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This paper deals with the jet electrochemical etching of  metal, using nickel drilling as an example; the 
performance of  this technique was investigated as a function of  the nozzle diameter and current 
density. The significance of  the outer dissolution of  metal, due to liquid spreading on the vertical 
substrate facing the nozzle, was estimated; the hole size was compared to the nozzle diameter. More-  
over, a pulsed beam was shown to improve the precision of  the edge. Applications to shape patterning 
are presented and discussed. 

1. Introduction 

In recent years, processes for the manufacture 
of small-size objects have been investigated and 
improved for various applications in electronics, 
mechanics, aeronautics and, more recently, in the 
area of sensors and actuators. Small-size objects 
can be produced either by deposition, etching, or 
both, using chemical or electrochemical methods, in 
mask or maskless operations, and with the possible 
assistance of .an incident beam. As regards etching, 
the mechanical precision of the pieces depends on 
the nature of the fluid phase, the flow conditions 
and the wavelength of the incident beam, generated 
by lasers or X-ray synchrotrons. 

The application of etching processes is governed 
by the mechanical precision and therefore by the 
technique used. The various available techniques 
and, in particular, the electrochemical processes, 
have been reviewed by Datta and Romankiw in 
1989 [1]. In general, the rate of metal electrodissolu- 
tion, proportional to the current density, depends on 
the local hydrodynamics and the applied potential. 
Moreover, the use of passivating electroiytes under 
transpassivating conditions yields etched profiles of 
higher precision than non=passivating solutions [2, 3]. 

Numerous processes rely on the use of a mask for 
the local irradiation of a polymeric layer, prior to 
chemical or electrochemical operations [4-6]. Better 
than micrometre accuracy can be obtained over the 
height of the structure and these promising techni- 
ques are adapted for manufacturing of sensors and 
actuators and for their integration into micro- 
systems, in spite of the heavy equipment required 
for large-scale production. 

Electrochemical machining (ECM) can be operated 

with fair etching rates and without a mask [7, 8]. The 
mechanical precision is of the order of a fraction of 
a millimetre. However, the current density is limited 
by the removal of heat and the production of gas, 
which may result in drastic sparking phenomena 
[9, 10]; in addition, dissolution occurs on the whole 
active metal surface. Jet techniques have been 
proposed to avoid this latter drawback, and the turbu- 
lence extent at the impinged surface results in high- 
speed electrochemical deposition or etching [1]. Jet 
plating technology involves precious metals but also 
copper, tin, zinc or alloys, and could be used for' the 
production of printed circuit boards [11]. Never- 
theless, the main application of jet electrochemical 
processes probably concerns small-size mechanics 
and prototyping. The incident beam of a continuous 
Ar laser, was shown to improve the deposition yield 
and the properties of the metal deposited [12-14] 
with a jet device. More recently, the jet electro- 
deposition of zinc was investigated by our group [15, 
16] and the assistance of a colinear pulsed laser 
beam was reported to improve the metal morphology 
by an appreciable grain coalescence and a reduction in 
grain size. 

The aim of this paper is to highlight the electro- 
chemical etching of metal in a nonpassivating med- 
ium with assistance of a pulsed laser beam: nickel 
dissolution in a sodium chloride solution, has been 
carried out. In particular, the limits of the technique 
are investigated in terms of drilling efficiency, mecha- 
nical precision of the etching operation and metal 
morphology. For this purpose, systematic study of 
hole drilling is first conducted using nozzles of 
various diameters; then, the capacity and the limits 
of the jet etching technique are followed through 
machining trials on nickel objects. 
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2. Experimental details 

2.1. Experimental device 

The experimental setup depicted in Fig. 1 is similar to 
that previously used for zinc deposition [16]. The 
electrolytic cell was machined out of  Altuglas TM 

(methyl polymethacrylate) and consisted of an inlet 
chamber, a nozzle and a substrate support facing the 
nozzle section. A platinum sheet placed in the cham- 
ber acted as the cathode. The laser source was a 
Y A G  pulsed laser at 532 nm with a repetition rate of  
30 Hz. The laser beam entered colinear to the liquid 
jet, which allowed the closure of  the electrical circuit 
and acted as a waveguide. The average incident 
power, when used, was fixed at 1 W. The anode was 
a 150#m thick plate of 99% nickel; the piece was 
attached to a computer-controlled X - Z  table, allow- 
ing displacements in a vertical plane (Fig. 1). The 
computer was also used to synchronize the gate-on 
of the laser beam with the closure of the electrical 
circuit. 

