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Abstract Electrochemical machining (ECM) is a powerful
method to machine metals independently of their mechanical
properties. Micro-sized structures can be formed with high
precision. For this purpose, it is necessary to manufacture
tools with adequately fine structures. Conventional ECM tools
were manufactured by micro-drilling, -milling, -turning, etc.
Depending on the complexity of the structures, these tech-
niques are very elaborate and expensive. Recently, a new pro-
cedure, which combines photolithography and electroforming,
the so-called PhoGaTool process (photolithographic
electroforming of ECM tools), was published. In the present
work, we demonstrate how this method can also be used for
copying ECM tools that were conventionally manufactured. A
copy of an industrial PECM tool (precise electrochemical ma-
chining) was manufactured and used for the structural charac-
terization and determination of the replication accuracy. The
electroforming parameters like deposition conditions, bath
composition as well as physical and chemical parameters were
optimized for model systems. The inclusion of bath additives in
the metal matrix during the deposition leads to micro-stresses,
hence in this contribution, an alternative additive-free electro-
lyte was used. The accuracy of the process was investigated by
means of confocal laser scanning microscopy. Average
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deviations of the structure depth and the lateral structure dimen-
sions are in the range of 5 %.
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1 Introduction

The tendency to manufacture very small structures with di-
mensions below 500 pm requires techniques and tools with
the appropriate precision. A suitable method is the electro-
chemical machining (ECM) process [1, 2], which was
invented in the late 1929 by W. Gusseff. The metallic work-
piece is structured by selective anodic dissolution in a conduc-
tive electrolyte (e.g., sodium nitrate), which is pumped
through the gap between cathode and anode at a high speed.
The machining with this process is independent of the mate-
rial’s mechanical properties; the only requirement is the elec-
trical conductivity of the chosen material. The applied voltage
causes a current flow between the positive polarized anode
(workpiece) and the negative polarized cathode (tool). This
leads to a controlled and localized dissolution of the anode.
The shape of the final workpiece results from the correspond-
ing tool geometry. For example, if the workpiece should have
a simple cylindrical shape, the ECM tool consists of a metal
sheet with a hole in it which has a diameter slightly larger than
the final cylindrical structure. Relief-like structures were
transferred negatively on the workpiece (Fig. 1).
The advantages of the ECM process are as follows:

» formation of complex structures with a high surface qual-

ity in only one production step [3, 4],
* almost no tool wear [5] due to the applied voltage,
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Fig. 1 Schematic view of the ECM process

* o internal stress induced by the process [6],
» cost-efficiency [7].

A recent development of ECM is the precise electro-
chemical machining (PECM) [6] and the pulse electro-
chemical micromachining (PEMM) [8, 9]. In contrast to
the classical ECM process, the applied voltage is pulsed
and additionally the tool is vibrating. If the tool reaches
the lower reversal point of the cycle, the voltage pulse
takes place and the tool moves back to the starting posi-
tion (upper reversal point). In this state, the electrolyte
removes all gaseous and solid removal products from
the surface of the workpiece. In this way, the PECM tech-
nique allows much smaller interelectrode gaps (several
micrometers) than the conventional ECM process because
there is no possibility for a plugging of the work gap by
the as-mentioned removal products. In the case of a large
gap size, the scattering of the electronic field lines leads
to an undesired dissolution of the boundary areas which
leads to an imprecise workpiece structure. Obviously, the
precision of the workpiece will be increased by a reduced
gap size. A detailed comparison of ECM and PEMM is
given by Bhattacharyya et al. [10].

