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Abstract: Titanium alloy TC4 is widely used as the material of aero-engine blade, which is a typical difficult-to-process material. Electro-
chemical machining (ECM) is the preferred processing technology for titanium alloy TC4 because it does not depend on the strength and
hardness of the material itself, high processing efficiency, and good surface quality. In this paper, the flow field characteristics and experi-
ments of ECM of titanium alloy TC4 twisted blades are studied. According to the characteristics of the blade itself, the lateral flow tangential
inlet flow field and the corresponding complex fixture and tool electrode are designed. The theoretical and geometric models of the flow
field simulation are established, and the finite element simulation analysis of the flow field is carried out. The results show that the electro-
lyte flow rate in the new flow field is high and evenly distributed, and there is no shortage of liquid and vortex defects, which can meet the
needs of ECM. The experiments of ECM parameters optimization are carried out, and it is found that pulse frequency and duty cycle have a
key effect on the surface quality of titanium alloy TC4 blade. The experimental results show that the machining process is very stable under
the new flow field mode and optimized machining parameters. The surface of the titanium alloy TC4 blade is bright and without defects. The
surface roughness of the concave and the convex are Ra 0.44 pm and Ra 0.47 pum, respectively. The profile accuracy of concave and convex
were -0.008 ~+0.057 mm and -0.002 ~ +0.059 mm, respectively.

Keywords: Electrochemical machining; Titanium alloy TC4 blade; Surface quality; Lateral flow tangential inlet flow field; Parameter optimi-

zation

1. Introduction

Titanium alloy TC4 has good heat resistance, low specific densi-
ty, high strength, excellent corrosion resistance, and other character-
istics are widely used in the aerospace field of blade materials, but
its high hardness and high strength characteristics make traditional
mechanical cutting technology face many challenges, such as tool
wear, blade deformation, fracture, micro cracks, low processing ef-
ficiency, high processing costs'?. Therefore, titanium alloy TC4 is a
typical hard-to-cut material. ECM is very suitable for precision and
efficient machining of titanium alloy TC4 blade because of its out-
standing advantages such as no cutting force, no dependence on the
mechanical properties of the anode material itself, no loss of the
tool cathode, high processing efficiency, and good surface quality™.

In ECM, flow field is the key factor affecting machining stabili-
ty, surface quality, and machining efficiency. Reasonable flow field
design is the basic condition to ensure the smooth progress of ECM
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titanium alloy TC4 blade. Wang et al. studied the flow field of
ECM of large-size blades, and the surface roughness of the pro-
cessed stainless steel 304 blades is about Ra 0.6 um®. Zhu et al. pro-
posed a dynamic additional electrolyte flow mode for the ECM of
the blisk cascade passage, which effectively eliminated the local
poor electrolytic flow area and improved the machining stability
and surface quality’. Guo et al. proposed a four-way electrolyte
flow mode to improve the stability of electrolyte flow on the lead-
ing and trailing edges of the blade in ECM®. Cao et al. proposed a
new mode of cyclic change of electrolyte flow direction for coun-
terrotating ECM casing, which improved the symmetry of the con-
vex structure’. Xu et al. used the tube electrode with slit on the side
wall as the tool cathode to process the blisk channel, analyzed the
electrolyte flow, and greatly improved the processing efficiency'’.
Chen et al. used pulsating flow field for electrochemical milling of
deep and narrow groove structures'. Yue et al. improve the ma-
chined surface of the workpiece by adjusting the electrolyte flow
field in electrochemical milling-grinding"”. Deng et al. improved
mass transfer in electrodeposition by trapezoidal anodes".

