Int J Adv Manuf Technol (2016) 87:177-187
DOI 10.1007/s00170-016-8392-z

CrossMark

@

ORIGINAL ARTICLE

Discussion of ultrashort voltage pulses electrochemical

micromachining: a review

Sebastian Skoczypiec!

Received: 12 November 2015 / Accepted: 14 January 2016 / Published online: 18 February 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract One of the most effective way of electrochemical
machining (ECM) accuracy increase is to carry out process
with application of voltage pulses. In one of the variants
of ECM, ultra short (nono- or picosecond range) voltage
pulses are applied. It gives possibility to achieve high local-
ization of electrochemical dissolution process and allows to
machine microparts with accuracy less than 0.01 mm. How-
ever, because of the process principles, this variant of ECM
has number of limitations which stop its wider applica-
tion in micromanufacturing industry. Based on the literature
review, the physical principles of ultrashort voltage pulses
electrochemical machining were presented and anodic dis-
solution localization issues were discussed. Also, differ-
ences between other electrochemical machining variants
were underlined. It gave possibility to identify limitations
and future perspectives of industrial applications.

Keywords Micromachining - Electrochemical
machining - Ultrashort pulses

1 Introduction

In aspect of machining parts miniaturization, manufacturing
methods in which material is removed by electrical, ther-
mal, or chemical interaction have a number of advantages
in comparison to cutting. The most important of them are:
no mechanical contact between tool and workpiece (smaller
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deformations and vibrations in machining area, less chance
to damage tool and workpiece), machinability does not
depend on mechanical properties of material (it depends on
thermal, electrical, optical, or chemical properties of mate-
rial), possibility of machining broad range of materials, and
efficiency in the production of prototypes and small series
(flexibility).

Application of unconventional manufacturing methods
for microparts shaping is connected with top-down philos-
ophy, what means production of smaller parts with appli-
cation of appropriately modified production systems which
are commonly used in macromanufacturing. These mod-
ification relate to increase of machining resolution and
improvement of machine-tools and tooling accuracy [30].

Machining resolution is strictly connected to unit
removal (UR), which is defined as part of the workpiece
removed during one cycle of removal action [44]. For exam-
ple in electrodischarge machining, it is volume of material
eroded in single discharge and in cutting it can be identified
with minimum chip thickness. UR determines the smallest
adjustable dimension and precision of machining, therefore
in micromachining UR should be as small as possible.

Electrochemical machining (ECM) is an important tech-
nology, especially in machining difficult-to-cut alloys and
to shape free-form surfaces. In ECM, material is removed
by electrochemical dissolution process and theoretically the
smallest UR is single ion; however, achieving high local-
ization of dissolution process is a key problem. The anodic
dissolution is accompanied by disadvantageous effect of
spreading the material removal zone on the distance signif-
icantly higher than interelectrode gap thickness. It results
from distribution of electric field in machining area and
is called as delocalization effect. Therefore, the electro-
chemical dissolution should be controlled and limited only
to specific areas. Several studies aimed at improving the
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conditions of electrochemical dissolution were conducted,
and the most effective seems the application of a ultrashort
pulse voltage (in nano- or picosecond range). However,
despite of large potential of this process in laboratory scale,
this variant of electrochemical machining has not yet found
wide application in the industry.

In the paper, physical principles of ultrashort volt-
age pulses electrochemical machining were presented and
anodic dissolution localization issues were discussed. It
gave possibility to identify limitations and perspectives of
industrial applications of this micromachining method.