The production of micro-sized structures by micro-
ECM [11, 12] requires corresponding micro-sized tools
[13]. Nowadays, most micro-sized tools are fabricated
using conventional methods like micro-drilling, -milling
[14], or -turning [15]. Disadvantages of these methods
[16] are high mechanical and thermal loads on the
manufactured tool. Another non-conventional method is
laser beam machining [10, 17]. These techniques require
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special tools and machines and therefore the manufactur-
ing of micro-ECM tools is elaborate and expensive. A
new process chain, called PhoGaTool, described by
Weinmann et al. [18], enables the production of
microstructured tools with comparably less effort. This
method consists of several steps including structuring by
photolithography, casting with silicone and resin, and fi-
nally electroforming. Thus, low-cost productions of
microstructured ECM tools with a high precision are pos-
sible. In order to copy existing surfaces, a modification of
the PhoGaTool process is predestinated. As the micro-
structure is already manufactured using conventional
methods (e.g., mechanical machining, 3D printing), the
photolithographic steps can be avoided. The micro-ECM
tool can be manufactured in a four-step procedure. In a
first step, the microstructure is molded with silicone. The
silicone model is used for the preparation of a bath model,
which is covered with a conductive layer (nickel or gold).
Finally, the tool is electroformed in a nickel electrolyte.
The aim of this work is the formation of structures with
dimensions below 500 pwm. For this reason, the micro-
structure of the electroformed material has to be nanocrys-
talline because a coarse-grained structure decreases the
mechanical stability and also the replication accuracy.
The formation of nanostructures in an electroforming pro-
cess can be achieved by properly selecting the plating
conditions that influence the electrocrystallization [19,
20].
Benefits of this copying process are as follows:

* The mechanically manufactured master tool is not abraded
because it is only used for the replication process.

» This procedure enables the production of several tools in
parallel, which can be used for parallel series production
or for very wear-intensive production processes.

* The use of a micro-ECM tool copy is cheaper than con-
ventional production.

*  The components (chemicals, electronic devices) are com-
mercially available and very cost-effective.

* Awide range of materials can be used for the copy process
of microstructures without undercuts.

*  Due to a comparably simple manufacturing process and
equipment, the process performance does not require
highly trained experts.

* The equipment of the replication process is portable and
can be used at every desired location.

In the present work, the accuracy of the described method
is investigated. The copied electrode and the workpiece are
analyzed by evaluating three-dimensional LSM micrographs.
Furthermore, the electrolyte composition for the
electroforming process is optimized by testing different addi-
tives and their influences on the resulting deposit properties.
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2 Electrochemical nanostructuring of metals

Electrocrystallization describes the build-up of metal layers
from the ionic state. It includes three sub-steps: mass transport
in the electrolyte, cross-over of the interphase, and incorpora-
tion of the adatoms in the metal lattice. Interventions in at least
one of these three sub-steps cause changes in the microstruc-
ture of the deposited metal. Inhibition describes the slowdown
of'the velocity of the sub-steps during electrocrystallization by
addition of organic or inorganic substances. The most com-
mon inhibition mechanism to form nanomaterials is surface
inhibition [21]. It describes the sorptive covering of the elec-
trode surface. The production of nanomaterials requires the
formation of new crystallites over the whole deposition time.
From a thermodynamic point of view, the necessary amount of
energy must be provided by the crystallization overpotential
M The crystallite formation velocity v shows the following
dependence from the overall overpotential || of the system
[22-24]:

k
v =kiexp| —= (1)
g

(ky 1s a constant of proportionality and &, a system specific
constant)

An increase in the total overpotential causes an increasing
crystallite formation velocity leading to the formation of many
new crystallites and hence to the buildup of a fine-grained or
nanocrystalline microstructure.

Without efficient surface inhibitors, the crystallites grow at
low overpotentials prohibiting the formation of new crystal-
lites due to accumulation of adatoms at the growth axis. With
increasing coverage of the electrode surface by inhibitor mol-
ecules, the overpotential increases and therefore the
overpotential for the formation of crystallites is exceeded. A
large coverage of the electrode surface causes a reduced sur-
face diffusion of the adatoms. An inhibition only occurs if the
reduction of the metal ions and not the sorption of the inhib-
itors is the speed-limiting step.

Primary inhibitors are substances acting without changes in
their chemical composition in the sub-steps of the electrocrys-
tallization process. Secondary inhibitors only arise during the
deposition by reduction, oxidation, or changes of the pH in the
diffusion layer. Metal hydroxides, produced by hydrolysis in
the diffusion layer, are of high importance as secondary
inhibitors.

