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Abstract The application of surface textures has been employed to improve the tribological per-
formance of various mechanical components. Various techniques have been used for the application
of surface textures such as micro-dimple arrays, but the fabrication of such arrays on cylindrical
inner surfaces remains a challenge. In this study, a dry-film photoresist is used as a mask during
through-mask electrochemical micromachining to successfully prepare micro-dimple arrays with
dimples 94 um in diameter and 22.7 pm deep on cylindrical inner surfaces, with a machining time
of 9 s and an applied voltage of 8 V. The versatility of this method is demonstrated, as are its poten-
tial low cost and high efficiency. It is also shown that for a fixed dimple depth, a smaller dimple

diameter can be obtained using a combination of lower current density and longer machining time
in a passivating sodium nitrate electrolyte.
© 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license,

1. Introduction

The application of surface textures has been employed to
improve the tribological performance of various mechanical
components. For example, Kligerman et al. found that partial
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surface texturing improved the tribological performance of pis-
ton rings.' Typical surface textures are micro-dimple arrays,
prism arrays, pyramid arrays, and micro-grooves, among
which micro-dimple arrays have received most attention
because the excellent results achieved. Nakano et al. reported
that the friction coefficient increases or decreases depending
on the geometry of the micro-texture pattern and that lower
friction coefficient can be obtained with micro-dimple arrays
than with groove- or mesh-patterned textures.” Bruzzone
et al. found that reductions in friction of 30% or more were
feasible with a dimpled surface.’A more detailed study by
Greco et al., investigating the influence of dimpled surfaces,
revealed that the dimensions and layout of the features must
be precisely controlled to optimize performance.*
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To generate micro-dimple arrays, several micro-texturing
techniques, such as mechanical machining, ion-beam texturing,
laser texturing, chemical etching, and electrochemical machin-
ing (ECM), can be employed. Compared with other methods,
ECM is a promising machining technique, with advantages
such as high machining efficiency, independence of material
hardness and toughness, the absence of a heat-affected layer,
a lack of residual stresses, cracks, tool wear and burrs and
low production cost.” ’ The fabrication of micro-dimple arrays
by ECM can involve maskless or through-mask material
removal. Natsu et al. prepared micro-dimple arrays 300 um
in diameter by electrolyte jet machining without a mask.®
Nouraeiz and Roy presented a method of maskless electro-
chemical microfabrication, in which the anode is placed in
an electrochemical reactor close to the cathode carrying the
micropattern.” Costa and Hutchings fabricated micro-dimple
arrays with a feature diameter of 120 um using a maskless elec-
trochemical texturing method.'” Byun et al. prepared dimples
300 um in diameter and 5 um in depth on a workpiece using
the micro-ECM technique, with a tool electrode diameter of
275 um."" This method of machining is simple in comparison
with photolithographic processes, but is time-consuming
because the dimples are fabricated point by point.

Through-mask electrochemical micromachining (TMEMM)
is a commonly used ECM method for the generation of
micro-dimple arrays. TMEMM employs photolithography to
produce micro-patterns on photoresist-coated substrates, with
the process involving a soft bake to dry off the solvent
after spin coating, exposure to ultraviolet (UV) light, a
post-exposure bake, and photoresist developing. The metal is
then selectively dissolved from the unprotected areas.'”
However, the preparation of micro-dimple arrays on non-planar
surfaces remains a problem, because it is difficult to use photoli-
thography with such surfaces. Wang and co-workers presented a
new method for the fabrication of large-scale micro-dimple
arrays on cylindrical objects using proximity rolling-exposure
lithography and electrochemical micromachining, in which a
cylindrical rod covered with photoresist was sub-area-exposed
to a collimated UV source through a mask by rotating the rod
through a specific angle to expose each area.'’ Micro-dimple
arrays with a feature diameter of 40 um were prepared on
the outer surface of the cylinder. Zhu et al. developed a
low-cost modified TMEMM method for the preparation of
micro-dimple arrays on non-planar surfaces.'* However, their
approach cannot be used to fabricate micro-dimple arrays on
the scale of tens of micrometers, because the minimum hole
size of the mask is 100 um. Landolt et al. reported that with
the use of oxide film laser lithography instead of a conven-
tional photoresist technique, it might be possible to fabricate
micro-dimple arrays on a non-planar surface by electrochemi-
cal micromachining.'”

