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Abstract
TB2 titanium alloys are widely used in the aerospace industry. A high surface quality is required for the
performance and fatigue life of titanium alloy parts. Electropolishing is useful for thin metal plates owing
to its good processability and conformability. In this study, electrolyte �ushing was proposed for
electropolishing a large surface and a NaCl-containing ethylene glycol electrolyte was adopted. Three
different mechanical grindings were employed for pretreatment, and the ideal surface quality was
obtained with a rubber grinding head. Therefore, in the process of electropolishing a large surface,
electrolyte �ushing is superior to stirring because its �ow �eld is even and controllable. The effects of the
main processing parameters (voltage, �ow rate, and process time) on the surface roughness and
morphology were studied. Finally, a mirror-like surface with a surface roughness of 10.5 nm was obtained
after �ushing electropolishing for 30 min under a voltage of 25 V and a �ow rate of 0.84 m/s.

1 Introduction
TB2 titanium alloy is a typical near-β titanium alloy. It has high speci�c strength, toughness, and
elasticity. Sheet parts are commonly used for the skin of aircraft missiles and satellite-connecting belts.
TB2 is highly sensitive to various surface defects, such as microcracks and scratches, which signi�cantly
affect the fatigue life of parts [1–3]. Surface defects affect both the high-cycle fatigue life and low-cycle
fatigue life, whereas the surface roughness affects the high-cycle fatigue life [4–6]. Polishing is a
common method for improving the surface integrity and fatigue life of titanium alloy parts. Shahzad et
al. found that the surface morphology plays a key role in the initiation of fatigue cracks, accounting for
90% of the fatigue life [7, 8]. Novovic et al. [9] found that without considering the residual stress, when the
surface roughness Ra > 0.1 µm, the surface morphology has an effect on fatigue. When the surface
roughness Ra < 0.1 µm, the surface morphology has no effect on fatigue. Owing to the high hardness and
low thermal conductivity of TB2 titanium alloy, signi�cant grain wear and surface burns can occur during
grinding [10]. A common surface treatment is manual grinding, which causes dust pollution, and is labor-
intensive. Because of its good processability and consistency, electrochemical machining is suitable for
polishing parts with complex shapes, slender parts, and thin plates, as it has good reproducibility [11–13].

The electropolished surface quality is affected by the electrolyte �ow status and the dissolution state of
different materials [14]. Because most of the materials are multiphase, the formation of the surface
during electropolishing is affected by different mechanisms. Yi et al. [15] found that when the volume
ratio of the electrolyte is 1 : 10 (H2SO4 : CH3OH), the etching is isotropic. This electrolyte can be used for
general metal polishing. In addition, these authors found that the surface roughness of TA2 decreases
sharply from 64.1 nm to 1.2 nm. When electropolishing a titanium alloy, the type of electrolyte can
fundamentally change the pitting characteristics and surface morphology during the entire
electrochemical machining process [16–18]. Moreover, an environment-friendly electrolyte should be
considered [19].
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An ethylene glycol-based electrolyte is especially conducive to the formation of a polishing �lm owing to
its high viscosity. It can produce a bright and pit-free �nish [20]. Fushimi and Habazaki [21] studied the
dissolution behaviour of pure titanium in NaCl-containing ethylene glycol. They found that the mass
transfer is controlled by titanium species, such as the TiCl4 adhesive layer. Kim et al. [22] further studied
the effect of the surface adhesive layer on surface dissolution. They added 20% ethanol in a 1 mol/L
NaCl-containing ethylene glycol solution to regulate the TiCl4 adhesive layer, and then obtained a surface
with Ra = 2.341 nm on pure titanium. Ferreri et al. [23] used an ethanol-ethylene glycol-NaCl electrolyte to
prepare the EBSD samples, and collected high-quality EBSD datasets. Moreover, Huang et al. [24] placed
the anode in translational motion to control the surface adhesive layer, obtaining a surface roughness Ra
of 1.9 nm on a Ti-6Al-4V alloy surface. NaCl-containing ethylene glycol is an environment-friendly
electrolyte with a good polishing surface quality and simple equipment, which has a promising future in
production. However, the majority of previous research has been conducted in a beaker with a small
sample size, and the mechanical stirring and translational motion are not adequate for polishing a large
surface.

