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1. Introduction
Titanium alloy materials have been used to make
turbine blades for engines with high temperature resistance, low density, and high strength [1]. Electrochemical machining meets the machining needs of turbine blades
[2]. It have the advantages of no loss of tool cathode, no
machining deformation and internal stress on the surface of
the workpiece [3]. However, electrochemical machining
involves electric field, flow field, temperature field, etc.
The change of one factor will cause the common changes
of other physical fields, making it difficult to accurately
predict the electrochemical machining process [4]. Many
scholars have used experiments and simulations to understand electrochemical coupling and processing mechanisms.
Yao et al. [5] simulated the electrolyte flow rate
and pressure distribution in different tubular electrodes of
electrochemical machining, and obtained better hole machining results without sparks and short circuits. Chai et al.
[6] analyzed the influence of the flow field distribution in
the inter-electrode gap on the machining accuracy and stability of the cooling holes of the blade. Liu et al. [7] studied the surface quality of titanium alloy processed by electrochemical jet. Simulations and experiments have found
that the voltage is 24 V, the gap between electrodes is 0.6
mm, the electrolyte flow rate is 2.1 L·min-1 and the nozzle
travel speed is 25 μm·s-1, which can obtain good processing quality. Patro et al. [8] predicted the evolution of
the anode shape of the workpiece in electrochemical machining based on the finite element method. Zhou et al. [9]
established a multi-field coupling model to simulate the
influence of hydrogen bubbles near the cathode and lowspeed electrolyte on heat transfer during electrochemical
machining. Chandrasekhar et al. [10] used the EntropyVIKOR method to study the influence of the relevant parameters of microporous electrochemical machining on the
material removal rate and overcutting.
To sum up, although there have been a large
number of literatures on electrochemical machining simulations and experiments, they have not really coupled the
electric field-flow field-temperature field-structure field.
Most researchers simulating electrochemical processing
actually do not really consider the coupling effect between
multiple physical fields comprehensively, either presupposing that the electrochemical processing reaches an equilibrium state or ignoring the effect of hydrogen and not
considering the effect of deformation of geometry on the
coupling. Therefore, in this paper, various factors have
been comprehensively considered to establish a coupling
model involving electric-flow-temperature-structure field.

The established multi-physics coupling model is used to
study the temperature, hydrogen volume fraction, electrolyte conductivity, current density and workpiece profile
change curve of the electrochemical machining blade profile at different machining times.
2. Multi-physics coupling simulation model establishment
Electrochemical machining is a process method
based on the principle of anode dissolution to remove material in the form of ions with the aid of the cathode [11].
The tool cathode is connected to the negative electrode,
and the workpiece anode is connected to the positive electrode. There is a certain machining gap between the cathode and the anode to allow the electrolyte to flow through
the machining gap at high speed. The flowing electrolyte is
not only used as a conductive medium, but also can take
away the electrolytic products in electrochemical processing [12]. The processing principle is shown in Fig. 1.

Fig. 1 Principle of electrochemical machining ECM
In order to obtain high-quality workpieces, electrochemical machining needs to meet the following conditions [13]:
a) the machining gap between anode and cathode
is small, usually between 0.1-1mm;
b) the electrolyte needs to be updated in time to
wash away the electrochemical reaction products and play
a certain role in cooling;
c) the current density on the anode metal workpiece is high, between 10-100A/cm2.
Electrochemical machining involves multiphysics coupling, including electric field, flow field, temperature field and structure field. The relationship between
the physical fields is shown in Fig. 2.
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9 represent the boundaries of the tool cathode; 4, 5, 6 and
10 represent the boundaries of the workpiece anode; 7 represents the electrolyte inlet boundary;3 represents the electrolyte outlet boundary).

Fig. 4 Two-dimensional model and meshing
Fig. 2 Multi-physics coupling relationship of electrochemical machining
Each physics field influences each other. The
change of a variable will cause various physical fields to
change, which makes it difficult to accurately predict the
electrochemical machining process. Finite element software has been widely used as decoupling software. Not
only can it more intuitively predict the entire machining
process, but also can optimize the parameters to provide
more reasonable machining parameters for the final electrochemical machining experiment. The multi-physics
coupling simulation steps are shown in Fig. 3.