Nickel deposition is mostly affected by secondary inhibi-
tion. Amblard has shown that inhibition plays a significant
role in the evolution of the microstructure of nickel deposits
[25-28]. According to Amblard, the inhibition is caused by
molecules selectively acting on distinct growth directions. The
molecules are formed by the co-deposition of hydrogen at the

cathode. Due to the high surface energy of nickel, nearly each
molecule in the vicinity of the electrolyte/cathode interface
will be adsorbed on the cathode surface. Possible adsorbates
are H", OH ™, adsorbed metal ions, anions, or additives. Hence,
even in additive-free electrolytes, there are inhibition effects
caused by a variation in the pH, the potential, or the current
leading to the formation of distinct microstructures. The stron-
gest influence on the crystallite size and the microstructure is
caused by organic additives. Potential benefits of additives are
good brightness, grain refinement, reduction of uncontrolled
deposit growth at edges, leveling, the prevention of pores, the
reduction of internal stresses, and changes in the physical and
mechanical properties. Additives act by adsorption on sur-
faces with high surface energy. The exact function and mech-
anism is up to now not well understood. In Sections 3 and 4,
the influence of different plating parameters (additive type and
amount, current density) on the microstructure of nickel de-
posits are described.

3 Experimental
3.1 Electroforming of nickel
3.1.1 Plating parameters and additives

For the electroforming process, a commercial nickel sulfamate
electrolyte (Enthone GmbH, Langenfeld, Germany) was used
at a temperature of 40 °C and a pH of 3.8. The depositions
were performed using direct current plating at a current den-
sity of 20 mA cm 2. The effect of 2-butyne-1,4-diol, the sodi-
um salt of saccharine and naphthalene-1,3,6-trisulfonic acid
trisodium salt (NTA) on the microstructure, crystallite size,
and hardness were investigated. The additive concentrations
are summarized in Table 1.

3.1.2 Chemical characterization of the deposits

Most organic additives and also their decomposition products
can be determined by high-performance liquid chromatogra-
phy (HPLC). According to the IC application note No. U-25
from Metrohm Ltd., reversed-phase chromatography (RP-
HPLC) with UV detection and a prontosil 120-5-C18AQ
125%4.6 mm column was used for determining the concen-
tration of saccharine and its decomposition products. The el-
uent for the analysis was prepared in the following way:

1. 2.722 g potassium dihydrogen phosphate monohydrate
was dissolved in 1000 mL MilliQ water

2. The pH value was adjusted to 3 by adding H;PO,

700 g of this solution was mixed with 237 g methanol

4. The solution was degassed with inert gas.

W
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Table 1  Concentrations of the used additives Table 2 Process parameters for manufacturing of the master tool

Saccharine NTA Butynediol Roughing Finishing Polishing

gL' mmol L' gL™! mmol L™ gL’ mmol L™ Voltage (V) 9.5 7 14
Pulse frequency (Hz) 70 50 20

0.10 0.49 0.18 041 0.02 0.23 Pulse-on time (ms) 19 15 |

040 1.94 0.72 1.66 0.06 0.69 Tool feed rate (mm min ") 0.3 0.06 0.110

0.70 3.40 1.26 2.90 1.00 11.62 Peak current (A) 300 200 650

1.00 4.85 1.80 4.14 1.40 16.28 Gap size (um) 40 20 25

For NTA analysis, a column made of EU material 5 um
150x4.0 mm was used. For preparation of the eluent, 5 mmol
tetrabutylammonium hydrogen sulfate was adjusted to pH 3
with a mixture of NH3;/MeOH (60:40) and filled up to a vol-
ume of 1000 mL with MilliQ water. The content of NTA,
saccharine, and their decomposition products in the electrolyte
were analyzed by taking a sample (up to twice a day) from the
plating bath. All samples were diluted with MilliQ water in a
ratio of 1:100. Twenty microliters of the calibration standard
and also 20 pL of the sample were injected onto the column
(eluent flow 1 mL min ", temperature 20 °C).

