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Application of laser and electrochemical interaction in sequential
and hybrid micromachining processes
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Abstract. One of the research and development trends in nowadays manufacturing technology is integration of different manufacturing
techniques into single machine tool. In the first part of the paper possibilities, goals, reasons and advantages of thermal and electrochemical
interaction have been characterized. As literature review indicates such a connection can be realized as sequential or hybrid machining. The
second part of the paper focuses on detailed analysis of laser assisted electrochemical process. For this purpose, the mathematical model
of workpiece heating has been developed. Based on obtained results and literature review possibilities of technical realization and potential

application have been discussed.
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1. Introduction

Production of micro-details is a dynamically developing area
of production technologies application. In serial production
the most popular methods are micro-cutting (turning, milling
and drilling), micro-plastic forming and micro - laser beam
machining. One can state that in the group of micromanufac-
turing methods application of unconventional technologies,
such as electrochemical and electrodischarge machining, has
a special place because of their high efficiency in shaping 3D
structures. It is also worth to underline that this methods are
not suitable for serial production and potential area of appli-
cation is prototypes, technological tooling, MEMS parts and
tools manufacturing.

As in the macromanufacturing, advanced materials play
an increasingly important role in shaping microparts. The
improved thermal, chemical, and mechanical properties of
the material gives substantial benefits to the product design
and performance, however makes the traditional machining
processes unable to machine them in an economical way or
to machine in general. Therefore, in the group of methods
dedicated to machining of technological equipment, MEMS
parts, functional prototypes and tools for micro-casting and
micro-forming special attention is paid to the application of
microcutting and unconventional processes such as the laser
beam, electrodischarge and electrochemical machining. The
recent development is focused on manufacturing of 3D-shaped
surfaces. In case of microcutting the main problem during ma-
chining is connected with a size effect [1, 2]. Significant resis-
tance limits its application to machining of 3D parts made of
soft materials and dimensions > 50 pum. Because of this fact a
special attention is paid to unconventional processes such as:
electrochemical (ECMM) and electrodischarge (EDMM) mi-
cromachining, however its disadvantages such as low precision
and low productivity also affect quality of machining [3, 4].
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One of the research and development trends in nowadays
manufacturing technology is integration of different manufac-
turing techniques into a single machine tool. The goal of such
a solution is to increase machining efficiency or shorten a pro-
duction chain. In this aspect integration is defined as combina-
tion of different manufacturing technologies in a single work-
station to obtain a product with high and clearly defined fea-
tures. Such a solution can be justified by economical or syner-
getic reasons. In the first case it results in combine or complete
machining and in the second one it leads to a hybrid process.

The combine machining involves at least two different ma-
chining technologies on the single machine tool or it links two
different machine tools in production chain to obtain highly
advanced product. The complete machining is connected with
full shaping of the part on the single machine without fixing
change. With application of combine and complete machining
following advantages are connected: decrease of machining
time (minimization of setup time), machining costs reduction
and increase of product quality.

While the hybrid machining process (HMP) can be defined
as a combination of different machining actions or phases to
be used on the material being removed. The reasons for de-
veloping HMP are to make use of the combined or mutually
enhanced advantages, and to avoid or reduce some adverse
effects the constituent processes produce when they are indi-
vidually applied [3-5]. An adequate selection of mechanical,
thermal and chemical interaction on the machined material
gives possibility to obtain beneficial technological solutions.
As an example on can indicate ultrasonically assisted elec-
trodischarge machining, ultrasonically assisted electrochem-
ical machining, abrasive electrochemical grinding, abrasive
electrodischarge grinding or electrochemical discharge ma-
chining [6, 7]. In the group of combined effects the special
place takes thermal and electrochemical (especially laser ra-
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diation) interaction. Such combination can be implemented
as sequential (complete or combine) machining or as hybrid
machining process.

