Nonconventional Technologies Review
Romania, March, 2025

©2025 Romanian Association of Nonconventional Technologies
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ABSTRACT: The paper presents the current state of the electrochemical polishing process (Electro Chemical Machining — ECM),
using the intermittent flow method of the electrolytic liquid. The uniformity of the flow rate on the machined surface was aimed for,
a key condition for ECM polishing. The logical scheme of the study and numerical simulations of the flow were developed for three
different machining surfaces, in the following cases: laminar flow, turbulent flow and flow stop. The distributions of flow velocities
in the machining gap were determined. The results of the simulations were validated by experimental data that determined an optimal
value for the current density on the machined surface at which a maximum decrease in roughness was achieved.
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1. INTRODUCTION

Electrochemical machining (ECM) has multiple
advantages, one of them being a very high machining
rate because it is based on simultaneous anodic
dissolution of the entire machined surface [1,2].
Moreover, it is a concentrated energy technology with
another advantage of any hardness, without inducing
tool wear and internal stress in the surface layer, but
limited to electrically conductive materials. In ECM,
the high velocity and pressure of the electrolyte in the
work gap (the space between the tool and the part) is
important to remove gas bubbles, heat, dissolved
(precipitated) material from the part and to maintain
the stability of the ECM (electrochemical reactions)
[9, 10]. In case of uneven flow of the electrolytic
liquid on the processed surface, striations appear.
Therefore, keeping the electrolyte flow under control
is very important in the ECM process [4]. ECM has a
wide range of applications in fields such as:
electronic, automotive, aerospace, medical, food,
nuclear, etc. through the ability of ECM to create
mirror-like surfaces [1, 5].

The work aims to develop an intermittent processing
method, which includes several phases [11, 12]: the
first phase involves a high flow rate of the electrolyte
[13, 14], for washing the machining working gap, and
the second phase, a reduced flow rate during the
current pulses, to allow a controlled polishing of the
surface and to discourage the formation of the
passivated layer [2].

2. SETUP

Schematically, an ECM process contains a tool -
cathode and a workpiece - anode, with the electrolyte
introduced under pressure through the gap between
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them. The electrolyte outlet section (adjustable by
valve) allows flow control. The fluid flow in the
working gap is usually turbulent, which prevents the
uniformity of the machining process [1, 2, 3, 5].
Patent EP 0 471 086 Al (figure 1) presents an
innovative device and process for the electrochemical
polishing of metal surfaces, through a uniform
distribution of electric current and the introduction of
electrolytic liquid intermittently with varying flow
rates. The patented technical solutions ensure a
laminar type of flow during the electrical impulses to
process the part uniformly, as well as a turbulent type
of flow between them to ensure the adequate washing
of the working gap [3].

In figure 2, the logic diagram of the numerical
simulation is presented, while in figure 3, the
equipment with which the operation will be
performed is presented.
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Figure 1. Intermittent ECM machining device [2,3]
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Figure 2. Logical diagram of the numerical simulation process

Electrolyte
storage

R i
Electrolyte

inlet
T W

Clamping
device

Electrolyte

outlet

S J

Figure 3. The equipment for electrochemical polishing
made by As. Dr. Ing. C. Enciu

The third figure shows the equipment used for
experiments, made by As. Dr. Eng. C. Enciu, and
figures 4, 5, 6 show the polished ECM surfaces for
which the numerical simulations were carried out.
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Figure 5. The machined surface for workpiece 2
3. DETERMINATING REYNOLDS NUMBER

Reynolds number is calculated, which determines the
type of flow (laminar or turbulent) using relation (1).
For Re < 4000, the flow is laminar, respectively
turbulent for Re > 4000 [1]:

The wavelength (1) is calculated using formula 1:

__prvell

: ()

where: p — fluid density [kg/m’]; vell, vel2 —
electrolyte inlet flow speed [m/s]; 1— characteristic
length [m]; p — dynamic viscosity of the liquid
[Pa*s].