In addition, because the surface oxide layer hinders the anodic dissolution in the electropolishing process,
most researchers have used sandpaper for mechanical polishing to improve the surface reactivity in the
pre-treatment stage. [21–23, 25] However, different surface treatment processes affect the surface
roughness, microstructure, and stress state of the materials, which can change their sensitivity to
corrosion [26]. Zuo et al. [27] noted that the nucleation rate of metastable pitting increases with an
increase in the surface roughness of polished stainless steel. Furthermore, appropriate surface treatment
can also improve the fatigue life of the surfaces. [28, 29] Lopez-Ruiz et al. [30] found that the surface
obtained by conventional shot peening as a pre-treatment is smoother than that obtained by severe shot
peening, because the severe shot peening produces obvious dimples and surface defects. Therefore, to
�nd the ideal pre-treatment method, it is necessary to study the in�uence of the surface state on the
corrosion behaviour during electropolishing. The importance of surface pre-treatment has been neglected
in previous studies using NaCl-containing ethylene glycol.

In this study, mechanical grinding was used to remove the thick oxide layer on the surface of TB2
titanium alloy sheets to improve the reactivity of electropolishing and remove large surface defects.[31]
The effect of different surface states on electropolishing was studied through surface roughness, surface
topography, and 3D pro�le. Thereafter, an appropriate grinding method was found. Therefore, to
electropolish a large surface, �ushing electropolishing was adopted to improve the inconsistent surface
quality owing to stirring. This is because electrolyte �ushing quickly refreshes the electrolyte in the
processing area and removes heat and reaction products. The �ow �eld is even and controllable. A good
surface quality was obtained under the optimised parameters, which veri�es the possibility of large
surface polishing in the �ushing electrolyte.

2 Materials And Methods
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2.1 Preparation
The sample used in this study composed of forged TB2 titanium alloy (Ti-5Mo-5V-8Cr-3Al). Its surface
was initially covered with a thick oxide layer (approximately 10 µm). The sample was cut into 20 × 10
mm and 40 × 20 mm plates using wire electrical discharge machining. As shown in Fig. 1, three different
grinding heads were used to roughly remove the black oxide layer, producing three different surface
�nishes for electropolishing. A rubber grinding head is normally elastic, thus ensuring the uniformity of
the grinding trace as well as reducing surface roughness. The grinding scratches were shallow. A feltless
head was used with polishing paste for bu�ng, and the surface became more smooth. Therefore, the
amount of material removed by the feltless bu�ng was signi�cantly less than that of the other methods.
The surface was pretreated with a feltless head until a metallic lustre was observed. Green carbon wheels
are commonly used for grinding titanium alloys. In this experiment, we used a 1500 grit abrasive. In this
process, the material removal should reach 20 µm when pretreated by a rubber grinding head or a green
carbon wheel. To remove the polishing paste and dust left on the surface, the samples were
ultrasonicated in acetone, ethanol, and deionised water separately for 5 min, and then dried.

2.2 Electropolishing
The molar concentration of the NaCl-containing ethylene glycol electrolyte is 1 mol/L [21].
Electropolishing was performed at room temperature (20°C). According to Kim and Huang et al. [22, 24],
the anode surface is covered with a TiCl4 layer. This layer is a sticky yellow liquid, and controlling the
dissolved tetravalent titanium species is a probable rate-determining step. The anodic reactions during
electropolishing are as follows:

Figure 2(a) shows the electropolishing apparatus. The electrolyte was stirred in a 1-L glass beaker. A
special �xture was designed to hold the workpiece. The power supply was controlled using software, and
the current was measured in real time. Because the rotational speed is a key factor for the surface
viscosity layer, the rotation speed was varied from 150 to 300 rpm. The machining gap was 20 mm, and
the polishing voltage was 20–35 V. Figure 2(b) shows the apparatus used for �ushing electropolishing.
The electrolyte �ows from the electrolyte tank through the pump and �ow controller, and is then ejected
from the cuneate inlet. After a long cycle, the increase in temperature of the electrolyte owing to
electropolishing and the heat from the pump was controlled by circulating cooling water. The electrolyte
�ow rate was controlled using a �ow meter. The cross section of the cuneate inlet was a rectangle with a
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length of 30 mm, width of 2 mm, and transition length of 15 mm. The distance between the workpiece
and cathode was 25 mm, and they were symmetrically placed at the inlet. The workpiece was placed 50
mm from the inlet. Compared with stirring, the �ow �eld during �ushing was more uniform when
processing larger workpieces.