2. Electrochemical machining

Electrochemical machining (ECM) is an important technolo-
gy, especially in machining difficult-to-cut alloys and to shape
free form surfaces [3]. In ECM, material is removed by the
electrochemical dissolution process, so part is machined with-
out inducing residual stress and without tool wear. In compar-
ison to conventional methods, the main advantages of ECM
are as follows: material removal rate does not depend on ma-
terial hardness, there is no tool wear during machining (when
machining parameters are optimal), good surface quality after
machining (there is no significant changes in surface layer).
Such advantages make the electrochemical machining one of
the most attractive method for manufacturing of micro 3D
structures made of conductive materials [4, 8]. The one of
the main problems in ECMM is to achieve high localisation
of dissolution process, what define limits of machined detail
accuracy and dimensions.

In order to improve the precision and efficiency of the
ECM the electrochemical dissolution must be controlled and
limited. One way to improve machining resolution is to lo-
cate process in the specific areas. Several studies aimed at
improving the conditions of electrochemical dissolution were
conducted. They include, among others: application of smaller
inter electrode gaps, the use of insulated electrodes, process-
ing with use of rotating electrode or the use of short voltage
pulse processing [9-12].

One of the solutions to improve electrochemical machin-
ing accuracy can be integration with other technologies. In
the next paragraphs the possibilities of laser beam application
for this purpose has been discussed.

3. The possibilities of laser radiation
and electrochemical dissolution interaction

The combination of the laser radiation and electrochemical
impact on the machined material can be applied as combine
process, where laser is applied to modify properties of sur-
face layer (applying mask on the workpiece surface), and as
a hybrid machining process, where two following variations
can be distinguished:

e laser assisted electrochemical machining (LAECM, the rea-
son of combination is to improve accuracy of electrochem-
ical machining) [13-15],

e clectrochemically assisted laser machining (EALBM), the
reason of electrochemical effect introduction is improve-
ment the workpiece surface layer quality by minimization
of, typical for laser beam machining, heat affected zone [16,
17]. The process is carried in similar way to laser drilling
or cutting, but the beam is run in electrolyte jet supplied
from the jet nozzle connected to negative voltage pole and
the workpiece is connected to positive voltage source. In
laser machining, the precision of machining is limited by
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the strong evaporation or melting. Thanks to electrochem-
ical interaction re-deposition and thermal stress can hardly
be avoided. The advantage of the process burr less and
stress free processing in comparison to LBM.

In case of sequential connection of laser and electrochem-
ical machining, the laser radiation is used for positive or neg-
ative workpiece surface masking, which then is electrochem-
ically machined. The process is carried in similar way to the
lithographic one, but instead of series of chemical treatments
the laser radiation is applied.

The example of excimer laser application for positive mask
registration on the titanium surface has been presented in
[18, 19]. Process takes place in four steps: anodizing, laser
masking, electrochemical dissolution and ultrasonic cleaning
(Fig. 1). As was mentioned before, steps are similar to litho-
graphic methods, but it is worth to mention following ad-
vantages i.e. relatively inexpensive way of mask registration
(masking takes place in air, no major requirement for room
cleanliness), environmentally friendly processing (significant-
ly less chemicals agents) and greater process flexibility (the
process is more effective in short and prototype series). While
the disadvantages includes relative (in comparison to lithogra-
phy) long time of mask registration (tens of minutes). The ex-
ample of this process possibility has been presented in Fig. 2.

~<— titanium

-«— oxide

anodic oxidation

I

excimer laser
irradiation

\_/

dissolution

ultra-sonic cleaning ~— <—>=

Fig. 1. Scheme of the laser — electrochemical sequence applied to
structuring the titanium alloy after Ref. 19

Fig. 2. Example of application laser beam masking and electrochem-

ical dissolution sequence to structuring titanium alloy. The structure

consisting of four arrays of grooves has been etched in two levels
into larger cavities linked by channels after Ref. 19
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A focused laser beam can be also used to apply nega-
tive mask on the workpiece surface (Fig. 3). As the result
of the laser impact thin layer of nonconductive oxides CryOs,
FeO and Feo O3 and some structural changes on the workpiece
surface occur [20-22]. These areas are characterized by sig-
nificantly lower electrical conductivity and therefore, a ratio
of electrochemical dissolution is smaller in comparison with
a native material. Thanks to fiber optics and technological
equipment positive laser masking and electrochemical disso-
lution can be carried out on the same machine tool. Electro-
chemical dissolution takes place in water solution of NaNOj3
with interelectrode voltage U = 11.5 V, pulse time t; = 50
(s, pause time ¢, = 500 us and relative big interelectrode gap
S, = 200 pm. Sequence of laser masking and electrochemical
dissolution can be repeated a few times, what extends capa-
bilities of this method in comparison to other lithographic one
(Fig. 4).