Two values of the flow velocity are introduced and
used in the numerical simulation, from relation (1),
vel; = 1.5 m/s, respectively velo = 0.02 m/s:

Re

p-vel;1 _ 1031-1,5:0,054
= 0,00079

Re1

turbulent flow

= 111583 > 4000 -



__ pvel,wl _ 1031-0,02:0,054
- - 0,00079

Re,

laminar flow

= 1049,5 < 4000 -

4. NUMERICAL SIMULATION OF THE
ELECTROLYTE FLOW THROUGH THE
MACHINING GAP

The steps required for modeling using COMSOL
Multiphysics 4.2 are described:

Step 1. The 3D module is chosen as the workspace,
then Fluid Flow, Laminar Flow, and as Time
dependent regime, in case 1, for vell. [2, §].
Step 2. Parameterization of the model and
introduction of the characteristics of the electrolyte
liquid is done according to table 1 respectively table
8. 5% NaCl electrolyte properties are introduced:
Table 1. Modeling parameters from Global definitions

Name | Expression Value Description
p 30 [mm] 0.03 [m] Workpiece radius
Machining gap
hp 18 [mm] 0.018 [m] height
vell 0.02 [m/s] 0.02 [m/s] Flow speed 1
Time under flow
tel 51s] 5 [s] speed 1
vel2 1,5 [m/s] 1,5 [m/s] Flow speed 2
Time under flow
tc2 51s] 5 [s] speed 2
Time under closed
te3 Is] Ls] inlet valve
x1 0,69 [mm] 6.9 E-4 [m] Machining gap
Pout 2000000 2000000 Pressure of liquid at
ol [Pa] [Pa] the exit
hi 30 [mm] 0.03 [mm] Hole helght.at the
entry point
Table 2. Introduction of electrolyte properties ( 5% NaCl)
Property | Name Value Unit Property
group
Density Rho 1031 Kg/m"3 Basic
Dynamic mu 0.79/1000 Pa*s Basic
viscosity
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Figure 6. Creation of the geometry of the machining gap

Step 3. Creating the flow geometry parameterized by
the prior step sizes (figure 7) and discretizing it by
fine-sized free tetrahedral finite elements in the
geometry node of the Model Builder (figure 8).
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Figure 7. Discretization of geometry in finite elements

Step 4. Setting boundary conditions, presented in in
figure 9, in the form of a velocity (vell/vel2) input
and the output under pressure (pout) of the liquid
(figure 10) in the case of laminar flow:

Figure 9. Selecting the outlet

Step 5. Flow simulation is done from the Study
module, for each flow. Time parameters can be
chosen in the case of the time dependent study for
laminar flow (Study 1) (figure 11). The second study
is set for turbulent flow (Study 2) (figure 12).



We also set the flow for the case of cancellation of the
inlet flow velocity, whose input data are the results of
the previous simulation (Study 2), the turbulent flow
(figure 13).
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Figure 10. Setting of laminar flow
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Figure 12. Setting of turbulent flow
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Figure 13. Setting of laminar flow stop

5. INTERPRETATION OF THE RESULTS

In laminar flow, it is found that the velocity is
cancelled in certain areas of the machining gap [2],
[6, 7], (figure 14.). In figure 15, the pressure reduction
on the flow path from the processing gap is
highlighted. Therefore, the turbulent flow solution is
adopted, by increasing the inlet velocity, at vell. It
can be seen from figure 17 that the flow velocity does
not cancel, which allows washing of the machining
gap, but the velocity distribution is not uniform over
the machined surface. Finally, the flow velocity at the
electrolyte inlet is cancelled and the flow velocity
distribution is obtained after a time of 5 s, figure 18.
Even if the velocity is not constant, its values are so
small that the electrolytic liquid is considered
stationary. At this point, one can proceed to the ECM
polishing phase (the flow uniformity condition being
met). Figures 16 and 19 show the distribution of
velocities along the electrolyte path. The sequence
shown is repeated for model 2, shown in figures 20-
25.

