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Abstract High quality micro mould tools are critical for
ensuring defect-free production of micro injection moulded
products. The demoulding stage of the micro injection
moulding can adversely affect the surface integrity due to
friction, adhesion and thermal stresses between the metallic
mould and polymeric replicated part. In the present work, we
propose the use of precision electropolishing (EP) as a shap-
ing and polishing process to control the draft angle and fillet
radius of micro features in order to ease demoulding. Typical
defects that occur in replicated polymer parts include cracks,
burrs and distorted features. A nickel mould having multiple
linear ridges and star shape patterns was designed for the
present investigation to have characteristic dimensions rang-
ing from 10 pm to 150 pm and with various aspect ratios to
study the effect of electropolishing on modifying the shape
of micro features and surface morphology. A transient 2D
computational analysis has been conducted to anticipate the
effect of shaping on the Ni mould after electrochemical pol-
ishing with non-uniform material removal rates, based on
the distribution of current density. The experimental results
indicate that after shaping using EP, the draft angle of star-
patterns and linear patterns can be effectively increased by
approximately 3.6°, while the fillet radius increases by up to
5.0 pm. By controlling the electropolishing process, the sur-
face roughness can be maintained under 50 nm. This work
uses a green and environmental friendly nickel sulfamate
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electrolyte which can be effective for shaping of nickel micro
features without causing any surface deposition.

Keywords Micro feature shaping and electropolishing -
Micro mould tools - Green electrolyte - Demoulding micro
patterns

1 Introduction

The quality of a plastic micro replicated surface feature
depends strongly on the associated performance of micro
mould tools. Micro injection moulding (u-IM) is a well-
established process for mass production of polymeric com-
ponents having sub-millimeter scale features, such as micro-
fluidics [1], 1ab on chip [2], drug delivery [3] and textured
functionalised surfaces [4]. The functionality of such devices
is determined largely by feature accuracy, e.g., without dis-
tortions and a smooth surface free from burrs and other
defects [5, 6]. Typically, in a micro injection moulding pro-
cess, molten polymer material flows into the mould cavity to
replicate the geometry of the micro structured mould insert
and is then ejected out at the end of u-IM after solidification.
Demoulding is an important process to determine the integ-
rity of microstructures, as the softer plastic can be damaged
easily when separating from the harder mould. Three kinds
of forces are involved in the demoulding process, namely
adhesion [7], friction [8] and thermal stresses [9]; these exist
due to the contact between a mould tool and polymer part.
If these are excessive, they can lead to demoulding defects,
e.g., distortion, material pile up and damage [10, 11]. This
is more commonly associated with micro-injection mould-
ing given the miniature dimensions and correspondingly
high surface to volume ratio, and greater injection pressures
involved compared with conventional injection moulding.
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Microfabrication techniques, i.e., micro milling, micro
electric discharge machining (EDM) and electrochemical
erosion are used to fabricate micro tools [12—14]. Mould
tool design parameters are vital to address these demoulding
challenges, such as draft angle [15, 16], anti-stick coatings
[17], low adhesion [18], hydrophobicity [19] and the pres-
ence of a smooth surface [20]. Normally, mould tools have
a rectangular profile, particularly for features smaller than
100 pm, due to the limitations of existing microfabrication
techniques. This rectangular profile aggravates the demould-
ing forces leading to micro feature cracks, distortion and
poor surface quality. Limited efforts have been made to ease
demoulding. Jong et al. [16] created a computer algorithm
to generate automatic draft angle for various mould designs
to reduce the occurrence of demoulding defects. They used
various geometric surfaces, points and curves to identify
suitable draft angles to improve the mould design and injec-
tion moulding efficiency. In another study, Li et al. [21] used
a method to evaluate and decouple the problem of friction
and adhesion occurring at the interface of mould tool/poly-
mer in nano photonic structures. Quantitative results showed
that the magnitude of friction forces on the sidewalls was
far more significant than the adhesion stress on the top and
bottom of the features. A combined solution was presented
by coating the mould with a conformal Al,O; film through
atomic layer deposition (ALD) which decreased the total
demoulding force. In a recent study, Schoenherr et al. [15]
designed a mould tool with a channel depth and width of
300 pm with a draft angle of 10° for a microfluidic device
using micro milling, in an effort to reduce adhesion induced
demoulding defects. The functionality of the tool was deter-
mined by producing polyethylene terephthalate (PET) speci-
mens via coated and uncoated mould inserts at various tem-
peratures of 40, 50 and 60 “C; the best result was achieved
using a CrN coated mould that provided fewer demoulding
defects.

An early review of nanofabrication processes [22] illus-
trated the use of electroforming to manufacture metal-
lic micro-electromechanical systems (MEMS) structures.
Chang et al. [23] used direct current-based etching mech-
anisms to modify a tungsten tip profile, resulting in non-
uniform material removal rates with a faster reaction rate
at the depth, which yielded a tip diameter of (4+2) pm. On
the other hand, some micro-nano shaping techniques have
been used to create unique geometries, including needles
and formed micro rods, based on dissolution and etching
mechanisms. Chen and Yuan [24] demonstrated the process
by which tungsten filaments were partially dissolved in an
aqueous potassium hydroxide solution under the action of
external electric fields, in which capillary adhesion led to an
optimised final tip shape.