Laser beam
Unmarked Marked
surface surface
7 /7]
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l Workpiece I Workpiece | Workpiece
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Fig. 3. Scheme presents the laser beam application for registering the

negative mask on the electrochemically dissolved surface: a) reg-

istering the mask, b) electrochemical dissolution and c) ultrasonic
cleaning after Ref. 22
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Fig. 4. Example of laser beam and electrochemical etching sequence
application for multi-step microstructuring of the steel after Ref. 22

It should be mentioned that area of the laser beam and
electrochemical dissolution sequence application is surface
machining i.e. microstructuring for medical application. Due
to problems of reliable laser beam masking such methods have
limited possibility of application in 3D sculptured machining.

Bull. Pol. Ac.: Tech. 63(1) 2015

4. Laser assisted electrochemical machining

4.1. Physical fundamentals of the electrochemical process
laser assistance. From thermodynamic point of view the
electrochemical anodic dissolution begins, when the energy
of the metal ions become higher than the desired reaction ac-
tivation energy F,. In general, it can be stated that to achieve
good machining effects two solutions occur: decrease of the
activation energy barrier or increase of the energy of the metal
ions located in an inner Helmholtz plane of electrical double
layer between anode and electrolyte.

In the first case it is realized by a set of the proper posi-
tive overpotential of the workpiece surface, which results from
electric field distribution and relation between diffusion, con-
vection and migration of ions in an electrolyte layer adjacent
to the workpiece. Speed of an electrochemical process is a
function of current density, so according to the Buttler-Volmer
equation [23] electric field and overpotential distribution over
the workpiece surface defines the amount of machined mate-
rial in desired areas of the workpiece. Therefore, to achieve
necessary in micromachining high electrochemical process lo-
calization, the primary current density which results from uni-
form distribution of electric field has to be modified. The main
research trends in this area is to apply the voltage pulses in
range of micro to nanosecond [8—11].

The activation energy of the electrochemical reaction is
determined by the electrical potential and temperature. At
a higher temperature there is a greater proportion of elec-
troactive ions with the required activation energy E > E|,.
Changing the temperature does not however change the ac-
tivation energy but only changes the frequency of collisions
and the proportion of reactants with the kinetic energy E that
is greater than or equal to the activation energy F, necessary
to disintegrate crystalline structure (break up the ionic lattice
and separate the ion). The effect of temperature on the rate of
these processes is described by following Arrhenius equation:

EoAT
RT, (Tp + AT) )’

where Ty — initial surface temperature, AT — temperature in-
crease due to laser irradiation, ig — current density during
electrochemical process without heating, ¢ — current density
during electrochemical process thermally enhanced, R — gas
constant, I/, — activation energy. Presented on the Fig. 5 rela-
tions indicate, that increase of workpiece surface temperature
results in several time current density increase. This effect is
strongly dependent on the F, value — the higher F, then the
temperature increase gives better results. For electrochemical
anodic dissolution E, is about 30 kJ/mol but for deposition
(inverse process) is much higher, what cause that this method
is more effective for the electrochemical additive process. It
has to be underlined, that the current density 7 increase is
limited by the electrolyte boiling temperature and speed of
electroactive ions diffusion (limited current 7) [23].

From the above presented discussion, it can be stated, that
application of selective area workpiece heating gives a pos-
sibility to localize the electrochemical dissolution. The heat
source has to be local, rapid and easy controllable, therefore

iL:ioeXp( (1)
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the laser radiation is preferred in this kind of application. The
advantages of laser beam heating over the other heating meth-
ods are the rapid, high and local temperature rise of the heated
surface (the only desired volume of material can be heated).
Therefore, the heat affected zone and thermal distortion by
the laser beam are small due to the controllable spot size and
power density.