Below are the results for workpiece number 1:
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Figure 14. Electrolyte velocity distribution in
the machining gap, in laminar flow
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Figure 15. Fluid pressure during turbulent flow
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Figure 16. Velocity distribution along the electrolyte
path for laminar flow (vel; = 0.02 m/s)
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Figure 17. Electrolyte velocity distribution in the machining
gap, turbulent flow
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Figure 18. Velocity distribution in the machining gap after
cancelling the input velocity, at t=5 s
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Figure 19. Velocity distribution along the electrolyte path
for turbulent flow (vel2 = 1.5 m/s)

The results for workpiece number 2:
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Figure 20. Electrolyte velocity distribution in

the machining gap, in laminar flow
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Figure 21. Fluid pressure during turbulent flow
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Figure 22. Velocity distribution along the electrolyte
path for laminar flow (vel; = 0.02 m/s)
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Figure 23. Electrolyte velocity distribution in the machining
gap, turbulent flow
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Figure 24. Velocity distribution in the machining gap after
cancelling the input velocity, at t=5 s
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Figure 25. Velocity distribution along the electrolyte path
for turbulent flow (vel2 = 2 m/s)

Below are the results for workpiece number 3:
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Figure 26. Electrolyte velocity distribution in
the machining gap, in laminar flow

6. EXPERIMENTAL RESULTS

The experimental results obtained by the method of
intermittent electrolyte flow and ECM finishing, 3
min, an area of 4.9 cm? of a stainless steel with 12%
Cr, (see figure 3) are presented in table 3:

Table 3. Resulted roughness in relation with the current

density
Initial Ra

J 1[A] nﬁ;a Final Ra | roughness

Alem? )

[A/em’] [um] [nm] [o]
0,1 0.5 0.298 0.258 13.4
0,15 0.75 0.356 0.278 21.9
0,2 1 0.3 0.223 25.7
0,3 1.5 0.449 0.318 29.2
0,4 2 0.44 0.373 15.2

The graphical representation of the roughness as a
function of the current density (J) on the machined
surface (figure 32) shows that the maximum decrease
of Ra is obtained at J=0.3 A/cm?.

An SEM QUANTA INSPECT F50 image of the
machined surface (figure 33) shows uneven sampling
of the material due to light-colored Cr carbide
particles less than 1 pm in size, usual in the
composition of stainless steel with 12% Cr.

® Initial Ra ™ Ra after ECM polishing

0.5
0.45
0.4
0.35

0.3
0.25
0.2
0.15
0.1
0.05
0
0.1 0.15 0.2 0.3 04

J[A/em2]

Ra[pm]

Figure 27. Variation of Ra as a function of current density J
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Figure 28. SEM images of the machined surface
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7. CONCLUSIONS

The contributions of the work are the numerical
simulation of the electrolyte flow during the polishing
(finishing) of the ECM, according to a logical scheme
that aimed to smooth the flow on the processed
surface.

This was achieved by applying the following phases:

* Laminar flow simulation to check the speed
distribution in the processing area.

* Turbulent high-speed flow for washing the
machining working gap, respectively removing the
resulting ECM products.

» Stopping the flow after 5s and proceeding with
ECM for 3 minutes.

The experimental results obtained, which validated
the numerical simulations, highlight the decrease of
about 25% of Ra by this method of ECM over a
stainless steel with 12% Cr.

SEM images show non-uniform material sampling
due to Cr-carbide particles in the stainless-steel
composition.

8. FURTHER RESEARCH
Potential areas for further research include:

a. Optimizing the current density on the processed
surface.

b. The use of a more efficient electrolyte for stainless
steel processing.

c. Optimizing its concentration and temperature.

d. Optimizing the processing gap.

e. Improvement of the experimental stand (electrolyte
filtration, temperature, and PH control in real time).
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