Micro-dimple arrays need to be produced not only on the
outer surface of a hollow cylinder, but also on its inner surface.
However, all of the reports mentioned above were concerned
with the fabrication of micro-dimple arrays on outer surfaces,
and, to our knowledge, little has been published about the fab-
rication of micro-dimple arrays on inner surfaces. In this
paper, we focus on the preparation of micro-dimple arrays
on cylindrical inner surfaces by TMEMM.

Dry-film photoresists (acrylate-based photopolymers) have
been used as masks for powder blasting, to define microfluidic
channels, and as electroplating molds for the LIGA process.'®!”

These films have excellent flexibility, and the study reported here
exploits this property by using a patterned dry-film photoresist
to cover the inner surface of a cylinder and act as a mask during
fabrication of a micro-dimple array on the surface by electro-
chemical micromachining.

2. Fabrication of a dry film with micro-sized through-holes

The following procedure (illustrated in Fig. 1) was used to pre-
pare the dry film with micro-sized through-holes: ) O, plasma
treatment for 3 min was first used to clean the substrate; @) the
dry film was then laminated onto the substrate; @) a UV oven
was employed to expose the dry film through a photomask;
@ the dry film was then developed for 1 min in an aqueous
solution of sodium potassium carbonate at a concentration
of 1% by weight at 30 °C; @ finally, the patterned dry film
was peeled from the substrate and then applied to the work-
piece surface. It is worth noting that no baking step is required
in this procedure, which results in a reduction in processing
time.

It has been demonstrated that the diameter of the holes
formed in a photoresist is determined by the light energy
reaching the latter, and hence by the exposure dose. An inap-
propriate choice of exposure dose and exposure time can result
in the occurrence of blind holes in the dry film, as shown in
Fig. 2.
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Fig. 1 Through-mask electrochemical micromachining process
with a patterned dry film.

Fig. 2 An example of a blind hole in dry film.



1032

N. Qu et al.

Workpiece Patterned dry film

1 mm

Fig. 3  Patterned dry film covering workpiece surface.

In this study, a GPM200 dry film (DuPont, USA) was
employed, with an exposure dose of 70mJ/cm’ The
GPM?200 dry film is a negative photoresist, and the chemical
reaction that occurs during exposure makes the photoresist
insoluble in the alkaline sodium potassium carbonate solution
that is used to remove the unexposed areas of the dry film.
Fig. 3 shows the patterned dry film coated onto the surface
of a workpiece.

3. Analysis of the current density distribution for different inter-
electrode gaps

To determine the inter-electrode gap for the experiments, the
effect of different gap sizes on the distribution of the current
density on the workpiece was simulated.

The electric potential ¢ in the inter-electrode gap satisfies
Laplace’s equation

V=0 (1)

with the following boundary conditions:'”

#|;, = U(at anode surface)

}|;, = 0(at cathode surface)

9]

S =0 2
I23738

9

on I'y

where U is the applied voltage, I', is the boundary, and
n=12,..8.

The relationship between the current density 7 and the elec-
tric potential is

i=—x|V| 3)

where « is the electrical conductivity of the electrolyte.

The trench-like structure is shown in Fig. 4, where D is the
diameter of the holes in the dry film, H the thickness of the dry
film, and G the inter-electrode gap. The model was analyzed
using a finite element method, with dimensions D = 50 pum,
H = 50 um, and different values of the inter-electrode gap
G = 100, 500, 1000, 5000 pm. The variation of the current
density with X for different values of G (at the same applied
voltage) is shown in Fig. 5, from which it can be seen that
the distribution of the current density on the surface is uneven,
with the lowest density occurring at the center of the trench.
To ascertain the effect of G on the current density distribution,
a normalized current density was defined as i/i,.y, Where i is

the current density at a point on the surface and in.y is the
maximum current density,'® and it can be seen from Fig. 6 that
this normalized current density is essentially the same for all
values of G. Thus, the inter-electrode gap has a negligible influ-
ence on the current density distribution on the surface of the
workpiece and can therefore be chosen arbitrarily. For this
study, a value of 1 mm was used.

4. Experimental

Fig. 7 shows a schematic diagram of the experimental setup for
the generation of micro-dimple arrays on the cylindrical inner

/fi
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Fig. 4 Model of electric potential distribution.
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Fig. 5 Current density distribution for different values of inter-
electrode spacing G.
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Fig. 6 Normalized current density distribution on workpiece
surface.
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Fig. 7 Schematic diagram of experimental setup.
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Fig. 8 Schematic diagram showing dimensions involved in
definition of machining localization.

surface of a workpiece. The operations were carried out with
20 g/L sodium nitrate electrolyte, which was pumped at a
pressure of 0.1 MPa. The resulting through-holes of the pat-
terned dry film were 50 um in diameter. The profiles of the
micro-
dimple arrays were determined using a three-dimensional
profilometer (DVM5000, Leica, Germany). A scanning elec-
tron microscope (S-3400 N, Hitachi, Japan) was also used to
examine the arrays.