250 T T T i T T

— E,=30; kJ/mol ' i :

- Ea=50; kJ/mol
e I - E,=70; kdfmol [T 7
150 3

Fig. 5. Relationships between workpiece surface temperature and
electrochemical process rate increase for different values of activa-
tion energy F, (calculated from relation 1)

Research on laser enhanced chemical and electrochemical
reaction has been carried out since seventies of XX centu-
ry [24, 25]. Generally, according to these publications, the
positive effect of laser irradiation is connected with:

e local electrolyte temperature increase, what results in addi-
tional convective movement in the fluid (electrolyte mixing
and decrease of concentration overpotential) and increase
of electrolyte conductivity (according to Bruggeman rela-
tion),

e increase of charge transfer rate on the workpiece — elec-
trolyte interface resulting from workpiece temperature in-
crease,

e decrease of workpiece equalibrum potential.

Some negative effects of laser assistance is:

e increased probability of sparking due to electrolyte boiling
and intensified gas formation,

e increased chance of thermal stresses and heat affected zone
in workpiece surface layer.

4.2. Mathematical modeling of laser influence in electro-
chemical machining. Understanding the capabilities and lim-
itations of laser machining requires the knowledge of physical
processes occurring during the laser beam interactions with
materials. When the laser beam incidents the surface of a
material, various phenomena occur include: reflection, refrac-
tion, absorption, scattering, and transmission. However, the
most desirable phenomena in the laser processing of materi-
als is the absorption of the radiation, which in general results
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in various effects such heating, melting and vaporization. The
extent of these effects primarily depends on the characteristic
of laser beam and the thermo-physical properties of the mater-
ial. The laser parameters include: intensity, wavelength, angle
of incidence, polarization, illumination time, whereas the ma-
terials parameters include: absorptivity, thermal conductivity,
specific heat, density, latent heat [26].

In the present mathematical modelling the effect of laser
beam polarization on reflection and changes of workpiece
temperature due to laser heating has been considered. In anal-
ogy to laser cutting process where polarization of the laser
beam influences cutting quality this factor should be also taken
into account during laser enhanced electrochemical process.
In laser system configuration with perpendicular polarization,
the electric field vector is oriented perpendicular to the ma-
chining direction and extends into the side walls of the cut as
opposed to running along the direction of cutting. It results in
large temperature gradient on the edges but cut quality is not
satisfactory (Fig. 6a). On the other side, the edges of the cut
quality is much better for the parallel polarization (Fig. 6¢)
but the cutting speed is significantly lower than when cutting
with perpendicular polarization. Intermediate solution is the
use of circular polarization (Fig. 6b) [27]. Thus analogous to
laser cutting has to be also taken into account during laser as-
sistance of electrochemical dissolution, therefore in presented
analysis two directions of laser beam polarization in relation
to the direction of cutting has been considered: parallel (P)
and perpendicular (S).

TN
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Fig. 6. Results of cutting with parallel, circular and perpendicular
polarized laser beam after Ref. 27

During calculation, the following data has been assumed:

e Laser type: DPSS Nd:YaG, wavelength A = 532 nm,
e Pulse repetition rate: f = 9 kHz,

e Pulse energy: 2.5 mJ,

e Output power: P =23 W,

e Beam diameter: wy = 0.9 mm.

First of all, based on the Fresnel formulas the reflectivity
for the parallel and perpendicular polarization has been calcu-
lated. The reflection coefficient r is depending on the material
parameters according to following equations [28]:

M1 2 2 .
njcosa — —4 /N5 — nysin‘«
Err - o /’[/2
= = Ts = @
E; P foo o 2
n1cosSa + —4/n5 —nisin”«
H2

2
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H2

where 111, (o — magnetic permeability of media 1 and 2, re-
spectively, n; and nq are the indices of refraction of the two
media, F; — electric field of the incident beam; F, — electric
field of the reflected beam and « stands for the angle of beam
incidence. When the phase differences between the fields are
not of interest it is advisable not to use the amplitudes but
the squares of the absolute values of the amplitudes. Rs and
R, thus give the ratio of the intensities of the incident waves
respectively [28]:

Ry = |Ts|27

“)

It has to be mentioned, that the relation Rp(a) between re-
flectance and angle of incidence for parallel polarization is
characterized by Brewster’s angle when the reflection of the
beam is equal to zero. Theoretically, the process should be car-
ried in this angle of laser beam incidence, but in practice due
to elliptical cross section of the beam anisotropic decrease in
power density occurs, which excludes the work in this angle.