3.2 Manufacturing of the master tool

A mechanically manufactured ECM tool was used to produce
a workpiece, which consists of an Inconel 718 disc. The di-
ameter of the workpiece is 18 mm and its thickness 3 mm. A
photography of it is shown in Fig. 2 (left). The surface is
structured with different geometries: flat sections (1), curved
areas (2), sharp edges (3), honeycombed structures (4), holes
(5), and structures with different depths (3, 4).

The workpiece was manufactured with an industrial pro-
duction plant (PEMCenter800; PEMTec SNC, Forbach,
France) in PECM mode. As electrolyte, a solution of 8 wt%
NaNO; with a conductivity of 65 mS cm ™' (pH 7) was used.
The electrolyte flow through the interelectrode gap (Table 2)

Fig. 2 Original ECM tool (left-
hand side) and workpiece with
test structures used for the
replication process (right-hand
side)
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was 2 L min ' (pressure 4 bar) and the temperature was kept
constant at 21 °C. The process parameters are summarized in
Table 2.

3.3 Description of the replication process
The replication process consists of four steps (Fig. 3):

1. A silicone mold was made from the master tool (step 3)

2. The structure of the silicone mold was casted with resin
(step 4)

3. After curing, the bath model was covered with a conduc-
tive layer (step 5)

4. The final step is the electroforming of the ECM tool (step
6).

3.3.1 Preparation of the silicone cast

For the preparation of the silicone cast (Fig. 3, step 3), the
master tool was cleaned with acetone and dried at room tem-
perature. Afterwards, it was placed in a casting box with the
structured side facing upwards. The two components of the
silicone (Elastosil RT 601; Wacker Chemie AG, Munich, Ger-
many) were mixed together and subsequently degassed in
vacuum. The casting box was filled with the silicone mixture
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1. Microfabrication of the mastertool 2. Mastertool

Rkl

4. Preparation of the bath model

3. Casting with silicone

5. Application of a conductive layer ﬁ

M 6. Electroforming of the tool

7. Removal of the finished tool

Fig. 3 Schematic view of the replication process chain

and cured for 24 h. Finally, the embedded master tool was
removed from the casting box.

3.3.2 Preparation of the bath model

The silicone cast has a very high reproduction accuracy, but
the mechanical properties, especially the low stiffness, are not

sufficient for the electroforming process. For this reason, a
bath model consisting of an epoxy resin (GH 761/D; Ebalta
Kunststoff GmbH, Rothenburg ob der Tauber, Germany) was
prepared (Fig. 3, step 4). The enhanced stiffness and tough-
ness enables the deposition of nickel without deformations
due to stress and strain. For this purpose, the silicone cast
was coated with three layers of the epoxy resin (thickness
0.5 mm/layer). Between each layer application, a drying peri-
od of 1.5-2 h takes place. The drying period of the third layer
was only 30 min to ensure a better adhesion with the following
stabilizing layer. The covering layer consists of resin and em-
bedded glass fibers (length 5-10 mm, diameter 0.5—1 mm).
The whole assembly was dried for 24 h at room temperature.
The silicone cast can be easily removed from the bath model.

3.3.3 Electroforming of the nickel tool

The final step of the process chain is the electroforming of the
ECM tool. It was performed under constant current conditions
in an aqueous nickel sulfamate electrolyte. Optimization of the
bath composition and the plating conditions was described in
Section 3.1. The resin is not electrically conductive at all, and,
for this reason, the surface has to be covered with an appro-
priate metal layer. For the application of the metal layer, every
method is suitable (chemical or physical vapor deposition [29,
30], sputtering techniques [31], electroless plating [32],
spraying processes [33, 34]), which enables the coating with
nano-sized metal layers. We used a sputtering technique [31],
in which an argon plasma transfers metal atoms from a target
to the bath model (Fig. 3, step 5). In principle, every metal (Cr,
Ag, Ni) can be used for the sputtering process; in our case, the
bath model was coated with gold. As mentioned above, the
thickness of the metal layer is in the nanometer range and does
not change the microstructures.