Inspired by this prior work, we have proposed a solu-
tion to minimise or avoid the occurrence of demoulding
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defects, by shaping and rounding of micro mould tools, i.e.,
increasing the fillet radius and draft angle [25] which can
improve the ultimate performance of x-IM tools. As seen
in Fig. 1, it is seen clearly that a rectangular cross-section
mould is obviously more difficult to demould rather than a
draft angled mould because of excessive adhesion and fric-
tion: the rectangular profile has a tendency to lock against
plastic features. However, the challenges remain on how to
generate controlled draft angles and fillet radii. Convention-
ally, micro milling [26], lithography and electroforming [27,
28], and additive manufacturing [29, 30] commonly used
microfabrication techniques in manufacturing microscale
surface structures on micro mould tool inserts. Consider-
ing a microfluidic chip as an illustrative example: a channel
feature generally ranges between tens of microns to several
hundred microns in both width and depth [31-33]. For most
applications, the corresponding mould tools are required
to have high surface structure integrity, a mirror-like fin-
ish with low surface roughness (<50 nm) [34], and a pos-
sible draft angle to ease the demoulding of plastics from the
mould. However, depending on the feature sides, it is quite
challenging to control the draft angle of micro scale struc-
tures of the mould based on conventional micro milling or
micro electroforming for features smaller than 100 pm. For
micro milling, this is due to large cutting tool diameters and
precision positioning accuracy requirements for the machine
tools; for micro electroforming, it is determined by the mas-
ter created by deep reactive ion etching or UV lithography,
where the draft angle is difficult to control because of the
way in which UV lithography exposure creates straight pro-
files. For additive manufacturing of micro-structured mould
tools, the precision remains too low at present to be a viable
production route for moulds for micro injection moulding.
Based on this challenge, we propose to use a non-contact
electrochemical polishing method to shape/round the walls,
edges and corners of micro mould tools. Electropolishing
(EP) is a non-contact machining process that cleans [35],
passivates [36], deburs [37] and forms [25] the metal sur-
face. The resulting metal is shiny and free of surface defects.
It has diverse manufacturing applications including y-MEMs
[38], u-optics [39] and u-TEM [40] samples. Principally,
it is based on Faraday’s law which states that the material
removal rate is directly related to the supplied current. It
consists of a cell where the anode (work piece) and cathode
(counter electrode) are immersed in an electrolyte; anodic
dissolution of metal occurs based on a current density gradi-
ent; and it can lead to the controlled forming and shaping
of micro features. The current density gradient is uneven,
and higher at protrusions than at recessed regions [41]. This
leads to localised material removal. The principal of EP can
be used to shape/round the geometric features of mould tools
whereby more material is removed from the micro walls and
edges than the base. Such a geometric change, i.e., increase
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Fig.1 Schematic of demoulding forces showing the interaction between metallic mould and replicated polymeric part when the microscale
ridges either a linear (e.g., manufactured via UV LIGA and electroforming), or b shaped or formed in cross-sectional profile after non-contact

electrochemical machining

in draft angle and fillet radius, can reduce the occurrence
of demoulding defects without altering the effective opera-
tion of the designed component. Therefore, EP is a suitable
technique to shape and round the micro features of mould
tools where other microfabrication processes cannot be used.

In the present study, we aim to shape and round the
micro-Ni mould fabricated through silicon dry etching,
electro forming and moulding (DEEFM) with designed
multi-linear ridges and star patterns. Due to the aniso-
tropic nature of dry etching, it is not possible to form

a draft angle or to control any radius at the edge of a
mould ridge. The developed multiple-linear ridges and
star patterns range in dimensions from tens to hundreds
of microns for a broad spectrum of microfluidic features
and functional surfaces, that are nominally rectangular
in cross-section. This present paper tests the hypothesis
that EP can effectively shape and round such features
(increase fillet radius and achieve a positive draft angle)
and thus effect minor changes to surface morphology.
Micro mould features are arranged in the form of linear

@ Springer



210

S. Zaki et al.

ridges and radiating star patterns, the dimensions of
which range in width from 15 pm to 150 pm, gap distance
from 10 um to 130 pm and height from 80 pum to 100 um.
Most microfluidic devices have features with such com-
mon dimensions. An initial characterisation study (not
shown) was conducted on micro mould Ni tools in vari-
ous electrolytes ranging from strong to weak acids which
showed the changes in feature topography, morphology
and oxide layer deposition on the mould tools. That study
showed that no oxide layer was deposited when using a
nickel sulfamate solution and this electrolyte was selected
for the present work and process parameters, i.e., volt-
age (V), time (min) and temperature (°C) were optimised
to quantify shaping and surface roughness. Knowing
that EP changes the shape and form of micro features
according to the current density gradient of a feature,
we have undertaken a detailed analysis to characterise
and quantify the shaping and polishing effect on feature
topography (i.e., draft angle and fillet radius) and surface
morphology (surface roughness, S,). Initially, the process
of shaping and rounding brings a good geometric change
that improves the mould design but surface morphology
is a bit disturbed, i.e., S, gets high. This issue will be
addressed in future studies by combining the effects of
shaping and polishing through use of pulsed currents.
Such changes to the profile of a feature can significantly
ease demoulding by reducing the friction and adhesion
forces and thermal stresses associated with a particular
microfeature.