In addition, due to some characteristics of titanium alloy TC4,
such as high breakdown potential, easy to form passive film on the
surface, and different elements in the matrix material have different
electrochemical dissolution rates, it is easy to produce defects such
as pitting on the surface of the workpiece if inappropriate electro-
lyte type and processing parameters are used. In order to improve
the surface quality of titanium alloy TC4 parts by ECM, domestic
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and foreign scholars have carried out a lot of research. Jiang et al.
improved the surface quality (Sa 7.028 pum) of the blade of the elec-
trochemical trepanning by using an auxiliary anode in sodium chlo-
ride solution. Wang et al. studied the effect of the tool cathode
feed rate on the taper of the convex structure in sodium chloride so-
Iution. The surface roughness of the machined part is about Ra 0.65
pm (measuring length 0.4 mm)". Wang et al. reported the mechano-
electrochemical milling of TC4 titanium alloy grooves in sodium
nitrate solution at different feed rates, and the surface roughness of
the sample ranged from Ra 6.19 pm to Ra 27.16 um'®. Lei et al. re-
duced the surface roughness of the titanium alloy TC4 blade from
Ra 2.621 um to Ra 1.815 pum in sodium chloride solution by opti-
mizing the flow field of the electrochemical trepanning’'.

In this paper, ECM of titanium alloy TC4 twisted blade was car-
ried out to achieve high quality and high precision machining of the
blade. Firstly, the method of bidirectional feed ECM blade was in-
troduced, and the characteristics of blade itself and the possible
flow field mode were analyzed. Secondly, based on the characteris-
tics of blade and traditional lateral flow field, a new lateral flow
tangential inlet flow field was designed. Moreover, the correspond-
ing complex fixture and tool cathode were also designed. Thirdly,
the finite element simulation theory and geometric models of flow
field were established, and the flow field simulation analysis of tita-
nium alloy TC4 twisted blade was carried out. The results show
that the flow rate of the new flow field is high and uniform in the
processing area of titanium alloy TC4 blade, and there are no liquid
shortage, vortex, and obvious uneven shunt defects. After that, the
ECM experiments of titanium alloy TC4 twisted blade were carried
out in sodium chloride solution, and it was found that the pulse fre-
quency and duty cycle had key effects on the surface quality of the
blade, and optimized machining parameters were obtained. Finally,
several titanium alloy TC4 twisted blades were machined under the
designed lateral flow tangential inlet flow field and optimized pro-
cessing parameters. The surface roughness of the blade is less than
Ra 0.5 pm, and the profile error is less than 0.07 mm. The high
quality and high precision manufacturing of titanium alloy TC4
twisted blades were realized.

2. Bidirectional feed ECM method for blades

In ECM, the blade profile usually adopts the bidirectional feed
ECM method of concave cathode and convex cathode, as shown in
Fig. 1. During processing, the blade is connected to the positive
pole of the power supply, while the concave cathode and convex
cathode are connected to the negative pole of the power supply. At
the beginning of the process, high-pressure and high-speed electro-
lyte rapidly flows into the machining area. The concave cathode
and the convex cathode gradually approach the blade surface with a
certain feed speed. Simultaneously, under the applied voltage, anod-
ic workpiece oxidation reactions occur, causing the blade blank to
dissolve. The flocs, Joule heat, and hydrogen bubbles generated
during processing are swiftly washed away by the rapid flow of
clectrolyte. With the continuous feed of the concave cathode and
the convex cathode, the profile of the blade is gradually formed.

3. Lateral flow tangential inlet flow field

In ECM, the flow field, fixture, and tool cathode are fundamental
and essential for achieving stable processing and high surface quali-
ty of blades. This section will first introduce the characteristics of
titanium alloy TC4 blade, analyze several electrolyte flow modes
that may be suitable for the blade, and carry out flow field design.

Il

TBlade

Convex cathode

Concave cathode

Fig. 1 Schematic diagram of bidirectional feed ECM for blade.

After that, the complex fixture and tool cathode are designed based
on the blade characteristics and the electrolyte flow.

3.1. Characteristics of titanium alloy TC4 blade

Fig. 2 is the standard model of titanium alloy TC4 blade, which
is constrained by six control lines, the length and width are about
42 mm and 28 mm respectively, and the total area of the concave
and convex is about 20.3 ¢cm’. It can be seen from the figure that
the direction of the blade from the root to the tip is very distorted,
showing the characteristics of wide at the top and narrow at the bot-
tom, which increases certain difficulty for flow field design, tool
cathode design, and ECM.