2 Characteristic of electrochemical
micromachining

In electrochemical machining, allowance is removed by
electrochemical dissolution by applying voltage (constant
or pulse) between two electrodes: tool (cathode) and work-
piece (anode). In outer electric circuit, charge is transported
by electrons but in space between the electrodes there is
an electrolyte and electric charge is transported by ions.
The change of electronic to ionic conduction is possible
due to electrochemical reactions that take place on the
electrode-electrolyte borders. One of these reactions is dis-
solution of anode (workpiece) material. One can state the
following advantages of this process [3, 8, 15]: no electrode-
tool wear, high productivity (significantly higher than in
electrodischarge micromachining), and good surface qual-
ity (machining allowance is removed atom by atom via
the electrochemical dissolution process in a temperature
lower than 373 K, which introduces no significant changes
in the surface layer of the machined material). Addition-
ally, machining productivity does not depend on the mate-
rial mechanical properties. Allowance in electrochemical
micromachining (ECMM) can be removed in electrochem-
ical sinking or drilling [1, 47] and in the kinematics of
milling with the application of a universal electrode-tool
(3D-ECMM) [15, 17, 26, 42]. In the former, the shape of
the machined surface is a reproduction of the electrode-
tool shape, and in the latter, it is a reproduction of the
electrode-tool path in 3D space. In the electrochemical sink-
ing process, the most important problem is to manufacture
a small electrode-tool with a complicated shape. There-
fore, the electrode manufacturing cost is high and the range
of dimensions is very limited. Another problem is effi-
cient supply of an electrolyte to the gap. In 3D-ECMM,
shape of the parts results from three-dimensional electrode
movement, therefore, a simple electrode-tool shape can
be applied (i.e., cylindrical with a flat or spherical tip),
which significantly decreases the cost of manufacturing.
However, a special 3-D drive system application is then
necessary.
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The main problem in ECMM is to create conditions for
the electrochemical dissolution localization. During the pro-
cess, the tool and the workpiece are in distance equal to
interelectrode gap thickness S but area of anodic dissolution
is spreading over much greater distances than S. It cause
that area of dissolution is larger than the area of the elec-
trode tool, what is the reason for machining inaccuracy, an
increase in surface roughness and pitting occurrence.

Electrochemical machining accuracy is connected to cur-
rent density distribution over the machined surface. There-
fore, modification of the primary current density distribu-
tion (which results from the electrode and workpiece geom-
etry) is the main area of research in this field. One can state
the following solutions for the increase in electrochemical
machining accuracy [8]:

— Decrease of the interelectrode gap.

—  Proper selection of the electrolyte.

— Application of the gas-liquid mixture as an electrolyte.
—  Special design and/or insulation of the electrode tool.
— Application of a pulse voltage.

From the items listed above, the most effective is the
application of a pulse voltage [3, 7, 8]. Taking into account
the pulse time #; duration pulse electrochemical machining
(PECM) can be divided into three cases:

—  With pulse time #; > 1 ms,

—  With pulse time in the range of #; < 1 ms, (usually #; in
range 1-100 us),

—  With pulse time #; < 500 ns.

The pulse time range for these cases results from the con-
ditions of the electrochemical dissolutions and physical
phenomena responsible for dissolution localization.

From an electrochemical point of view in the first two
cases, the process is carried in a diffusion limited state,
which generally means that distribution of current den-
sity i is in close relation to the physical properties of the
electrolyte (i is mainly dependent on concentration over-
potential). In the first case, the main reason for applying
voltage pulses is to avoid the critical conditions (i.e., electri-
cal discharges); it makes possible machining with a smaller
interelectrode gap. Additionally, the increase of the machin-
ing accuracy results from a reduction of the change of elec-
trolyte properties along the interelectrode gap (reducing the
impact of electrolyte conductivity changes on shape errors)
[21, 35, 36]. A decrease of the pulse time to the microsecond
range enhances these effects, which causes further accu-
racy improvement. This results from the relations between
voltage drop, electrolyte temperature, and gap thickness,
which define the current density i. Due to the smaller gap
thickness, the electrolyte temperature increase AT is more
intensive, which is the reason for a more intense electrolyte
conductivity increase. Therefore, machining with higher
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current density i is possible. It gives opportunity to use rela-
tions nk, (i) and i (S) to localize anodic dissolution in areas
where the gap is smaller (nk, - electrochemical machinabil-
ity, S - interelectrode gap thickness). It is worth underlining
that the above relations are valid for a limited range of ;.
The criteria of ¢#; selection is an increase of % (v - slope
of dissolution) along with avoiding electrolyte boiling in the
gap. Microsecond PECM can be adopted for precision and
micropart manufacturing [2, 27, 31, 45, 48], and the limits
of adaptation are defined by critical states in the gap [22].
With optimal dissolution conditions, the accuracy of this
PECM variant reaches 10 pm.