The optical properties of metals are dictated by its permit-
tivity € and the Drude model is traditionally used to determine
¢ in the considered range of light frequencies. Assuming iron
as machined material and the laser wavelength used in model
(A = 532 nm), the correction factor for reflection is equal
0.5 [29].

2
Ry = |rp|”
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Fig. 7. The dependence of angle of incident at the absorbed laser
power and power density for perpendicular polarization

In Figs. 8 and 9 the relations between of the absorbed
laser power and power density from angle of incidence has
been presented. On the basis of a simulation carried for per-
pendicular polarization one can see that angle of incidence
increase, decreases the power density. To keep a high energy
absorption and isotropic power distribution in the beam the
angle of incidence range should be within the limits of zero
to 20 degrees. The situation is similar if the parallel polariza-
tion is applied (Fig. 9). There is significant decrease of power

Bull. Pol. Ac.: Tech. 63(1) 2015

density with increasing laser beam angle of incidence. Same
as in the previous situation, the range of angle of incidence
should be within the limits zero to 20 degrees.

Parallel polarization
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Fig. 8. The dependence of angle of incident at the absorbed laser
power and power density for parallel polarization
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Fig. 9. Temperature rise in material, depending on processing time
for v = 10 mm/min and laser beam waist w, = 0.9 mm

The next step in the calculations was to incorporate
changes in temperature on the surface of the machined work-
piece. Boundary conditions and data assumed during of mod-
eling are as follows:

e no heat exchange by radiation, convection and electrolyte
flow,

o the workpiece has limited heat capacity, the clamping en-
sures ideal thermal insulation,

e analysis has been performed for workpiece with a plane
surface that extends into half-space,

e data to calculate the temperature change of the material: T
— room temperature, mass density p = 7900 kg/m?, spe-
cific heat ¢ = 455 J/(kg-K), machining velocity v = 0.01
to 60 mm/s, heat conductivity K = 58 W/(m-K), resulting
laser power P = 13 W.
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At distances that are large compared to the laser spot size
on the surface the details of the laser intensity distribution are
inessential, therefore in that case the source can be assumed
to be a point one. In the analyzed case the idea is to apply
laser beam to support electrochemical micro-machining, so
assumption that the temperature distribution will be conducted
in accordance with Gaussian intensity distribution is correct.
For modeling purpose it has been assumed that within the
beam radius 87% of the beam power is contained. The tem-
perature distribution is given by the following formula [28]:

t
2P 1
T(Zayvzat)fToo: —in
pc drr(t —t')

1 _ _ "2 2
N ] Gy R W ©)
drr(t —t') +

X ex —272 dt’
P Akt — 1) ’

where P, = 0.87 P — corrected laser power, wg — beam waist,
p — mass density, ¢ — specific heat capacity, x — temperature
conductivity.

Figure 9 shows the temperature distribution in the work-
piece during the interaction of the laser beam. One can see
that after the time of one millisecond the increase in temper-
ature is already at the limit boiling of the electrolyte. Con-
tinuation of the laser heating of surface causes boiling of the
electrolyte and stops electrochemical treatment. In the Fig. 10
one can see that the increase of the laser beam diameter to
w, = 1.8 mm decreases the temperature of the surface which
has a positive effect on the analyzed process. However, ob-
tained results indicate that laser assistance should be carried
out in a discrete way.

N w2
drk(t —t) + 2

3
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2
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40_.....“...'}.*.'. ................................. I R ==-t=100 us
S e t=1 ms
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AT K]

2
workpiece depth [m]

x 10

Fig. 10. Temperature rise in material depending on processing time
for v = 10 mm/min and laser beam w, = 1.8 mm