The current module, bubbly flow, k~ε module and
fluid heat transfer module are selected, the transient state is
used as a research for related simulations. In the electric
field module, it is assumed that the electrochemical machining process has entered the equilibrium machining
state and the electric field parameters do not change with
time. Meanwhile, assuming that the conductivity of the
electrolyte remains constant and isotropic, the current efficiency of the electrolyte is approximately constant. According to the basic theory of electric field, the distribution
of electric field potential Φ in the entire processing area
(referring to the processing gap in the text) conforms to
Laplace equation [14]:
 2  2
+
=0.
x 2 y 2

(1)

In the turbulent bubble flow module, it is assumed
that the gas produced by electrolysis obeys the ideal gas
state equation and the current efficiency of the electrolyte
is approximately constant. The relationship between electrolyte conductivity k, electrolyte temperature T and bubble
rate β is summarized as the following formula [15]:
k = k0 [1 +  (T1 - T0 )][1-  ]n ,

Fig. 3 Multi-field coupling simulation steps
In the software, corrosion, primary current, bubble flow, k~ε model, fluid heat transfers and deformation
geometry modules are selected to simulate the current density, hydrogen volume fraction, electrolyte conductivity,
temperature and anode erosion changes in the machining
gap. Comprehensive consideration of various influencing
factors to simplify the model into two dimensions, as
shown in Fig. 4 (Ⅰ represents tool cathode; II represents the
fluid region; III represents the workpiece anode; 1, 2, 8 and

(2)

where: k0 represents the initial conductivity of the electrolyte; α represents the temperature coefficient of conductivity, and the value is generally 0.02~2; T0 represents the initial temperature of the electrolyte; n is the influence index
of bubble rate on conductivity and the value is generally
1.5~2. It can be seen from formula (2) that the increase in
temperature and hydrogen volume fraction will cause the
conductivity to decrease.
In electrochemical machining, hydrogen mainly
precipitates on the surface of the cathode. According to
Faraday's law, the amount of hydrogen produced per unit
time and per unit area on the surface of the cathode tool
can be obtained [16]:

N H2 =

 iM
2F

,

(3)

where: i is the current density; F is the Faraday constant; η
is the current efficiency; M is the molar mass of hydrogen.
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In the flow heat transfer module, the temperature
of the electrolyte in the machining gap is affected by the
interaction of the electric field and the flow field, which
satisfies the convection-diffusion equation [17]:

cp

T
+  c p vl T =   ( k T ) + Q ,
t

(4)

where: cp is the specific heat capacity of the electrolyte; Q
is the heat generated during processing. The heat generated
in the electrochemical machining mainly comes from two
aspects: Joule heat generated by the current in the machining gap and heat generated by the electrode reaction (the
heat generated is very small and can be ignored). In the
simulation, the settings of boundary conditions and material properties are very important and have a significant impact on the results, and the relevant settings are shown in
Tables 1 and 2, respectively.
Table 1

which leads to a gradual increase in temperature.
However, during processing, the products of the
anode corrosion and the temperature are carried by the
flowing electrolyte from the inlet to the outlet along the
flow direction and accumulate at the outlet, which will
cause the temperature near the outlet to be higher. Therefore, the temperature gradually increases along the process
direction, and the temperature change trend at different
times is shown in Fig. 6.