In electrochemical machining with nanosecond voltage
pulses (ns-PECM), current density i is determined by acti-
vation overpotential, and the dissolution process is driven by
the periodic electric double layer charging and discharging
process. The time of double layer charging to the acti-
vation overpotential depends on gap thickness, therefore,
the voltage pulse length can define the spatial resolution
of machining (pulse time determine how far from the tool
workpiece surface reach activation overpotential). Accord-
ing to the Butler-Volmer equation (valid only in an active
state of dissolution), the current density i is exponentially
related to the overpotential, therefore, a small change of the
electrode potential leads to a large change of the current
density, thus the additional effect of dissolution localiza-
tion occurs [6, 18, 19, 40]. Such an effect is irrelevant in
machining with a longer pulse time (#; > 0, 5 us) because
the double layer is charged uniformly over the machining
surface, and machining is carried out in the diffusion-
limited state (the current density is determined by transport
phenomena in the gap). The ns-PECM process has been
developed especially for micropart manufacturing and gives
the possibility of shaping parts with dimensions of tens of
micrometers with a resolution < 1 um.

3 The specificity of ultrashort pulse
electrochemical machining (ns-PECM)

3.1 The physical principle of (ns-PECM)

The conception of ultrashort pulse electrochemical machin-
ing was developed by professor Rolf Schuster in Max-
Planck at the end of nineties of the last century. Originally,
the research was carried on a scanning tunneling microscope
platform [39], using—as a electrode tool—the tip of the
microscope. The obtained results gave possibility to develop
fundamentals of ultrashort pulse electrochemical machining
technology [6, 16, 18-20, 23, 24, 40].

In general, electrochemical processes depends on poten-
tial difference in electrical double layer (EDL) and chem-
ical composition of the inner Helmholtz plane. Electrical

double layer can be approximated by flat-plate capacitor
filled with ultrathin dielectric layer (thickness in range of
solvent particles dimension) with charge defined by elec-
trode equilibrium potential E,;. The connection of the
electrode to the external voltage source cause:

— rearrangement of the ions in EDL (it is proportional to
the value of charge-transfer current density i.),

— change of electrode potential E (the measure of this
change is overpotential defined as n = E — E,),

— mass transport via anode—electrolyte and cathode—
electrolyte interface (it is proportional to the Faraday
(mass transport) current density i 7).

According to the analogy between EDL and flat-plate
capacitor, the charge time constant T can be defined by:

T=RC=R-c-§ (D

where R-resistance of electrolyte, C—EDL capacity, c—
specific EDL capacity, S—distance between electrodes
(thickness of the interelectrode gap). In some approximation
value of t determines the duration of EDL charge or dis-
charge for two electrodes separated by gap S. From relation
(1), one can state that application of pulse time #; gives pos-
sibility to charge EDL up to specific capacity c¢ for values of
S for which time constant T < ¢;. If we assume that value
of ¢ corresponds with activation potential 1, of the electro-
chemical dissolution reaction, from relation (1) results also,
that workpiece will be actively polarized only in limited area
of interelectrode gap. According to Butler-Volmer equa-
tion, the speed of electrochemical reaction is exponentially
dependent from overpotential n and small changes in poten-
tial cause large changes in the current density, and hence the
dissolution rate (see Fig. 1) increases. It is worth to under-
line that such effect does not matter when machining with
direct or pulse current with long pulse time. In such cases,
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Fig.1 Calculated polarization of the EDL on the workpiece at the end
of a pulse #; = 50 ns, —1.6 V applied to a cylindrical tool electrode
versus the distance from the edge of the tool (solid line) and corre-
sponding Cu dissolution rate (dashed line); the zero of the x axis is
located at the edge of the tool [16, 40]
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EDL is uniformly charged over the machined surface and
dissolution is limited by diffusion rate. From Eq. 1 results,
that machining accuracy also depend on interelectrode gap
thickness (bigger gap means bigger resistance R).

It is worth to underline that explanation of dissolution
localization effect based on time constant T is an approx-
imation because it assumes only charge-transfer current i,
and ignores the simultaneous flow of faraday current i y (the
faraday current determine dissolution process). It was clar-
ified and developed by Kozak et. al. [23—25] mathematical
model which gives possibility to analyze relation between
electrode potential, dissolution current, and electrical charge
during ns-PECM process (Fig. 2).