Two types of nozzles were used as shown in Fig. 
2(a) and (b). First, conical nozzles were machined 
out of  AltuglasTM; however, these pieces could not 
be drilled below 200#m by conventional tools. 
Smaller jet sizes could be considered using silicon 
nozzles. Square holes were machined out of silicon 

b y  the Laboratoire de Physique et M6trologie des 
Oscillateurs, Besangon, France, using aqueous solu- 
tions of ethylenediamine and pyrocatechol; silicon 
was thus machined along the (1 00) plane of the Si 
structure allowing a precision of  one micrometre to 
be obtained. The machined pieces (10 mm x 10 mm 
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Fig. 1. Scheme of the experimental setup: (1) computer, (2) poten- 
siostat, (3) recorder, (4) step-by-step motors, (5) YAG pulsed laser 
(532 nm), (6) shutter, (7) convergent lens, (8) counter-electrode, (9) 
Window (BK7TM), (10) nozzle, (11) working electrode, (12) flow 
meters, (13) gear pump, (14) reservoir and (15) inlet chamber. 
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Fig. 2. Schematic view of the nozzle: (a) Altuglas TM nozzle and (b) 
TM silicon piece mounted onto the Altuglas nozzle. 

were glued onto the polymeric pieces which acted as 
supports in this case. Both types of nozzle were 
observed using a binocular viewer, allowing the qual- 
ity of the nozzle outlet to be controlled. Moreover, the 
nozzle size was measured by SEM observations. 

2.2. Chemical system 

The electrolyte solution was a 5 M sodium chloride 
medium. The sodium salt was of analytical grade 
(Prolabo, France). The viscosity of the solution, mea- 
sured using a Ubbelohde device, was 1.58 x 10 6 
m 2 s-1 at 20 °C. The electrical conductivity of  the solu- 
tion was measured at 22 [2 -1 m -1 at this temperature. 

3. Investigation of nickel drilling 

3.1. Experimental conditions 

A systematic investigation of  metal drilling was first 
conducted to define the capacities and the limits of  
electrochemical drilling in a nonpassivating medium; 
in particular, the etching rate, the efficiency and the 
geometrical qualities of  the etched holes were investi- 
gated under several operating conditions. All experi- 
ments were carried out at ambient temperature 
which ranged from 19 to 22 °C. 

The applied cell voltage was in the range 5 to 40 V: 
the major part of the voltage corresponded to the 
ohmic drop in the jet. The nozzle diameter, d, was 
varied from 125 to 531#m. The velocity of  the 



JET ELECTROCHEMICAL ETCHING OF NICKEL 935 

electrolyte solution was maintained between 8 and 
11 ms -1. Previous investigations [16], together with 
experimental observations, showed that continuous 
liquid jets could be produced with this velocity 
range. The distance between the nozzle outlet and 
the nickel substrate was positioned at from 6 to 10 
times the nozzle diameter; this distance corresponds 
to the zone of a well-established regime for a free jet 
in turbulent flow in which both the jet diameter and 
the velocity can be considered as constant [17]. The 
substrate, mounted on the extension arm, was dis- 
placed on the axis of the liquid jet by means of a 
micrometric device and the distance was measured 
by optical observations. The gap had to be larger 
than one millimetre to avoid the formation by 
capillary forces of a liquid drop between the nozzle 
outlet and the nickel plate, and a resulting electrical 
short circuit. This phenomenon might represent an 
additional limit in the minimum dimensions of jet 
electrochemical devices. 

3.2. General features of electrochemical drilling 

For most runs, the current recorded at imposed cell 
voltage remained fairly constant. The perforation of 
the nickel plate was observed as the liquid solution 
flowed on its rear face: this was related to a sudden 
change in the current. The shape of the hole was 
then roughly conical. Maintaining the cell voltage 
allowed metal dissolution to occur, resulting in the 
formation of a cylindrical hole. The time required 
for machining the hole, of conical or cylindrical 
shape, At, was recorded. The current was averaged 
over this period. The current density, i, was defined 
as the ratio of the time-averaged current to the 
cross-section of the nozzle. For a given cell voltage, i 
was a decreasing function of the nozzle diameter, 
due to the importance of ohmic drop in the jet; 
hence, parameters i and d are not totally independent. 

The shape and the hole dimensions were observed 
with binocular viewer and SEM observations. As 
shown in Fig. 3 several zones of the drilled metal 
surface can be defined. First, the impact zone sur- 
rounding the hole corresponds to the wall surface of 
the hole: this zone cannot be observed from a top 
view for perfectly cylindrical holes. Two zones of 
less significant etching are also observed: a peripheral 
zone, with a diameter much larger than the nozzle 
diameter, due to the spreading of the jet at the verti- 
cal surface, and the so-called ring zone, a transition 
region between the peripheral zone and the walls of 
the hole. 