2 Design methods and materials
2.1 Multi-linear and star patterns

The designed micro patterns on a pure Ni (99.5%) wafer took
the form of multi-linear ridges and star shaped structures;
these were manufactured using dry etching, electroform-
ing, and moulding based on silicon lithography [42] and
electroforming [43]. Two design structures were patterned
on 4-inch silicon wafers using ultraviolet lithography, deep
reactive ion etching (DRIE), followed by a conductive layer
of titanium (50 nm) and nickel vanadium (200 nm), which
was electroformed and then etched in a solution of potassium
hydroxide (KOH). Feature dimensions of multi-linear ridges
varied in width from 15 um to 150 pm, gap distance from
10 pm to 50 um and height from 80 pm to 100 pm, while
star patterns had an outer diameter of 9 000 pm, inner core
diameter of 80 um, with radial arms of width from 10 um
to 150 um, gap distance varying from 10 pm to 130 pm and
height from 80 um to 100 um. Figure 2 shows the samples
containing multi-linear and star patterns on a Ni wafer: the
area containing the linear patterns was nominally 7.5 mm
X 15 mm while that containing the star patterns was 6.8
mm X 14 mm.

Normally, microfluidic devices have such dimensions
in most of their applications. This study is focused on the
effects of precision shaping and rounding of Ni mould
micro features after EP which will reduce the demoulding
defects and improve replication efficiency. The detailed

(b)

Fig. 2 Ni mould having micro star patterns a two radial arms marked (radial arm 1 and radial arm 2), and b linear ridges (four ridges marked: 1,

2,3 and 4)
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dimensions of the linear ridges and star arms are given
in Table 1.

2.2 EP setup

A DC current supply (Owon ODP3033, 5642JA Eindho-
van, the Netherlands) with two power channels, having
voltage and current at a maximum rating of 60 V and 3
A, was used for EP. The electrolyte solution was prepared
with a 2 mol/L nickel sulfamate solution (H;N,NiO¢S,,
Ampere Galvanik Germany) with the addition of boric
acid (20-30 g) and a wetting agent (1 mL). Ni mould tools
with linear micro ridges and star patterns act as the anode
and a flat SS cathode is used, both of which are connected
to a DC power supply. There is anodic dissolution of Ni
in the solution of nickel sulfamate and this leads to shap-
ing and rounding of micro features. The electrochemical
cell in Fig. 3, describes the geometric and morphological
changes after EP.

2.3 Sample preparation

The designed micro patterns of star features and multi linear
ridges were prepared with effective areas of 94.9 mm? and
110 mm?. These samples were given an ultrasonic bath in
deionized water (5 min) and acetone (5 min) to increase the
surface reactivity. In order to insulate the unpolished surface,
the back sides of the samples were coated with an aero-
sol conformal coating; the operating temperature of which
remained between +200 °C and —70 °C.

2.4 Measurement of geometric changes after EP

The designed micro patterns of the star features and multi
linear ridges were analysed before and after EP in order
to examine any changes in topography and morphol-
ogy. In order to quantify the geometric changes after EP
in terms of draft angle and fillet radius, 2D profiles were
observed for the multi-linear ridges and radial star arms.
Four points were taken along the length of each ridge and
arm to note variations in each for draft angle and fillet radii.

Table 1 Dimensions of Ni mould having star pattern and linear micro ridges

Micro features

Star patterns (sample 1 (S,;) and sample 2 (S,)

Linear ridges (sample 3 (S;) and sample 4 (S,))

Radial arm 1 Radial arm 2 Ridge 1 Ridge 2 Ridge 3 Ridge 4
Width/pm 110 45 150 90 20 15
Height/pm 100 100 100 100 80 80
Gap distance/pm 130 80 50 40 10 20

Note: There are four samples, samples 1 and 2 (star patterns observed at two radial arms) and samples 3 and 4 (multi-linear ridges observed at

four ridges).