It can be assumed that the current density is related to
a speed of the electrochemical process (be it dissolution or
deposition). Thanks to Archenius law the relation between sur-
face temperature and electrochemical reaction velocity can be
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described with Eq. (1). The effect of workpiece surface tem-
perature on current increase has been presented in Fig. 12.
A temperature increase AT = 60 K causes significant in-
crease of current density (about sixty times). One can state,
that it is a theoretical value, and did not take into account mass
transport limitations connected with diffusion of dissolved ma-
terial and thermal limitations connected with increased Joule
heating. However, based on this analysis one can state about
potential capabilities of electrochemical dissolution or depo-
sition laser intensification.
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Fig. 11. The effect of workpiece surface temperature increase on
current increase, AT = 60 K, wp = 1.8 mm
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Fig. 12. Comparison of the surface profile after electrochemical
(ECM) and laser assisted electrochemical machining (LECM). The
current density ¢ = 4.4 A/em?, electrolyte 15% water solution of
NH4NO3, U = 12 V, machining time 90 s, electrolyte flow rate
(Q = 1.14 1/min, machined material 145CrVe6 tool steel after Ref. 13

4.3. Potential application and limits of electrochemical
process laser assistance. To obtain an effective thermal en-
hancement of electrochemical machining, the heat source
should be local, rapid and controllable, what makes the laser
preferable as a main choice for this application. The advan-
tages of laser beam heating over the other heating meth-
ods are the rapid, high and local temperature rise of the
heated surface (only the desired volume of material can be
heated). Therefore, the heat affected zone and thermal dis-
tortion by the laser beam are small due to the controllable
spot size and power density. Effective heating of a work-
piece surface is dependent on the amount of radiation ab-
sorbed by electrolyte covering the surface. It has been evi-
denced that for the typical conditions of dissolution due to
a low absorption coefficient in electrolyte the best choice
is a green laser with the wavelength within the range 470-
560 nm [17].

The main problems of laser application in electrochemi-
cal processing are repeatability of laser radiation conditions

Bull. Pol. Ac.: Tech. 63(1) 2015
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and some limitations of the machining depth. Therefore, laser
assistance in machining processes based on electrochemical
dissolution up to now has limited industrial application. In-
vestigations which confirmed positive effect of laser beam on
electrochemical dissolution rate have been presented in [13].
The research was carried on the specially designed test stand,
which enabled to dissolve material by application of ring elec-
trode tool with parallel CO; laser assistance. One of the im-
portant conclusions from this research is, that laser irradiation
is especially helpful when the anodic dissolution is carried
out on the border between passive and transpassive state. One
can conclude that the barrier of electrochemical dissolution
laser assistance are: mass transport limitations (mainly speed
limits of electroactive particles diffusion from and towards
the anode) and heat dissipation limitations (heat connected
with laser radiation and increased speed of electrochemical
process).

The introduction of the laser beam in the electrochemical
deposition process provides more application possibilities. Be-
cause of much higher activation energy of this process, the
laser assistance results in almost a thousand times increase of
deposition velocity [24, 30]. Typical example of such effective
laser application has been described in [31]. The scheme of
this process has been presented in Fig. 13. The copper anode
has been immersed in mixture of CuSO,, HySO4 and HCI,
the interelectrode distance has been adjusted to 5 mm and
connected to the external current source. The interelectrode
voltage value has been set slightly below the copper deposi-
tion border (U = 20-22 mV). Then, the workpiece surface
has been selectively heated with application of DPSS green
laser (A = 532 nm) with pulse frequency 25 kHz and pulse

650 yum

S

660 m

e

(a) (b)

time within the range 20-70 ns. In these areas the copper
deposition occurs. The width of the copper layer has been
related to applied laser power and laser beam scanning ve-
locity and has been in range 450-650 pm — this parameters
define local workpiece temperature increase. The thickness of
deposited copper layer is about 10 pm (Fig. 14).

Laser

Power Supply

Cu Anode —] Electrolyte
SS Cathode i . ons
D S — 10 NP

Container

CNC Table

Fig. 13. Laser-controlled selectively electroplating configuration,
Ref. 31

Generally one can state that the potential application of
laser enhanced electrochemical machining is workpiece sur-
face structuring, especially for biomedical and bearing ap-
plications. In such applications surface topography plays an
important role i.e. in cell attachment and differentiation or lu-
brication improvement. Application of laser enhanced ECM
gives possibility to fabricate series of micrometer sized cav-
ities of different size and separation distance, what can be
useful for the changes of such surfaces’ functional proper-
ties.