2.3 Characterization and testing
After electropolishing, the sample was ultrasonicated with ethanol and deionised water for 5 min, and
then dried. The sample was weighed with an electronic balance (AE240, Mettler Toledo, Switzerland)
before and after electropolishing to calculate the thickness of the material removed. The surface
roughness was measured using a Taylor roughness pro�lometer (Talysurf i-Series 5, Taylor Hobson, UK).
Each parameter was tested repeatedly, and the surface of the workpiece was measured at three different
areas to obtain an average value and reduce the experimental error. The surface morphology was
observed using a scanning electron microscope (SEM; Sigma 04-60, Zeiss, Germany), digital microscope
system (VHX 6000, Keyence, Japan), and atomic force microscopy (AFM; Dimension Edge AFM, Bruker,
Germany).

3 Results And Discussion

3.1 Effects of mechanical pre-bu�ng on electropolishing
with stirring
The surface morphologies of the samples ground using different tools are shown in Fig. 3. Surface
roughness was determined using a Taylor roughness pro�lometer. The original surface roughness Ra ≈
0.4 µm, and the surface roughnesses of (b) –(d) are 0.23, 0.29, and 0.33 µm, respectively. Mechanical
scratches can be observed on the ground surface with a green carbon wheel. The surface pre-treated by
the feltless polishing is smoother, but the original defects are retained. Rubber grinding produces a �at
surface, and the mechanical scratches are shallow.

The samples were then electropolished by stirring in a beaker for 25 min. As shown in Fig. 4, the surface
roughness of the polished sample can be as low as approximately 50 nm. For the three surfaces after the
different pre-treatments, the surface roughness decreased with an increase in the rotation speed until the
rotation speed reached 250 rpm. As shown in Figure 6, the material dissolution is not uniform at low
speed, whereas at a high speed, there are large �ow lines.

Figure 5 shows that for a rotation speed of 250 rpm, the minimum surface roughness can be obtained for
a voltage of 30 V with a surface pre-treated with a rubber grinding head. The other two methods produced
the lowest surface roughness at a higher voltage. The main reason for these differences may be that
although the thick oxide �lm was removed by the rough pre-treatment, a translucent oxide �lm was
produced because of the inevitable water in the solution. When and how the passive �lm ruptures
depends on the surface morphology. As shown in Figure 7, round pits appear on the surface at lower
current densities, and striped stripes appear at higher current densities.
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 Figure 8 shows SEM images of electropolished surfaces after pre-treatment with different tools and
optimal parameters. The surface roughness Ra of (a)-(b) are 47.9 nm, 58.4 nm, and 87.1 nm. Compared
with Fig. 3, the electropolished surface is affected by the initial rough polished surface. As indicated
above, samples pre-treated by feltless bu�ng and green carbon grinding wheel has the lowest surface
roughness at a higher voltage of 35 V. A higher voltage usually generates more joule heat, thus the
temperature increases rapidly because of the low speci�c heat capacity of ethylene glycol. The viscosity
of electrolyte decreases with an increase of the temperature, resulting in visible �ow lines on the surface.
Moreover, from repeated experiments, we found that the electropolished surface roughness quite changes
after feltless bu�ng. Because the material removal rate of feltless bu�ng is low, the �nal surface quality
is affected by the original surface.

3.2 Electrolyte �ushing to electropolishing large surface
According to the discussion in the previous section, the rubber grinding head was selected for surface pre-
treatment in a later experiment. Figure 9 shows a surface polished by stirring in a beaker. The workpiece
is larger (40 × 20 mm) instead of 20 × 10 mm. The electrolyte velocity varies over the surface.
Correspondingly, the removal of reaction products and electrolytes occur at various rates, which result in
different thicknesses of the adhesive layer of the TiCl4 reaction product and different current densities.
Defects appeared when the �ow rate was low, and the reaction products accumulated, as shown in Figs.
9(a) and (c). The surface roughness Ra values of (a) and (c) are 113 nm and 45 nm, respectively. Thus, in
our subsequent tests, a surface pre-treated by rubber grinding was electropolished for 30 min with lateral
�ushing.