DC power source

Shaped and electropolished microfeatures
of Nimould after EP I

\ V4
Electrolyte

stirrer

2H+2e¢” - H, Ni->Ni*+2e”

|
Working
electrode
Counter (Nimould)
electrode —>
(SS)
Magnetic N

Microfeatures of Nimould before EP

Fig. 3 Electropolishing cell for Ni mould showing changes in feature topography and surface morphology after EP
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The measurements for draft angle were taken using Bruker
software vision 64, which gave 2D profiles of features. Sub-
sequently, the profile was exported and analysed in Matlab
by extracting the corner radii of microfeatures before and
after EP. A curve fitting technique was used to note the radii
from both the left- and right-hand sides and an average was
examined. The geometric changes in the microfeatures after
EP, along with the measurement of draft angle and fillet radii
are detailed in Fig. 4. All samples are analysed using a 3D
profilometer before and after the EP process to capture the
profiles.

2.5 Characterization of samples

A digital microscope (AmScope MU1000 with 10MP) was
used to identify the characteristic dimensions on the two
mould patterns. Star patterns were examined at two areas,
the outer and inner radial arms, as shown in Fig. 5. Likewise,
four ridges were observed on the multi-linear samples to
quantify any variations in width and gap distance, as shown
in Fig. 6. The surface morphology and topography of the
features were evaluated using white light interferometry
(NP Flex Bruker, USA) at 20 X magnification. The shape,
depth and surface roughness of the features were quantified.
A benchtop SEM TM-4000 using standard electron (SE)
beams and back scattered electron (BSE) beams, with high
accelerating voltages (5 kV, 15 kV and 20 kV) and magnifi-
cations ranging from 25 X to 250 000 X was used to ascertain
the shaping effects of electropolishing along the corners and
edges of the micro features.

g

2.6 Characterization of nickel sulfamate electrolyte

Unlike other conventional acids, i.e., sulphuric and phos-
phoric acid, a green solution of nickel sulfamate has been
selected. The solution of nickel sulfamate was character-
ized using a CS310 electrochemical work station (Wuhan
CorrTest, China). A polarization study was conducted in
a three-electrode standard cell, where the Ni sample was
used as an anode, 314 SS as the cathode and Ag/AgCl as
a reference electrode using linear scanning voltammetry
(LSV) with a positive sweeping potential of 6—0 V at a
scanning speed of 10 mV/s. Previous studies examined the
potentiodynamic polarization behaviour of Ni in a nickel
sulfamate solution to observe changes in shaping and pol-
ishing at different voltages [44]. The polarization study
identified regions of etching, polishing, and gas evolution,
as depicted in Fig. 7.

2.7 Numerical simulations for electrochemical
polishing

A 2D transient analysis was undertaken using COMSOL
Multiphysics 5.4 on Ni microfeatures to predict the pattern
of current density distribution on the four linear ridges in
order to better understand geometric changes that occur
during electropolishing. Two equations of state were used,
i.e., deformed geometry (DG) and electric currents (EC)
with a time dependent solver. Geometry deformation is
a function of normal current density on the surface [45]

7" /
/b

tan 0 =

|
|
I
|
[
|
|
|
|
Ax/Az :
|
|

—

Positive

draft angle

Increased fillet

radii

— Before EP
= After EP

I

Fig. 4 Micro features being shown with the geometric changes which occur after EP, the measurements for draft angle and fillet radii being

indicated
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Fig. S Ni mould with star patterns were observed using optical microscope a outer radial arm §, with width= 110 pm and gap=130 pm, and b

inner radial arm S, with width= 45 pm and gap= 80 pm

Vet = =K/, M

n

where V4, is the normal mesh velocity/ deformation, k a
proportionality constant (based on surface normal vector and
specific removal volume), and J, current density

J,=oL. )

Furthermore, current density J, is dependent on the electri-
cal conductivity ¢ and electric field E.

The initial boundary conditions for defining anode, cathode,
normal velocity for deformation and initial potential are shown
in Fig. 8. The time dependent response is governed by electric
charges, material relativity and voltage gradient

VI =0, 3
oD

J:6E+E+Je, 4)

E=-VV, 5)

where D is a relative permittivity term which is based on
€., the absolute permittivity and €,, the relative permittivity

of the materials. Q;, the change rate of electric charge per
unit volume, and J, the current density of external electric
current.

The 2D model of the Ni micro mould employs a vari-
able triangular mesh density. A finer mesh was applied
overall to simulate geometric deformations after electropo-
lishing. In addition, an extremely fine mesh with higher
density was used near the anode region to capture critical
areas accurately.

The model is simplified by a few assumptions about
the boundary conditions and equations of state (EC and
DG), namely:

(i) Anode boundary constitutes the micro feature, cath-
ode boundary is a flat surface and electrolyte sets
positive voltage at anode and grounds the cathode.

(i) Current distribution is governed by Ohm’s law with
uniform electric field and is based on a time depend-
ent solver.

