks leaded to the metal surface being polished.
The theory proposed by Halfway and developed by Edwards was similar
with Elmore’s theory, what’s different was that the key influence factor
was given place to the depletion of anolyte layer of acceptors, anions
and molecules, which had the potential to react with the metal. As
continuous consumption of these anions and molecules, their con-
centration over the metal surface was lower than that in the bulk
electrolyte resulting in the fact that the metal dissolving rate was de-
termined by the diffusion rate of these anions and molecules. As the
protrusions had more access to react with these acceptors, the protru-
sions were finally flattened and an even surface was obtained.

Even though different polishing mechanisms were proposed to ex-
plain the brightening stage of ECP, it was considered that ECP of
tungsten was a complex process and the polishing was governed by
different factors including the viscous film as well as mass transport. On

the basis of these hypothesis and the fact that a colorful thin layer was
observed during the polishing process it can be speculated that when
the tungsten was electrolyzed, tungsten was oxidized to WO3. Since
WO3 could be dissolved by NaOH solution, a large amount of WO4−

were generated. Owing to the existence of concentration gradient, the
generated WO4− would diffuse into the electrolyte quickly. With the
diffusion of the WO4−, the concentration gradient was narrowed and
consequently the diffusion rate slowed down. When the diffusion rate
was lower than the generating rate of WO4−, lots of WO4− with other
ions and water would form the viscous film and by the function of the
viscous film the surface was polished.

The mass transport controlling theory could be used to explain why
the metal dissolving rate was dependent on the ion diffusion rate and
the current density kept constant during the brightening stage. The
mass transport limiting species included the metal cations or anions
formed by the reduction of metal, acceptor anions consuming at the
anode by the formation of metal ions and water from the bulk to the
anode. In the anodic oxidation process of tungsten the anions would be
OH−, which oxidized tungsten to WO3 and reduced the WO3 into
WO4−.

ECP of tungsten was conducted using the experimental setup shown
in Fig. 16 (a) to investigate the effect of the mass transport process. A
sleeve made of alumina ceramic was used to support the substrate.
Tungsten was located on the top of the sleeve ensuring all of the end
face of the sample being immersed into the electrolyte and the inner
part of the sleeve was full of electrolyte. The applied potential was 20 V
and the polishing duration was 10 mins. Fig. 16(b) shows the photo of
the polished surface. It can be found that the surface areas inside and
outside the sleeve were different. While the outside area was shining
and smooth, the inside area was very rough. Fig. 16(c) and (d) shows
the surface morphologies of area c which was located inside the sleeve
and area d which was located outside the sleeve respectively. For area c,
many etching marks were formed which was very similar to the surface
polished by ECP under the etching stage. For area d, the surface was
very smooth and the grain boundaries can be clearly observed which
was like a brightening polishing result.

As the tungsten surface was equipotential, the difference shown in

1 μm

1 μm

1 μm

1 μm

ba

dc

Fig. 14. SEM images of ECP-processed tungsten surfaces with potential of 6 V (a), 8 V (b), 10 V (c) and 20 V (d).
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Fig. 15. Schematic of material removal mechanism of the brightening stage of
ECP and the typical surface morphology image observed by SEM.
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Fig. 16(c) and (d) was considered owing to the different mass trans-
porting conditions. As by the obstructing of the sleeve, both the WO4−

and the OH− could not be exchanged freely. As the limiting specie was
WO4−, large amounts of WO4− accumulated on the surface and
couldn’t be diffused into the electrolyte, which resulted in the viscous
film become more and more thick. Too thick of the viscous film would
lead to a large electrical resistance and reduced the potential on the
substrate surface, which would result in the crystallographic etching
and make the surface rough. Meanwhile, with the absence of OH−, the
anodizing of tungsten would stop and the etching rate would be greatly
reduced. Based on the results shown in Fig. 16, it was concluded that
the formation of the viscous film as well as the mass transport process
played important roles in the brightening stage of ECP.