Machining localization, EF, is an important index for the
micro-dimpling process, and is defined as

h

r—r,

EF =

(4)

where /& and r are the depth and radius of the micro-dimple,
respectively and r, is the radius of the mask hole (see Fig. 8).

5. Results and discussion

5.1. Effect of applied voltage and machining time on the micro-
dimple array

In this experiment, both applied voltage and machining time
were investigated to achieve high machining localization with
a small dimple diameter. Factor experiments were performed,
as presented in Table 1.

Table 1 Machining parameters and levels.
Parameter Level

1 2 3 4
Applied voltage (V) 8 10 12
Machining time (s) 3 5 7 9

The ranges for the diameter, depth, and EF achieved by
TMEMM with the patterned dry film were analyzed, giving
the results shown in Tables 2 and 3. These data reveal that
machining time is the significant factor with respect to influ-
encing machining depth and EF, while the current density
has the greatest influence on machining diameter. Fig. 9 shows
the influence of applied voltage and machining time on dimple
dimensions. It can be seen that with increasing applied voltage,
both the diameter and the depth of the dimple rapidly enlarge,
while EF decreases. Moreover, it can be seen that dimple diam-
eter, dimple depth, and EF all increase with increasing machin-
ing time, with the diameter and depth varying more slowly. It
is well- known that the electric intensity on the workpiece is
inversely proportional to the inter-electrode gap.'” With the
electrode arrangement of the modified TMEMM method,
the inter-electrode gap increases with prolonged machining
time, which will act to slow the machining rate. Considering
the data from Table 3 and Fig. 9, it can be seen that to obtain
micro-dimples with small diameters, a combination of a lower
current density with a longer machining time is advantageous.
In other words, machining localization is enhanced by reduc-
ing the applied voltage and prolonging the machining time.

It has previously been found that both applied voltage and
machining time have a significant influence on dimple dimen-
sions.”’ %> However, up to now, no definitive conclusions have
been drawn regarding which combination—lower current den-
sity with prolonged machining time or higher current density
with reduced machining time—is the better approach to
enhance machining localization. The results reported here are
the first to indicate that a lower current density with a pro-
longed machining time can improve machining localization.
Fig. 10 shows the profiles of micro-dimples with similar depth
generated at different voltages. It can be seen that for the same
depth, the use of a lower voltage produces a smaller-diameter
dimple.

To further investigate the apparent enhancement of
machining localization by reduced applied voltage and pro-
longed machining time, the effect of applied voltage on the
current density distribution on a micro-dimple surface with a
dimple diameter of 100 pm, produced using a patterned dry-
film photoresist with through-holes 50 pm in diameter, was
examined. Fig. 11 shows a schematic diagram of the machined
micro-dimple and Fig. 12(a) shows numerical simulations of
the current density distribution on the micro-dimple surface
for different applied voltages. It can be seen that the current
density increases with applied voltage. According to Faraday’s
law, the rate of removal of material is proportional to the cur-
rent density,”® and the use of a 12V applied voltage reduces
the machining time for preparing a micro-dimple compared
with an 8 V applied voltage. Fig. 12(b) shows the normalized
current density distribution on the micro-dimple profile. It
indicates that the profile prepared with 8 V is almost the same
as that prepared with 12 V. However, the current density at
point A is obviously lower than that at point C (see Fig. 11
and Fig. 12(a)), and the current density at point A obtained
with 8 V is also significantly lower than that obtained with
12V (Fig. 12(a)). A current valve is employed in our experi-
ment because a passivating sodium nitrate electrolyte is used.
When the current density at point A4 is close or equal to the
value of the current valve, the dissolution of material at point
A will weaken or stop. Meanwhile, the dissolution of material
at point C will continue. Thus, machining localization is
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Table 2 Response of factors under investigation to dimple dimensions.