For the electroforming process (Fig. 3, step 6), the bath
model was wired and put into the galvanic bath containing a
commercial nickel sulfamate electrolyte (see Section 3.1.1)
without any additives. The solution was stirred, filtered (pore
size 4 um), and additionally circulated using a pump. Nickel
was galvanostatically deposited with a constant current densi-
ty of —20 mA cm 2 at a pH value of 3.8 and a bath temperature

Fig. 4 SEM pictures of the nickel deposit prepared with addition of butynediol (a), NTA (b), or saccharine (c)
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Fig. 5 Influence of the saccharine content on the preferred crystallite
orientation of the deposit
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of 40 °C. After 8-10 days, the tool thickness was about 2—
4 mm and could be removed from the bath model.

3.4 Structural characterization of the tool

The crystallinity of the electroformed ECM tool was measured
by scanning electron microscopy. A JSM-7000F (JEOL Ltd.,
Tokyo, Japan) microscope in bright field mode was used.

The microstructures of the edge and the back side of the
ECM tool were investigated. For characterization of the crys-
tallinity, X-ray diffraction measurements were performed. The
X-ray diffraction pattern was recorded from the edge of the tool
in 66 step mode (step size 0.02, time 6 s/step, range 35-130°)
using a PANalytical X Pert Pro diffractometer (PANalytical
B.V., Almelo, the Netherlands). Secondary monochromated
CuK,, radiation was used. The crystallite size, their distribu-
tion, and the microstrain content were analyzed with a self-
programmed software based on a modified Warren/Averbach
method [35-40]. The determination of the diffractometer reso-
lution was done with a LaBg standard sample.

The three-dimensional pictures were taken with a confocal
laser scanning microscope LEXT OLS 3100 (Olympus, Ham-
burg, Germany). Figure 10 shows the measured positions,

Table 3  Crystallite size (D,) as function of the additive concentration

c(saccharine) D, c(NTA) D, c(butynediol) D,

(mmol L™ (m) (mmolL™") (nm) (mmolL™") (nm)
0.49 40 0.41 48 0.23 57
1.94 31 1.66 38 0.69 55
3.40 27 2.90 24 11.63 51
4.85 26 4.14 25 16.28 53

@ Springer

375 ——

T T T
—A—10mAcm”® |
—m—20 mAcm? |
—@— 40 mA cm?

3.50
3.25
3.00

275

250 |- N ]

225
L - ]
2.00 - A \ ]

1.50 I L 1 n 1 " 1 n 1 " 1 n 1 " 1 n 1 "
0 100 200 300 400 500 600 700 800 900

charge /A h

Fig. 6 Saccharine content as function of the current density for direct
current plating

saccharine content / g L™

which represent characteristic topographies (flat areas, sharp
edges, different angle geometries). For this reason, a good
comparability between the workpiece and the copy is
achieved. The LSM takes a series of pictures in different focal
planes in a distance of about 1 um. A mathematical algorithm
transforms (OLS ver. 5.0.9; Olympus, Hamburg, Germany)
the single pictures into a three-dimensional picture. The
resulting xyz data allow the evaluation of topographical pro-
files as well as sectional planes. Both features were used for
the qualitative and quantitative comparison between tool and

copy.
4 Results and discussion
4.1 Texture, crystallite size and hardness of nickel deposits

As shown in Fig. 4, by adding saccharine, a homogeneous
fine-grained microstructure consisting of crystallites with an
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Fig. 7 Concentration profiles for saccharine and its decomposition
products benzamide and toluenesulfonamide (TSA)
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Fig. 8 X-ray diffraction pattern and corresponding crystallite size
distribution of additive-free plated nickel

average crystallite size of 50 nm is produced. The addition of
NTA results in a homogenization and grain refinement of the
microstructure, too. Butynediol has no influence on the
microstructure.