Fig. 14. Copper deposition distributed across each line after 20 scans with different scanning speeds: a) 100 mm/s, b) 200 mm/s, ¢) 300 mm/s,
with the laser power of 3.3 W; SEM micrograph cross-section of the copper track illustrating the copper plating in the electrode—electrolyte
interface (b), Ref. 31
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Based on the literature analysis and the author’s experi-
ence, the main barrier of laser radiation application during
electrochemical treatment is the technical aspect related to
precise supply of the beam to machining zone. In case of ma-
terial removal (dissolution) laser beam supply could be solved
in two ways:

e by supplying the beam in the micro electrochemical milling
(Fig. 15), but in this case numerous problems occur with
providing constant laser radiation density power (it strong-
ly depends on beam angle of coincidence «, as presented
in Fig. 16). Such test stand has been designed on in the
Institute of Production Engineering of Cracow University
of Technology. The test stand has been equipped with XYZ
moving table, pulse ECM generator and the laser source —
DPSS Nd:YaG, wavelength 532 nm. Optical fibre has been
applied to deliver laser beam directly to processing area.
The fibre has been ended with a polarizer and an adjustable
focusing lens in order to change the laser energy density
by changing the laser beam spot size on machining area.
Such a solution enables the control of laser assistance para-
meters in order to control the electrochemical process rate
and accuracy,

e by application of electrolyte jet — guided laser beam (the
use of a total internal reflection phenomenon), in this case
the workpiece is machined with application of electrolyte
jet (Fig. 17).

a)

b)

DPSS LASER KTP 532nm
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Fig. 15. Scheme of kinematics in electrochemical milling regime (a)
and a conception of a research test stand for such an application,
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Fig. 16. Relation between power density and angle of incidence for
laser beam w, = 0.9 mm and w, = 1.8 mm
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Fig. 17. Scheme of application of laser assistance during electro-

chemical jet machining with the use of a total internal reflection

phenomenon (conception based on Laser MicroJet solution by Syn-
ova S.A. company)

5. Summary

Combination of thermal and electrochemical interaction on
the machined material gives a possibility to obtain advanced
technological solutions. Thermal and electrochemical energy
sources integrated in a single machine tool can be combined
into the sequence or hybrid machining process. In the first
case, the potential benefits are: decreased machining time,
shortening of the production chain, reduction of machining
costs and increase of a product quality.

An application of the thermal energy source in a hybrid
electrochemical machining process gives a possibility to local
increase of dissolution or deposition velocity, which results in
a machining accuracy increase. Taking into account that dur-
ing analyzed connection a heat source should be local, rapid
and controllable one can state that a laser beam is preferred
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for this application. Due to the controllable spot size and pow-
er density such a solution gives a possibility to heat only a
desired volume of material and minimalize the heat affected
zone and thermal distortion. The analysis of the literature has
shown that due to a low absorption coefficient in electrolyte,
preferred for such an application is a green laser with the
wavelength within the range 470-560 nm (especially DPSS
Nd:YAG). Additionally, the power density of the laser beam
has to be chosen carefully with the condition for electrolyte
T < Tyoit (Tyoi — electrolyte boiling temperature).

Therefore, in order to properly select laser radiation inten-
sity the mathematical model has been developed. The model
considers the effect of laser beam polarization on reflection
and changes of workpiece temperature due to laser heating.
One can state, that the described mathematical modeling pro-
cedure can be utilized to check condition connected with an
electrolyte temperature increase.

Generally, one can state that the potential application of
laser enhanced electrochemical machining is workpiece sur-
face structuring, especially for biomedical and bearing appli-
cations. Laser assistance may have application in electrochem-
ical dissolution and deposition operations, however, the main
barrier of laser radiation application during electrochemical
treatement is a technical aspect connected with a precise sup-
plying the beam to the machining zone. Laser beam supplying
into the machining area could be implemented in electrochem-
ical milling or by application of the electrolyte jet — guided
laser beam. In both cases application of a pulse laser to assist
the process of electrochemical treatment requires the use of
suitable sophisticated equipment.

The test stand for research on laser enhanced electrochem-
ical machining has been designed in the Institute of Produc-
tion Engineering of Cracow University of Technology, which
gives a possibility to carry out the research in this area and
probe the presented assumption correctness.
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