The research carried out by prof. Schuster’s group indi-
cated possibility of high machining resolution increase. For
example, for 1.4301 steel thickness of lateral gap ~200 nm
and edge radius ~1 um was obtained [6]. Therefore, the
amount of research works in this field have increased sig-
nificantly. The research are mainly carried out in South
Korea [1, 12-15, 34, 41], Singapore and China [10, 28, 46,
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Fig. 2 Relation between electrode potential ¢ (a), dissolution current
i (b), and electrical charge ¢ (c¢) during ns-PECM process; results of
computer simulation of two pulses sequence changes in time at gap
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49-53], Poland [23, 24, 38, 43], and the USA [32]. These
papers mainly concern issues of machining resolution and
practical application of ns-PECM process. It is also worth
to underline that important place among these studies take
publications concerning mathematical modeling [23, 24].

3.2 Electrode-tool and workpiece configuration in
ns-PECM

In classical ECM process, the electrode-tool and workpiece
is connected to external power source and the voltage (con-
stant or pulse) between tool and workpiece is stabilized at
desired level. In such system, the potential of tool and work-
piece surface results from the phenomena occurring in the
gap between electrodes. While in ns-PECM, the potential
of workpiece surface during pulse has to be maintained at
constant level, therefore the machining is carried out with
application of potentiostat and pulse generator (Fig. 3) what
gives possibility to control the voltage difference between
a workpiece and reference electrode. The current necessary
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Fig. 3 Scheme of the electrode configuration in ns-PECM process;
1 workpiece (working electrode), 2 reference electrode, 3 auxiliary
electrode, 4 electrode-tool [16]

to maintain a constant anode potential, flows through the
auxiliary electrode.

The process of ns-PECM is carried in the interelec-
trode gap with thickness S < 10 um and the electrolyte
forced flow is extremals difficult. This makes the disso-
lution in transpassive state impossible and the process is
carried on in active state. As results from Pourbaix dia-
gram, with the increase of electrolyte acidity passivation
potential increases. Therefore, during the process, the acid
electrolytes are used (i.e., for 1.4301 steel mixture of 3M
HCI and 6M HF). Moreover, for pH < 2 oxide layers do

Fig. 4 Scheme of the ECM
localization idea; a flat
electrode, b shaped electrode, ¢
relation of dissolution velocity
v, (S) from interelectrode gap
thickness S, Sy, limiting
interelectrode gap thickness

not form and with change of electrode potential during dis-
solution a change of iron dissolved ions valence from Fe>*
to Fe3* take place. For these reasons, application of acid
electrolyte is one of the main condition for correct ns-PECM
process [6, 16]. To prevent corrosion is such a system anode
and cathode have negative potential (—200 mV) in relation
to reference electrode.

4 The localization of anode dissolution in ns-PECM
4.1 Localization factor

One of the conditions of machining process adaptation for
micromachining is decrease of unit removal (UR), which is
defined as part of the workpiece removed during one cycle
of removal action [44]. UR gives the limit of the smallest
adjustable dimensions of the part, so UR of sub-micrometer
range is required when the object size is very small or when
high precision of the product is required.

In ECM, there is no direct contact between tool and
workpiece (they are in distance equal to interelectrode gap
thickness ), and area of anodic dissolution is spreading
over much greater distances than S. These results from dis-
tribution of electrical field and current density in machining
area and is called as delocalization effect. The suitability of
ECM for micromachining can be described with localiza-
tion factor n, which is defined based on v, (S) relation (v,
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- dissolution velocity in direction normal to surface). For
ideal ECM process v, = <%* (curve 1 in Fig. 4) and, e.g.,
for So = 10S; v, has relative big value (10 % of v,). In
Fig. 4, curve 2 describes process with high dissolution local-
ization, in which for S > S7 dissolution process does not
occur. So, the localization factor n can be defined based on

the relation between % and %, which is as follows:
n

v\ (S52)"
(5)-(5) @

For ideal ECM process n = 1 and to localize the dissolution
n should be as high as possible