(iii)) Geometric deformations are based on Laplace mesh
smoothing of the 2nd geometric order.
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Fig. 6 Ni mould with multi-linear ridges being observed using optical microscope a ridge 1 with width=150 pm and gap=50 pm, b ridge 2 with
width=90 pm and gap=40 pm, ¢ ridge 3 with width=20 pm and gap=10 pm, d ridge 4 with width=15 pm and gap=20 pm

100
— 20 °C
g0 | ——350°C

60 Gas evolution

40 Polishing

20
Etching

Current density/(A-dm2)

Potential/V

Fig. 7 Polarization curve of Ni mould in the solution of nickel sulfa-
mate

This model validates the principal of EP as it con-
firms the uneven current distribution pattern and geomet-
ric change leading to shaping and forming of the micro
features.
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3 Results and discussion

3.1 EP and shaping of multi-linear ridges and star
patterns

The various linear micro ridges and star patterns were elec-
tropolished in the nickel sulfamate solution. The characteri-
zation of electrolyte in Fig. 7 shows the regions of etching,
polishing and gas evolution. It has been observed that the
region of etching has no effect on shaping and rounding of
Ni micro features while the gas evolution will lead to pitting
and passivation of Ni mould, and only the polishing region
from 2.8 V to 3.0 V shapes and rounds the Ni mould with a
positive change in draft angle and fillet radii. Previous work
by the present authors characterised the use of EP on shap-
ing and polishing the micro features of a mould tool using
various electrolytes (from strong to weak acids). Based on
the optimal results of that work, the EP parameters of volt-
age, temperature, agitation and electrode gap were fixed in
this present study.

Time was varied, however, in order to observe changes
in feature topography and the surface morphology of micro-
features. The process parameters are summarised in Table 2.

EP of Ni micro moulds in the solution of nickel sulfamate
proved effective in shaping and polishing of the multi-linear
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Fig. 8 2D model of Ni mould with microridges indicating a initial boundary conditions, and b variable mesh densities

Table 2 Electropolishing parameters used for optimizing the shaping
effect and surface roughness

Parameters Star patterns Linear ridge
patterns

S, S, S, Sy
Voltage/V 3 3 3 3
Temperature/°C 50 50 50 50
EP time/min 8 15 8 15
Area/mm’ 94.9 94.9 110 110
Current/A 0.097 0.100 0.129 0.128
Current density/(A - dm™) 10.22 10.54 11.73 11.64

ridges and star pattern features. It was observed that when
EP conditions of voltage (3 V), electrode distance (20 mm),
temperature (50 °C) and magnetic agitation (200 r/min) were
used; a change in time from 8 min to 15 min resulted in
changes to the geometric features and surface roughness.
These changes in surface morphology and feature topogra-
phy are discussed below in Sects. 3.3 and 3.4.

3.2 Descriptive analysis of multi-linear ridges and star
patterns

Following EP of the Ni micro features, i.e., multi-linear
ridges and star patterns, changes to their shape and form
have been characterised qualitatively by observing the geo-
metric changes at the corners and edges of the microfeatures.
Accompanying this, there was also a change in surface mor-
phology, as measured by surface roughness (S,). The micro
features became more rounded and formed along the edges
and corners after EP, as shown in the 2D Bruker images in
Figs. 9 and 10. Besides the geometric change, there were
also some bubbles and pitting marks on the samples, which
represented a significant change in surface roughness, as evi-
dent in Fig. 9. Both star arms (radial arms 1 and 2) and linear

ridges (ridges 1-4) were examined to record the changes in
feature topography and surface morphology.

3.3 Quantitative analysis of multi-linear ridges and star
patterns

A detailed analysis has been performed to quantify the geo-
metric changes in the micro features of both the multi-linear
and star patterns. EP leads to localized material removal
based on current density thus changing the draft angle and
fillet radius of microfeatures. The 2D overlays of micro lin-
ear ridges and star patterns shows the thinning and shaping
of features after EP in Figs. 11 and 12. The areas of higher
current density are marked in Fig. 11 and material removal
and shaping are most pronounced here. For each feature, the
change in draft or taper angle and fillet radius was quanti-
fied by analysing the Bruker profilometry images. Geometric
integrity was ensured by using the filters of statistic, data
restore, remove tilt and Gaussian with long wave lengths of
0.01, 0.03 and 0.05 mm based on feature size to distinguish
geometry and roughness. Furthermore, four points were
taken on each micro ridge and star pattern to observe the
change in draft angle and fillet radius.

Topographic changes to the nickel micro features are
summarised in Tables 3 and 4 (each value is an average taken
at four points along the ridge or radial arm). By increasing
EP times, there is a change in geometry and more extensive
forming is observed to occur, which is manifest in the form
of increased fillet radius and positive draft angle. However,
surface roughness also increases when the polishing time
is increased from 8 min to 15 min. The samples of star pat-
terns which are electropolished for 8 min (S;-1 and $;-2)
have fillet radii of up to +3.58 pm, a positive draft angle
of 2.16°-2.86° and an increase in surface roughness from
67.3 nm to 113 nm. For those polished for 15 min (S,-1 and
S,-2), the fillet radii increase from +3.76 pm to 4.73 pm
while a positive draft angle of up to 3.62° and an increased
surface roughness from 53 nm to 410 nm was also noted.
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Fig. 9 3D images of Ni mould star patterns observed from the top; surface topography examined before and after EP a, b w=110 pm and #=100
pm (radial arm 1), ¢, d w=45 pm and #=100 pm (radial arm 2) (Four points are marked on the radial arms to record geometric changes after EP)