The preferred crystallite orientation was investigated using
X-ray diffraction. In comparison to the crystallographic refer-
ence (PDF 04-850), the deposits from the sulfamate electro-
lyte show a preferred orientation in (200) direction.

Figure 5 outlines the influence of different saccharine con-
centrations on the preferred crystallite orientation. Increasing
saccharine concentrations promote the crystallite growth in
the (111) and (311) orientation. This observation can be ex-
plained by a chemical reaction of the additive (saccharine),
which promotes the reduction of protons and hence the for-
mation of Ni(OH), in the cathodic layer. The hydroxide

X25

X100 WD 108mm  100pm

SEI 200kV

Fig. 9 SEM pictures of the replicated tool (a—c front region; d—f back side)

Fig. 10 Copied ECM tool. The red squares show the positions where the
LSM pictures were taken

formation leads to the preferred growth of the (111) and
(311) orientations.

The influence of NTA on the preferred crystallite orienta-
tion is similar to that of saccharine. With an increasing NTA
concentration, the (200) orientation is reduced by the strong
increase of a mixed (111) and (311) orientation. Using similar
molar concentrations, NTA leads to a stronger pronounced
(111) orientation than saccharine.

The addition of butynediol only takes effect on the
preferred crystallite orientation in much higher concen-
trations than saccharine and NTA. Higher concentrations
of butynediol promote a mixed preferred crystallite ori-
entation in (111) and (220) direction. With increasing
concentration, the (220) direction becomes more
pronounced.

In order to investigate the influence of the additives on the
crystallite size, the crystallite size was determined using the
Warren/Averbach method [40]. The volume-weighted

200KV X20,000 WD 106mm  1um
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Fig. 11 Three-dimensional pictures of the characteristic positions: original tool (a, b), workpiece (¢, d), copy (e, f). (a), (¢), (e) measured at Position 1

and (b), (d), () at Position 2

crystallite sizes (D, ) as function of the molar concentration are
summarized in Table 3.

The addition of 3.40 mmol L™" saccharine reduces the
crystallite size down to 27 nm. Higher additive concen-
trations have nearly no effect since the electrode surface is
already covered with molecules. A further reduction of
the crystallite size is in the order of the error of the used
method. NTA shows a similar effect as saccharine. For
butynediol, the crystallite sizes scatter around 54+3 nm.
This outlines that butynediol has no significant effect on
the crystallite size.

@ Springer

For saccharine and NTA, the Vickers hardness of the sam-
ples with the highest additive concentration was measured.
The additive-free electrolyte produces deposits with a hard-
ness of HV 249+14. For saccharine, a hardness of HV 557+5
and for NTA of HV 228+4 was measured. Although both
additives cause crystallite refinement of the nickel deposits,
only saccharine has a significant effect on the hardness. Sac-
charine doubles the hardness in comparison to the additive-
free electrolyte. Because the best results in hardness were
achieved by the addition of saccharine, only saccharine was
used for further studies.
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4.2 Incorporation of saccharine

Since the decomposition and inco:

cur during the deposition, it must be re-dosed. Figure 6

outlines for three different current densities the decomposition
of saccharine in the electrolyte as function of the charge.

rporation of saccharine oc-

The saccharine content decreases faster for low current
densities than for high current densities. In the case of low
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Table 4 Dimensions of the structures and the deviations between
workpiece and copy (Ax denotes the horizontal sectional plane and Ay
the vertical sectional plane)

Sectional plane  Width (pm) Height (um) Deviation (%)
Copy / workpiece Copy / workpiece Width / height

Pos. 1, Ax 380 /380 276 /280 0/13

Pos. 1, Ay 415/398 280 /290 42/34

Pos. 2, Ax 233 /246 72/ 64 53/125

Pos. 2, Ay 223/202 72/70 10.4/29

current densities, a large amount of saccharine adsorbs on the
cathode surface and hence a lot of saccharine will be co-
deposited during the nickel deposition [41]. With high current
densities, a permanent recreation of new surface can be ob-
served and the deposition process is faster than the adsorption
process. Hence, to reduce the amount of incorporated sulfur in
the deposit, the current density should not be too small. The
reduction in the saccharine amount during the deposition is
caused by the decomposition and the occlusion. To determine
the amount of incorporated sulfur, the evaluation of the de-
composition products as function of the charge during the
deposition was investigated. Figure 7 outlines the loss of sac-
charine and the increase of its decomposition products as
function of the total charge.