4.2 Factors determining the localization in ns-PECM

First assessment of anodic dissolution localization for ns-
PECM was presented in [16]. In general, localization
depends on voltage amplitude U and pulse time f;. The
comparison of side gap for cavities machined with different
values of #; and U (Fig. 5) indicates exponential relation of
accuracy from U. Relation from ¢; for ideal case (i.e., when
dissolution current is determined by activation overpoten-
tial) has linear character (Fig. 6). The machining proces is
carried out with retaliative small gap (S < 10 um), therefore
exchange of electrolyte with forced convection is extremely
difficult. Only in initial period of dissolution impact of
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Fig. 5 Array of holes drilled with different pulse parameters into
1.4301 stainless steel. The diameter of the holes increases with both the
pulse duration and the amplitude (tool: cylindrical Pt wire with 50 um
diameter, electrolyte 3M HCI/6M HF, machining time: for voltage
amplitude 1.5 and 2 V=5 min, for 3 and 4 V=20 s) [16]
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Fig. 6 Relation between side gap width and pulse duration obtained
with 50 pum diameter cylindrical tool positioned 0.5 um above the
1.4301 stainless steel surface (pulses with 1.6 V amplitude were
applied for 5 min, electrolyte 3M HC1/6M HF) [6]

charge transport limits are negligible (limiting current den-
sity iz is significantly higher than i), what is evident in
relation S(z;) (Fig. 6).

According to relation:

AV; = nkyg; 3)

where nk, - electrochemical machinability, volume mate-
rial removal rate in single voltage pulse V; is proportional to
charge ¢; that was passed through the gap. The value of g;
is proportional to interelectrode gap thickness S (Fig. 2d).
Based on this relation, dissolution process localization eval-
uation methodology was presented in [11, 23, 24]. Authors
proposed approximation of relation g; (S) as follows:

.S_A 4
Qz()—§~ “

where value of n characterizes dissolution process localiza-
tion (the higher n means better process localization). Based
on the developed process model and computer simulation,
the following relations between process parameters and n
were found:

— with ¢; increase the value of n decreases (localization is
getting worse),

— decrease of pulse voltage amplitude U increases n
(localization improves),

— increase electrolyte conductivity k causes decrease of n.

In [38], authors empirically verified conception of applica-
tion of exponent n as localization factor. Assumed form of
approximating function and introduction of dimensionless n
factor gives possibility to qualitative comparison of machin-
ing localization for different process parameters. However,
it is worth to underline that physical interpretation of con-
stant A in Eq. 4 is difficult, because its dimension depends
onn.
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Fig. 7 SEM images of
structures machined on gold
foil; electrolyte: 1 M mixture of
LiCl/DMSO, machining
parameters: a U =4.2V,
t;i=20ns;bU =52V,
t;=10ns;¢U =5.6 V,1; =20 ns;
dU=5.6V,t =11ns[29]

The key impact on ns-PECM resolution has electrolyte
conductivity, which determines speed of EDL charge. To
start dissolution in distance S from electrode tool, the poten-
tial difference in EDL has to be higher than value of
activation overpotential for particular anode reaction. The
rearrangement of ions in EDL requires a certain response
time ti* < t;, which depends on current in external circuit
and gap (electrolyte) resistance. Decrease of gap thick-
ness S causes resistance decrease (faster rearrangement of
ions); however, this decrease also limiting current iy, (maxi-
mum attainable current density for given reaction). The time

[
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Fig. 8 Left: change of anode potential in time for different diameters
of cylindrical electrode tool (pulse time #; = 50 ns and voltage ampli-
tude U = 6 V); right: influence of electrode tool diameter on minimum
time of DL charge and thickness of side gap (it can be identified with
precision of machining), voltage amplitude U = 6 V [34]

tl.* should be as short as possible, what can be achieved
by increase of amount of electroactive ions in interelec-
trode gap (increase of electrolyte concentration). Assuming
that polarization of EDL with typical capacity for metal-
electrolyte interface ¢ = 10 uF/cm? to potential difference
1 V needs about 0.1 of ions monolayer, application of elec-
trolyte with concentration 0.3 M gives possibility to obtain
spatial resolution about 10 nm [40]. For 0.2 M water solu-
tion of HCI, it is possible to decrease tl.* below 1 ns and
machining of nickel with spatial resolution <« 1 wm [19].
Possibilities of increase spatial resolution during machining
of gold were presented in Fig. 7.