For the multi-linear ridges that were electropolished for 8
min (sample 3, ridges 1-4) the increase in the fillet radius
ranges from +2.45 pm to 3.70 pm, while the draft angle
increased by between 1.63° and 2.18°, and the surface rough-
ness increased from 20.3 nm to 31.4 nm. For the ridge fea-
tures that were polished for 15 min (4-1, 4-2, 4-3 and 4-4),
the fillet radii increased by between 3.41 pm and 5.09 pm; a
positive draft angle of between 2.1° and 3.58° was formed;
and the surface roughness changed from 25.9 nm to 47.3 nm.

For both kind of patterns, the EP time adversely affects
the quality of the surface roughness (S,). Specifically, the
surfaces developed pits and bubble marks on both the linear
channel and star pattern samples.

Quantitative analysis of the star patterns has been per-
formed by taking two points on each star sample (S;-1 (point
1 on the outer edge of star pattern 1) and ;-2 (the central
region of star pattern 1) as indicated in Fig. 2). S| is the star
sample which was electropolished for 8 min at 3 V and 50 °C
while S, is the star sample electropolished for 15 min using
the same parameters. The changes in fillet radius and draft
angle have been recorded at four points along a radial arm
of each star pattern and average values are shown in Table 3.
Likewise, four multi-linear ridges with widths ranging from
15 pm to 150 pm, heights from 80 pm to 100 pm and gaps
from 10 pm to 130 pm on samples 3 and 4 were analysed,
the results of which are summarised in Table 4. Sample 3
was electropolished for 8 min at 3 V and 50 °C while Sample
4 was the multi-linear sample that was electropolished for
15 min using the same parameters. For each of the multi-
linear ridge samples, the changes in draft angle and fillet
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radii were noted at four points along the width of ridges
and average values with standard deviations are indicated in
Table 4. Overall, after selective polishing, the draft angle of
the micro patterns increased by 1.63°-3.58° while the fillet
radii of the features increased by 5.09 pm. Although the sur-
face roughness of the mould also increased, it still remained
below 50 nm, which was sufficiently good to mould optically
transparent products [34].

3.4 SEM analysis

Two phenomena are associated with EP: one is the precise
geometric change in the topological shape of the micro
features, and the other is the change in surface roughness.
Additional insights into the phenomenon of shaping and
rounding of the edges and corners of the linear micro ridges
and star patterns were obtained by means of SEM inspec-
tion. The surface morphology and topography can be seen
in Figs. 13-16. As the EP time increaseed from 8 min to
15 min, more significant rounding was observed around the
corners and edges of star patterns while the surface rough-
ness increased. There were some marks observed on the
star patterns (see Fig. 13) after EP in the solution of nickel
sulfamate for 8 min while pitting was observed on the star
patterns (see Fig. 14) that were electropolished for 15 min.

Likewise, the SEM analysis for the multi-linear patterns
highlights the topographical and morphological changes
clearly in Figs. 15 and 16. Ridges 1-4 were imaged to
observe the side walls and surface roughness. The phenome-
non of rounding and shaping can be seen in the SEM images
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Fig. 10 3D images of Ni multi-linear patterns observed from the top, surface topography examined before and after electropolishing for four
ridges a, b w=150 pm and 2=100 pm, ¢, d w=90 pm and ~=100 pm, e, f w=20 pm and ~=80 pm, g, h w=15 pm and /=80 pm (Four points are

marked on the linear ridges to record geometric changes after EP)

of the samples before and after EP. Increasing the EP time
results in more material removal and provides more promi-
nent shaping effects but also increases the surface roughness.
Depending on the application that might be intended for
such features, further optimization of EP parameters could
serve to combine the shaping and polishing effects together.

3.5 Numerical simulations of shaping and rounding
of microscale features

EP has the potential to shape and round microscale features
of Ni principally as the current density distribution is higher
at the corner and edges in comparison to the base region.
This results in more material removal at the corners and
edges, resulting in shaping and rounding of microfeatures.
In our experimental analysis, it can be seen clearly that EP
changes the feature topography by increasing the draft angle
and fillet radius. This change is also reflected in our numeri-
cal simulations which modelled the EP of linear micro ridges

of Ni with varying width, height and inter gap spacing (elec-
trical currents and geometric deformation to highlight the
material removal process).