The hole diameters at the front and the rear sides of 
the nickel plates, dr and dr, respectively, were generally 
larger than the nozzle diameter, d. The holes were 
considered to be of cylindrical geometry when the 
rear diameter, dr, differed from dh by less than 5%. 
Otherwise, conical geometry was assumed and the 
volume, V, of the hole was calculated taking into 
account the plate thickness, e, and the diameters df 
and dr. 

Periphal zone 

Impact zone 

Fig. 3. View of  a hole drilled in the nickel sheet. 

Ring zone 

3.3. Etching rate and efficiency 

The etching rate was defined as the ratio of the 
plate thickness to the time required for the drilling 
operation. The theoretical etching rate was calcu- 
lated by Faraday's law. Figure 4(a) and (b) estab- 
lish the comparison of the two etching rates. 
Whereas the theoretical rate increased linearly with 
i, as expected, the experimental rate was hardly 
affected by a rise in current density: after a slight 
increase at low current densities, the rate levelled 
off and remained below 1 #ms -1, for both hole 
shapes. The influence of the nozzle diameter was 
of negligible effect, and the incident beam did not 
result in a significant increase, as observed for zinc 
deposition [16]. 

Measurements of weight losses of the machined 
nickel plates revealed that the faradaic yield of the 
dissolution was close to unity within 10%, for all 
conditions of current density and nozzle diameter. 
Therefore, it can be deduced that the large difference 
between the two etching rates was due to dissolution 
phenomena, which were not taken into account in 
the theory: 

(i) the etching operation resulted in holes with 
diameters dr and dr, larger than the nozzle 
diameters, in accordance with observations of 
the samples; 

(ii) the existence of the two external zones shown 
in Fig. 3 corresponded to additional electrical 
charge spent for metal dissolution. 

To separate the effects of phenomena (i) and (ii), the 
etching efficiency, ~, was introduced as the ratio of the 
charge required for the dissolution of the volume V, to 
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Fig. 4. Etching rates against the average current density; solid line 
refer to the theoretical etching rate. (a) Conical holes produced 
without (A) or with pulsed laser assistance (A); (b) cylindrical holes 
produced without (©) or with pulsed laser assistance (0). 

the charge actually consumed: 

~,_  ueFpV (1) 

I; M l( t )d t  

where p is the specific gravity of  the metal and M 
denotes its molecular weight. The deviation of this 
efficiency from unity expresses the significance of 
metal dissolution in the external zones. In spite of 
scatter of the experimental data, Fig. 5(a) and (b) 
shows that the etching efficiency is a decreasing 
function of the current density whatever the shape 
of the hole; • varies from 0.7 below 100kAm -2 
down to 0.20-0.30 for current densities over 
400 kA m -2. This means that etching on the periph- 
eral zone and the ring zone is of greater significance 
for high current densities. The dispersion of data 
could not yield a definitive influence of the nozzle 
diameter on the efficiency; however it may be 
assumed that spreading phenomena are of higher 
significance with small nozzles and that the varia- 
tions of • shown in Fig. 5 are due to flow phenom- 
ena at the metal surface. Moreover the assistance of 
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Fig. 5. Etching efficiency against the average current density. (a) 
Conical holes produced without (n) or with pulsed laser assistance 
(A); cylindrical holes produced without (O) or with pulsed laser 
assistance (O). 

the pulsed laser seems to have no influence on the 
etching efficiency. 

3.4. Shape of the hole and effect of the pulsed laser 
assistance 

The objective of the operation is hole drilling with the 
highest mechanical precision, the dimensions of the 
etched structure being as close as possible to the 
nozzle diameter. A shape factor was defined to com- 
pare the volume of the ideal hole (diameter d) to 
that of the hole actually machined in the nickel plate: 

7rd2e 
F s -  4V (2) 

Shape factors were calculated for holes exhibiting 
cylindrical geometry. For this case, Fs was simply 
reduced to the square of the ratio (dr/d). The vari- 
ations of this factor with the nozzle diameter and 
the current density were shown in Fig. 6(a) and (b). 
The effect of the pulsed laser beam on the shape 
factor is of minor significance. The shape factor 
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using a 300#m nozzle, without laser assistance; average current 
density: 72 kA m -2. 
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Fig. 6. (a) Shape factor against the nozzle diameter; experiments 
were conducted without (O) or with pulsed laser assistance (0). 
(b) Shape factor against the average current density; experiments 
were conducted without (©) or with pulsed laser assistance (O). 

appears  to vary linearly with nozzle diameter and to 
decrease regularly with current density. Using large 
nozzles with moderate  current densities results in 
factors up to 90%: for these conditions, the diam- 
eter of  the holes is fairly close to the nozzle 
diameter. Conversely, drilling with a 125#m nozzle 
at 4 0 0 k A m  -2 yields holes with a diameter near 
280 #m. 