Limits of spatial resolution increase during nanosecond
pulse ECM are defined by response time ¢/ and machin-
ing area (electrode dimensions). Response time ¢ deviates
significantly from theoretical DL time constant 7 (Eq. 1),
because it depends also on electrode surface contamina-
tion and geometrical structure, electrode dimensions, and
way of electrolyte supply [33, 37]. Approximate discus-
sion of £* relation from electrode area was carried out in
[34]. The authors assume that interelectrode gap is charg-
ing with constant current and analyzed change of anode
potential in time. The result confirm that for faraday cur-
rent iy = const, increase of machining area causes for
t; = const decrease of anode potential and thus decrease
of anodic dissolution speed or complete stop of machining
(Fig. 8). On the other hand, increase of electrode area causes
that anode polarization to the desired potential value needs
more time (which effectively means change of the charac-
ter of the process to the diffusion limited state). Therefore
in majority cases, machining in ns-PECM is carried out in
kinematics of milling with application of electrode tool with

(a) linear (b)

diffusion
diffusion

WL A
s Z

electrode

spherical

insulation electrode insulation

Fig. 9 Scheme showing the difference between linear (a) and spheri-
cal (b) diffusion [54]

@ Springer



184

Int J Adv Manuf Technol (2016) 87:177-187

Fig. 10 Examples of ns-PECM milling application: a a prism
machined in a stainless steel sheet in two stages: fast rough machin-
ing with 143 ns pulses followed by a slow fine stag with 50 ns pulse
duration (tool: cylindrical W wire with 30 um diameter, electrolyte 3M
HCI/6M HF) [6]; b micro hemisphere with 60 um diameter machined
by rough and finish cut (45 pm electrode, material: 304 SS, workpiece
potential 6 V, 0 ns pulse on-time, 1 s period) [15]

diameter <100 um. There are also examples of success-
ful application of STM tip as electrode tool [29]. However,
decrease of electrode tool dimensions causes EDL capacity
decrease and then main impact on ¢ has parasitic capaci-
tance C, in external circuit. For example, specific electrical
capacitance of platinum electrode immersed in 0.1 M elec-
trolyte is equal 40 uF/cm?, what for cylindrical electrode
with 1 mm diameter gives EDL capacity &~ C =1 uF. It is
significantly higher value than stray capacitance in electro-
chemical experiments. However, for electrode with diameter

Fig. 11 Examples of ns-PECM
wire cutting application [13]

@ Springer

1 um, DL capacity is in range of picofarads, what is compa-
rable to or less than capacitance C), of external power supply
circuit [37].

4.3 Limits of ns-PECM accuracy

In order to estimate limits of nanosecond ns-PECM accu-
racy, the case of spherical electrode with radius ro which is
immersed in electrolyte with specific conductivity ¢ and
connected to external source of potential was considered.
When in moment ¢ = 0 s the external potential increase to
value for which oxidation or reduction reaction on the elec-
trode take place, the ions diffusion is described by Fick’s
second law. For spherical coordinates it gives: [33, 37]:

Sc 82¢ 2D ¢

5w Pt ©)
with following border conditions: for t = 0 and r > rp:
c=c®;fort >0andr = o0:¢c=c*;fort >0andr =
ro: ¢ = 0; where r distance from electrode center, ro radius
of spherical electrode, D diffusion coefficient, ¢ = c(7, 1)
distribution of electroactive ions concentration.

Solution of above mentioned equations leads to equation

which describes change of ions current in time ¢:

, ( p [D )
it)=nFAc® | —+ .,/ — (6)
ro wt
where n the number of electrons taking part in the reaction,
A area of the electrode. From Eq. 6 results, that system
response to the potential jump consist of two parts: inde-
pendent and time-dependent. For very short time, according
to equation § = ~/m Dt [4], thickness of diffusion layer §, is
much smaller than radius of the electrode, what causes that
diffusion take place according to linear diffusion model.
For such conditions, mass transport takes place in normal
direction to electrode surface (Fig. 9a) and dominant role

has second part of the Eq. 6, which is proportional to \/; .
With the course of the reaction importance of time depen-
dant part becomes secondary and mass transport depends
primarily on electrode radius rg. It is described by first
part of the Eq. 6, which characterize spherical diffusion
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Fig. 12 Example of ns-PECM milling application: a structure for
microfluidics (material: 1.4441 steel) (ECMTEC GmbH Holzgerlin-
gen, Germany)

(Fig. 9b), in which speed of electrolysis is balanced by ions
flux diffusing toward electrode surface. In aspect of ideal
reproduction of electrode tool shape (what means the best
accuracy), electrochemical dissolution should be carried out
with linear diffusion. Therefore, based on the above pre-
sented considerations, the following condition for ns-PECM
can be formulated:

r2

0
1 <mt << D @)

which gives relation between pulse time and electrode
dimensions. From Eq. 7 theoretical limit of pulse time,
which gives possibility to ideal reproduction of electrode
tool shape can be estimated. Assuming, for example, Ag™
ion diffusion coefficient in 0.1 M water solution of KNOj3
D =1.55-10° cm?/s [54] following values are obtained:

- dlarg=0,l mmns << 6.45-107115
— dlarg=0,0l mmzt << 6.45-107135

Taking into account recent state of art in energy sources for
electrochemistry such values of #; are unattainable.