Blade tip

Leading
edge

Trailing
edge

/ Blade tip

Control
line

Blade root .
Top view

Fig. 2 Titanium alloy TC4 blade standard model.

In order to better analyze the profile characteristics of the blade,
six control lines are extracted, and the center arc of each control
line is drawn by connecting the center of the inner circle. It can be
seen from Fig. 3 that the tangential direction of the leading edge of
the blade is relatively consistent, while the tangential direction of
the trailing edge is greatly different. In addition, it can be clearly
seen that the distortion degree of the 1st, 2nd, and 3rd control lines
is small, and the distortion degree gradually increases from the 4th
control line. The torsion angle of the leading and trailing edges
changes from 184° of the Ist control line to 139.6° of the 6th con-
trol line, and the maximum change angle is about 44.4°, and the de-
gree of distortion change is very obvious. Compared with the
straight blade of the same section, the machining of the blade is
more difficult.

3.2. Analysis of electrolyte flow mode of titanium alloy
TC4 twisted blade

In ECM, the pattern of electrolyte flow is very important for ma-
chining stability, surface quality, and machining accuracy. Reason-
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able flow field design and optimization can make the electrolyte
flow at high-speed wash away the electrolytic products and the heat
generated during processing, so as to avoid short circuit caused by
product accumulation. At the same time, the designed flow field
should also have the characteristics of stable and uniform flow rate,
no lack of liquid phenomenon, so as to ensure the stability of ECM.
For titanium alloy TC4 blade, there are three possible flow field
modes: (1) Positive flow. As shown in Fig. 4 (a), the electrolyte
flows into the blade tip and is divided into two ways, flowing
through the concave and the convex respectively, and finally flows
out from the root and platform of the blade. The flow mode has the
advantage of simple channel design. However, due to the long size
of the blade and the distortion of the profile, the electrolyte flow
path is very long, and the passive shunt mode makes the electrolyte
uneven shunt for the concave and the convex, which is prone to
product accumulation and flow mark defects, resulting in poor pro-
cessing stability and processing quality. At the same time, the flow
direction of the flow mode at the blade root suddenly changes at a
large angle, which increases the flow resistance and weakens the
velocity. Moreover, due to the thin profile of the blade, the impact
of high-pressure electrolyte will lead to blade tip flutter during actu-
al machining, resulting in short-circuit burns and other defects,
which seriously affect the machining stability and machining accu-
racy. (2) Reverse flow. As shown in Fig. 4 (b), two streams of elec-
trolyte flow into the processing area from the platforms of the con-
cave and the convex respectively, through the concave and the con-
vex, and finally converge and flow out from the blade tip. The flow
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mode divides the concave and the convex into two channels for lig-
uid supply, which can actively control the flow rate and pressure of
the two channels of electrolyte, avoid the disturbance caused by
passive shunt, and ensure the uniformity and stability of the flow
field. However, this flow mode also has disadvantages such as long
flow channel and sudden change of electrolyte direction at blade
root. (3) Lateral flow. As shown in Fig. 4 (c), lateral flow is a more
widely used flow mode in blade ECM due to its short flow path and
good stability. The electrolyte flows in from the leading edge or
trailing edge, is passively divided into the concave and the convex,
and then gathers and flows out from the trailing edge or leading
edge. This flow mode is suitable for the blade whose profile is not
twisted. For the titanium alloy TC4 blade in this paper, because the
profile is very twisted, there are disadvantages of uneven shunt and
flow field disorder at the inlet flow.

3.3. Lateral flow tangential inlet flow field design

Based on the analysis in the previous section, lateral flow is
more suitable for titanium alloy TC4 blades due to short and gentle
flow channels, but improvements need to be made to improve the
stability and uniformity of flow field. In order to ensure the stabili-
ty of the inflow of electrolyte and the uniform shunt between the
concave and the convex, the inflow angle of electrolyte should be
similar. Fig. 5 shows the tangential angles of the leading and trail-
ing edges corresponding to the 10 sections of the blade. It can be
seen that the tangential angle of the leading edge is consistent,
while the tangential angle of each section of the trailing edge
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Fig. 4 Several electrolyte flow modes for titanium alloy TC4 twisted blades.
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changes greatly. In this paper, therefore, the liquid is injected tan-
gentially from the leading edge to make the electrolyte enter the
processing zone more smoothly and the shunt more evenly.
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—e— Trailing edge

Tangential angle (°)
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Section line

Fig. 5 Distribution of tangential angles at leading and trailing edges.