Figure 10 shows AFM images of surfaces polished with �ow rates at the inlet of 0.28 m/s, 0.56 m/s, 0.84
m/s, and 1.12 m/s. The surface roughness in (a) to (d) are 216 nm, 76 nm, 15.3 nm, and 29.3 nm. For a
low �ow rate, the reaction products were not discharged quickly, which affected the electrochemical
polishing. With an increase of the �ow rate, the surface roughness decreased rapidly. It was optimum
when the �ow rate at the inlet was 0.84 m/s. However, the surface deteriorated when the �ow rate was
signi�cantly fast because there was an adhesive layer on the surface and the current density increased,
as shown in Fig. 10(d). Figure 11 shows the morphologies of surfaces polished with different voltages at
a �ow rate of 0.84 m/s. The surface roughness in (a) to (c) are 33.7 nm, 10.6 nm, and 23.6 nm. Although
the voltage has sight effect on the surface roughness, the minimum surface roughness is 10.6 nm when
the voltage is 25 V. The surface roughness is more affected by the �ow rate.

Figure 12 shows the current transients during the �ushing electropolishing. The current density �rst
decreases rapidly because there is no adhesive layer, and then changes slowly. Moreover, the current
density increases with an increase in the �ow rate or voltage. With an increase in the �ow rate, the
adhesive layer becomes too thin to maintain a stable processing current, as shown in Fig. 12(a). At a high
voltage, the temperature of the processing zone increases sharply. It is well known that viscosity
decreases with increasing temperature. As the viscosity decreases, the adhesion of the adhesive layer
decreases, which destroys its dynamic balance, as shown in Fig. 12(b). Thus, an appropriate �ow rate is
an important factor for the surface quality. The dissolution of titanium in electropolishing with NaCl-
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containing ethylene glycol electrolyte is controlled by the adhesive layer of the TiCl4 reaction product;
thus, maintaining the dynamic balance of the adhesive layer is the key factor in maintaining the ideal
dissolution rate.

3.3 Relation between surface quality and material removal
Fig 13 shows the average current density vs. �ow rate and cell voltage, corresponding constant voltage at
25 V, and constant �ow rate at 0.84 m/s. It can be observed that the current density increases with an
increase in the voltage and �ow rate. Figure 14 shows that the material removal rate is linearly related to
the current density. As discussed in the previous section, a surface with high quality and low surface
roughness can be obtained when the voltage is 25 V and the �ow rate is 0.84 m/s. Therefore, a surface
with high quality and low surface roughness was obtained. Under these conditions, the generation and
discharge of the adhesive layer are in a dynamic equilibrium. Moreover, the current density was
stable, approximately 0.1 A/cm2, and the corresponding material removal rate was approximately 1
μm/min.

The material removal rate and surface roughness over time are shown in Fig. 15. The surface roughness
decreases rapidly in the �rst 10 min, and the material removal rate increases. Subsequently, the surface
roughness decreases slowly. However, excessive polishing slightly increases the surface roughness. After
10 min, the material removal rate remains almost constant. Figure 16 presents 3D images of samples
electropolished for different times, and the surface roughness values in (a) to (d) are 96.7 nm, 34 nm,
10.5 nm, and 14.8 nm. The sample treated for 30 min has the smoothest surface. The mirror effects of
the surface and its surface topography are shown in Fig. 17. The surface roughness Ra is 10.5 nm, under
the optimised parameters listed in Table 1.