The laser assistance was found to improve the 
mechanical precision of  the etching operation: in 
particular, the edges of  the holes were sharper and 
their profiles were more vertical and regular. When 
conducted with the incident laser beam, etching 
was confined to the impact  zone, and the extent of  
the ring zone was reduced, in spite of  unchanged 
values for the etching efficiency. This phenomenon 
can also be observed in Figs 7 and 8 related to the 
machining of  pieces, described later. Pulsed laser 
irradiation results in a sudden rise in temperature 
during the energy pulse, followed by rapid quench- 
ing of  the metal surface. As for zinc deposition 
[15], the thermal effect of  the pulsed beam may  
improve the morphology of  the hole wall and the 
mechanical precision. 

4. Etching of small objects 

The present device was applied to the etching of 
objects. First trials were carried out with the con- 
tinuous displacement of  the metal  substrate. The low 
etching rates led to the adopt ion of a linear velocity 
below 100 #m s -1. However, drastic overheating of 
the two step-by-step motors  rendered this procedure 
unsuitable for times greater than a few minutes. 

To overcome this, an alternative procedure was 
imagined. The pattern of  the piece to be machined 
was divided into steps, the length of which were 
20% lower than the nozzle diameter. The motion of 
the substrate was stopped during the hole drilling 
operation for a fixed period of  60 seconds; then the 
substrate was displaced to the following step and the 
drilling operation was repeated. In this case, the 
step-by-step displacement could be performed with 
velocities large enough to avoid any damage of  the 
motors.  In addition, the time of motionless dissolu- 
tion was chosen to allow the complete drilling of 
each successive hole. 

Two pieces were machined using the step-by-step 
technique, namely on acronym ( 1 2 m m x T m m )  
and a star (diam. 5mm),  with or without laser 
assistance, and using an Altuglas/silicon nozzle of  
125 #m x 125 #m and an Altuglas nozzle of  219 #m. 
For  all experiments presented, the applied voltage 
was 40V. Due to the step length, compared with 

Fig. 8. Detail of an acronym etched continuously in a nickel plate 
using a 300#m nozzle, with laser assistance; average current 
density: 87 kA m -2. 
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Fig. 9. Example of an acronym etched using a 219 #m nozzle; step 
length: 170#m; without laser assistance; average current density: 
ll7kAm 2. 

Fig. ll. Machining a star out of a nickel sheet using a 219#m 
nozzle; step length: 170#m; without laser assistance; average 
current density: 394 kA m -2. 

Fig. 10. Example of an acronym etched using a 219 #m nozzle; step 
length: 170#m; with laser assistance; average current density: 
146 kA m -2. 

the nozzle diameter, the cylindrical shapes of  the 
individual holes were not visible and the profiles of  
the pieces were quite regular. 

Taking into account the period of  motionless 
drilling, the step length and the nickel sheet thick- 
ness, the etching rate could be estimated to be 
2 # m s  -I .  This is far higher than the value obtained 
for single-hole drilling, possibly due to the very dif- 
ferent operating conditions, since etching of a surface 
corroded during the preceding drilling operation, is 
easier than dissolution of a perfect plane surface. 

For  the larger nozzle (219 #m), a significant effect of  
the laser beam can be observed in Figs 10 and 12 to be 
compared  with Figs 9 and 11, respectively: under 
irradiation, the dissolution is more confined, the 
edges are sharper and the walls perfectly vertical. 
The average width of the etched piece is reduced 
f rom 350 to 275 #m with laser assistance. In agree- 
ment  with the observations made above, the use of  
small nozzles seems to be less promising: the etching 
appears to be less regular and the line width, near 
250#m, is not significantly modified by the laser 
assistance. This was attributed to a different flow 
regime of  the jet for the smaller nozzle. In this 
case, the spreading of l iquid on the vertical plate is 

Fig. 12. Machining a star out of a nickel sheet using a 219#m 
nozzle; step length: 170#m; with laser assistance; average current 
density: 419 kA m -2. 

more significant; this reduces the precision of  the jet 
etching and hinders the effect of  the pulsed laser beam. 
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