Numerical simulations have been performed on the
linear micro ridges to observe the pattern of current
density distribution and geometric deformations after
EP. Figure 17 shows the electropolished micro ridges
with dimensions of width ranging from 15 pm to 150
pm, height from 80 pm to 100 pm and gap width ranging
from 10 pm to 50 pm. The four linear ridges having dif-
ferent dimensions and aspect ratios show EP results. It is
observed clearly that all microridges have a higher current
density at the corners, which confirms the physical real-
ity of EP whereby greater amounts of material removal
occurs for the micro features along their edges and cor-
ners, thus resulting in changes to the draft angle and fillet
radii. As the feature size and aspect ratio changes, the
effect also changes and is most significant for ridge 4,
which has a width of 15 pm, height of 80 pm and inter gap
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Fig. 11 2D overlays of Ni multi-linear ridges showing the geometric change in profile (increase in fillet radii and positive draft angle) after EP
for 8 min and 15 min a, b ridge 1: w=150 um, 2=100 pm, ¢, d ridge 2: w=90 um, ~/=100 um, e, f ridge 3: w=20 pm, #=80 pm, g, h ridge 4:
w=15 um, h=80 um (The areas of higher current density are marked which leads to more material removal and shaping phenomenon)

spacing of 20 pm. The current density pattern is indicated
in experiments (see Fig. 11) and simulations (see Fig. 17)
of micro linear ridges, and is more intense at the corners.

@ Springer

Thus the numerical simulation validates the current den-
sity distribution and predicts the pattern of shaping and
rounding after EP.
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Fig. 12 2D overlays of Ni star patterns showing the geometric change in profile (increase in fillet radii and positive draft angle) after EP for 8
min and 15 min a, b radial arm S;: w = 110 pm, 2 = 100 pm, ¢, d radial arm S,: w = 45 pm, £ = 100 pm

Table 3 Electropolishing results for star patterns in the form of shaping and change in surface roughness (Star patterns shaped and EP in nickel
sulfamate solution)

Sample Dimension/um Positive change  Increase in Surface rough- Remarks
in draft angle/(°) filletradius/  ness (S,)/nm
pm Bt Af
Before After
S-1 w=110,h=100 2.16 +0.56 3.58 +£0.99 67.3 113 Fillet radius increases by 3.58 pm, and draft angle increases by
2.16° and S, increases from 67.3 nm to 113 nm.
S,-2 w=45h=100 2.86+0.61 3.50 +0.33 Fillet radius increases by 3.5 pm, and draft angle increases by
2.86° and S, increases from 67.3 nm to 113 nm.
S,-1 w=110,h=100 3.56 +0.82 473+0.72 53 410  Fillet radius increases by 4.73 pm, and draft angle increases by
3.56° and S, increases from 53 nm to 410 nm.
S,-2 w=45h=100 3.62+0.29 3.76 + 0.38 Fillet radius increases by 3.76 pum, and draft angle increases by

3.62 °, and S, increases from 53 nm to 410 nm.

Note: All linear dimensions in pm and angles in degrees (width “w”, and height “A”), S,-1 (star sample 1-radial arm 1) and likewise.
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Table 4 Electropolishing results for multi-linear patterns in the form of shaping and change in surface roughness (Multi linear micro ridges

electropolished in nickel sulfamate solution)

Sample Dimension/um Positive change  Increase in Surface rough- Remarks
in draft angle /(°) fillet radius ness (S,)/nm
/pm —_—
Before After
S5-1 w=150,h=100 2.18+0.62 3.70+0.59 20.3 31.4  Fillet radius increases by 3.7 pm, and draft angle increases by
2.18° and S, increases from 20.3 nm to 31.4 nm.
S5-2 w=90,h=100 1.94+0.44 3.54+0.61 Fillet radius increases by 3.54 pm, and draft angle increases by
1.94°, and S, increases from 20.3 nm to 31.4 nm.
S5-3 w=20,h=280 1.84+0.20 2.45+0.28 Fillet radius increases by 2.45 pm, and draft angle increases by
1.84°, and S, increases from 20.3 nm to 31.4 nm.
S;-4 w=15,h=280 1.63+0.27 2.58+0.33 Fillet radius increases by 2.58 pum, and draft angle increases by
1.63° and S, increases from 20.3 nm to 31.4 nm.
S,-1 w =150, h =100 3.54+0.54 5.09+0.10 259 47.3  Fillet radius increases by 5.09 pm, and draft angle increases by
3.54°, and S, increases from 25.9 nm to 47.3 nm.
8,2 w=90,h=100 3.58+0.60 4.89+0.67 Fillet radius increases by 4.89 um, and draft angle increases by
3.58° and S, increases from 25.9 nm to 47.3 nm.
S,-3 w=20,h =280 2.60+0.28 3.41+0.61 Fillet radius increases by 3.41 um, and draft angle increases by
2.6° and S, increases from 25.9 nm to 47.3 nm.
S,-4 w=15,h=280 2.19+0.32 3.43+0.42 Fillet radius increases by 3.43 pm, and draft angle increases by

2.19° and S, increases from 25.9 nm to 47.3 nm.

Note: All linear dimensions in pm and angles in degrees (width “w”, and height “A”), S5-1 (Linear sample 3- ridge 1) and likewise.