Before starting the deposition, there are already traces of
benzamide in the electrolyte. This outlines that saccharine
decomposes not only due to electrochemical oxidation and
reduction but also due to thermal processes and light irradia-
tion. TSA is not present at the beginning the electrodeposition.
According to the average slope of the formation of both de-
composition products, their formation is much slower than the
decrease of the saccharine concentration. At a current density
of 20 mA cm 2, the depletion rate of saccharine is about
1.8 mg (L Ah) ', whereas the total accumulation rate for the
decomposition products is 0.39 mg (L Ah) . This proves that
the reduction in the saccharine concentration during the depo-
sition is mainly affected by the occlusion of saccharine in the
growing nickel deposit. For a volume of 4.5 L sulfamate elec-
trolyte, there is an occlusion of 6.3 mg Ah™' saccharine in the
nickel deposit, corresponding to a sulfur content of 0.09 %.

4.3 Microstructural characterization of the nickel tool

The X-ray diffraction pattern of the additive-free plated nickel
corresponds well with the standard pattern 04-850 of the
JCPDS data base. The inlay of Fig. 8 shows the results of
the Warren/Averbach analysis. The volume-weighted crystal-
lite size (Dy) is 18.7 nm and the parameters of the determined
lognormal distribution are ©=10.84 nm (u divides the peak
area into two equal parts) and o0=1.58 (parameter related to the
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width of the distribution). The data reveal that a nanostructure
has been formed without the addition of organic additives.
One reason for this behavior is the electrochemical deposition
onto a microstructured surface. At very small edges and peaks,
the electric field lines are concentrated and the local electric
field at these positions is increased leading to an enhanced
nuclei formation and therefore to small crystallites—without
addition of any additives. A second explanation could be the
secondary inhibition (see Section 2) by the formation of nickel
hydroxides produced during the hydrolysis of the nickel elec-
trolyte due to an increase of the pH value in the Helmholtz
double layer. The advantage of this additive-free electrolyte is
the formation of a nanostructure without the inclusion of or-
ganic additives in the metal structure of the ECM tool, and,
therefore, the mechanical properties are not drastically
changed during the electroforming process. The X-ray data
received from the electroformed tool also show a (200) tex-
ture, which cannot be avoided without additives. Neverthe-
less, the mechanical stability of the tool is sufficient enough
for the desired use in ECM processes.

SEM pictures of different positions are shown in Fig. 9.
The microstructure of the front region (Fig. 9¢) shows
submicron-sized grains, which consist of agglomerated crys-
tallites with a diameter of about 20 nm (measured by XRD).
Compared to the front region, the grain size of the back is
significantly increased. The grains have a diameter of about
2—-4 um. The increase of the grain size can be explained by the
theory of electrocrystallization [25-27]. At the beginning of
the deposition, the electric field lines at the microstructured
electrode surface are very high resulting in an increased nuclei
formation rate and therefore in a large amount of very small
crystallites. In the advanced stage of electroforming, the sur-
face roughness and therefore the overpotential decreases
resulting in the formation of larger crystallites. The gradient
in crystallite size does not influence the replication process
because the smallest crystallites were formed on the structured
side of the master tool.

4.4 Macrostructural characterization

In this feasibility study, the assessment of the replication ac-
curacy was done by investigating two characteristic positions

Table 5 Calculation of the areas under the structures

Sectional Area Integration limits Deviation

plane (um?) (um) (%)
Copy / workpiece Copy / workpiece

Pos. I, Ax  52,124/61,381 342-717 /340-713 15.1

Pos. 1, Ay  53,683/65316 416-836/ 438-838 17.8

Pos.2, Ax 7069 /7686 124-343 / 118-347 8.0

Pos.2, Ay 6611 /6842 20-246 / 1-180 34
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using LSM. A photograph of the replicated tool is shown in
Fig. 10. Distinctive positions are marked with red squares.
Corresponding measurements were performed on the original
electrode and on the workpiece shown in Fig. 2.