 
Table 1

Optimized parameters for �ushing
electropolishing

Parameter Value

Cell voltage (V) 25

Interelectrode gap (mm) 25

Flow rate (m/s) 0.84

Time (min) 30

4 Conclusions
In this study, an environment-friendly NaCl-containing ethylene glycol electrolyte was adopted for
electropolishing thin plates composed of TB2 titanium alloy. The in�uence of different pre-treatments on
the surface morphology after electropolishing was studied. The experimental processes in �ushing
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electropolishing were analysed, and the machining parameters were optimised. The following
conclusions can be drawn: 

(1) Mechanical bu�ng was applied to remove the thick oxidation layer formed on the forged plate during
heat treatment. A rubber grinding head was selected for subsequent experiments because of its good
surface consistency and quality after electropolishing. The surface roughness Ra was 47.9 nm. 

(2) The experiments demonstrated that electrolyte �ushing resulted in a more uniform �ow �eld and
produced a more even surface compared to stirring in a beaker. 

(3) During �ushing electropolishing, the adhesive layer was in dynamic equilibrium when the �ow rate
was 0.84 m/s and voltage was 25 V. The corresponding current density was approximately 0.1 A/cm2,
and the material removal rate was approximately 1 μm/min.

(4) For a �ow rate of 0.84 m/s and a cell voltage of 25 V, a mirror-like surface with a surface roughness
Ra of 10.5 nm was obtained after electropolishing for 30 min.

(5) The effects of pretreatment and �ushing �ow �eld on surface quality are discussed respectively.
However, there are still some problems. a) A certain thickness of oxide layer formed in mechanical
pretreatment, and the different crushing time in the initial stage of electrolysis affects the surface quality;
b) Although NaCl-containing ethylene glycol electrolyte have good processability, the material removal
rate is low. c) It is necessary to improve the �ushing �eld for some common parts.
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Figures

Figure 1

Three types of grinding heads and their surface topography: a rubber grinding head, b feltless bu�ng
head with white polishing paste, and c green carbon grinding wheel



Page 12/19

Figure 2

Two different electropolishing setups. a Electrochemical polishing in a beaker with stirring. b Flushing
electropolishing

Figure 3

SEM images of a original surface and the surface pretreated by b a rubber grinding head, c feltless
bu�ng, d a green carbon grinding wheel
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Figure 4

Electropolished surface roughness (Ra) vs. rotation speed at a constant voltage of 30
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Figure 5

Electropolished surface roughness (Ra) vs. voltage at a constant rotation speed of 250

Figure 6

Surface topography of electropolished surface that pretreated with a rubber grinding head: a 150 rpm, b
200 rpm, c 250 rpm, and d 300 rpm
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Figure 7

Surface topography of electropolished surface that pretreated with a rubber grinding head: a 20 V, b 25 V,
c 30 V, and d 35 V

Figure 8

SEM images of surfaces electropolished under optimal parameters. a Pre-treated by a green carbon
grinding wheel, and then electropolished at 35 V and 250 rpm for 30 min. b Pre-treated by feltless bu�ng,
and then electropolished at 35 V and 250 rpm for 30 min. c Pre-treated by a rubber grinding head, and
then electropolished at 30 V and 250 rpm for 30 min

Figure 9

Surface of electropolished TB2 sheet with stirring in a beaker. a SEM image of surface defects, b whole
sample, and c SEM image of a good part of the surface
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Figure 10

AFM images of surfaces after �ushing electropolishing, the distance between the TB2 titanium alloy
plates and the stainless steel plate is 25 mm

Figure 11

AFM images of surfaces after �ushing electropolishing, and the �ow rate is 0.84 m/s. The distance
between the TB2 titanium alloy plates and the stainless steel plate is 25 mm
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Figure 12

Current transients during �ushing electropolishing over 1000 s. a) at different �ow rates at 25 V and b at
different voltages at 0.84 m/s

Figure 13

Average current density vs. �ow rate and cell voltage

Figure 14

Material removal rate of electropoli-shing vs. average current density
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Figure 15

a Surface roughness (Ra) of an electropolished TB2 titanium alloy sample determined with AFM over
time. b The material removal rate over time. The voltage was 25 V, and the �ow rate was 0.84 m/s

Figure 16

AFM images of TB2 samples electropolished for a 10 min, b 20 min, c 30 min and d 40 min

Figure 17
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Electropolished TB2 sample: a Entire sample, b SEM image of surface morphology, and c 3D surface
topography measured by AFM