Fig. 5 Cloud diagram of temperature changes at different
times
293.50

Boundary conditions in the interface for the boundaries
numbered in Fig. 2
Boundary condition
Г2=U1=16 V
Г1=U0=0
Г2,4,6,8=0 (insulating Г3,7≈0 (free boundaboundaries)
ries)
Flow field
Г3=P1=0.6, MPa
Г4=P0=0, MPa
k1=k0·(1-β)2·[1+0.02 (Tk0=7.2 S/m,
T0)]
T0=293 K
Г5=2i·(2·F)-1
F=96500,
A·s·mol-1
Temperature field
Г3=T
Г1,2=T0
Structural field
Г1,2,9,7,8=0.5, mm·s-1

Table 2
Simulation material parameters
Type
Electrolyte
（NaNO3）

Parameter
Initial conductivity, S/m
Initial temperature, K
Density, Kg·m-)
Specific heat capacity, J·(kg·K)-1
Density, Kg·m-3
Titanium alloy Specific heat capacity, J·(kg·K)-1
（Ti6Al4V） Volume electrochemical equivalent,
cm3·(A·min)-1

Value
7.2
293
1070
3730
4430
611
0.0017

3. Analysis of simulation results
In electrochemical machining, temperature and
hydrogen volume affect the distribution of electrical conductivity, and the distribution of electrical conductivity
will affect the current density, thereby affecting the erosion
process of anode materials.
3.1. Temperature in the processing gap at different times
The main source of heat in electrochemical machining is the Joule heat generated by the current in the
machining gap. It can be seen from the temperature change
cloud diagram in Figure 5 that when processing 100 s, the
reaction time is short and the distance between cathode and
anode is large, which makes the temperature difference
between processing gaps not large. With the increase of
processing time, the increase of current density and electrochemical reaction degree generates more Joule heat,
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Fig. 6 Temperature change curve along the process direction
3.2. Hydrogen volume fraction in the processing gap at
different times
Fig. 7 is a hydrogen volume cloud diagram at different times. It can be seen from the figure that at the beginning of processing, the tool cathode is far from the
workpiece anode and only a slight degree of electrochemical reaction occurs at the anolyte interface, the reduction
reaction at the cathode produces less hydrogen. With the
increase of processing time, the content of hydrogen at the
outlet gradually increases, reaching the maximum with a
hydrogen content of about 14% when the processing time
is greater than 300s. Although there is almost no hydrogen
at the inlet, the hydrogen content continues to increase
along the process direction and reaches the maximum at
the outlet, as shown in Fig. 8.
Analysis can be considered that in electrochemical machining, the cathode is continuously fed to the anode, the current density gradually increases and the degree
of electrochemical reaction (redox reaction) of the anode
surface material is gradually enhanced and hydrogen is
precipitated while the anode surface material is removed.
The electrolyte at the entrance is updated in time, the electrolysis products and hydrogen in the process are taken
away by the flowing electrolyte, finally accumulate at the
exit, which causes the hydrogen content to gradually increase along the process direction.
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increase in hydrogen content and temperature will reduce
the conductivity of the electrolyte.
7.2

Fig. 7 Cloud diagram of hydrogen volume change at different times
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Fig. 10 Current density variation curve along the process
direction
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Fig. 8 Hydrogen volume change curve along the process
direction
3.3. Electrolyte conductivity in the machining gap at different times

Fig. 11 Cloud diagram of current density changes at different times
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2.0E5
Current density (A/m2)

Fig. 9 is a cloud diagram of electrolyte conductivity changes at different times. It can be seen that the electrical conductivity distribution is relatively uniform in the
initial stage of processing. The electrical conductivity
gradually decreases with the increase of processing time.
The analysis believes that as the processing progresses, the
current density increases and the electrochemical reaction
is violent, which not only generates more Joule heat and
reaction heat, but also the hydrogen ions in the electrolyte
get electrons at the cathode to undergo a reduction reaction
to generate hydrogen. Temperature and hydrogen have a
comprehensive effect on the electrical conductivity distribution.