Fig. 6 is a schematic diagram of the lateral flow tangential inlet
flow field for a titanium alloy TC4 blade. As shown in the figure,
the electrolyte flows in the tangential direction along the middle arc
line of the blade itself, and is divided into two streams at the lead-
ing edge with similar tangential angles, which flow through the
concave and the convex surface respectively, and then converge at
the trailing edge and flow out along the tangential direction®. The
flow field mode electrolyte has a short flow path and is easy to dis-
charge electrolytic products quickly. At the same time, it can effec-
tively improve the stability of the flow field and the uniformity of
the shunt at the leading edge, and improve the processing quality.

Electrolyte inlet

Leading
edge

Tangential direction

Convex cathode

Cathode feeding

©

Trailing edge

Electrolyte outlet

Fig. 6 Schematic diagram of lateral flow tangential inlet flow field.

In ECM, the fixture is a very important component, which pro-
vides the installation platform and positioning reference for the

workpiece, and interacts with the tool cathode. There is also a pre-
designed flow channel inside the fixture to improve the stability of
the electrolyte flow, and can also play a role in sealing and prevent-
ing electrolyte leakage to ensure the high pressure and flow rate re-
quired for titanium alloy TC4 blade processing. Based on the later-
al flow tangential inlet flow field, the corresponding fixture for tita-
nium alloy TC4 blade is designed in this paper. As shown in Fig. 7,
the fixture comprises: inlet, flow guide block, upper cover, fixture
base, copper bar, etc. Fig. 8 shows the designed concave cathode
and convex cathode with complex surface structure, made of stain-
less steel 304.

Inlet Manometer
Fixture Flow guide
cover block
Flow guide .
block Workpieces
Concave " lof 0 % Convex
cathode cathode
Fixture -

= _\ Gl

Fig. 7 3D model of fixture for titanium alloy TC4 blade.

4. Lateral flow tangential inlet flow field simu-
lation

In order to further analyze the rationality of the designed lateral
flow tangential inlet flow field, this section will carry out finite ele-
ment simulation analysis for the flow field.

4.1 Flow channel model

According to the designed flow field and fixture, the flow chan-
nel model of the lateral flow tangential inlet flow field in the equi-
librium state is established for finite element simulation, as shown
in Fig. 9 (a). In the process of ECM, the most concerned is the flow
rate and pressure distribution of the electrolyte in the machining ar-
ea between the workpiece and the tool cathode, which has a direct
impact on the surface quality and the machining accuracy of the
workpiece. Therefore, in order to more intuitively observe the flow
rate and pressure distribution of the electrolyte in the machining
gap, the corresponding section is selected in the processing area in
the vertical direction of the flow channel model, and the local en-
larged image of the machining region (area ‘a’) is further selected.
Fig. 9 (b) shows the result of tetrahedral mesh division of the flow
channel. It can be seen that the mesh is relatively dense to ensure
the accuracy and reliability of the simulation calculation.

4.2 Mathematical model

In the actual ECM, the processing area is very complicated be-

Flow guide block

/ ‘1‘

Convex cathode

Fig. 8 3D model of tool cathode for titanium alloy TC4 blade.
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Fig. 9 3D model and meshing of the flow channel: (a) 3D model and (b) meshing.

cause of the presence of high-speed flowing electrolyte, bubble,
and flocculent sludge, which is a solid-liquid-gas three-phase flow.
Generally, bubbles and flocculent sludge are ignored in flow field
simulation to simplify calculation. In addition, for the ECM of tita-
nium alloy TC4 blades, neutral sodium chloride salt solution is usu-
ally used, which is an incompressible, continuous Newtonian fluid.
Therefore, the flow of the electrolyte conforms to the mass conser-
vation equation and the momentum conservation equation’:
. Apu) | Apu,) | dpu) _