5 Perspectives an limitations of ns-PECM
industrial application

The workpiece in ns-PECM can be shaped with differ-
ent typical for ECM kinematics variants as sinking or hole
drilling [1, 10, 12, 14, 32, 34, 49], machining with universal
electrode tool [13, 15, 28, 50] or in kinematic analogous to
wire cutting [41, 46, 51, 53]. Selected examples of applica-
tion were presented in Figs. 10, 11, 12, and 13. However, it
is worth to underline that this result was obtained in labo-
ratories. In spite of numerous publications concerning high
potential of ns-PECM process, this technology is not widely
used in the industry. Attempt to commercialize of ns-PECM
process has been taken by only one company (ECMTEC),
which offered machine-tool and technological solutions
for ns-PECM industrial application. Unfortunately, this
company no longer exist. The author believes that the prob-
lems of commercialization are connected with the following
reasons:

— physical limits (parasitic inductance) of power supply
unit, what affects speed of EDL charging,

— aggressive electrolytes used in the process,

— precise choice of the electrolyte for machined material,

— difficulties in machining of metal alloys (heterogeneity
of the structure and composition has significant impact
on surface after machining).

It can be stated that the biggest limits of further develop-
ment of nanosecond pulse ECM are difficulties in upscaling
the process. It results from first of the listed above rea-
sons. Increase of electrode tool area while maintaining other
conditions of the process (such as pulse time and current
density) requires delivery of proportionally more charge in
the same pulse time ;. From the other side, for used in this
process pulse frequency, reactance of the power supply cir-
cuit increases significantly and limits speed of charge flow.
So, achieving the required level of EDL charge requires the
pulse time #; increase what results in machining accuracy
decrease or change the character of the process to diffusion

Fig. 13 Example of ns-PECM sinking application: gold electrode tool (/eft) and 1.4301 steel machined with a modified HF/HCI electrolyte (right)

(9]
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limited. Therefore, in majority of publications concern-
ing ns-PECM, the results of drilling holes with diameter
<500 um or milling with cylindrical electrode with diame-
ter <100 um are presented. In case of machining large areas,
application of specially designed high current voltage-pulse
generators are required [5]. Problems of nanosecond pulse
machining scaling-up is not widely discussed in literature;
however, in available papers, as a solution proper selec-
tion or doping of electrolyte in order to decrease anode
potential at which dissolution occurs [9]. It gives even the
possibility to sinking with electrode diameter about 1 mm
(Fig. 13); however, electrolyte and electrolyte additives
should be carefully balanced. The most popular is applica-
tion of universal electrode tool with simple shape (working
tip is cylindrical, conical, pin or disc) wherein diameter of
the electrode is usually less than 100 wm. The desired shape
of the element is achieved by multiple passes of the working
tool (similar to milling).

As an area of ns-PECM application single and small
series production of tools and prototypes with 3D shapes
is suggested. On the other hand, dependence of machining
results from heterogeneity of the structure and composi-
tion of workpiece material and necessity to precise choice
of the electrolyte (composition, conductivity, add additives)
significantly decreases flexibility of this method.

6 Summary

Based on the data presented in the paper review of ultra-
short voltage pulses electrochemical machining, one can
state that this process gives possibility to obtain extremely
high localization of anodic dissolution. On the other hand,
process principles cause, that ns-PECM has number of
limitations, which stop its wider application in micro-
manufacturing industry. The author believes that until the
problems hightailed in the paper will not be addressed,
transfer of ns-PECM from laboratory scale to industrial
process will be difficult. The chances of ns-PECM pro-
cess further development should be also considered in
the context of other micromachining methods state of
the art. Recently, significant progress was made in this
area, what reduces industrial pull for discussed process
further development.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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