Experiment no.  Applied voltage (V)  Machining time (s)

Dimple diameter (um)

Dimple depth (um)  Machining localization, EF

1 1 1 75 6.4 0.512
2 1 2 84 11.4 0.670588235
3 1 3 91 16 0.780487805
4 1 4 98 18.5 0.770833333
S 2 1 85 7.5 0.428571429
6 2 2 90 13.3 0.665
7 2 3 95 17.3 0.768888889
8 2 4 102 19.8 0.761538462
9 3 1 94.4 9.8 0.441441441
10 3 2 110 16.75 0.558333333
11 3 3 117.5 21 0.622222222
12 3 4 123 24 0.657534247
o g o o 8¢ —_
Table 3 Analysis of ranges for dimple dimensions. E of = Depth=7.1 um
Factor Applied voltage (V) Machining time (s) = 4F \ Width=76.4 pm /
a F i
Diameter 96.9 68.6 ] 2F AN )yl
Depth 19.25 38.6 0 20 40 60 80 100 120 140
EF 045 0.81 Distance (pm)
" (a) Voltage=8 V, Time=4 s
e 6 :R\ —
enhanced by reducing the applied voltage and prolonging the gVt De_pth:7'4 Ko
machining time. g 4F Width=96.5 um
& of
5.2. Fabrication of micro-dimple arrays on cylindrical inner 0 010 8 80 100 120 140

surfaces

A patterned dry-film photoresist with through-holes 50 pm in
diameter was fabricated and coated onto a cylindrical inner
surface, as shown in Fig. 13. Micro-dimple arrays were then
fabricated using the TMEMM process. Fig. 14(a) shows such
an array produced at an applied voltage of 8 V and a machin-
ing time of 9s. Fig. 14(b) shows an SEM image of the array
and Fig. 14(c) the surface profile of a micro-dimple, which is
94 um in diameter and 22.7 um in depth.

Distance (pm)

(b) Voltage=12 V, Time=3 s

Fig. 10  Profiles of micro-dimples with similar depth generated at
different voltages.

As already mentioned in the introduction, Wang and co-
workers '* have described a method for fabricating micro-
dimple arrays on cylindrical outer surfaces using proximity

E 115 £ 18 0.70
= ST
° ° 0.66
£ 105 g 16
b 3 s & 062
o 95 e
B £ 14 058}
£ 2 13
2 0.54
A 8§ 9 10 11 12 8§ 9 10 11 12 2T 9 10 11 12
Voltage (V) Voltage (V) Voltage (V)
(a) Applied voltage
2 110 = 2D 0.75
=
) S
= 5 18
£ 100 2 0.65
s £ =
S 9 = 0.55
5 < 10
g aQ,
£ g A & 0.45
[ 34 5 6 7 8 9 3 4 5 6 7 8 9 34 5 6 7 8 9

Machining time (s)

Machining time (s)

Machining time (s)

(b) Machining time

Fig. 9  Effect of applied voltage and machining time on micro-dimple dimensions.
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C

Fig. 11  Schematic diagram of a machined micro-dimple.
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(b) Normalized current density

Fig. 12 Distribution of current density and normalized current
density on micro-dimple profile generated with different applied
voltages.

Fig. 13 Patterned dry-film photoresist with through-holes 50 pm
in diameter coated onto a cylindrical inner surface.

rolling-exposure lithography and electrochemical microma-
chining. However, it is not fit to fabricate micro-dimple arrays
on cylindrical inner surfaces, because photoresist coating and
lithography could not be achieved on cylindrical inner
surfaces. The method that we have presented here can also
be used on cylindrical inner surfaces. Compared with their
presented method, ours is not only simpler but also cheaper.
It is also worth noting that the machining time to prepare
hundreds of micro-dimples by the present method is only 9

(a) Micro-dimple array on a cylindrical inner surface

(b) SEM image of the array

Depth=22.7 ym
Width=94 um

Depth (um)
S

0 20 40 60 80 100 120 140
Distance (um)

(¢) Profile of a micro-dimple

Fig. 14 Machined micro-dimple array by TMEMM with dry
film.

s, suggesting that it could be used to fabricate micro-dimple
arrays with low cost and high efficiency.

6. Conclusions

In the experiments described in this paper, a dry-film photore-
sist was used as a mask for the production of micro-dimple
array on cylindrical inner surfaces by TMEMM. The
following conclusions can be drawn from the results of these
investigations:

(1) The method presented here is capable of fabricating
micro-dimple arrays on cylindrical inner surfaces with
low cost and high efficiency.

(2) At a fixed dimple depth, the use of a lower applied volt-
age with a prolonged machining time is advantageous
for obtaining small diameters.

(3) Micro-dimple arrays measuring 94 pm in diameter and
22.7 pm in depth were successfully prepared on cylindri-
cal inner surfaces at an applied voltage of 8 V and a
machining time of 9 s.
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