1
ot ax a iz M
J | puu; ..
o) Apu) __op o +F, 2)
ot ox; ox, ox !

j i J
where p represents the density of the electrolyte in the flow field,
u,, u, and u_ denote the velocity components in the x, y and z direc-
tions respectively, x; and x; are coordinates in the Cartesian coordi-
nate system, p stands for the pressure of the electrolyte, Fis the ith
component of the volume force, 7 is the ijth element of the stress
tensor.

In ECM, the electrolyte in the processing area is generally re-
quired to be turbulent to ensure the rapid removal of flocculent
sludge, bubbles, and Joule heat. At the same time, it can reduce the
influence of concentration polarization and improve the processing
stability. In this study, RNG x-¢& model is used for finite element
simulation of flow field. The model is mainly aimed at the high
Reynolds number flow problem and is very suitable for ECM of ti-
tanium alloy TC4 blades. The transport equations of turbulent kinet-
ic energy k and dissipation rate ¢ are as follows'”:

a(pk)  alpku) 4 "
— = N +G-
ot K, ox, (ak#en) ox, G,—pe 3)
Ape) '9( pgu[) J e £ &2
“u T Zlvrc L0, pE
ot Ix; ox; (a“um) ax; C. 7 GCup & 4)
2
Ba=nt i, p=pC, ©)

where G, is the generation of turbulent kinetic energy due to the
mean velocity gradient, and ¢, and «, are the reciprocal of effective
Prandtl number of turbulent kinetic energy and dissipation rate, re-
spectively.

4.3 Simulation results analysis

For the lateral flow tangential inlet flow field simulation of titani-
um alloy TC4 blade, the inlet pressure and outlet pressure of elec-
trolyte are set as 0.8 MPa and 0.2 MPa respectively. Fig. 10 (a)
shows the electrolyte flow rate and pressure distribution in the ma-
chining region (region ‘a’) in the blade tip, the middle of the
blade, and the blade root section. It can be seen that the electrolyte
flow rate is high in the machining gap, and there is no liquid short-
age area. It can also be seen that the electrolyte flow rate and pres-
sure distribution of the concave and the convex are relatively uni-
form, and no obvious defects of uneven distribution are found. This
helps to ensure the stability of the processing and the consistency
of the processing of the concave and the convex. In addition, the
pressure of the electrolyte decreases slightly along the flow direc-
tion from the leading edge to the trailing edge, which is mainly due
to the pressure loss of the fluid.

In order to more clearly analyze the flow rate and pressure of the
electrolyte in the machining area, 1000 sampling points are uni-
formly selected in the machining gap area (area “a” in Fig. 9). Fig.
10 (b) and (c) show the distribution intervals of electrolyte flow
rate and pressure at sampling points respectively. It can be obvious-
ly found that the electrolyte flow rate of these sampling points is
mostly distributed between 16-20 m/s, and the pressure is mostly
distributed between 0.35-0.55 MPa. It can also be obviously found
that the flow rate of these sampling points in the processing area is
greater than 10 m/s, the average flow rate is about 18.53 m/s, and
the variance is 9.02. This indicates that the electrolyte flow rate is
fast and the distribution is more uniform, which can meet the needs
of ECM’. It also preliminarily proves that the designed lateral flow
tangential inlet flow field is feasible for twisted titanium alloy TC4
blades.

5. ECM experiments of titanium alloy TC4 blade

5.1 ECM experiments

Based on the designed lateral flow tangential inlet flow field, fix-
ture, and tool cathode, ECM experiments of titanium alloy TC4
blade are carried out. Fig. 11 (a) and (b) show the actual images of
fixture and tool cathode respectively. A 10wt% neutral sodium chlo-
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Fig. 10 Simulation results for area ‘a’.

ride solution is used as the electrolyte, and the electrolyte inlet and
outlet pressures are consistent with the above simulation. Accord-
ing to several pre-experiments, the influence of power pulse fre-
quency and duty cycle ratio on the surface quality of titanium alloy
TC4 blade is emphatically explored, and better machining parame-
ters are obtained. This study mainly introduces five groups of ECM
experiments on titanium alloy TC4 blades, and the specific process-
ing parameters are shown in Table 1.