3.5. Pitting stage of ECP

As shown in Fig. 6, in the pitting stage, pits appeared but the surface
was not roughly etched and the roughness was not deteriorated. Fig. 17
shows the surface morphologies of tungsten obtained after ECP for 10

mins under the potential of 25v, 26v, 30v, 40v, 50v and 60 v. It can be
found that from 25 V to 40 V pits firstly started to generate on the
surface and then the surface was fully covered by the dense pits.
Viewing from Fig. 17(b) and (c), it was found that the density of pits on
different grains was different at the initial pitting stage. It also can be
found that the pits on different grains presented different inclining di-
rections. The above results demonstrated that the pitting stage was
strongly related to the crystalline orientations of the grains in tungsten.

A lot of hypothesis were proposed to explain the formation of the
pits [37–39] among which the attacking ions theory [40,41] was the
most widely accepted. According to the attacking ions theory, many
aggressive anions such as Cl−, Br− and SO4− would penetrate into the
viscous film under high potentials. Before the penetrating of the anions,
the polishing process was controlled by the viscous film and mass
transport limiting species. The metal dissolving rate was dependent on
the diffusion rate of the limiting species and the crystallographic
etching was restricted and tungsten grains with different orientations
were etched uniformly resulting in a smooth surface. However, the
penetration of anions would form some channels with good electrical
conductivity. Thus, the anions penetration channels would be easily
breakdown and many more anions would penetrate into the viscous
film along the channels and reacted with the metal. At this point many
metal atoms lost electrons and were removed to form the pits. With the
increasing of the potential, more and more channels were formed
leaving more and more pits on the metal surface and correspondently
the current density would grow up until the surface was all covered
with these pits. However, when the atoms were removed, as the ano-
dizing along monatomic step direction was preferred, the generated pits
had different growing directions, which eventually leaded to the crys-
tallographic pitting morphology. Fig. 18 demonstrates the pitting me-
chanism during the pitting stage of ECP and the crystallographic pitting
morphology.

4. Conclusions

In the paper, a systematic study of ECP of tungsten has been carried
out. The effectiveness of ECP has been confirmed. The changes of sur-
face morphology, roughness and electric current under different po-
tentials have been investigated. The anodic behaviors of tungsten in
different ECP stages were analyzed and the probable material removal
models were proposed. To summarize, the following conclusions can be
drawn from this study:

(1) As a noncontact and etching-based chemical process, ECP has been
proved very effective for surface smoothening of tungsten. A mirror
surface with Sa roughness of 3.7 nm was obtained by ECP with
polishing duration of 10 mins.

(2) On the basis of the changes of surface morphology and current
density, ECP of tungsten with different applied potentials was di-
vided into 3 stages: etching stage, brightening stage and pitting
stage.

(3) In the etching stage when the applied potential was lower than 5 V,
the dissolution rate of the etching products was higher than its
generation and polishing effect from the viscous film didn’t exist.
Crystallographic etching occurred on the surface and step-like
etching marks were formed.

(4) In the brightening stage when the applied potential was located in
the range from 5 V to 25 V, an ultra-smooth surface with clear grain
boundaries was obtained. It has been proved that the viscous film as
well as the mass transporting process played important roles to
make the surface smooth.

(5) In the pitting stage when the applied potential was higher than
25 V, pits with nanometer diameters were generated though the
processed surfaces were still smooth. The generation of the etch pits
was considered owing to the breakdown of the viscous film by the
penetration of aggressive ions.

C
d

Ceramic sleev e

1 μm

c

1 μm

d

a b

Fig. 16. ECP of tungsten with a ceramic sleeve to obstruct the mass transport.
(a) Schematic of the experimental setup. (b) Photograph of the processed
substrate. (c) SEM image of the area c shown in (b). (d) SEM image of area d
shown in (b).
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Fig. 17. SEM images of ECP-processed tungsten surfaces with potential of 25 V (a), 26 V (b), 30 V (c), 40 V (d), 50 V (e) and 60 V (f).
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Fig. 18. Schematic of pitting mechanism of the pitting stage of ECP and a ty-
pical crystallographic pitting morphology observed by SEM.
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