Linearedges of microchannels

-

-
RN
. 1
K 7

& td

3
#
:

Linear side walls of microchannels

Rounded si icrochannels &

\\_)ég

5
L g

Fig. 13 SEM analysis for star pattern 1 a, b before EP, and ¢, d after EP for 8§ min
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Linearedges of microchannels

Linear side walls of microchannels

Fig. 14 SEM analysis for star pattern 2 a, b before EP, and ¢, d after EP for 15 min

4 Conclusions

The present study was conducted to optimize EP param-
eters when used for different micro mould patterns on a Ni
surface, i.e., a star pattern and multi-linear ridges using a
green solution of nickel sulfamate. EP is a non-contact elec-
trochemical machining process that removes material based
on the distribution of current density from the edges and
corners of the microfeatures, thus resulting in the change of
feature topography (i.e., draft angle and fillet radii) and sur-
face morphology. Such geometric changes effected to mould
tool inserts could help to ease demoulding and avoid the
occurrence of defects caused by interfacial friction, adhesion
and thermal stresses, and thereby improve the overall effi-
ciency of a micro-injection moulding process. Subsequent
experimental work will seek to examine this fully by com-
paring the ejection forces associated with electropolished
and normal mould tool inserts, and to examine the associated
defect rates. Optimized parameters for EP were based on our
previous studies [19] to electropolish linear microfeatures of
Ni in various electrolytes from strong to weak acids. A green
solution of nickel sulfamate was thus selected to record the
effects of shaping and rounding on star patterns and multi-
linear ridges with dimensions ranging in width from 15 pm
to 150 pm, gap distance from 10 pm to 130 um and height

from 80 pm to 100 um by varying the EP time between 8
min and 15 min. The main conclusions are as follows.

(i) Material removal rates by means of EP is proportional
to the distribution of current density, which is higher
at peak regions than at valley regions. When EP ridge
and channel features on Ni micro mould tools, shap-
ing of the features occurs in the form of an increase
in the draft angle and fillet radii, and an increase in
surface roughness. Optimized parameters for EP (volt-
age=3 V, temperature= 50 °C, magnetic agitation=
250 r/min) were used to electropolish micro patterns
in the form of multi-linear ridges and star patterns on
a Ni surface. Using a nickel sulfamate solution and
changing the polishing times from 8 min to 15 min, it
was possible to characterise and quantify the resulting
changes to the shape and roughness of the features.
There were obvious changes around the edges and
corners of the features while defects in the form of
bubbles and pit marks were evident on the samples
electropolished for the longer times (15 min; star 2
and sample 4). Bubble formation is linked to the gen-
eration of hydrogen gas at the cathode, resulting in
continuous bubble formation and explosion during the
EP process. The occurrence becomes more prominent
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Fig. 17 Numerical simulation of Ni mould with multi-linear ridges using COMSOL, initial geometries and current density distribution after

EP process (change in draft angle and fillet radius) a ridge 1 with width =
100 pm and gap = 40 pm, ¢ ridge 3 with width = 20 pm, height =

90 pm, height =
height = 80 pm and gap = 20 pm

with longer EP times. To minimize bubble marks on
the anode, increasing the circulation of electrolyte and
maintaining a larger inter-electrode distance can be
beneficial.

@ Springer

150 pm, height =

100 pm and gap = 50 pm, b ridge 2 with width =
80 pm and gap = 15 um, and d ridge 4 with width = 15 pm,

(i) Quantitatively analysing the micro mould tools before
and after EP indicated changes in the fillet radii, draft
angle and surface roughness of the features. Increased
time for EP led to more extensive shaping and form-
ing of micro features. The star pattern samples that
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were electropolished for 8 min (S,) had an increased
fillet radius of up to +3.58 pm, a positive change in
draft angle of 2.16°-2.86° and an increase in surface
roughness from 67.3 nm to 113 nm, while those elec-
tropolished for 15 min (S,-1 and S,-4) led to the fil-
let radius increasing from +3.76 pm to 4.73 pm, the
establishment of a positive draft angle of 3.56°-3.62°
and surface roughness increasing from 53 nm to 410
nm. For the multi-linear micro ridges that were elec-
tropolished for 8 min (sample 3), there was a similar
increase in the fillet radius that was also of 2.45-3.7
pm, while the draft angle increased by 1.63°-2.18° and
the surface roughness increased only slightly, from
20.3 nm to 31.4 nm. Finally, for the corresponding
samples that were electropolished for 15 min (sample
4), the fillet radius increased by between 3.43 pm and
5.09 pm, the draft angle increased by 2.19°-3.58° and
the surface roughness increased from 25.9 nm to 47.3
nm. There is a more pronounced change in fillet radius
than in draft angle with prolonged EP times. These
surface roughness values after EP are below 50 nm,
which is typically required for mirror surface finishes.
The increase in surface roughness, particularly for the
shorter EP times, is not expected to prove significant
in the optical transparency and effectiveness of the
mould tools.
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