In the process of ECM, the machining current is recorded and an-
alyzed with the change of the tool cathode feed distance to judge
the stability and progress of the machining. As shown in Fig. 12,
the processing currents of the five groups of experiments showed a
similar change trend, that is, the processing currents gradually in-
creased in the initial stage due to the gradual increase of the pro-
cessing area, and then remained almost unchanged due to the pro-

cessing entering the equilibrium state, and the processing currents

-

slightly decreased in the final stage due to the dissolving of the
leading and trailing edges. It can also be clearly seen from the fig-
ure that the processing current changes gently in the whole process
of machining, and there is no mutation. This means that the process
is very stable and there is no short circuit.

In Fig. 12, three groups of experiments (a), (b), and (e) mainly
explored the effects of different pulse frequencies on titanium alloy
TC4 blades under similar duty cycle. It can be seen that under the
same duty cycle (80%), the size and variation trend of processing
currents at 500, 1500, and 1000 Hz are similar. At the same time,
three groups of experiments (c), (d), and (e) mainly explored the ef-
fects of different duty cycles on titanium alloy TC4 blades at simi-
lar pulse frequencies. It can be seen that under the same pulse fre-
quency (1000 Hz), the processing current gradually increases with
the increase of duty cycle. The main reason is the increase of pulse
width in pulse current.

Convex Qgthode

Concave cathode

(b)

Fig. 11 ECM device for titanium alloy TC4 blade: (a) processing site and (b) tool cathode.
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Table 1 ECM parameters.

Group @ ® © (@ (o
Machining voltage (V) 38
Pulse frequency (Hz) 500 1500 1000 1000 1000
Duty cycle 80% 80%  40% 60% 80%
Feed rate (mm/min) 0.8
Feed distance (mm) 11.2
Electrolyte temperature (°C) 32
Inlet pressure (MPa) 0.8
Outlet pressure (MPa) 0.2
1200 L (a) 500 Hz and 80%
—e—(b) 1500 Hz and 80%
—4—(c) 1000 Hz and 40% ' '
1000 L7 (d) 1000 Hz and 60% ' !
= —e—(e) 1000 Hz and 80% ! '
E 800 |- h
e ' :
s ]
A~ 4 !
400 - : i
Eduilibriu‘m state
200
0 2 4 6 8 10 12

Feed distance (mm)

Fig. 12 The relationship between the machining current and the feed
distance.

5.2 Results analysis

Fig. 13 shows five sets of manufactured titanium alloy TC4
blades through ECM. Firstly, the effects of different pulse frequen-
cies in groups (a), (b), and (e) in Fig. 13 are analyzed. From these
figures, it is obvious that: (1) When the pulse frequency is 500 Hz
and the duty cycle is 80%, there are obvious flow mark defects on
the surface of titanium alloy TC4 blade near the blade root, which
seriously affects the surface quality. This may be attributed to the
fact that the profile at the blade root is very distorted and the pulse
period is large, and more electrolytic products cannot be discharged
in time within a single pulse period. (2) When the pulse frequency
is 1500 Hz and the duty cycle is 80%, it can be seen from the local

enlarged image that there is white and black texture on the surface
of the titanium alloy TC4 blade, which has an adverse effect on the
surface quality. A possible explanation is that the pulse period is
small, the product generation is more and faster, and the electrolyt-
ic product cannot be discharged in time when the power-off. (3)
When the pulse frequency is 1000 Hz and the duty cycle is 80%, it
can be found that the surface of the titanium alloy TC4 blade is
very smooth, and there is no flow mark, texture, and other defects.