It can be seen from Fig. 11 that the current density
is low in the middle and high on the two sides. Along the
process 0-10 mm and 10-20 mm, the cathode tool is close
to the anode surface, so the current density is high. At
10mm, the cathode tool is the farthest away from the anode
surface, so the current density is small. It can also be seen
from the current density change curve in Fig. 12 that the
current density at the entrance is greater than the current
density at the exit.
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Fig. 9 Cloud diagram of electrolyte conductivity change at
different times
It can also be seen from Figure 10 that the conductivity gradually decreases along the flow direction. This
is because the electrolyte at the entrance is updated in time
and the content of hydrogen is low, so the conductivity is
relatively high. Combining Figs. 5, 7 and formula (2), it
can be seen that along the process direction, the gradual
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Fig. 12 Current density variation curve along the process
direction
It is believed that during the electrochemical machining process, the surface of the metal anode material is
continuously oxidized and eroded away, the hydrogen at-
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oms of the tool cathode get electrons to undergo a reduction reaction, hydrogen gas is released. The flowing electrolyte will bring hydrogen, temperature and electrolysis
products to accumulate near the outlet. The electrical conductivity will be affected by hydrogen and temperature, so
the higher the hydrogen content at the outlet, the lower the
electrolyte conductivity and the current density.
3.5. Shape of anode material changes at different times
It can be seen from Fig. 13 that as the processing
time increases, the cathode continues to feed to the anode,
the current density gradually increases and the anode material is gradually removed. When the processing time reaches 300 s, the anode has basically been processed into the
shape of the cathode. As the processing time continues to
increase, the material continues to be eroded. The middle
part of the cathode is far from the anode surface and the
two sides are closer to the anode surface, so the current
density in the middle area is less than the current density
on the two sides, which causes the erosion of the intermediate material to be less than the erosion of the materials on
both sides.
Combining Figs. 5, 7, 9 and 11 can be analyzed:
the electrolyte is updated at the inlet in time, the electrolysis product, hydrogen and temperature are brought to the
outlet by the flowing electrolyte. The conductivity and
current density are large, which makes the material quickly
removed. However, the accumulation of hydrogen and
temperature at the outlet leads to lower conductivity and
current density and the amount of material erosion is relatively small, so the erosion trend of the material is parabolic as shown in Fig. 14.

4. Conclusions
Electrochemical machining is a processing method in which anode metal is continuously dissolved and
finally formed. By simulating the current density, hydrogen content, conductivity, temperature and anode material
removal in the processing gap at different moments during
the electrochemical processing, this gives a better understanding of the variation of each physical field and allows
to correct the cathode structure based on the simulation
results.
1. Temperature and bubbles comprehensively affect the electrical conductivity distribution. The electrolyte
flowing in the machining gap will bring temperature and
hydrogen to the outlet and accumulate there, and the conductivity will gradually decrease.
2. Along the flow direction, the current density
and the anode material erosion rate are parabolic with upper and lower openings, respectively. The electrolyte at the
entrance is updated in a timely manner and the higher current density will result in a faster material erosion rate. In
the middle, the initial machining gap is larger and the current density is smaller, so the material erosion is slower.
Although the processed products, hydrogen and temperature are accumulated at the outlet, the current density and
material erosion rate are lower than those at the inlet, but
still greater than at the middle position.
The current density, hydrogen volume fraction,
electrolyte conductivity, temperature and workpiece shape
changes in the processing area at different processing times
are simulated to help understand the changes in the physical fields at different times during the electrochemical machining process and provide a better guidance for actual
processing. At the same time, it can also design the cathode shape reasonably according to the simulation results
and provide a theoretical basis for the selection of actual
electrochemical machining parameters.
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Y. L. Chen, X. Li, J. Y. Liu, Y. C. Zhang
MULTIPHYSICS NUMERICAL SIMULATION OF THE
TRANSIENT PROCESS IN ELECTROCHEMICAL
MACHINING BLADE PROFILE
Summary
To fully understand the electrochemical machining profile, a multi-physics coupling simulation model
including flow-electric-temperature-structure field were
established to analyze the corrosion process of the anode
material and the change trend of temperature, hydrogen
volume fraction, electrolyte conductivity and current density in the processing gap. The analysis results show that the
temperature and hydrogen content gradually increase along
the process direction. The current density and material removal showed a parabolic trend of the upper opening and
the lower opening, respectively. The simulation of the different physical field changes in the electrochemical machining blade profile can not only better understand the
complex physical phenomena in the machining, but also
provide a theoretical basis for the selection of actual electrochemical machining parameters.
Keywords: electrochemical machining, blade profile, multi-physics.
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