The recorded LSM pictures are shown in Fig. 11. In order to
compare the workpiece with the copy, the digitalized (Origin
9.1; OriginLab Corp., Northampton, USA) structure profiles
are transferred into two-dimensional plots, in which the sec-
tional planes in x- and y-direction are measured. To guarantee
that the positions of the sectional planes are the same for all
samples, we have chosen reference points (RP) in the pictures.
The reference points as well as the sectional planes are shown
in Fig. 12. For the determination of the x- and y-data, an aver-
age value over 10 pixels (pixel size 1.2x 1.2 um?) were calcu-
lated. For a better comparability, the curves of the investigated
samples are overlaid (Fig. 13).

A first qualitative evaluation was done by measuring the
heights (Az) and widths (Ax and Ay) of the structures (exem-
plified in Fig. 13a). The results are summarized in Table 4.

It can be seen that the deviations of the copied structural
characteristics (structure angles, curved areas, structure
heights) vary between 0 and 12.5 %. This relatively high scat-
tering can be explained by the used evaluation method. It is
difficult to determine the exact structure boundaries, and,
therefore, the measurement becomes imprecise. For this rea-
son, another evaluation method was chosen to determine the
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structural accuracy of the process. The areas under the inves-
tigated structures were calculated and compared to each other
(Table 5).

Compared to the evaluation above, the results show con-
trary deviations. The deviation values for Position 2 decrease
to 8.0 and 3.4 %, respectively, whereas the deviations for
Position 1 increase. In order to localize the position of the
deviations in the structures, the residuals of workpiece and
copy are plotted (Fig. 14).

Figure 14a and b reveals strong deviations at the vertical
faces of the structure. Furthermore, a high signal noise is ob-
served at these positions. This result can be explained by the
experimental setup for the topography measurement. LSM
uses a laser beam to scan the sample surface. Sample areas,
which are orthogonal to the incident beam, cause less signal
intensity for this position resulting in an increased signal
noise. This is not the case for Position 2 consisting of low-
angle faces and curved planes. In these regions, the signal-to-
noise ratio is much better than for vertical flanks. This good
signal-to-noise ratio at Position 2 can be found in the residual
plots (Fig. 14c, d). Nevertheless, LSM is suited for the inves-
tigation of the absolute structure heights (as seen in Table 4)
and the residual plots (Fig. 14a, b). More suitable methods for
measuring orthogonal structures are X-ray tomography as a
non-destructive method and cross-section preparation as a de-
structive method.
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Fig. 14 Residual plots resulting from the differences between copy and workpiece (a, b Position 1; ¢, d Position 2)

@ Springer



208

Int J Adv Manuf Technol (2016) 82:197-209

5 Conclusions

» The surface of a PECM tool was successfully copied by
using electroforming.

* LSM is a suitable method to measure the accuracy of the
copy, but it depends strongly on the structural characteris-
tic; curved and low-angle shapes as well as flat areas can
be investigated precisely whereas orthogonal structures
and holes cause strong signal noise, and therefore stronger
deviations.

* The deviations between copy and workpiece are in the
range of 3.4-8.0 % (Position 2).

* The microstructural characterization was performed by
means of XRD and SEM. The X-ray diffraction pattern
fits well with the JCPDS database. It shows that a nano-
structure was formed with an average crystallite size of
less than 20 nm. Furthermore, a texture in (200) direction
is indicated. The SEM pictures show an increase of the
crystallites from the structured side (about 20 nm) towards
the back of the sample (2—4 um).

* Anaddition of organic compounds like saccharine or NTA
can improve the result of the electroforming, but the in-
clusion of these substances influences the properties of the
deposit negatively. Thus, an additive-free electrolyte was
chosen for the ECM tool replication.
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