From the above analysis, it can be seen that compared with 500
and 1500 Hz, a smoother and defect-free surface can be obtained
when the pulse frequency is 1000 Hz. Therefore, the pulse frequen-
cy of 1000 Hz is selected to carry out follow-up experimental anal-
ysis. In Fig. 13, (¢), (d), and (e) are titanium alloy TC4 blades with
different duty cycles when the pulse frequency is 1000 Hz. From
Fig. 13 (c), it can be clearly found that there are many micro-bulges
at the trailing edge of the blade, which cannot meet the processing
requirements. This may be due to the small duty cycle, which
makes the processing current density small and the electrolytic
products converge and flow out at the trailing edge, resulting in un-
even dissolution of the trailing edge materials. It can be seen from
Fig. 13 (d) and (e) that the surface of titanium alloy TC4 blade is
very smooth and without defects when the duty cycle reaches 60%
and 80%. In order to further compare the surface quality of titani-
um alloy TC4 blades with a duty cycle of 60% and 80%, their sur-
face roughness is measured, as shown in Fig. 14. It can be seen
from the figure that the surface roughness value of titanium alloy
TC4 blade when the duty cycle is 60% is slightly lower than that
when the duty cycle is 80%, but the surface roughness of the two is
almost similar.

Based on the above analysis, the titanium alloy TC4 blade can
obtain better surface quality when the pulse frequency is 1000 Hz
and the duty cycle is 60%. Fig. 15 shows several titanium alloy
TC4 blades under optimized ECM parameters, it can be seen that
the surface of the blades is very smooth, without defects such as
flow marks and bulges.

The surface roughness of the concave and the convex is mea-
sured using a roughness meter, and the results are shown in Fig. 16.
It can be seen that the surface roughness values of the concave and
the convex are about Ra 0.44 pm and Ra 0.47 um, respectively,
which have good surface quality. A coordinate measuring machine
is used to detect the machining error of the blade, and the results

500 Hz and 80%
(@

1 500 Hz and 80%
()

1 000 Hz and 40%

©

1000 Hz and 60%
(CY

1 000 Hz and 80%
©

Fig. 13 Titanium alloy TC4 blades under different ECM parameters.
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is -0.002 ~ +0.059 mm, which has a high machining accuracy.
Through the above series of studies, it is also verified that the de-
signed flow field, fixture, and tool cathode can be used in engineer-
ing practice.
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Fig. 14 Surface roughness measurement results of blades for group (d)
and group (e).

(®)
Fig. 15 Titanium alloy TC4 blades through ECM: (a) concave and (b)
convex.

are shown in Fig. 17. It can be seen that the error of the concave
profile is -0.008 ~ +0.057 mm, and the error of the convex profile

o
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Surface roughness R, (um)

Fig. 16 Surface roughness value of titanium alloy TC4 blade.

6. Conclusions

In this paper, ECM experiments were carried out on titanium al-
loy TC4 blades, including flow field design, finite element model-
ing and simulation, fixture and tool cathode design, and the influ-
ence of different frequencies and duty cycle on blade surface quali-
ty, etc., to achieve high quality and high precision machining of tita-
nium alloy TC4 blades. Some conclusions are as follows:

(1) Based on the characteristics of titanium alloy TC4 twisted
blade and the traditional lateral flow field, the lateral flow tangen-
tial inlet flow field, fixture, and tool cathode were designed. The
flow field mode has the advantages of uniform distribution between
the concave and the convex, stable inflow, and short flow path.

(2) The finite element simulation analysis of lateral flow tangen-
tial inlet flow field was carried out, and the results showed that the
electrolyte flow rate in the processing area of lateral flow tangential
inlet flow field was high and uniform, and there were no defects
such as liquid shortage area and obvious uneven shunt.

(3) The experiments of ECM of titanium alloy TC4 blade were
carried out, and it was found that pulse frequency and duty cycle
had important effects on the surface quality of titanium alloy TC4
blade, and better machining parameters were obtained, and high
quality (Ra < 0.5 um) and high precision manufacturing (profile er-
ror < 0.07 mm) of titanium alloy TC4 blade were realized.
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Fig. 17 Profile error of titanium alloy TC4 blade.
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